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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, β-hydroxy-, β-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 Jörn 
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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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  
April 2016	

Prof. Neil Oldham
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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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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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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].

Fig. 1.1   Aspirin (1), Morphine (2), Quinine (3), Penicillin G (4), Tetracycline (5), Kanamycin (6)
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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.

Fig. 1.2   Erythromycin A (7), FK-506 (8), Amphotericin B (9), Geldanmycin (10), Lovastatin (11)

1.1  Natural Products
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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 β-keto position is directed by the presence of ketoreductase (KR), dehydratase 
(DH) and enoylreductase (ER) domains, generating β-hydroxyl, olefinic and fully 
saturated intermediates respectively (Fig. 1.4) [12, 14, 15].

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
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The growing polyketide chain passes from the ACP to the KS of the following 
downstream module, where further elongation and modification is carried out. The 
polyketide chain is therefore translocated from module to module until the final 
polyketide structure is assembled. Following the final elongation cycle, a thioester-
ase (TE) domain catalyses hydrolysis or lactonisation, which releases the polyke-
tide chain from the PKS (Fig. 1.5) [16].

Fig. 1.3   The ‘minimal module’ showing the enzymatic domains required for a single cycle of 
chain elongation (left). The role of the AT domain is to selectively load malonyl-derived units 
onto the thiol of the ACP (right)

Fig.  1.4   The Claisen condensation between an acetyl and malonyl unit catalysed by a KS 
domain (top). The X represents optional reductive domains which can alter the functionality at 
the β-keto position, producing β-hydroxyl, olefinic and fully saturated intermediates

1.2  Polyketide Synthases
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The released product is often merely a precursor to the bioactive compound, 
with the activity of tailoring enzymes required to produce the final product. 
Examples of post-PKS modifications include glycosylations, methylations and 
hydroxylations.

Fig. 1.5   Reactions catalysed by a TE domain. Hydrolytic cleavage releases the product as a free 
acid, whereas the cyclisation reaction can produce lactone and lactam rings of varying sizes

Fig. 1.6   Tree diagram showing the different types of PKSs. Further subdivisions are shown for 
type I PKS systems
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1.2.2 � Polyketide Synthase Classification

As previously mentioned, PKSs can be grouped into different ‘classes’ on the 
basis of their molecular architecture and to some extent their mode of action. The 
major divisions are into types I, II and III (Fig. 1.6) [17, 18]. Type I PKSs, which 
can be further subdivided, are primarily found in bacteria and fungi, whereas Type 
II PKSs are exclusive to bacteria. Type III PKSs are predominantly observed in 
plants, however some examples are known in bacteria and fungi.

1.2.2.1 � Type I PKSs

As highlighted in Fig.  1.6, the class of type I PKSs can be further sub-divided 
based purely on enzymatic architecture. The iterative type I PKSs are found 
in both bacteria and fungi, whereas the modular type I PKSs are exclusive to 
bacteria.

Iterative Type I PKSs

Iterative type I PKSs employ a single module to carry out repetitive elongation 
steps. The extent of β-keto processing is dictated by the presence of reductive 
domains within the module. Therefore, within this class of PKSs products are 
referred to as non-reducing (NR), partially reducing (PR) and highly reducing 
(HR). Although confined to a single module, the level of reduction may not be the 
same for each round of elongation, as some reductive domains are used optionally 
[17]. The example shown in Fig. 1.7 depicts the biosynthesis of compactin (12). In 
this instance five units of malonyl-CoA are required to build the carbon backbone. 
The KR and DH domains are used in every iteration, whereas the ER is utilised 
only twice. The condensation domain catalyses a Diels-Alder reaction forming 
the cyclised core, and the methyl-transferase (MT) domain is used to install the 
methyl branch of the α-methylbutyryl ester moiety [19].

Fig. 1.7   Biosynthesis of compactin (12) from an iterative type I PKS. Light blue domains are 
not used for every iteration of the biosynthesis

1.2  Polyketide Synthases
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Modular Type I PKSs

Modular type I, or non-iterative PKSs, have been likened to molecular assembly 
lines, where multiple sequential modules are harnessed to produce their polyke-
tide product. Here, each module harbours the enzymatic domains required to cata-
lyse a single cycle of chain elongation and optional reductions [20]. A complete 
modular type I PKS is usually comprised of two or more large polypeptide chains 
complexed together, leading to overall molecular weights on the MDa scale. The 
6-deoxyerythronolide B synthase (DEBS) system, responsible for the biosynthe-
sis of erythromycin A, is a comprehensively studied example of such a PKS, and 
is highlighted in Fig. 1.8 [21]. In this system, the biosynthesis is initiated by the 
loading of a propionyl unit onto the first ACP by a loading module comprised 
of an AT and an ACP. The subsequent AT domains load methylmalonyl extender 
units onto the ACPs for chain extensions. After six successive chain elongations 
with varying degrees of reductive processing, a TE domain catalyses the macrol-
actonisation of the nascent polyketide chain resulting in the release of 6-deoxye-
thronolide B (6-dEB) (13), the precursor to the antibiotic erythromycin A (7) [22].

Fig. 1.8   Biosynthesis of erythromycin A (7) by the DEBS system, an example of a modular type 
I PKS. The three DEBS proteins harbour six elongating modules and a loading module. The TE 
domain catalyses a macrolactonisation releasing 6-dEB (13), which is further modified to yield (7)
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The Principle of Colinearity

The multi-modular nature of PKSs and associated sequential modification of the 
polyketide intermediates in modular type I PKS systems allows effective predic-
tion of the final product from knowledge of the domain order. This direct cor-
relation between domain organisation and polyketide product is referred to as 
colinearity [23]. Post-genomic techniques, and the propensity for the modular type 
I PKS genes to arrange into distinct modules, have allowed the construction of 
biosynthetic schemes from genetic sequences alone [9, 24]. The colinearity exhib-
ited between PKS architecture and polyketide structure has greatly assisted many 
of the breakthroughs in this field.

cis- and trans-AT PKSs

Relatively recently a class of modular type I PKSs have been discovered which do 
not conform to the textbook colinearity rules [15]. In these particular systems, the 
domain organisation rarely correlates with the polyketide product due to the high 
diversity of non-canonical modules that often contain novel enzymatic domains. 
The most noticeable feature of these clusters, however, is the absence of integral 
AT domains within the PKS. Instead, the AT activity is supplied by a reduced 
number of free-standing enzymatic domains servicing every module in the entire 
cluster (Fig.  1.9) [25]. These systems are therefore termed ‘trans-AT’ PKSs, of 
which the pederin PKS is an example (Fig. 1.10) [26]. In contrast, the 6-dEB sys-
tem is an example of a ‘cis-AT’ PKS, where the AT domains are integral to the 
PKS, with an AT domain within each module (Fig. 1.8).

Phylogenetic studies have shown that the cis- and trans-AT PKSs have evolved 
independently from FASs and, although both systems appear very similar, the 
trans-AT PKSs harbour far more enzymatic functionality than their cis-AT coun-
terparts [27, 28]. As a result, many more module variations exist for trans-AT 
systems. Eight module variants are known for cis-AT PKSs: KS-AT-ACP, KS-AT-
KR-ACP, KS-AT-DH-KR-ACP, KS-AT-DH-KR-ER-ACP and their MT-based ana-
logues. In contrast, over 50 module architectures have already been identified in 
trans-AT PKSs [15].

Fig. 1.9   The module 
structure for cis- and 
trans-AT PKSs systems

1.2  Polyketide Synthases
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A feature that is archetypal of trans-AT PKSs is the presence of non-elongat-
ing KS domains (KS0), which usually lack a crucial catalytic histidine residue 
required for elongation. These KS domains are often located within modules split 
over two proteins, and within the domain sequence KS-KR-ACP-KS0//DH-ACP 
that generates Z-configured double bonds [15, 27].

KS Specificity-Based Assignment of trans-AT PKSs

The trans-AT PKSs exhibit aberrant architecture and often incorporate novel enzy-
matic domains, resulting in poor biosynthetic assignment using colinearity rules. 
Recent phylogenetic work by Nguyen et  al. established that KS domains from 
trans-AT systems harbour, at the sequence level, specificity towards their pre-
dicted biosynthetic intermediates [14]. This finding offers the exciting potential for 
KS-based PKS-to-product assignment for trans-AT systems. The extent of evolu-
tionary-based substrate specificity is predicted to extend as far as the β-position 
for each biosynthetic intermediate; and, although the KS specificity method works 
remarkably well in silico, it lacks functional testing [29].

The KS substrate-specificity method for assigning novel PKS clusters was 
tested in the same study for the structural prediction of a novel polyketide with 
a single amide unit, known as thailandamide A (15). In this study, the colinear-
ity method and the KS substrate-specificity method were both used to assign the 

Fig. 1.10   The proposed biosynthesis of pederin (14), an example of a trans-AT PKS system
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Fig. 1.11   Comparison of colinearity and KS-specificity approaches to predicting the structure 
of thailandamide A (15). The KS-specificity method generates a better prediction for trans-AT 
systems. Reproduced from [14]

Fig. 1.12   Bayesian phylograms of KS domains from cis-AT and trans-AT PKS systems. The KS 
domains from cis-AT PKSs cluster with respect to their biosynthetic product, whereas the trans-
AT KS domains cluster with respect to their individual predicted substrate. Adapted from [29]

1.2  Polyketide Synthases
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cluster. As shown in Fig. 1.11, the use of colinearity rules resulted in an incorrect 
structure with numerous errors, as the method is unable to account for the aber-
rant enzymatic architecture and mechanisms. However, using the KS substrate-
specificity method, a configuration close to the NMR determined structure was 
obtained.

The Bayesian phylograms shown in Fig.  1.12 highlight the substrate-specific 
clades of trans-AT KS domains. On the left is the cladogram resulting from the 
same bioinformatic treatment of the KS domains from cis-AT PKSs, constructed 
by Dittmann and co-workers [30]. Here, it was observed that the KS domains from 
cis-AT PKSs group according to their biosynthetic pathway; in stark contrast to 
the KS domains from trans-AT PKSs. From this result it has been inferred that cis- 
and trans-AT PKSs arose via different evolutionary pathways. The cis-AT PKSs 
are thought to have derived from the duplication of entire lengths DNA encoding 
complete modules. In contrast, the trans-AT PKSs are believed to be a mosaic of 
DNA fragments, acquired from horizontal gene transfer events [14]. Horizontal or 
lateral gene transfer is defined as the transfer of genetic material between different 
organisms, and is extremely common in bacteria. The presence of multiple phyla 
within even the smallest enzymatic clades in the trans-AT cladogram (Fig. 1.12) is 
highly indicative of this evolutionary mechanism [31, 32].

1.2.2.2 � Type II PKSs

The type II PKSs are found exclusively in bacteria, and adopt an iterative mech-
anism. However, unlike iterative type I PKSs, the catalytic domains are all 
expressed on different genes. Characteristic of this particular PKS group is the 
‘minimal PKS’, comprised of two KS domains; KSα and KSβ, where KSβ is often 

Fig. 1.13   Biosynthesis of actinorhodin (16), an example of an iterative type II PKS. During the 
biosynthesis eight malonyl-CoA units are sequentially condensed to produce half of the dimeric 
actinorhodin molecule
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referred to as the ‘chain length factor’ (CLF) dictating the length of the polyke-
tide chain [33]. Optional domains such as ketoreductases (KR), cyclises (CYC) 
and aromatases (ARO) govern the modification and folding of the intermediates 
during biosynthesis. Figure 1.13 depicts the biosynthesis of actinorhodin (16) via 
successive condensation of eight malonyl-CoA units. The action of optional tailor-
ing domains yields the final product 16 [34].

1.2.2.3 � Type III PKSs

Type III PKSs are all-in-one systems which are able to select the specific starter unit, 
direct the elongation and catalyse the necessary cyclisation reactions, usually gener-
ating small phenol or napthol rings. Although originally thought to be found in plants 
alone, examples of such systems have been identified in fungi and bacteria [35].  
Figure 1.14 shows the biosynthesis of naringenin chalcone (17), a precursor to flavo-
noid and aureusidin biosynthesis, by selection of 4-coumaroyl-CoA as the starter unit 
and subsequent elongation with three malonyl units. Cyclisation of the polyketide 
chain yields the final product [36].

1.2.2.4 � Non-ribosomal Peptide Synthases

Much like modular type I PKSs, non-ribosomal peptide synthases (NRPS) form 
giant modular megasynthases responsible for the production of many secondary 
metabolites in bacteria and fungi. However, whereas PKSs use malonyl-derived 
units to construct complex polyketide chains, NRPSs produce metabolites by 
linking amino acid units together. The substrate pool for NRPSs is vast, in addi-
tion to the 20 proteinogenic L-amino acids; NRPs are also constructed from non-
proteinogenic amino acids. Approximately 500 amino acid derivatives have been 
found in nature, of which the 20 proteinogenic amino acids comprise just 4 % [37]. 
Once post-NRPS modifications and hybrid systems have been considered (see 
Sect. 1.2.2.5), the vast structural diversity of NRPSs becomes apparent.

Fig.  1.14   Biosynthesis of naringenin chalcone (17), an example of a type III PKS. This PKS 
system uses 4-coumaroyl-CoA as a starter unit, and condenses three malonyl-CoA units to pro-
duce the final product (17)

1.2  Polyketide Synthases
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The biochemical logic of NRP biosynthesis is very similar to that of PKSs, uti-
lising a carrier protein-tethered thioester to activate the acyl group of each mono-
mer unit and transfer the elongated chain between catalytic domains. Whilst the 
monomer units in PKS assembly lines are acyl-CoA thioesters, the monomer units 
for NRPSs are proteinogenic and non-proteinogenic amino acids. Since there is no 
evidence for aminoacyl-CoAs in biological systems, aminoacyl-AMP mixed anhy-
drides are used instead [13].

A minimal NRPS module consists of an adenylation domain (A), condensation 
domain (C) and a peptidyl-carrier protein (PCP). In the first instance, the 
substrate-specific adenylation domain activates the carboxyl region of the amino 
acid with ATP, forming the mixed acyl-phosphoric acid anhydride with AMP, 
followed by loading onto the phosphopanthetheine moiety of the PCP. The 
condensation domain subsequently catalyses the nucleophilic attack of the amino 
group of the previously activated amino acid, to the carbonyl of the tethered acyl 
group from the previous module [38, 39]. This results in the formation of a new 
peptide bond between the two units (Fig. 1.15).

Optional domains can be incorporated into a module for further modification 
to the intermediate. For example, a cylisation (Cy) domain can be used to pro-
duce thiazoline or oxazoline intermediates, which can be further modified by 
an oxidation (Ox) domain to yield the thiazole and oxazole products [40, 41]. 
Epimierisation (E) domains are also a common feature, which catalyse the stereo-
chemical inversion of L-amino acids to D-amino acids [42]. Finally, following the 
last module, a thioesterase (TE) domain either hydrolyses or cyclises the interme-
diate to yield the NRP product [16].

1.2.2.5 � Hybrid NRPS-PKS Systems

Despite the enzymatic differences between NRPS and PKSs, the underlying tenet of 
covalently tethered thioesters and the biosynthetic logic of assembly, allow the two 

Fig.  1.15   Mechanism of NRPS domains. The A domain selectively adenylates an amino acid 
using ATP, followed by condensation of two amino acid units to form a peptide bond
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systems to be integrated. Such clusters are referred to as NRPS-PKS hybrids, and 
are responsible for the biosynthesis of many bioactive compounds such as the immu-
nosuppressant FK-506 (8) and the anti-tumour compound epothiolone [43, 44]. It is 
worth noting that NRPS modules are a regular occurrence in trans-AT PKSs, another 
factor that increases the structural diversity in these systems [27]. An example of this 
is shown in Fig. 1.16, which shows a part of the biosynthesis of pederin (14), where 
the NRPS module incorporates a glycine unit into the polyketide chain [26].

1.2.2.6 � Bacillaene: Properties, Structure and Biosynthesis

The antibiotic activity of bacillaene (18) was first identified in the mid-90s from 
extracts of a Bacillus subtilis strain. Although the mechanism of action involves 
the inhibition of protein synthesis, the actual target and precise mechanism of 
action are still unknown [45]. Due to the highly unstable nature of 18, the com-
pound has only recently been fully characterised. The pksX gene cluster from 
Bacillus subtilis 168, attributed to the biosynthesis of 18, is ~80  kb in size. A 
highly analogous gene cluster is also found in the genome of Bacillus amylolique-
faciens FZB 42 termed the bae PKS [46, 47]. Insights into the various intermedi-
ates of the Bae PKS were assigned using a strain of Bacillus amyloliquefaciens 
FZB 42 with the terminal TE domain deleted. From the extract of this strain, 13 
stalled intermediates were detected which had been hydrolytically released from 
the PKS. This work allowed the functional elucidation of many aberrant features 
of trans-AT PKSs [48, 49].

The gene cluster consisting of BaeJ, BaeL, BaeM, BaeN and BaeR produces 
dehydrobacillaene. It harbours two NRPS modules, one in BaeJ and the other 
located in BaeN, which incorporate glycine and alanine amino acids respectively 
(Fig. 1.17). The cluster also encodes for three free-standing AT domains, hence the 
assignment of the cluster as a trans-AT PKS. One of the trans-acting AT domains, 
BaeE, is fused to an ER domain that is thought to act upon the dehydrated 

Fig. 1.16   Partial 
biosynthesis of pederin (14) 
showing the integrated NRPS 
module, which incorporates a 
glycine unit into the growing 
polyketide chain, highlighted 
in red

1.2  Polyketide Synthases



16 1  Introduction

intermediate of module 2 [15]. BaeB belongs to the acyl-hydrolase (AH) clade of 
AT domains, responsible for the hydrolytic release of stalled intermediates, how-
ever no such activity was observed during in vitro studies [50].

Similar to many trans-AT PKSs systems, the bae PKS exhibits many unusual 
modules and enzymatic domains. Possibly the most intriguing modification is the 
installation of a β-methyl branch between KS5 and KS6 in the BaeL protein. Here, 
the transformation known as β-branching commences with the decarboxylation of 
malonyl-ACP by a non-elongating KS, to yield acetyl-ACP. A 3-hydroxy-3-meth-
ylglutaryl-CoA synthase (HMGS) then catalyses an aldol addition between the 
acetate unit and the growing polyketide chain, followed by dehydration and decar-
boxylation by two enoyl-CoA dehydratases (ECH), outlined in Fig. 1.18 [51].

Ultimately, the released dehydrobacillaene product is oxidised by BaeS, a 
cytochrome P450 enzyme, to yield bacillaene, 18.

1.2.2.7 � Psymberin: Properties, Structure and Biosynthesis

Psymberin (19) is a cytotoxic compound isolated from the sea sponge Psammocinia 
aff. Bulbosa by Crews and co-workers in 2004 [52]. The compound has been shown 
to have a cytostatic effect against solid tumors, with the dihydroisocoumarin region 

Fig. 1.17   Proposed biosynthesis of bacillaene (18)
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of the molecule essential for anti-tumour function [53]. Despite the source organism 
being uncultivable, a metagenomic approach employed by the Piel lab has enabled 
the prediction of a biosynthetic scheme for the natural product [54].

The trans-AT PKS cluster consists of two genes, psyA and psyD which between 
them, encode for thirteen modules. The PsyA protein commences with a GCN5-
releated N-acetyltransferase (GNAT) domain, which catalyses the decarboxyla-
tive loading of malonyl-CoA onto the phosphopantetheine arm of the downstream 
ACP, initiating psymberin biosynthesis. This catalytic activity is almost exclu-
sively found in trans-AT PKS clusters, despite some examples from cis-AT sys-
tems. The first module in PsyA contains two putative crotonase (CR) domains, 
responsible for installing a β-methylene moiety. PsyD contains ten modules, one 
of which is a glycine-incorperating NRPS module, and is therefore has the high-
est reported number of PKS modules in a single protein (Fig. 1.19) [54]. Module 
seven harbours a pyran synthase (PS) domain, which catalyses the formation of a 
cyclic ether. Recently the pederin PS domain was experimentally demonstrated to 
possess this activity [55].

1.2.3 � Structure and Mechanisms of PKS Domains

PKSs harbour an array of catalytic domains which, mechanistically, are relatively 
well understood. Within this section the structural and catalytic features of core 
PKS domains will be discussed.

Fig. 1.18   Proposed mechanism of β-branching during bacillaene biosynthesis. The same enzy-
matic scheme can be applied to form an exomethylene branch

1.2  Polyketide Synthases
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Fig. 1.19   The proposed biosynthesis of psymberin (19)

Fig. 1.20   Structural analysis of the ketosynthase domain. a Crystal structure of the E.coli FAS 
KS showing the conserved thiolase fold in blue and red. Structure rendered in PyMol from PDB: 
1EK4. b The active site of dodecanoyl-FAS KS, showing the Cys-His-His catalytic triad. The 
carbonyl of the acyl chain is stabilised by two backbone amides from Ser263 and Phe392, form-
ing the oxyanion hole
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1.2.3.1 � The Ketosynthase Domain

The ~430 residue ketosynthase (KS) domain catalyses the carbon-carbon bond 
forming Claisen condensation reaction required for the chain elongation step in 
polyketide and fatty acid biosynthesis [56]. All published crystal structures of KS 
domains from both FASs and PKSs exhibit a highly conserved thiolase fold, form-
ing a five-layered central core to the enzyme [57, 58]. The conserved fold of the 
KS domain can be simplified to a 2α-5β-2α-5β-2α arrangement, which in essence 
is two five-stranded β-sheets sandwiched by three sets of α-helices (Fig. 1.20a). KS 
domains are generally dimeric and their interface regions contribute significantly to 
the dimerisation of the type I PKSs (see Sect. 1.2.4). The majority of KS domains 
employ a Cys-His-His catalytic triad active site, located in conserved TACSSS, 
EAHGTG and KSNIGHT motifs [56].

Although the mechanism of action for both the transthioesterification and 
condensation reactions has not been conclusively elucidated, insights into both 
reactions have been gained from crystal structures of a FAS KS acylated with 
various fatty acid chains (PDB:1EK4) and of E.coli FabF with platensimycin 
(PDB:2GFX) [59, 60]. The acylated FAS KS structures were obtained by muta-
tion of the active site Cys to a Ser which bind the acyl substrate more efficiently 
than the WT, probably due to the increased stability of an ester over a thioester. 
Here, decanoyl and dodecanoyl-CoAs (CoA harbours a phosphopantetheine and 
can therefore bind in the KS active site) were soaked into the crystals allowing an 
acylated KS structure to be obtained. From the structures obtained the role of the 
oxyanion hole in stabilising the acyl-KS was revealed, however, the crucial decar-
boxylation step was postulated to release CO2, not HCO3ˉ, which has since been 
shown to be the eliminated C1 unit due to the presence of an activated water mol-
ecule in the KS active site [61, 62].

In the case of the platesimycin-FabF complex, the active site Cys was mutated 
to a glutamine residue, effectively mimicking an acylated state. The crystal 

Fig. 1.21   a Structure of the platesimycin-FabF complex showing the active site Cys mutated to a 
Gln, effectively mimicking an acylated state. The terminal carbonyl of platesimycin can be seen to 
form contacts with the catalytic His residues. Rendered in PyMol from PDB: 2GFX b Enzymatic 
plot showing that Cys → Gln KS mutants are potent decarboxylase enzymes. Taken from [61]

1.2  Polyketide Synthases
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structure revealed that the carbonyl of the glutamine side chain was hydrogen 
bonded to the two backbone amides in the oxyanion hole in agreement with the 
1EK4 structure [60]. In addition, the terminal carboxyl of platesimycin is bound 
by the two histidine residues (Fig. 1.21a). Using this structural data in conjunction 
with biochemical data, it has been proposed that only one of the histidine resi-
dues is catalytically important in the activation of the carboxylate extender unit 
and subsequent stabilisation of the enolate tautomer. The other histidine residue is 
thought to act as a general base, activating a water molecule allowing nucleophilic 
attack upon the carboxylate [63].

KS domains act as decarboxylases when the active site Cys is mutated to a Gln, 
or in an acylated state (Fig. 1.22b) [61]. It is believed that the co-ordination of the 
carbonyl in the oxyanion hole aids the organisation of residues in the active site for 
effective decarboxylation and elongation [64]. The by-product of the decarboxyla-
tion reaction is, however, bicarbonate not carbon dioxide as previously postulated.

The current KS mechanistic hypothesis is as follows (Scheme 1.2):

I - Acylation

The transthioesterification reaction commences when an ACP-tethered acyl chain 
enters the substrate binding channel of the KS. The binding channel of the KS 
domain is split into two distinct regions; the substrate-binding and the phopho-
pantetheine-binding areas. Although the amino acid sequence for the phopho-
pantetheine-binding region is extremely well conserved, even in FAS KS domains, 
the intricacies of the substrate-binding pocket are poorly understood. The pKa of 
the active-site cysteine is lower than usual for a thiol due to the positive charge 
generated by the helix-dipole, upon which it resides. This increases the nucleo-
philicity of the thiol, allowing effective attack of the carbonyl. The resulting nega-
tive charge on the thioester carbonyl is stabilised by an oxyanion hole, constructed 
from two backbone amides, one of which is from the active-site cysteine. The 
other residue is located on a hairpin turn, and in type II FAS KSs this is a pheny-
lalanine residue, often referred to as the ‘gatekeeper’ residue [63]. The tetrahedral 

Fig. 1.22   Structural analysis of the acyltransferase domain. a Structure overlay of PKS (orange) 
and FAS (teal) AT domains. The structural similarity indicates the high homology between the 
systems. b The FAS AT domain with malonate bound to the active site serine. The carbonyl sits 
in an oxyanion hole formed by two backbone amides, and an important set of interactions from 
His201 and Arg117 stabilise the malonate unit. Rendered in PyMol from PDB: 2G2Z
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intermediate then collapses releasing the phosphopantetheine-ACP, leaving the 
growing polyketide chain attached to the KS.

II - Decarboxylation

The next step involves the decarboxylation of the chain extender unit (malonyl or 
methylmalonyl), which is supplied by the upstream ACP. Upon binding, a water 
molecule is activated by one of the catalytic histidine residues, facilitating the 
attack at the malonyl C3 carboxylate. This releases HCO3ˉ, and the resulting eno-
late is stabilised by a conserved histidine.

III - Condensation

The final step involves the attack on the acyl-thioester by the enolate, with the tet-
rahedral intermediate stabilised by the oxyanion hole. The β-keto product is then 
formed following collapse of the tetrahedral intermediate. The elongated interme-
diate is now free to diffuse out of the active site, albeit thethered to the receiving 
ACP, and downstream for further modification.

Experimental data suggests that KS domains from cis-AT PKSs have the ability 
to be selective for their substrates [65]. The EryKS2 domain was observed to be 
acylated most rapidly by the (2S,3R)-2-methyl-3-hydroxy-pentanoyl-SNAC mimic 
of the native intermediate, and a Km value of 5.3 ± 0.9 mM was obtained. Possibly 
a more important observation is that when the KS domain is acylated with an unnat-
ural intermediate no condensation product is observed. This suggests that although 
that active site Cys can be acylated by aberrant intermediates, it is unable to cat-
alyse the elongation reaction due to constraints within the active site. A possible 
explanation for this may be that acylation with the correct intermediate facilitates 
the organisation of residues required for an effective condensation. The converse 
would therefore be true for a KS acylated with a non-native intermediate [64]. In 
addition, the KS domain from the metazoan FAS has been shown to harbour pref-
erence towards fully reduced acyl chains—a trait which allows correctly saturated 
fatty acids to be generated. Analysis of the binding channel of FAS KS domains 
reveals a high proportion of hydrophobic residues in the acyl region of the binding 
pocket, promoting non-polar interactions [66].

1.2.3.2 � Loading and Non-elongating Ketosynthase Domains

PKSs employ subtle variants of KS domains to fulfil specific functions within the 
biosynthetic cluster. Many of the loading modules from cis-AT PKSs utilise a KS 
domain with a glutamine residue in place of the active site cysteine, and are there-
fore termed KSQ domains [67]. It has been shown that alkylation of standard elon-
gating KS domains with iodoacetamide structurally converts the cysteine residue 
into a moiety with similar chemical characteristics of a KSQ domain [68].

Another fascinating variant on the KS architecture is the non-elongating KS 
domain, termed KS0. These KS0 domains are a common feature of trans-AT 
PKSs, which lack a crucial active site histidine required for chain elongation. It 
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I - Acylation 

II - Decarboxylation 

III - Condensation 

Scheme 1.2   Proposed mechanism of action for ketosynthase domains
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is postulated that they merely function to pass the intermediates onto the next 
module, or to allow modification from a downstream domain without any chain 
elongation occurring. However, the exact purpose of these domains is still poorly 
understood [15, 69].

1.2.3.3 � The Acyltransferase Domain

Acyl-transferase (AT) domains have a highly conserved architecture from FASs to 
PKSs, consisting of a hydrolase core domain, and a smaller ferredoxin-like sub-
domain. Together, these domains form an active-site channel for substrate binding 
[57, 70]. Functionally, AT domains catalyse the transfer of acyl derivatives, most 
commonly malonyl or methylmalonyl, from CoA to the phophopantetheine chain 
of an ACP. The catalytic mechanism involves a Ser-His dyad, with the catalytic 
serine located in the well conserved GHSXG-motif [71].

The mechanism of acylation and subsequent transfer to the ACP is thought to 
proceed as follows:

I - Acylation

The catalytic mechanism proceeds via nucleophilic attack, by the active site serine, 
at the thioester carbonyl of the acyl-CoA moiety. The resulting tetrahedral inter-
mediate is stabilised by an oxanion hole generated by backbone amides, before 
collapse releases the CoA moiety allowing it to diffuse away from the active site.

II - Transfer to ACP

The acyl-loaded AT then allows docking of the phosphopantetheine chain of an 
ACP. The nucleophilic thiol of the phosphopantetheine chain attacks the ester 

I - Acylation 

II - Transfer to ACP 

Scheme 1.3   Proposed mechanism of an acyltransferase domain
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carbonyl, resulting in another tetrahedral intermediate, again stabilised by the oxy-
anion hole. Re-protonation of the catalytic serine by the active site histidine allows 
the release of the acyl group onto the phosphopantetheine chain, which can then 
diffuse from the active site attached to the ACP (Scheme 1.3).

In type I modular PKSs, the specificity of the loading AT is often different 
to that of the extending ATs. The ATs associated with the loading module often 
exhibit a relaxed substrate tolerance, and can employ acetyl-, propionyl-, isopro-
pionyl-, isobutyryl-, crotonyl- and phenylacetyl-CoA. However, the AT domains 
responsible for chain extension appear to have strict specificity, governed by the 
nature of specific motifs, which dictates the nature of the acyl unit loaded [72, 73]. 
The AT domains from trans-AT clusters exhibit substrate specificity akin to the 
extender unit ATs, therefore their substrate specificity can be predicted from the 
sequence alone [74]. In the case of PKSs with trans-acting AT domains, where the 
intrinsic position of the domain within the polypeptide chain is lost, it was pro-
posed that a short sequence (~110aa) C-terminal to the KS domains serves as an 
AT-docking domain (ATd). Thought to be remnants of functional ATs, these well-
conserved sequences are thought to allow the trans-acting AT to dock, and adopt 
their regular position within the module [25, 75].

1.2.3.4 � The Acyl Carrier Protein

Acyl carrier proteins (ACPs) are structurally simple proteins, consisting of a four-
helix bundle that is stabilised by a hydrophobic core. An ‘apo-ACP’ is post-trans-
lationally modified by a phosphopantetheinyl transferase enzyme (PPTase), which 
catalyses the transfer of a 4’-phosphopanteine moiety from co-enzyme A to a con-
served serine residue located in the motif (D/E)xGxDSL, producing the mature 
‘holo-ACP’ [76, 77]. The ~18Å long phosphopantethiene moiety is an important 
addition to the ACP, as it allows the intermediates to be covalently attached to the 
PKS via a labile thioester linkage. In addition, it provides the flexibility required 
(2 nm) to reach active sites of further accessory domains within a given module 
[10, 56].

The conserved serine residue, which is post-translationally modified to incor-
porate a phosphopantetheine chain, is located at the N-terminal side of helix II. 
Helix II also acts as the ‘recognition helix’ due to its overall negative charge, 
and is believed to facilitate docking to positively charged regions on AT and KS 
domains [78]. An intriguing feature observed in type I PKS ACPs is the presence 
of a short N-terminal helix—termed ‘helix 0’. The helix was first observed in the 
NMR structure of EryACP2 (PDB: 2JU2), and it has been postulated to have a 
role in ACP docking to downstream KS domains (Fig. 1.23a) [79]. Experiments 
carried out by the Khosla laboratory showed that ACPs transfer acyl groups pref-
erentially to the KS domain immediately downstream. This suggests that interac-
tions between helix II of ACPs and KS domains could be specific for given pairs 
of these domains [80].
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Interestingly, crystal structures of ACPs from type II FAS indicate that the 
fatty acid acyl chain is sequestered between the helices of the ACP domain (PDB: 
2FAC and 2FAE), highlighted in Fig.  1.23b [81]. However, this is not believed 
to be the case for ACPs from type I PKSs, highlighted by the NMR structure of 
the acyl-ACP from the curacin cluster (PDB: 2LIW) [82]. Although type I PKS 
intermediates may not bind in the helical cavity, interactions may indeed occur 
between the acyl chain and the sides of the helix bundle. This hypothesis has 
been somewhat supported by the observation that epimerisation of α-substituted, 
β-ketothioesters is prevented when tethered to the ACP [83].

Fig. 1.23   Structural analysis of the ACP domain with phosphopantetheine chain attached to the 
conserved Ser residue of the ACP. a Showing the four core helicies and the N-terminal ‘helix 0’. 
b Orientations of acyl-PPant chain sequestered in the helical core of a type II FAS ACP. Ren-
dered in PyMol from PDB: 2JU2 and 2FAC

1.2  Polyketide Synthases
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1.2.3.5 � The Ketoreductase, Dehydratase and Enoylreductase Domains

The ketoreductase (KR), dehydratase (DH) and enoylreductase (ER) domains are 
the most common ‘optional’ domains found within PKS modules. As previously 
described in Sect. 1.2.1, the presence of a KR domain within a module generates 
a β-hydroxyl intermediate, the addition of a DH will produce an α, β-unsaturated 
product, with the fully saturated intermediate obtained by addition of an ER 
domain.

The KR domain utilises NADPH to reduce the β-keto moiety of the grow-
ing polyketide chain, often in a stereospecific manner. The domain itself forms 
a Rossman-like fold, and conserved tyrosine, serine and lysine residues aid 
in catalysis [84]. Upon binding of the β-keto substrate, the pro-4S hydride of 
NADPH attacks the carbonyl, followed by abstraction of a proton from the cata-
lytic tyrosine, resulting in a β-hydroxyl intermediate. KR domains are divided into 
three groups with regard to their catalytic activity. The A-type KRs generate an 
l-configured hydroxyl group, and the B-type KRs are responsible for producing 

Fig.  1.24   Crystal structure of the AmpKR2 domain. The structural and catalytic domains are 
labelled (left). The proposed catalytic mechanism of a KR domain is shown, with hydride attack 
and donation of a proton from a tyrosine residue generating the β-hydroxyl moiety. Rendered in 
PyMol from PDB: 3MJS

Fig. 1.25   Crystal structure of the EryDH4. The proposed catalytic mechanism of a DH domain 
is shown, with abstraction of the C–H proton by a histidine and proton donation from an aspartic 
acid residue allowing the promoting the release of H2O. Rendered in PyMol from PDB:3EL6
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the d-configuration. The third type, C-type, are catalytically inactive [85, 86] 
(Fig. 1.24).

Dehydration of the β-hydroxy acyl chain is achieved by the DH domain, yield-
ing an α, β-unsaturated moiety from an E1cB-elimination mechanism (Fig. 1.25). 
The proposed mechanism for dehydration proceeds via donation of a proton from 
an aspartic acid residue in the HPALLD motif, followed by removal of an α-proton 
by a catalytic histidine, generating the unsaturated product [87, 88]. The mono-
meric DH unit is ~280 residues in length, and forms a dimeric unit across the cen-
tre of type I PKSs (see Sect. 1.2.4).

The ER domain is ~310 residues in length, and catalyses the ultimate reduction 
of the biosynthetic intermediate. The current view regarding the reaction mechanism 
is that it proceeds by Michael addition. The pro-4R hydride of NADPH attacks the 
β-carbon forming an enolate intermediate within the binding pocket. The subsequent 
step is then dependent upon the residues available in the active site [89]. A recent 
crystal structure of spinosyn ER2 (SpnER2) revealed that a tyrosine in the active site 
could provide a proton to produce the fully saturated intermediate [90]. However, in 
cases where the tyrosine is not present, a conserved lysine residue could fulfil the 
same role (Fig. 1.26).

1.2.3.6 � The Thioesterase Domain

As briefly explained in Sect. 1.2.1, the ~270 residue TE domain catalyses either 
a hydrolysis or an intermolecular cyclisation reaction to terminate the biosynthe-
sis of polyketides and fatty acids, releasing the final product from the assembly 
line. The TE domain exhibits an α/β-hydrolase fold and is dimeric in modular type 
I PKS systems. The mechanism of both hydrolytic cleavage and macrolactonisa-
tion commences with the transfer of the polyketide chain from the final ACP onto 
the active site serine of the TE, forming an acyl-TE intermediate. The hydrolytic 

Fig.  1.26   Crystal structure of the SpnER2. The substrate and nucleotide binding domains are 
labelled (left). The proposed catalytic mechanism of a ER domain, where a conserved tyrosine 
residue can provide a proton to allow full saturation of the intermediate. Rendered in PyMol from 
PDB: 3SLK
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cleavage scenario relies on the activation of a water molecule by a conserved histi-
dine residue, promoting nucleophilic attack at the carbonyl of the thioester. In con-
trast, the macrolactonisation reaction usually proceeds when a secondary alcohol/
amine has been installed early in the biosynthesis. This can be de-protonated by 
an active site histidine and, in the environment of the binding pocket, attack at the 
thioester promoted, releasing the cyclised product (Fig. 1.27) [91, 92].

1.2.4 � Architechture of the ‘Megasynthase’

In recent years the structural understanding of type I PKSs has developed signifi-
cantly. In 2002 electron microscopy revealed the quaternary structure of the dimeric 
metazoan FAS, appearing to form a sideways ‘H’ organisation (Fig.  1.28a) [93]. 
However, whether the homodimer formed in the FAS was organised in a head-to-
head or head-to-tail fashion remained unknown until 2006 when a 4.5 Å crystal 
structure of the porcine FAS was solved (PDB: 2VZ9), which confirmed the head-
to-head model for domain organisation of the FAS (Fig.  1.28b) [94]. Around the 
same time, crystal structures of a KS-AT didomain and a KR domain from the 

Fig.  1.27   Crystal structure of the EryTE domain. The proposed hydrolytic and cyclisation 
mechanisms of a TE domain are shown. Rendered in PyMol from PDB: 1KEZ
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erythromycin PKS emerged, which provided insights into the sequence boundaries 
of domains within PKSs (PDB: 2HG4 and 2FR0 respectively) [57, 84].

The architecture of modular type I PKSs has only recently been deciphered, 
with crystal structures now available for KS, AT, KR, DH and ER domains. 
Although the type I PKSs share a large amount of structural similarity with the 
FAS, there are some clear differences between the two types of megasynthases. 
Notable differences are that the ER domain in type I PKSs is monomeric, com-
pared to the dimeric ER which forms the base of the FAS. In addition the type I 
PKS DH dimer is linear, and the KR/ER interface is isolated, contrary to the FAS 
structure. These differences are highlighted in Fig. 1.28c [56].

1.2.5 � In Vitro Techniques for Studying PKSs

In order to fully understand the complex enzymatic processes carried out by PKS 
domains, in vitro studies are often carried out. Although in vivo studies are desir-
able, some of the organisms responsible for producing novel natural products are 
currently unculturable under laboratory conditions, placing the emphasis on in 
vitro studies to investigate such biosynthetic systems.

Fig.  1.28   a Electron microscopy of metazoan FAS adopting ‘H’ conformation. b The 4.5 Å 
crystal structure of the porcine FAS. c Schematic representation comparing the models for FAS 
and modular PKSs

1.2  Polyketide Synthases
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In vitro experiments require production of recombinant proteins and an appro-
priate substrate probe. In the native system, acyl-CoAs are the substrates of 
AT domains, whereas ACP-tethered acyl-phosphopantetheine is used to deliver 
substrates to all other catalytic domains. A range of simple acyl-CoAs are com-
mercially available, and can be used to probe the enzymology of PKS domains 
(Fig.  1.29). However, several studies have successfully demonstrated that by 
simply mimicking the terminal region of the phosphopantetheine chain using 
N-acetylcysteamine, enzymatic activity of PKS domains can be monitored [65, 95]. 
A simple coupling reaction between N-acetylcysteamine and the free acid of the 
desired acyl group can be used to generate substrate N-acetylcysteamine (SNAC) 
thioesters mimics of PKS intermediates.

The use of SNAC thioesters has many advantages. Firstly, the commercially 
available N-acetylcysteamine is far cheaper than CoA, making the synthesis of a 
range of substrate probes financially viable. In addition, the SNAC thioester offers 
reduced functionality, removing the potential side reactions during synthesis. 
Finally, the SNAC thioesters are far more stable than acyl-CoAs as labile phospho-
ester bonds are no longer present.

An improvement upon the SNAC thioester is likely to be an acyl-ACP, which 
are also used as substrate probes for PKS domains. The fundamental drawback to 
acyl-ACPs is that their synthesis is expensive and time consuming. The current 
methodology requires enzymatic transfer of the acyl-PPant group of an acyl-CoA 
to an apo-ACP using a phosphopantetheinyl transferase (PPTase) enzyme [96]. 

Fig. 1.29   Structural comparison between acyl-CoA, ACP-phosphopantetheine and an N-acetyl-
cysteamine (SNAC) thioester
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This approach suffers from several disadvantages. Firstly, it requires production 
of apo-ACP from a strain deficient in the 4’-phosphopantetheinyl transferase sfp 
gene. The subsequent synthesis of acyl-ACPs is often slow and requires either 
production or purchase of the PPTase enzyme. Furthermore, attachment of more 
elaborate acyl groups requires access to synthetically challenging and expensive 
acyl-CoAs.

1.3 � Mass Spectrometry

Mass spectrometry (MS) is a powerful analytical technique used across many sci-
entific disciplines. In practice, a mass spectrometer is used to measure the molecu-
lar mass of an analyte molecule via generation of gas-phase ions and subsequent 
separation by their mass-to-charge ratio (m/z). The first mass spectrometer was 
devised by J.J. Thomson in 1912, which he used to measure mass spectra for a 
range of gases. A notable improvement upon this initial work was conducted by 
Francis Aston in 1922 allowing measurement of isotopes from non-radioactive ele-
ments [97, 98]. Since this early pioneering work, the field of MS has developed 
as a vital analytical technique for analysis of small molecules up to large protein 
complexes.

Although many variations of MS instruments are available, all consist of three 
core components for function; the ion source, mass analyser(s) and the detector 
(Fig. 1.30). The mass analysers must be held under vacuum, however depending 
upon the nature of the ionisation process, the ion source may be under vacuum or 
at atmospheric pressure [99].

1.3.1 � Ionisation Methods

Many ionisation techniques have been developed capable of producing gas-phase 
ions from samples in solid, liquid and gas phases. Examples include electron ioni-
sation (EI), chemical ionisation (CI), matrix-assisted laser desorbtion ionisation 

Fig. 1.30   Schematic of a typical mass spectrometer with two mass analysers separating the ion 
source from the detector. The dashed line represents an optional vacuum region dependent upon 
the ionisation method
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(MALDI) and electrospray ionisation (ESI). However, for the purposes of this the-
sis only ESI will be described in detail due to its extensive use within this work.

1.3.1.1 � Electrospray Ionisation

The technique of electrospray ionisation (ESI) has proved a highly valuable tool 
for studying proteins and their complexes in recent years. The fusion of mass 
spectrometry with the development of gentle ionisation methods such as ESI, have 
allowed larger, more delicate protein complexes to be analysed. ESI has the capa-
bility to ionise and desolvate biomolecules from solution, into the gas phase with-
out input of excessive internal energy to the molecular ions. This soft ionisation 
technique can allow the preservation of covalent and non-covalent modifications to 
proteins [100, 101].

An electrospray plume is generated upon application of a strong electric field to 
a flow (1–20 μL min) of typically volatile liquid, through a conductive capillary. 
The tip of the capillary is held at a high potential difference (1.5–3 kV), produc-
ing an electric field in the region of 106 V m−1. The application of a strong electric 
field causes the liquid to deform into a Taylor cone due to the build-up of charge at 
the capillary tip, and results in ejection of a fine jet of charged liquid (Fig. 1.31b) 
[102]. The stability of the droplets in the electrospray plume is dictated by two 
opposing forces; the surface tension of the droplet which increases cohesion of the 
droplet holding it together, and coulombic repulsion which acts to break up the 
droplet due to the repulsion of like charges on the droplet surface [101, 103].

The electric field pushes the droplets through an evaporation chamber, where 
a flow of heated inert gas (often N2), may be used to speed up the evaporation 
process. As the solvent evaporates, the charge density increases at droplet surface 
as the droplet size is reduced. Coulomb repulsion between the surface charges 
increases until the repulsive force exceeds the surface tension maintaining the 

Fig.  1.31   a Plan of a typical electrospray ionisation source operating in positive ion mode. 
Adapted from [99]. b Electrospray ionisation plume photographed from a Thermo LTQ Ion Trap 
source
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droplet. This point is defined at the Rayleigh limit, where coulombic fission drives 
the dispersion of the jet into a fine plume of charged droplets [104]. The Rayleigh 
equation (Eq. 1.1) defines the relationship between the droplet charge (QRy), the 
droplet radius (R), the surface rension (γ) and the electrical permittivity of the 
environment (ε0).

The premise of coulombic fisson taking place upon reaching the Rayleigh limit 
was widely believed to be the driving force behind the production of a fine plume 
of electrically charged droplets. However, work published in 1994 by Gomez and 
Tang, produced images of heptane droplets dividing from an ESI source [105]. 
Figure 1.32a depicts one of their images, showing that the droplet can be mechani-
cally deformed, which effectively decreases the coulombic repulsion required for 

(1.1)QRy = 8π(ε0γR
3)1/2

Fig.  1.32   a Mechanical decomposition of a droplet from an electrospray source. Taken from 
[99]. b Scheme of droplet evolution during the electrospray process as a result of solvent evapo-
ration and fission. Adapted from [103]
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coulombic fission. Ejection of smaller droplets from the tail of the parent drop-
let occurs as a result, with the daughter droplets carrying approximately 2 % of 
the mass and 15  % of the charge (Fig.  1.32b). The parent droplet will continue 
to shrink due to evaporation of solvent producing further generations of daughter 
droplets. The mechanism for the formation of gas-phase ions from charged drop-
lets is yet to be elucidated, and is the subject of much debate. Currently, two pre-
vailing theories have been proposed; the charged-residue model (CRM) and the 
ion evaporation model (IEM) [106].

The Charged Residue Model (CRM), presented by Dole et al. in 1968, proposes 
that coulombic fission proceeds until no further evaporation can occur, where 
each droplet contains a single analyte molecule, with the charges on the droplet 
transferred directly to the analyte [107]. In contrast, Iribarne and Thompson put 
forward the Ion Evaporation Model (IEM) in 1976, where the authors propose 
that the charged analyte ions are ejected from the droplet surface upon reach-
ing a given radii, defined as RE, before reaching the Rayleigh instability limit, 
defined as RR [108]. Figure 1.33 depicts simplistic mechanisms for the two mod-
els. Although both mechanisms appear plausible, evidence suggests that the IEM 
mechanism is favoured when the analyte is relatively small, whereas larger ana-
lytes such as proteins proceed via the CRM model.

1.3.1.2 � Nano-Electrospray Ionisation

Nano-Electrospray Ionisation (nESI) is a variant on ESI which allows much lower 
flow rates, and therefore allows reduced sample consumption. The principle was 
developed in the mid-90s, with the primary aim of coupling to HPLC systems; 

Fig. 1.33   Summary of CRM and IEM for formation of gas phase ions from a highly charged 
droplet. Adapted from [103]
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and ~500 nL/min flow rates were reported which were able to sustain an electro-
spray plume [109]. Although commonly used in conjunction with HPLC analysis, 
nESI is also used in its static form for the analysis of large proteins and complexes 
to reduce the amount of sample required for MS analysis [110, 111]. The nESI 
emitters are constructed from glass capillaries pulled to a fine tip, and coated in 
a thin layer of conductive metal (often gold). Static nESI emitters are usually 
mounted on an (x, y, z) adjustable platform allowing suitable positioning to the 
MS inlet.

1.3.1.3 � Analysing Proteins by ESI-MS

Protein ions observed in positive ESI-MS spectra are quasimolecular due to the 
addition of multiple protons to the surface of the protein. This is often represented 
as [M + nH]n+ when assigning spectral peaks. The number of charges on a given 
protein is dependent upon the number of accessible ionisable residues. In the case 

Fig.  1.34   Positive electrospray mass spectra of E.coli ecotin protein sprayed from denaturing 
conditions, H2O/MeCN, 1 % acetic acid (top) and non-denaturing conditions, 10 mM NH4OAc 
(bottom). Denaturing conditions yield a wide charge state envelope and measurement of the 
16 kDa monomeric unit. Non-denaturing conditions allow preservation of protein structure, thus 
a 32 kDa dimeric (D) is observed, with a small amount of monomer observed (M). Tight charge 
state envelopes indicate a folded state as only surface residues are protonated. Adapted from [103]
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of positive ionisation, basic residues are the targets for protonation. One of the 
most noteable features of an ESI-MS spectrum is the appearance of a clustered 
series of peaks corresponding to a series of multiply charged ions [99]. However, 
the charge state distribution is often dependent upon the folded state of the protein.

Figure  1.34 depicts the ESI-MS spectra of the dimeric E.coli ecotin protein 
sprayed from H2O/MeCN, 1  % acetic acid (top) and 10  mM NH4OAc, pH 7.5 
(bottom). In this example, the denaturing solution has promoted unfolding of the 
protein and protonation of all exposed basic residues, promoted by the presence 
of acid. This results in a wide charge state envelope ranging from 8+ to 18+, 
with the monomeric molecular weight of 16 kDa measured. In contrast, the non-
denaturing buffer, 10 mM NH4OAc, pH 7.5, allows the native fold and quaternary 
structure of the protein to be maintained. In this case, the dimeric (D) ecotin is 
predominantly observed with a molecular mass of 32 kDa. Despite the increased 
mass, the average charge state is 12+, indicating that only solvent exposed resi-
dues on the surface of the protein are protonated [103].

Generally, non-denaturing conditions are employed when protein subunit stoi-
chiometry or non-covalent ligand binding are being measured, as the native pro-
tein fold is often required for such functionality. Whereas denaturing conditions 
offer increased signal intensity and reduced peak adduction, ideal for an accurate 
mass measurement.

Fig. 1.35   Schematic representation of a quadrupole mass analyser and pre-focussing lenses. A 
circuit diagram of the four poles is also shown. Reproduced from [99]
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1.3.2 � Mass Analysers

Post ionisation and desolvation, analyte ions are separated according to their 
m/z ratio by a mass analyser. The analyte ions are usually separated using static 
or dynamic electric/magnetic fields. An exception to this would be time-of-flight 
which does not utilise a magnetic/electric field, except if a reflection is used, 
which employs a static electric field. Although many mass analysers and their vari-
ants have been developed, only the principles of a quadrupole and time-of-flight 
mass analysers will be described in this section in accordance with the techniques 
used in later chapters.

1.3.2.1 � Quadrupole Analysers

The fundamental principles of a quadrupole mass analyser were described in 1953 
by Paul and Steinwegen [112]. The device itself consists of four rods in a parallel 
arrangement, either of circular or hyperbolic cross-sections, and utilises the prin-
ciple of stable ion trajectories within an oscillating electric field to separate m/z 
ratios. For example a positive ion entering a quadrupole will be attracted to a nega-
tive rod, however if the polarity of the rod switches to positive before the ion has 
chance to discharge on it, then the ion will change its path direction.

Figure  1.35 shows the principle and a schematic of a quadrupole. As an ion 
travels forward on the z-axis, it is subjected to an oscillating electric field, which 
continually forces the ion towards the central cavity of the analyser. The electric 
field is generated by DC and RF voltages applied to the four electrodes along the 
x- and y-axes (producing a 2D field), allowing the ions to travel down through the 
field-free z-axis [99].

The 2D quadrupole potential, Φ0, is defined by the following equations:

where ω is the angular frequency, U is the DC voltage applied (500 to 2000 V), V 
is the RF voltage applied (0 to ± 3000 V) and r0 is the quadrupole internal radius.

Although the ions travelling through the quadrupole maintain a constant veloc-
ity along the z-axis, they are subjected to small accelerations and decelerations via 
the x- and y-axis, as a result of the electric field applied. The motion of the ions 
in the x and y directions whilst travelling through the quadrupole are determined 
using the following equations:

(1.2)�0 = +(U − V cosω t),

(1.3)−�0 = −(U − V cosω t)

(1.4)�0(x, y) =
(x2 − y2)

r2
0

(1.5)
−A

∂Φ0

∂ x
=

−2x

r2
0

(U − V cosω t)
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where A is the amplitude of the quadrupole field.
The motion of an ion in a quadrupole field along the x and y axis can be 

described by second order Mathieu equations:

where the variable ax, ay, qx and qy are defined as:

In order to obtain a stable ion trajectory along the x and y axis, r0 ≠ 0 for both 
equations. When r0 =  0, the ion will hit the electrode and discharge. Therefore 

(1.6)−A
∂�0

∂y
=

2y

r2
0

(U − V cosω t)

(1.7)
d2x

dξ2
+ (ax − 2qx cos 2ξ)x = 0

(1.8)
d2y

dξ2
+

(

ay − 2qy cos 2ξ
)

y = 0

(1.9)au = ax = −ay =
8zeU

mr2
0
ω2

(1.10)qu = qx = −qy =
4zeV

mr2
0
ω2

(1.11)ξ =
ω t

2

Fig.  1.36   Plot of ion stability as a function of U and V for ions with increasing masses, 
m1 > m2 > m3. The scan line is shown intersecting the stability areas for each ion by changing U 
linearly as a function of V. Modified from [94]
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solutions to the Mathieu equations can be denoted as bounded (r0  ≠  0) or 
unbounded (r0 = 0).

Considering the aforementioned variables of the Mathieu equation, it is pos-
sible to deduce that:

where u can be x or y.
Equations 1.12 and 1.13 govern the behaviour of m/z values with respect to U 

and V. Figure 1.36 show this relationship graphically.
The scan line, shown above, is the result of the linear change of U as a function of 

V. A stable ion trajectory for ions m1, m2 and m3 through the quadrupole is achieved 
when the scan line passes through their respective stability regions (shaded grey). A 
scan line with a steeper gradient will result in higher resolution, but will suffer from 
decreased sensitivity. Removal of the DC voltage (U = 0) excludes the ability to select 
ions of a particular m/z, allowing transmission of all ions through the quadrupole.

1.3.2.2 � Time-of-Flight Analysers

A common mass analyser used for large biological molecules is the time-of-flight 
(TOF) analyser, due to its theoretically unlimited m/z range. First proposed by  
W. E. Stephens in 1946, the principle of TOF is elegantly simple; separation of 
ions by their velocity post acceleration [113]. Ions are accelerated through a field-
free flight tube, with nominally the same amount of kinetic energy applied to each 
ion. It therefore follows that different masses will have different velocities, with 
smaller ions reaching the detector earlier than larger ions.

In the first instance, ions are accelerated by a source region, which pulses pack-
ets of ions into the flight tube using a high electric field. At this point all the ions 
receive the same amount of kinetic energy, Ek, given by Eq. 1.14.

where m is the mass of the ion, v is the velocity of the ion, z is the charge on the 
ion, e is the elementary unit of charge (1.602 × 10−19 C) and Vacl is the accelerat-
ing voltage applied. Therefore, it follows that the velocity of an ion, v, travelling in 
the flight tube can be calculated using the following equation:

(1.12)U = au
m

z

ω2r2
0

8e

(1.13)V = qu
m

z

ω2r2
0

4e

(1.14)Ek =
mv2

2
= zeVacl

(1.15)v =

√

(

2zeVacl

m

)
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Using Eq. 1.15, it becomes clear that the higher the mass of a given ion, the slower 
the velocity. Therefore a high mass ion will hit the detector later than a low mass 
ion. Equation 1.16 defines the time, t, taken for a given ion to travel the length, L, 
of a flight tube and reach the detector.

Substitution of v from Eq. 1.15 and subsequent rearrangement yields:

Using Eq. 1.17, the m/z value of any given ion subjected to TOF can be calculated.
A limitation of TOF, in its linear form, is poor resolution; a result of ions with 

the same m/z values arriving over a broad range of times. A notable improvement 
to TOF resolution has come from the use of a reflectron. A reflectron utilises a 
static electric field to reverse the direction of the ion beam. The improved resolu-
tion is obtained by focusing ions with differing kinetic energies, but the same m/z. 
Consider two ions with the same m/z, but with different kinetic energies. The ion 
travelling faster will pass deeper into the electric field, thus delaying the reverse of 
direction allowing the slower ion to effectively catch up (Fig. 1.37) [99, 103].

The motion of ions in a reflectron-assisted TOF analyser can be described as 
follows. Ions of a given m/z ratio and kinetic energy are pulsed towards the reflec-
tron with a constant velocity, vi. The ions penetrate the reflectron electric field 
until a depth, d, is reached when the ion velocity is zero, v0. At this point, the 

(1.16)t =
L

v

(1.17)
m

z
=

(

2eVacl

L2

)

t2

Fig. 1.37   Schematic representation of a TOF analyser with a reflectron. ● = ions with m mass 
and with q Ek. ○ = ions with m mass and <q Ek. The ○ ions reach the reflectron later than ●, 
but will not penetrate as far into the electric field, the difference in Ek is therefore corrected by 
the longer flight path of ●. Reproduced from [99]
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electric field acts to reverse the direction of the ions, expelling them into the field-
free region of the flight tube with the same velocity as they entered, vi. Due to the 
deceleration, the average velocity of the ion in the reflectron is vi/2, and the total 
flight distance to the detector given by 2d. It can therefore be inferred that the total 
time an ion spends in the reflectron, tR, electric field is given by:

Using Fig. 1.37 as a guide, L1 and L2 can be defined as the distances between the 
source and reflectron, and vice versa. Therefore, the amount of time an ion spends 
in the field-free flight tube, tF, is given by:

The total time an ion spends in the reflectron-assisted TOF analyser, tT, is the sum 
of Eqs. 1.18 and 1.19:

Substitution of (L1 + L2 + 4d) for L, and subsequent rearrangement of the linear 
TOF Eq. 1.17 yields:

(1.18)tR =
4d

vi

(1.19)tF =
L1 + L2

vi

(1.20)tT =
(L1 + L2 + 4d)

vi

(1.21)
m

z
=

(

2eVacl

(L1 + L2 + 4d)2

)

t2T

Fig.  1.38   Example of a hybrid mass analyser instrument. A schematic of standard Q-TOF 
instrument, which is equipped with quadrupole (Q) and Time of Flight (TOF) mass analysers, 
thus classified as a Q-TOF. Separating the two mass analysers is a collision cell for tandem MS
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From which m/z ratios can be calculated from reflectron-assisted TOF analysers. 
Given the significant improvement in resolution that the reflectron offers, most 
commercial TOF-mass spectrometers are fitted with a reflectron.

1.3.2.3 � Hybrid Mass Analyser Instruments

A multitude of hybrid mass spectrometers have been developed which utilise sev-
eral mass analysis techniques within a single instrument. These instruments allow 
better characterisation of analytes often due to the ability to perform tandem mass 
spectrometry experiments (see Sect. 1.3.2.4). Arguably the most common hybrid 
instrument is the quadrupole time-of-flight (Q-TOF), which is comprised of a 
quadrupole filter situated in front of a collision cell and followed by a TOF ana-
lyser (Fig. 1.38). This particular instrument set-up allows the quadrupole to func-
tion in two modes; the RF only mode which allows all ions to pass through the 
quadrupole and onto the TOF analyser, or, by applying the DC voltage the quad-
rupole can resolve single ions of a given m/z, which can be further activated in the 
collision cell before TOF analysis.

1.3.2.4 � Tandem Mass Spectrometry

Tandem mass spectrometry, commonly abbreviated to MS/MS or MS2, is a method 
which usually applies a dissociation process to analyse ions of selected m/z values. 
Because of this, a minimum of two mass analysers are required for this technique. 
The most common application of MS/MS is isolation of a parent ion, mp, of inter-
est with the first analyser, which then either spontaneously dissociates or is acti-
vated to yield fragment ions, mf, and neutral fragments, mn, detected by the second 
analyser.

Tandem mass spectrometry analysis can be carried out in space or time. The for-
mer requires two or more mass analysers coupled together, a quadrupole time-
of-flight (QTof) or a triple quad (QqQ), for example. Equally, tandem mass 

(1.22)m+

p Activation
−−−−−−→

m+

f + mn

Fig. 1.39   Diagrammatic representation of a tandem MS experiment by CID. The selected pre-
cursor ion is highlighted in red. Adapted from [99]
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spectrometry can be performed over time using ion trap devices such as a quadru-
pole-ion trap (QIT) or an orbitrap.

Collision Induced Dissociation

The principle of tandem MS requires selection and fragmentation of a given ion 
by the first mass analyser (MS1), and subsequent detection by the second (MS2) 
(Fig. 1.39). A commonly employed method of fragmentation is collision induced 
dissociation (CID), where analyte ions are accelerated into a chamber of inert gas 
molecules (e.g. N2 or Ar). Collisions with the gas molecules converts collisonal 
kinetic energy into internal energy, promoting fragmentation of the ion assum-
ing the energy is sufficient. The amount of input energy altered by dictating the 
amount of acceleration applied to the ions upon entering the CID chamber. The 
energy transferred to an ion is distributed equally prior to fragmentation, thus using 
this method; often the weakest bonds are preferentially cleaved. In order to detect 
fragmented ions post CID, the collision cell must be positioned between MS1 and 
MS2. A common arrangement is shown in Fig. 1.38, where the CID cell (labelled 
‘trap’) is situated between a quadrupole (MS1) and a TOF (MS2) analyser [99].
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2.1 � Materials

2.1.1 � Instruments

2.1.1.1 � Protein Production, Purification and Mutagenesis

Cell lines were transformed using a MiniPulser electroporation system 
(BioRad), and growth plates were incubated in a WTC incubator (Binder). Cell 
lines were grown in a Series 25 orbital incubator (New Brunswick), and optical 
densities of cell cultures were determined using a UV 1101 Biotech photometer 
(WPA). Cell culture centrifugations were carried out in an Evolution RC centri-
fuge (Sorvall), using either a SLC-3000 or SS-34 rotor. Protein concentration cen-
trifugations were conducted in a CS-15R centrifuge (Beckman). Cell lysis was 
performed on a Soniprep 150 sonicator (Sanyo), and proteins were purified using 
a HiTrap® Chelating Column (GE Healthcare) attached to an ÄKTA Prime 
(Amersham Pharmacia Biotech). Protein samples were analysed by SDS-PAGE 
using a Mini-Protean protein electrophoresis system (BioRad), and gel images 
were taken in a G:Box gel imager (Syngene). Polymerase chain reactions were 
conducted in a Techgene thermocycler (Techne), with DNA and protein concen-
trations determined by UV using a Nanodrop800 (Thermo Scientific).

2.1.1.2 � Mass Spectrometry

Waters SYNAPT HDMS

All mass spectrometry measurements described within this study were performed 
using a Waters SYNAPT HDMS, which is a hybrid quadrupole-ion mobility-
orthogonal acceleration TOF instrument (oa-TOF). This instrument has multiple 
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ionisation capabilities, of which ESI and nano-ESI were utilised during this study. 
The instrument schematic shown in Fig. 2.1 highlights the position of various 
components within the mass spectrometer. The quadrupole is located immediately 
after the first ion guide, and has two modes of operation. In RF mode, the quadru-
pole transfers all ions into the Triwave region of the instrument. However, when 
DC voltages are applied to the roads, the quadrupole can be used as a mass fil-
ter (as described in Sect. 1.2.3.1). The resolving power of the quadrupole can be 
manually altered using the MassLynx software to generate wide/narrow isolation 
windows.

Collision induced activation was performed in the trap region of the instrument, 
which is a 10 cm cell consisting of stacked ring electrodes, and utilises an RF cur-
rent to focus the ions. The cell is filled with an inert buffer gas, in this case Argon, 
to promote the collisional activation process. The kinetic energy applied to ions 
in this region is the product of the charge state and the voltage applied to acceler-
ate the ion into the trap. This can be controlled by varying the potential difference 
between the first ion guide and the trap (Fig. 2.1).

Nanospray Capillaries

NanoESI capillaries were prepared from borosilicate glass capillaries 
(OD = 1.00 mm, ID = 0.78 mm, length = 10 cm) (Warner), using a Flaming/
Brown P-97 micropipette puller (Sutter Instruments). The pulled tip was then 
coated in gold for electrical conductivity using a vacuum evaporator built in-house 
(see Sect.  2.2.9).

Fig. 2.1   Schematic of a Waters SYNAPT HDMS mass spectrometer. Image taken from Waters 
website

http://dx.doi.org/10.1007/978-3-319-32723-5_1
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2.1.2 � Buffers and Reagents

2.1.2.1 � Reagents

Ultrapure water (18.2 MΩ∙cm), was obtained from a Millipore water purifica-
tion system and was used for preparation of sample solutions. Analytical Grade 
Acetonitrile (MeCN) (Fischer Scientific) and Trifluoroacetic Acid (TFA) 
(Sigma-Aldrich) were used for all ZipTip buffers (see Sect. ‘‘Denaturing MS—
ZipTip Buffers’’). The coenzyme A derivatives (acetyl-, butyryl- and malonyl) 
used in assays were purchased from Sigma-Aldrich. N-acetylcysteamine (SNAC) 
thioesters were provided by the Piel lab (ETH, Zurich), and stock solutions were 
solubilised in dimethyl sulfoxide (DMSO) (Fischer Scientific). Iodoacetamide 
(Sigma-Aldrich) was used for all alkylation reactions.

2.1.2.2 � Transformation and Expression Media

Luria Agar (LA) (Sigma-Aldrich) was used to grow cell colonies prior to trans-
formations. Millers Modification Luria Broth (LB) (Sigma-Aldrich) was 
used for all cell cultures of plasmid and protein synthesis. Cell culture addi-
tives such as Kanamycin (Kan) (Sigma-Aldrich), Chloramphenicol (Cm) 
(Sigma-Aldrich), Tetracycline (Tet) (Sigma-Aldrich) and Isopropyl-1-thio-β-D-
galactopyranoside (IPTG) (Melford) were re-suspended as concentrated stock 
solutions before dilution into cell culture media. Components of buffers were pur-
chased from either Sigma Aldrich or Fischer Scientific.

2.1.2.3 � Expression Vectors

All expression vectors were supplied by Professor Jörn Piel (ETH, Zurich). Each 
vector contains the cDNA sequence for the protein domain of interest. Expression 
conditions are detailed in Table 2.1.

2.1.2.4 � Protein Purification Buffers and Reagents

All reagents in this section were purchased from Fischer Scientific or Sigma 
Aldrich. The compositions of buffers used for various aspects of protein purifica-
tion are listed below:

Re-suspension/Binding Buffer: 25 mM Tris HCl, 500 mM NaCl, pH 7.6
Eluting Buffer: 25 mM Tris HCl, 500 mM NaCl, 500 mM Imidazole, pH 7.6
Stripping Buffer: 25 mM Tris HCl, 500 mM NaCl, 50 mM EDTA, pH 7.6
Nickel Sulphate: 100 mM NiSO4

SDS-PAGE Running Buffer: 25 mM Tris HCl, 192 mM Glycine, 0.1 % SDS
TAE Buffer: 40 mM Tris HCl, 20 mM Acetic acid, 1 mM EDTA

2.1  Materials
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SDS-PAGE gels were made at 12.5 and 15 % depending upon the size of protein 
being analysed. Table 2.2 details the amounts of each reagent required.

2.1.2.5 � Sample Preparation for Mass Spectrometry Analysis

Non-denaturing MS

All non-denaturing MS measurements were conducted in aqueous NH4OAc 
(Fischer Scientific) at various concentrations ranging from 5–500 mM.

Table 2.1   Expression conditions for recombinant proteins

Regions highlighted in grey indicate co-expression

Construct Plasmid Resistance Inducer Expression 
Temp (°C) 

BaeJ KS1 (N-Term 
His8-Tag) 

pHis8-BaeKS1 Kan 1mM IPTG 16 

BaeJ KS2 (N-Term 
His8-Tag) 

pHis8-BaeKS2 Kan 1mM IPTG 16 

BaeL KS5 (N-Term 
His8-Tag) 

pHis8-BaeKS5 Kan 1mM IPTG 21 

PsyA KS1 (N-Term 
His8-Tag) 

pHis8-PsyKS1 Kan 1mM IPTG 16 

PsyA KS2 (N-Term 
His8-Tag)

pHis8-PsyKS2 Kan 1mM IPTG 16 

PsyD KS30 (N-Term 
His8-Tag)

pHis8-PsyKS3 Kan 1mM IPTG 16 

PsyA ACP3 (N-Term 
His8-Tag)

pHis8-ACP3 Kan 0.75mM IPTG 16 

PedC AT (C-Term 
His6-Tag)

pET-24a-PedC Kan 1mM IPTG 18 

GroES-GroEL-Tig pG-Tf2 Cm 112µM Tet 18 

PedD AT (N-Term 
His8-Tag)

pHis8-PedD Kan 1mM IPTG 16 

PsyA ACP1-KS1 (N-
Term His6-Tag) 

pET28b-ACPKS1 Kan 1mM IPTG 16 

PPT Svp (C-Term 
His6-Tag) 

pQE-70-Svp Kan 1mM IPTG 16 
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Denaturing MS—ZipTip Buffers

The composition of buffers used for Zip-Tip preparation and subsequent 
MS-analysis is detailed below:

Equilibrium Buffer: 0.1 % TFA in mQH2O
Elution Buffer: 20:80 mQH2O:MeCN, 0.1 % TFA.

2.1.3 � Consumables

2.1.3.1 � Protein Expression and Purification

Electrocompetent cells were transformed using MicroPulser electroporation 
cuvettes (Bio-Rad). Purification of His-Tag fusion proteins was conducted using 
a Hi-Trap Chelating column (GE Healthcare), and any subsequent gel filtration 
steps were carried out on Superdex 75/200 columns (GE Healthcare) depending 
upon protein size. Proteins were concentrated using Vivaspin 20 ultrafiltration 
spin filters (Sartorius) with a 5 kDa or 30 kDa cut-off depending upon the size of 
the protein.

2.1.3.2 � Mass Spectrometry

The nanoESI capillaries were prepared from borosilicate glass tubes 1.0 mm 
outer and 0.78 mm inner diameter (Warner Instruments). The pulled capillar-
ies were then coated in gold using 99 % gold wire (VWR International) using 
a home-built vacuum evaporator. Samples were loaded into capillaries using 
GELoader tips (Eppendorf). Sample preparation for denaturing-MS was con-
ducted using C18 and C4 ZipTip (Millipore) pipette tips.

Table 2.2   Volumes of reagents required for SDS-PAGE gels

12.5 % resolving 15 % resolving 4 % stacking

mQH2O 3.4 mL 2.8 mL 3.1 mL

40 % Acrylamide 2.4 mL 3.0 mL 0.5 mL

1.5 M Tris, pH 8.8 2.0 mL 2.0 mL 1.25 mL

10 % SDS 80 μL 80 μL 50 μL

10 % APS 80 μL 80 μL 50 μL

TEMED 8 μL 8 μL 5 μL

Total vol. 8 mL 8 mL 5 mL

2.1  Materials
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2.2 � Methods

2.2.1 � Protein Expression and Purification

2.2.1.1 � Transformations

Electrocompetent Escherichia coli XL-1 Blue and BL-21 (DE3) were used for 
plasmid synthesis and protein synthesis respectively. Aliquots (100 μL) of elec-
trocompetent cells were thawed on ice, and 20–100 ng of plasmid was added and 
mixed. Cells were kept on ice for 5 min before transferring to an electroporation 
cuvette, where an electrical pulse is applied to the cells. Immediately following 
electroporation, cells were transferred to 900 μL of LB medium and incubated 
at 37 °C with agitation for 1 h. Typically, 100 μL of cells were then plated onto 
LA plates enriched with the appropriate antibiotic (30 μg/mL Kanamycin or 
Chloramphenicol). Plates were incubated overnight at 37 °C, with transformation 
of the cells confirmed by presence of colonies, which were picked and grown for 
plasmid synthesis (XL-1 Blue) or protein synthesis (BL-21 (DE3)).

2.2.1.2 � Protein Overexpression

A single colony of transformed Escherichia coli BL-21 (DE3) was selected and 
added to LB media (10 mL) containing kanamycin (30 µg/mL) and incubated 
overnight at 37 °C. The resulting pre-culture was added to LB media (1 L) con-
taining kanamycin (30 µg/mL), followed by incubation at 37 °C (see Table 2.1). 
Protein expression was induced by addition of IPTG (1 mM) when the optical den-
sity of the culture reached 0.6, and expression was allowed to proceed overnight 
at an optimized temperature (see Table 2.1). Following expression, cells were 
collected by centrifugation (4,000 xg, 15 min, 4 °C) and re-suspended in buffer 
(25 mM Tris-HCl, 500 mM NaCl, pH 7.6) at 5 mL/L of growth.

2.2.1.3 � Purification of PHis8-Fusion Proteins

Escherichia coli BL-21 (DE3) cells containing overexpressed pHis8-fusion pro-
teins were lysed by sonication. The lysate was then centrifuged (37,000 xg, 
30 min, 4 °C). The resulting supernatant was loaded onto a HiTrap® Chelating 
Column (GE Healthcare), pre-loaded with 100 mM NiSO4 and equilibrated in 
re-suspension buffer. An initial wash of 5 % eluting buffer (25 mM Tris-HCl, 
500 mM NaCl, 25 mM Imidazole, pH 7.6) was applied to remove contaminating 
proteins. A gradient of 5–100 % of eluting buffer was applied over a volume of 
60 mL to elute the pHis8-fusion domain. Presence of protein in fractions was con-
firmed by SDS-PAGE, and an additional gel filtration step (Superdex 75/200 GE 
Healthcare) was applied in cases where excessive contamination was observed. 
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Protein-containing fractions were pooled and concentrated using a Viva-Spin 
centrifugal concentrator at an appropriate MWCO (5 kDa for ACP, 30 kDa for 
KS). Addition of 10 % glycerol (v/v) to the resulting concentrate of pure protein 
allowed snap-freezing in liquid N2, followed by storage at −80 °C (Fig. 2.2).

2.2.1.4 � Site-Directed Mutagenesis

BaeJ KS1 (N206A), (M268A), (L450A) and BaeL KS5 (M237A)

The mutant KS1 and KS5 genes were constructed using the Phusion (New England 
Biolabs) mutagenesis procedure. The entire expression plasmid, pHis8-BaeKS1, was 
amplified as a linear product using the primers in Table 2.3, which had been previ-
ously phosphorylated using polynucleotide kinase (New England Biolabs). The PCR 
product was digested with DpnI to remove the template DNA, gel purified from a 
TAE-Agarose gel using a Nucleospin® gel purification kit (Macherey-Nagel), ligated 
overnight using T4 Ligase (New England Biolabs) and transformed into E. coli strain 
XL1-Blue. The presence of the correct mutation was confirmed by sequencing.

BaeJ KS1 (C207A) and PedD(R97Q)

Site directed mutagenesis for the BaeJ KS1 (C207A) and PedD(R97Q) mutants 
were performed using a Stratagene Quikchange II kit following manufactur-
ers protocol, using pHis8-BaeKS1 and pHis8-PedD respectively as a templates. 
Oligonucleotide primers used are shown below in Table 2.4.

Fig. 2.2   Principle of using His-Tag proteins and IMAC chromatography columns to purify 
proteins. The matrix of the HiTrap® Chelating Column forms a tetradentate complex with 
Ni2+. His-Tagged proteins can then provide the final two bonds to form the stable hexadentate 
complex, and immobilising the protein on the column

2.2  Methods
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PsyA ACP3(Δ37,38)

The PsyA ACP3(Δ37,38) construct was amplified from the plasmid pHis8-ACP3 
which contained full-length ACP3 using the primers shown in Table 2.5. ACP_For 
bound upstream of the ACP3 start codon and incorporated a BglII restriction site 
present in the pHis8-ACP3 vector sequence into the PCR product. ACP_Rev 
replaced the Cys37 codon with an in-frame stop codon and incorporated a HindIII 
restriction site. The PCR product was digested with BglII and HindIII, seper-
ated on a TAE-Agarose gel, excised and purified with a Genejet gel extraction kit 
(Fermentas). The plasmid pHis8-ACP3 was also digested with BglII and HindIII, 

Table 2.4   Oligonucleotide primers for Bae KS1(C207A) and PedD(R97Q) mutants

Mutant Primers Mutation

KS1(C207A)  KS1C207A_For
(5’- CTATTTTGTCCACGCCAACGC 

CTCATCTTCGTTAATCGGC-3’)
KS1C207A_Rev
(5’- GCCGATTAACGAAGATGAGGC 

GTTGGCGTGGACAAAATAG-3’)

AAC → GCA
(Cys → Ala)

PedD(R97A) PedDR97Q_For
(5’- CTGAGACTCGTGCAGAAGCAG 

GGTGATCTGATGAGTCAGG-3’)
PedDR97Q _Rev
(5’- CCTGACTCATCAGATCACCCT 

GCTTCTGCACGAGTCTCAG-3’)

CGT → CAG
(Arg → Gln)

Table 2.5   Oligonucleotide primers for PsyA ACP3(Δ37,38)

Mutant Primers Mutation

PsyA ACP3(Δ37,38) ACP_For (5’-GCGTAGAGGATCGAGATCTCG-3’)
ACP_Rev (5’-GCATAAGCTTATACCGCTTCGAGCTGC-3’)

ΔCys,Val

Table 2.3   Oligonucleotide primers for Bae KS1 and KS5 mutants

Mutant Primers Mutation

KS1(N206A) KS1N206A_For 
(5’-TGCTCATCTTCGTTAATCGGCCTGC-3’)
KS1N206A_Rev 
(5’- TGCGGCGTGGACAAAATAGCTCGG-3’)

AAC → GCA
(Asn → Ala)

KS1(M268A) KS1M268A_For (5’-GCCATCGGCGGTGAAGGGG-3’)
KS1M268A_Rev 
(5’-GCCGTCAGCATCCGCGTCAAACG-3’)

ATG → GCC
(Met → Ala)

KS1(L450A) KS1L450A_For 
(5’-GCCGGCGGAACAAACACACACG-3’)
KS1L450A_Rev 
(5’-GCCGAAAGAGCTTAAAGCCATGCGG-3’)

CTT → GCC
(Leu → Ala)

KS5(M237A) KS5MA_For 
(5’-TGCTCTTCTTCTTTAACAGCCATTCATCTGG-3’)
KS5MA_Rev (5’- TGCCGTATCCAGAGCCATGCTCG-3’)

ATG → GCA
(Met → Ala)
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separated on a TAE-Agarose gel, and the band corresponding to the vector frag-
ment was excised and purified with a Genejet gel extraction kit (Fermentas). The 
purified BglII—HindIII PCR product was ligated into the purified BglII—HindIII 
pHis8-ACP3 vector fragment using T4 ligase (New England Biolabs), transformed 
into XL1-blue competent cells (see Sect. 2.2.1.1), and plasmids encoding PsyA 
ACP3(Δ37,38) was confirmed by sequencing.

Cloning of PsyA ACP1-KS1 Didomain

The DNA sequence containing ACP and KS1 was amplified from the pPSKF1 fos-
mid kindly provided by Dr. Anna Vagstad (Piel lab, ETH Zurich), using the prim-
ers in Table 2.6, and conducted by José Afonso. These primers were designed in 
interdomain regions in locations rich in hydrophilic residues and without specific 
secondary structure, as predicted the PHYRE2 server [1]. The forward primer 
included an NdeI restriction site while the reverse primer included a Stop codon 
and a NotI restriction site. The PCR amplification reaction was composed of PCR 
reaction buffer containing Mg2+, diluted from a 10x concentrated stock (Roche), 
50 ng template DNA, 200 μM of each dNTP, 0.25 μM of each primer and 5 U of 
Taq DNA Polymerase (New England Biolabs), in a total volume of 50 μl.

The amplification product was cleaned using the GeneJET PCR Purification 
kit (Thermo Scientific) and simultaneously digested with NdeI and NotI (New 
England Biolabs) for 3 h to produce sticky ends. The pET28b plasmid was also 
double digested with these two enzymes to cut the corresponding restriction 
sequences within the multiple cloning site. The digested amplification product 
and the open pET28b vector were then loaded onto a 1 % agarose gel and puri-
fied using the Genejet gel extraction Kit (Thermo Scientific). The insert and vector 
were mixed with final concentrations of 40 and 120 μM, respectively, in T4 DNA 
ligase buffer (New England Biolabs), diluted from a 10x stock solution. For 20 
uL of this reaction mixture, 400 U of T4 DNA ligase (New England Biolabs) was 
added and the sample was incubated overnight at room temperature. The sample 
was then used to transform XL1 blue cells.

2.2.2 � Synthesis of N-Acetylcysteamine Thioesters

SNAC compounds were obtained from the Piel Lab, ETH, Zurich. The gen-
eral synthetic procedure for compounds was as follows. A solution of the 

Table 2.6   Oligonucleotide primers for PsyA ACP1-KS1

Construct Primers

PsyA ACP1-KS1 ACPKS1_For (5’-GCGTAGAGGATCGAGATCTCG-3’)
ACPKS1_Rev (5’-GCATAAGCTTATACCGCTTCGAGCTGC-3’)

2.2  Methods
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corresponding acid (5 mmol) in dichloromethane (15 mL) was cooled to 0 °C. 
4-Dimethylaminopyridine (4-DMAP, 1 mmol), 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide (EDC, 6 mmol) and N-acetylcysteamine (6 mmol) were 
added, and stirred overnight at 25 °C. The reaction was then quenched with satu-
rated aqueous ammonium chloride and extracted with dichloromethane, followed 
by drying with MgSO4 and purification by column chromatography (Scheme 2.1). 
Characterisation of all compounds can be found in the following publications [2–5].  
Compounds were solubilised in DMSO, from which concentrated stock solutions 
were made, and further diluted when added to incubation reactions (5 % v/v).

2.2.3 � Ketosynthase Acylation Assay

Acylation reactions were conducted in storage buffer (25 mM Tris, 500 mM 
NaCl, 10 % (v/v) glycerol, pH 7.6). SNAC-thioesters were incubated with KS 
domains at a final concentrations ranging from 0.5–2 mM for comparative sub-
strate studies. In order to ensure the SNAC-thioesters remained in solution, the 
concentration of DMSO was adjusted to 5 % (v/v). Acylation reactions were 
allowed to run for various periods of time between 0–10 min at 25 °C, before 
quenching with 0.1 % TFA and ZipTip desalting (see Sect. 2.2.15.1) for MS anal-
ysis (Scheme 2.2).

2.2.4 � Synthesis of Acyl–Acyl Carrier Proteins

Acylation of the ACP PPant thiol was achieved by incubation of 200 μM ACP 
(25 mM Tris HCl, 500 mM NaCl, pH 7.4) with 10 mM SNAC thioester re-sus-
pended in DMSO, and incubated at a 12.5 % (v/v) ratio to aid SNAC solubility. 
Reactions were monitored by ESI-MS at regular time intervals for the presence 
of the acyl-ACP adduct. Generally, acylation reactions were complete after 3–4 h 
at 25 °C. Removal of excess SNAC was achieved by spin filtration using 5 kDa 
MWCO columns (Scheme 2.3).

Scheme 2.1   General coupling methodology for the synthesis of acyl-N-acetylcysteamine 
thioesters from N-acetylcysteamine and corresponding acid, using DCC and 4-DMAP at room 
temperature for 16 h
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Scheme 2.2   Standard workflow for performing KS acylation assays followed by MS analysis

Scheme 2.3   Workflow for the synthesis of acyl-ACPs from SNAC thioesters, and subsequent 
purification

2.2  Methods
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2.2.5 � Acyl-ACP Ketosynthase Loading Assay

KS loading assays were conducted in storage buffer (25 mM Tris, 500 mM NaCl 
10 % (v/v) glycerol, pH 7.6). Typically, 20 μM KS was incubated with 100 μM 
acyl-ACP and the reaction was allowed to proceed at 25 °C. Aliquots were 
removed at various time points between 2–32 h, and subsequent ZipTip clean-up 
of the samples allowed MS analysis of each time point (see Sect. 2.2.15.1).

2.2.6 � PedC/PedD(R97Q) Hydrolase Assays

Hydrolase assays were conducted in storage buffer (25 mM Tris, 500 mM NaCl, 
10 % v/v glycerol, pH 7.4) in the presence of GroEL. Typically, PedC (5 μM) was 
incubated with acyl-ACPs (20 μM) in a 30 μL reaction for various periods of time 
ranging from 0.5–60 min at 25 °C. The reaction was quenched using 0.1 % TFA, 
followed by ZipTip desalting for MS analysis (see Sect. 2.2.15.1).

2.2.7 � Acyltransferase Extender Unit Specificity Assays

Stocks of malonyl- methylmalonyl- and acetyl-CoA were made to 20 mM in mil-
liQ H2O, snap frozen and kept at −80 °C. Incubations with AT domains were con-
ducted in storage buffer (25 mM Tris, 500 mM NaCl, 10 % v/v glycerol, pH 7.6) 
with addition of required amount of extender unit. Reactions were allowed to run 
for 10 min at 25 °C, before quenching with 0.1 % TFA and ZipTip desalting (see 
Sect. 2.2.15.1) for MS analysis.

2.2.8 � PedD Malonyl Loading and Unloading of ACP

PedD catalysed malonyl loading and unloading of the ACP was conducted in 
storage buffer (25 mM Tris, 500 mM NaCl, 10 % v/v glycerol, pH 7.6). In 
the case of malonyl loading, 80 μM PedD was incubated with 4 equivalents 
(320 μM) of malonyl-CoA and allowed to react for 10 min at 25 °C. Excess 
malonyl-CoA was removed by spin filtration using 30 kDa MWCO columns. 
The resulting retentate was then incubated with 40 μM holo-ACP at a 1:1 
molar ratio. The transfer reaction was allowed to proceed for 20 min, with 
aliquots removed at various time intervals, quenched with 0.1 % TFA and 
desalted using a C4 ZipTip (see Sect. 2.2.15.1). The unloading reaction was 
conducted under exactly the same conditions, except PedD was not pre-loaded 
with malonyl. The ACP was pre-loaded malonyl following the procedure 
detailed in Sect. 2.2.9.
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2.2.9 � Ketosynthase Elongation Assay

The ketosynthase-catalysed chain elongation assay described in Chap. 6 required 
multiple preparative synthetic steps before the final assay could be conducted. This 
section details the required synthetic steps and the final assay procedure.

2.2.9.1 � Synthesis of Malonyl-ACP

Malonylation of the ACP PPant thiol was achieved by incubation of 200 μM ACP 
(25 mM Tris HCl, 500 mM NaCl, pH 7.4) with 8 mM malonyl-CoA (Scheme 2.4). 
Reactions were monitored by ESI-MS at regular time intervals for the presence of 
the malonyl-ACP adduct. Reactions were complete after 7 h at 25 °C.

2.2.9.2 � Synthesis of Alkyl-ACP

The synthesis of alkyl-ACP, for use as an internal standard, was achieved by incu-
bation of 200 μM ACP (25 mM Tris HCl, 500 mM NaCl, pH 7.4) with 4 mM 
iodoacetamide, in the absence of light (Scheme 2.5). Reactions were monitored 
by ESI-MS at regular time intervals for the presence of the alkyl-ACP adduct. 
Alkylation reactions were complete after 4 h at 25 °C, and excess iodoacetamide 
was removed by spin filtration using 5 kDa MWCO columns.

Scheme 2.4   Synthesis of 
malonyl-ACP from malonyl-
CoA and holo-ACP

Scheme 2.5   Synthesis 
of alkyl-ACP from 
iodoacetamide and holo-ACP, 
in the absence of light

2.2  Methods

http://dx.doi.org/10.1007/978-3-319-32723-5_6
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2.2.9.3 � Ketosynthase Elongation Reactions and MS Analysis

KS elongation assays were conducted in storage buffer (25 mM Tris, 500 mM 
NaCl, 10 % v/v glycerol, pH 7.4). Typically, the KS was pre-acylated by incuba-
tion with SNAC thioester (4 mM) for 2 h, followed by concentration to 100 μM 
using a spin concentrator. Malonyl-ACP was produced by incubation of PsyA 
ACP3(Δ37,38) (100 μM) with malonyl-CoA (8 mM) for 6 h at 25 °C. The result-
ing acyl-KS and malonyl-ACP solutions were subsequently mixed in a 1:1 ratio 
yielding a reaction solution containing 50 μM acyl-KS and 50 μM malonyl-ACP. 
The reaction was allowed to proceed for 16 h, followed by addition of 10 μM 
alkyl-ACP and subsequent ZipTip desalting and MS analysis (Scheme 2.6). 
During MS analysis, the 7+ charge state of the ACP was isolated (m/z = 1579) 
with a low quadrupole resolution to encompass all species of this charge state. 
Activation was achieved by applying collision energy of 20 V to the trap region of 
the instrument.

2.2.10 � Monitoring Acyl-Transfer in PsyA ACP1-KS1

The ability to monitor the location of an acyl chain in the PsyA ACP1-KS1 did-
omain required several pre-synthesised species. Acyl-ACP1-KS1 was used as a 
starting point for reverse transfer assays, and alkyl-ACP1-KS1 was used to inac-
tive the active site Cys of the KS, therefore acting as a control for subsequent reac-
tions. In this section, the synthesis of these species is described in addition to the 
MS-based assay.

Scheme 2.6   Overview of the MS-based elongation assay for probing the substrate specificity 
of KS domains using a range of N-acetylcysteamine thioesters and malonyl-ACP. Following 
incubation of acyl-KS with malonyl-ACP the reaction is quenched and alkylated ACP added as an 
internal standard. MS/MS analysis reveals the extent of elongation by detecting and quantifying 
β-ketoacyl-ACP
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2.2.10.1 � Acylation and Alkylation of PsyA ACP1-KS1

Acylation of PsyA ACP1-KS1 was conducted in a similar manner to that of the 
ketosynthase acylation assay described in Sect. 2.2.3, followed by removal of 
excess SNAC using 30 kDa MWCO spin filters (Scheme 2.7a). Alkylation of the 
KS active-site Cys from the ACP1-KS1 didomain was performed under mild con-
ditions to alkylate the active site Cys residue only, by incubation with 5 equiva-
lents of iodoacetamide in the absence of light (Scheme 2.7b).

2.2.10.2 � Phosphopantheinylation of PsyA ACP1-KS1

The PPTase-catalysed phosphopantetheinyl loading of PsyA ACP1-KS1 was 
carried out in accordance with previously published methods [6]. Minimal 
amounts of Svp PPTase from Streptomyces verticillus were used to reduce 
the complexity and heterogeneity of the subsequent mass spectra. Optimised 
conditions allowed 1 μM Svp PPTase to be used for complete loading of 
50 μM PsyA ACP1-KS1, in the presence of 10 mM MgCl2 and 200 μM CoA 
(Scheme 2.8).

2.2.10.3 � Monitoring Reverse Acyl-Transfer in PsyA ACP1-KS1

Pre-acylated apo-ACP1-KS1 was prepared as described in Sect. 2.2.12. 
Subsequent addition of Svp PPtase, CoA and MgCl2 generated 

Scheme 2.7   Synthesis of a Acyl-PsyA ACP1-KS1 using SNAC thioesters and b Alkyl-PsyA 
ACP1-KS1 under mild conditions using iodoacetamide in the absence of light

(a)

(b)

2.2  Methods
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holo-acyl-ACP1-KS1, which was allowed to equilibrate for 10 min. The resulting 
reaction was then desalted using a C4 ZipTip into 80:20 MeCN: mQH2O, 0.1 % 
TFA for MS analysis. The location of the acyl unit was monitored using the PPant 
ejection assay, isolating the 73+ charge state of holo-acyl-ACP1-KS1 and appli-
cation of 12 V in the trap region of the MS. Measurement of the ratio between 
unmodified PPant (m/z 261.2) and acyl-PPant species allowed the location of the 
acyl chain to be interrogated (Scheme 2.9).

2.2.11 � Sample Preparation for Mass Spectrometry

2.2.11.1 � Zip-Tip Desalting

Both C18 and C4 ZipTips™ were used to prepare samples; the C18 was primar-
ily used for desalting of the ACP, whereas C4 was used for KS and AT domains. 
The ZipTip was washed with two 10 μL aspirations of 50 % MeCN, followed 
by five 10 μL aspirations of H2O/0.1 % TFA solution. The protein sample was 
then loaded onto the ZipTip column by 15–20x 10 μL aspirations of the sample, 
each time injecting back into the sample vial. The loaded protein sample was then 
desalted by x15 10 μL aspirations of 0.1 % TFA, followed by elution of the sam-
ple into 8 μL H2O/80 % MeCN/0.1 % TFA.

2.2.11.2 � Viva-Spin MWCO Desalting

Proteins sprayed from non-denaturing conditions required buffer exchanging 
into NH4OAc. This was achieved by x5 concentration cycles at 11,500 xg, from 
0.5 mL → 50 μL using Vivaspin 500 ultrafiltration columns (Sartorius).

Scheme 2.8   The enzymatic attachment of phosphopantetheine from co-enzyme A to a conserved 
serine residue on apo-ACP1-KS1, catalysed by the Svp PPTase
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2.2.12 � Pulling and Gold-Coating Nanospray Capillaries

Nano-ESI capillaries were pulled using a Flaming/Brown P-97 micropipette puller 
(Sutter Instruments). In order to achieve a tip shape shown in Fig. 2.3, the param-
eters were carefully optimised by to obtain a satisfactory tip shape [7]. Although 
parameters can change when using different filaments, a typical set of values are 
detailed in Table 2.7.

Once pulled, the capillaries were coated in gold using a home-built vacuum 
evaporator, depicted in (Fig. 2.4). Pre-pulled capillaries were placed into a sup-
porting rack and placed in the evaporation chamber, directly underneath the evapo-
ration boat. Gold wire (~20 mg) was then placed into the evaporation boat, and a 
vacuum (~1.2 × 10−4 mbar) was applied to the chamber. Once a suitable vacuum 
was achieved, 50 V was applied to the evaporation boat using an autotransformer 
and evaporation was allowed to proceed. Following evaporation (typically 2 min), 
the autotransformer was set to 0 V, and the chamber was vented using the vent 
valve. This procedure was performed twice to coat each side of the capillaries.

Scheme 2.9   Overview of the MS-based method for monitoring acyl transfer within PsyA 
ACP1-KS1. Following loading of CoA-SH or acyl-CoA, the PPant ejection assay is used to 
identify the location of the acyl unit

2.2  Methods
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2.2.13 � Mass Spectrometry Instrument Parameters

Instrument parameters were optimised for each experiment to provide the highest 
relative signals. For experiments requiring collision induced activation, the voltage 
applied in the trap region was optimised such that minimal secondary fragmenta-
tion of ejected ions occurred (Table 2.8).

2.2.14 � Calculation of Acyl-KS Concentrations Using MS

Denatured KS spectra obtained from acylation experiments were subjected to minimal 
smoothing and noise reduction. The spectra were deconvoluted using the transform 
function of MassLynx, taking an average of all charge states. Relevant peak intensities 
were recorded and converted into the concentration of [KS-SH] and [KS-acyl] respec-
tively. Data was recorded in triplicate, and an average taken for kinetic plots.

Table 2.7   Instrument 
parameters for Flaming/
Brown P-97 micropipette 
puller

Heat 750 x3 cycles

Time 80

Pull velocity 15

Fig. 2.3   a Mircroscope view of optimal tip shape for nESI capillaries. Taken from [4].  
b Photographs of nESI capillaries pulled in-house, before and after gold coating
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Fig. 2.4   Photograph 
of home-built vacuum 
evaporator. Components are 
labelled as follows:  
a Evaporation chamber.  
b Evaporation boat. c Vent 
valve. d Autotransformer.  
e Vacuum gauge controls  
and read-out

Table 2.8   Mass spectrometry parameters for analysis of protein domains

†Activation energies varied between experiments. For experiments detailed in Sect. 2.2.11, an 
activation energy of 20 V was applied to the 7+ charge state of PsyA ACP3. For experiments detailed 
in Sect. 2.2.11, an activation energy of 12 V was applied to the 73+ charge state of PsyA ACP1-KS1

KS and AT domains ACP domain

Voltages

Capillary voltage (kV) 1.5 1.5

Sample cone voltage (V) 20 10

Extraction cone voltage (V) 5 5

Trap collision voltage (V) 6 6–20†

Transfer collision voltage (V) 5 5

Pressures

Backing pressure (mbar) 1.6–1.8

Trap pressure (mbar) 1.4 × 10−2

TOF pressure (mbar) 1.5 × 10−6

Quadrupole profile

m/z Dwell time (% scan time) Ramp time (% scan time)

800 10 30

1500 40 10

3000 – –

2.2  Methods
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2.2.15 � Structure Prediction

2.2.15.1 � Homology Modelling of Ketosynthase Domains

Homology models of all KS domains in this study were constructed using the 
CPHmodel server [8], using published KS structures 2QO3 and 2HG4 as tem-
plates [9, 10]. Further refinement of the model was achieved by energy minimi-
sation using the YASARA server [11]. Ramachandran plots were produced using 
the RAMPAGE server to assess the quality of the models (<1 % of residues were 
found to lie outside the favoured regions in all models, and none of these were 
close to the active site) [12]. In the case of WT BaeL KS5, the full length bio-
synthetic intermediate of KS5, including the phosphopantetheine chain, was con-
structed in the PRODRG server [13]. A similar substrate was generated for BaeL 
KS5(M237A), which included an additional β-methyl branch. Both substrates 
were manually docked into the binding site of each domain, and re-submitted to 
the YASARA energy minimisation server. Homology models with acyl chains 
attached to the active site Cys were produced using the crystal structure of a FAS 
KS domain with dodecanoic acid bound as a template [14].

2.2.15.2 � Homology Modelling of PedC and PedD

Homology models of PedC and PedD domains were generated using the 
CPHmodel server, using published AT structures 3RGI and 3BSM as templates 
[15, 16]. Ramachandran plots were produced using the RAMPAGE server to 
assess the quality of the models. Addition of a malonyl unit to the active site Ser 
was achieved by alignment of the respective homology models to the E.coli FabD, 
2G2Z, structure complexed with malonyl and CoA [17].
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3.1 � Introduction

Recent phylogenetic work has shown that KS domains from trans-AT PKSs 
correlate, at the sequence level, with their predicted biosynthetic intermediates 
[1]. The extent of this evolution-based specificity is believed to reach as far as the 
β-position for each given biosynthetic intermediate, as detailed in section “KS 
Specificity-Based Assignment of trans-AT PKSs”. Compared to textbook colin-
earity rules, employed for cis-AT PKS systems, a KS specificity-based approach 
works remarkably well as a predictive method for assigning biosynthetic interme-
diates to their PKS, however it lacks functional testing.

In order to probe the functional substrate specificity of KS domains from trans-
AT PKSs, a mass spectrometry (MS)-based methodology was developed to test a 
selection of KS-domains. Previous approaches designed to examine KS specificity 
from cis-AT systems have focussed upon radioactivity assays and MS analysis of 
trypsin-digested domains [2, 3]. The assay reported in this chapter possesses sig-
nificant advantages over previous methods, allowing rapid and direct analysis of 
intact KSs domain and ability to observe exact mass-shifts for the attachment of 
acyl chains.

Herein, the substrate specificity of BaeL KS5 from the bacillaene (18) cluster, 
and KS1, KS2 and KS30 from the psymberin (19) PKS are reported (Scheme 3.1). 
Using the data from these assays, in conjunction with homology modelling, the 
molecular rules dictating the ability of KS domains to accept carbon based 
β-branched substrates is revealed.

BaeL KS5 and PsyA KS2 are located immediately before and after β-branching 
enzymes, which install a β-methyl and a β-methylene branch respectively 
(Scheme  3.2). In each instance, the mechanism of β-branch formation is essen-
tially the same. The synthesis commences with decarboxylation of malonyl-ACP 
by a non-elongating KS, to yield acetyl-ACP. A 3-hydroxy-3-methylglutaryl-CoA 
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synthase (HMGS) then catalyses an aldol addition between the acetate unit and the 
β-keto group of the growing polyketide chain. This is followed by dehydration and 
decarboxylation by two enoyl-CoA dehydratases (ECH) [4]. During installation 
of the β-methyl branch in 18, the HMGS and ECH enzymes all act in trans [5], 

Scheme 3.1   Partial proposed biosynthetic schemes for bacillaene (18) and psymberin (19)
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Scheme  3.2   Mechanisms of installation of β-methyl and β-methylene branches during the 
biosynthesis of 18 and 19



73

whereas during the synthesis of the β-methylene branch in 19 the ECH, or cronto-
nase (CR), domains are integral to the PsyA protein (Scheme 3.2) [6].

N-acetyl cysteamine (SNAC) thioester substrate mimics were used to test the 
specificity of four KS domains with a range of predicted biosynthetic intermedi-
ates (Table 3.1). In the case of PsyD KS30 and BaeL KS5, the synthesised SNAC 
mimic are shorter in length than the predicted biosynthetic intermediate. However, 
the phylogenetic KS-based substrate prediction would suggest that the specificity 
does not extend past the β-position [1], and therefore SNAC substrate mimics syn-
thesised to this length may be sufficient to reveal KS specificity.

3.2 � Results and Discussion

3.2.1 � Purification of Ketosynthase Domains

Psy KS1, KS2, KS30, BaeL KS5 and KS5(M237A) were used in this chapter, and 
were expressed and purified as His-Tag fusion proteins as described in Sect. 2.2.1. 
Post-purification, KS domains were analysed by SDS-PAGE and by mass spec-
trometry. An SDS-PAGE gel of all the KS domains used in this chapter is shown 
in Fig. 3.1. The subsequent mass spectra are shown in Fig. 3.2.

Table 3.1   The assigned 
clades and predicted 
substrates for KS domains 
used in this study

R = AcHN
aDue to the instability of the β,γ-unsaturated SNAC, the α, 
β-unsaturated, β-Me SNAC was used as a substrate mimic

Ketosynthase Clade Predicted Intermediate SNAC Mimic

PsyA KS1 VI
RS

O

PsyA KS2 Iβ a

RS

O

PsyD KS30 III
RS

O OH

BaeL KS5 IX
S

O

H
N

O

OH

RS

O

S O

S O

S O

OH

3.1  Introduction

http://dx.doi.org/10.1007/978-3-319-32723-5_2
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3.2.2 � Substrate Specificity of BaeL KS5

Phylogenetic sequence analysis, described in section “KS Specificity-Based Assignment 
of trans-AT PKSs”, places BaeL KS5 in clade IX with other KS domains predicted to 
accept unbranched, α, β-unsaturated intermediates. Furthermore, KS5 is located before 
a key β-branching step, outlined in Scheme 3.2, and would therefore be expected to be 
specific for an unbranched substrate. In order to probe the specificity profile of KS5, a 
range of SNAC-thioesters (20−26) were synthesised by our collaborators (Table 3.2). 
Following incubation of KS5 with each SNAC derivative, reactions were quenched at 
regular time intervals, and desalted using the ZipTip procedure (see Sects.  2.2.3 and 
2.2.11.1). Electrospray ionisation mass spectra were obtained at each time interval with 
the masses recorded detailed in the Appendix section. Acylation of KS5 was detected 
by the presence of additional peaks in the mass spectra corresponding to the mass of 
acyl-KS5, highlighted in Fig. 3.3, showing a time-course acylation of KS5 with butyryl-
SNAC (21). The relative intensities of the unacylated and acylated peaks were recorded 
and plotted.

The E-2-butenoyl (22) and 3-methyl-2-butenoyl-SNAC (23) thioesters were 
synthesised as simplified substrate mimics of the native intermediates of KS5 and 
KS6, respectively (see Scheme 3.1 and Table 3.2). Using the MS-based acylation 
assay, KS5 was shown to be highly selective for an unbranched substrate, with 
no acylation observed with 23 after 40  min. In contrast the unbranched SNAC 
analogues 20−22 successfully acylated KS5 at similar rates, reaching satura-
tion after ~20 min (Fig. 3.4 and Table 3.2). MS data acquired following incuba-
tion with SNAC 22 yielded additional signals corresponding to attachment of the 
complete SNAC to KS5. This observation can be explained by Michael addition 
to 22 by nucleophilic sites on the protein surface (Cys or Lys). Conjugate addition 
resulted in a +187 Da mass shift on the protein which was easily resolvable from 
that of the attachment of 22 (corresponding to a +69 Da mass shift) Fig. 3.5. The 
Michael addition did not appear to interfere with the ability of KS5 to be acylated 
by 22.

Fig. 3.1   12.5 % SDS-PAGE gel of (L → R) Psy KS1, KS2, KS30 and BaeL KS5, KS5(M237A)

http://dx.doi.org/10.1007/978-3-319-32723-5_2
http://dx.doi.org/10.1007/978-3-319-32723-5_2
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Fig.  3.2   nESI mass spectra of (T →  B) Psy KS1, KS2, KS30 and Bae KS5, KS5(M237A) 
sprayed from 80:20 MeCN:H2O 0.1  % TFA. Theoretical and measured molecular weights are 
annotated on the spectra

3.2  Results and Discussion
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The (R)/(S)-β-hydroxyl SNACs 25 and 26 were found to acylate KS5, but at a 
far reduced rate to that of the unbranched SNACs. Interestingly, the β-keto SNAC 
(24) acylated KS5 reasonably well, this may be due to the reduced steric bulk of 
the sp2 β-keto compared to that of the sp3 β-hydroxyl group. Another explanation 

Table 3.2   Initial acylation 
rates for BaeL KS5 with 
SNAC thioesters 20−26

R  = AcHN
Initial rate was calculated from a ln[KS]/[KS0] versus t plot, 
given to 2 significant figures
N.D—No acylation was detected over the tme scale of the 
incubation (40 min)
Estimated error in measurements:  ±0.005  ×  10−6 mol  dm−3 
min−1

aIndicates the SNAC-mimic of the predicted biosynthetic sub-
strate for each KS domain

Rate/ × 10−6 mol dm−3 min−1

Substrate WT BaeL KS5

20
RS

O 0.07

21
RS

O 0.06

22
RS

O 0.07a

23
RS

O N.D

24
RS

O O 0.06

25
RS

O OH 0.01

26
RS

O OH 0.01

Fig. 3.3   a Stacked nESI mass spectrum of the 59+ charge state of BaeL KS5 showing acylation 
by butyryl-SNAC 21. b Kinetic plot for the acylation of BaeL KS5 with SNACs 20−23. Each 
time point was recorded in triplicate, average and error bars applied
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may be that the β-keto moiety is recruited into the binding site in a similar manner 
to that of the malonyl extender moiety, thus allowing it to acylate the KS domain 
efficiently.

This initial set of data clearly demonstrates that simple, short-chain SNAC 
mimics of the acyl-phosphopantetheine chain are able to probe the substrate speci-
ficity of BaeL KS5. This KS domain is situated before a key β-branching step in 
the biosynthesis of 18, and is shown to from these assays to be highly specific for 
an unbranched substrate, providing evidence that examining the specificity of KS 
domains may aid biosynthetic assignment of PKSs.

3.2.3 � Substrate Specificity Profiles: Psy KS1, KS2, and KS30

Following initial results with BaeL KS5, the substrate specificity of the first three 
KS domains from the psymberin PKS were investigated. Each of the KS domains 
are predicted to accept different substrate intermediates, shown in Scheme 3.1, and 
include a non-elongating KS domain, PsyD KS30.

PsyA KS1 is predicted to accept an acetyl unit following the decarboxyla-
tive loading of malonyl-CoA from the upstream GNAT domain, and due to the 
small nature of the predicted substrate, was expected to possess a strict substrate 
tolerance. However, substrate profiling of KS1 revealed an exceptionally relaxed 

Fig. 3.4   Deconvoluted ESI mass spectrum of Bae KS5 after incubation with SNAC derivative 
(22). Two attachments of the full SNAC to the KS were observed, highlighted by successive mass 
shifts of +187 Da

3.2  Results and Discussion
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specificity profile, with all SNAC substrates able to acylate KS1 at varying rates 
(Table 3.3). Acetyl-SNAC (20) was readily incorporated by KS1, as anticipated. 
Butyryl- and E-2-butenoyl-SNACs (21, 22) acylated at a comparable rate to that 
of 20, suggesting that chain length in not a dictating factor. Surprisingly, the 
β-methyl branched SNAC (23) was observed to acylate KS1, albeit at a 50-fold 
slower rate than that of the unbranched substrates. This observation suggested key 
differences between the active sites of PsyA KS1 and BaeL KS5, as the latter was 
unable to accept the β-methyl branched SNAC. Additionally, the β-keto SNAC (6) 
acylated at the same rate to that of 21 and 22; an observation which is conserved 
across all KS domains tested. Both enatiomers of the β-hydroxyl SNACs acylated, 
with a slight preference shown towards the (S) configuration.

Despite the initial hypothesis that PsyA KS1 would be a highly specific KS 
domain, substrate screening has shown that, functionally, KS1 accepts a wide 
range of substrates. It is plausible that there may be little or no evolutionary 
pressure upon KS1 to acquire specificity, as the preceding GNAT domain harbours 
AT-like specificity towards the loading unit [7]. Although a surprising result, a pro-
miscuous substrate profile coupled with relatively high turnover could make KS1 
an attractive choice for biosynthetic engineering.

PsyA KS2 is particularly interesting, as the KS is believed to accept a 
β-methylene branched intermediate resulting from crotonase (CR) activity in the 
previous module (Scheme  3.1). Interestingly, KS2 produced a similar substrate 
specificity profile to that of PsyA KS1, and importantly, the β-methyl branched 

Fig. 3.5   Kinetic acylation plots of Psy KS1, PsyA KS2 and PsyD KS30 with SNACs (20−26)
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SNAC (23) was observed to be a viable substrate (Table  3.3). Due to the simi-
larities in substrate profile, it was postulated that PsyA KS1 and KS2 may have 
similar characteristics in the binding channel, despite being located in different 
phylogentic clades.

Psy KS30 is denoted as a non-elongating KS due to the presence of a glutamine 
in place of the critical elongating histidine residue in the active site. The predicted 
intermediate of KS30 is an (S)-β-hydroxyl acyl chain, and although not expected 
to elongate this substrate, transthioesterification to the active site cysteine is still 
believed to occur. The corresponding (S)-β-hydroxyl-SNAC (25) was found to be 
a viable substrate for KS30, however the β-methyl branched SNAC (23) was not 
observed to acylate. Thus, with respect to the substrate tolerance of (23), BaeL 
KS5 and PsyD KS30 are somewhat similar.

3.2.4 � Homology Modelling of KS Domains

In an effort to rationalise the observed specificity of the KS domains, homology 
models of each KS were constructed using the CPHmodel server as described 
in Sect.  2.2.15. Models used a previously published structure of the DEBS 
KS3-AT3 didomain (PDB:2QO3) as a template, and homology models generated 

Table 3.3   Initial acylation rates for PsyA KS1, PsyA KS2 and PsyD KS30 with SNAC thioesters 
20−26

R  = AcHN
Initial rate was calculated from a ln[KS]/[KS0] versus t plot, given to 2 significant figures
N.D—No acylation was detected over the tme scale of the incubation (40 min)
Estimated error in measurements: ±0.005 × 10−6 mol dm−3 min−1

aIndicates the SNAC-mimic of the predicted biosynthetic substrate for each KS domain

Rate/ × 10−6 mol dm−3 min−1

Substrate PsyA KS1 PsyA KS2 PsyD KS30

2
RS

O 3a 0.3 0.3

3
RS

O 2 0.3 0.1

4
RS

O 2 0.3 0.2

5
RS

O 0.04 0.03 N.D

6
RS

O O 2 0.3 0.2

7
RS

O OH 0.7 0.3 0.03a

8
RS

O OH 0.4 0.02 0.02

3.2  Results and Discussion

http://dx.doi.org/10.1007/978-3-319-32723-5_2
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were overlaid upon 2QO3 to assess positioning of key residues in the active site 
(Fig. 3.6), in addition to Ramachandran plots (see Appendix).

Initially, models of BaeL KS5 and the downstream, β-branch accepting, BaeL 
KS6 were constructed. Upon examination of the respective binding sites a poten-
tially important difference was identified. The nature of the residue immediately 
N-terminal to the active site cysteine (X-Cys) appeared to affect the size of the 
binding pocket. In the case of BaeL KS5, X was identified as Met, compared to 
the far less bulky Ala of BaeL KS6. To investigate the effect of this position upon 
substrate binding, the unbranched biosynthetic intermediate of KS5 was manually 
docked into the binding cleft of KS5 (Fig. 3.7). Upon docking, the X residue was 
found to be positioned directly adjacent to the β-position of the substrate, which in 
this instance was a hydrogen atom from the sp2 β-carbon. It was therefore hypoth-
esised that the nature and positioning of this residue had the potential to dictate the 
ability of the KS domain to accept a β-branched substrate.

The same homology modelling approach was applied to the three psymberin 
KS domains. PsyA KS1 and KS2 both harboured Ala residues at the X positions, 
yielding a binding pocket similar to that of BaeL KS6 (Fig.  3.8). Interestingly, 

Fig. 3.6   a Homology model of BaeL KS5 (Grey) overlaid onto DEBS KS3 X-Ray crystal struc-
ture (PDB:2QO3) showing high level of structural similarity. b Active site residues from BaeL 
KS5 and DEBS KS3 overlay. Spatial positioning of the residues is extremely similar for the 
model and the crystal structure

Fig. 3.7   WT BaeL KS5 
homology model with 
predicted unbranched 
biosynthetic intermediate 
docked in the active site.  
The Met residue highlighted 
in red is postulated to provide 
steric bulk in the binding 
pocket to prevent acylation 
by β- branched substrates
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experimentally PsyA KS1 and KS2 were also shown to tolerate the β-methyl 
SNAC (23) during the SNAC acylation assays. In contrast, PsyD KS30 and BaeL 
KS5, which did not accept 23, both have a Met residue at the X-position. These 
observations added further evidence to the premise that a Met residue at the X-Cys 
position excludes bulky β-carbon branched substrates, whereas an Ala residue 
removes the steric restriction in the binding site.

Comparison of the KS binding sites from homology models tallies well with 
the experimental data for these KS domains. In order to test the hypothesis that a 
bulky residue at the X-Cys position precludes acylation by β-carbon branched sub-
strates, a M237A mutant was proposed. Simple alteration to the homology model 
suggested that a Met to Ala mutation would indeed provide additional space in the 
binding pocket for a β-branched substrate (Fig. 3.9).

Fig.  3.8   Comparison of the active sites for the KS domains investigated. A hexanoyl chain 
is modelled into the binding pocket in each case, and the steric effect of the X-Cys residue  
(Met/Ala237) is shown

3.2  Results and Discussion
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3.2.5 � Substrate Specificity of BaeL KS5(M237A)

As discussed previously, the Met to Ala mutation was predicted to provide addi-
tional space in the binding pocket to accommodate a β-carbon branched substrate. 
The KS5(M237A) mutant was successfully constructed using standard molecular 
cloning techniques (detailed in Sect.\,2.2.1.4), followed by expression and purifi-
cation (Figs. 3.1 and 3.2).

Incubation of KS5(M237A) with SNACs 20-22 resulted in acylation rates 
similar to those of WT KS5. This was expected, as increasing the space within 
the binding pocket was unlikely to affect the ability of straight chain SNACs to 
acylate. Reassuringly, it also indicated that the binding site mutation had not ren-
dered the KS inactive. However, there was a notable change in the tolerance of the 
β-methyl branched substrate (23), which was found to acylate BaeL KS5(M237A) 
at a reasonable rate (Fig. 3.10 and Table 3.4). These observations indicate that KS 
domains from trans-AT PKSs have the ability to discriminate between substrates 
based upon the extent of β-branching, and furthermore, they can be engineered to 
accept non-natural acyl units.

3.2.6 � Analysis of the X-Cys Position

The results presented provide strong evidence that the nature of the X-Cys resi-
due has the ability to dictate KS specificity with regard to β-branching. In order 
to investigate the potential role of this residue in KS domains from other clades, a 
sequence analysis was conducted using the 138 KS domains from the initial phy-
logenetic study, in addition to 12 subsequently identified KSs from the psymberin 
PKS [1, 6]. The sequence analysis focussed upon the nature of the X-Cys resi-
due, and the most highly represented residues were reported (Table 3.5). The study 

Fig. 3.9   Comparison of WT BaeL KS5 and BaeL KS5(M237A) binding pockets. The removal 
of the bulky Met residue affords additional space in the binding pocket for bulkier substrates

http://dx.doi.org/10.1007/978-3-319-32723-5_2
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Fig.  3.10   a nESI mass spectra of the 61+ charge state of WT BaeL KS5 and BaeL 
KS5(M237A) following incubation with SNAC 23 for 40  min, showing acylation with 
KS5(M237A) only. b Kinetic plot for the acylation of BaeL KS5(M237A) with SNACs 20−23

Table 3.5   Most highly represented residues located at the X-Cys position for each KS clade

Clade I II III IV V VI VII VIII IX X XI XII XIII XIV XV XVI

X-Cys A A A/Q/M A A A A M M A V A A A A N

3.2  Results and Discussion

Table  3.4   Initial acylation rates for BaeL KS5 and Bael KS5(M237A) with SNAC thioesters 
20−26

Rate/ × 10−6 mol dm−3 min−1

Substrate WT BaeL KS5 BaeL 
KS5(M237A)

20
RS

O 0.07 0.06

21
RS

O 0.06 0.05

22
RS

O 0.07a 0.05

23
RS

O N.D 0.01

24
RS

O O 0.06 0.06

25
RS

O OH 0.01 0.01

26
RS

O OH 0.01 0.01

R  = AcHN
Initial rate was calculated from a ln[KS]/[KS0] versus t plot, given to 2 significant figures
N.D—No acylation was detected over the tme scale of the incubation (40 min)
Estimated error in measurements: ±0.005 × 10−6 mol dm−3 min−1

aIndicates the SNAC-mimic of the predicted biosynthetic substrate for each KS domain
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revealed that for a large proportion of KS clades, X = Ala. However, some clades 
harboured a markedly different amino acid at this position. For example, in the 
clade containing BaeL KS5 (IX), 94 % of the KS domains possess a Met residue 
at the X position. This observation added further evidence to the hypothesis that 
X = Met is required to confer specificity towards unbranched substrates.

In contrast, the clade containing BaeL KS6 (I), harbours exclusively X = Ala 
and is likely to provide the necessary space in the binding pocket to accommo-
date a β-methyl branch (Fig. 3.11). Clade XVI contains all KS domains positioned 
immediately downstream of an NRPS module, and therefore accept amino acid-
containing acyl chains. In this instance, X = Asn and the role of this residue is 
investigated further in Chap. 4.

As discussed in section “KS Specificity-Based Assignment of trans-AT PKSs”, 
cis-AT and trans-AT PKSs are believed to have evolved via different routes. The 
trans-AT PKSs are thought to have arisen from horizontal gene transfer events, 
whereby substrate-specific KS domains are assembled in a mosaic fashion. In 
comparison, the evolutionary origin of cis-AT PKSs is a result of complete gene 
duplication events of entire modules, in which the KS domains are integrated  
[8, 9]. The relatively low substrate specificity observed in KS domains from cis-
AT clusters is indicative of such gene-duplication events, as there is minimal 
evolutionary pressure upon the KS to confer substrate specificity. Comparing the 
X-Cys motif in KS domains from cis- and trans-AT clusters yields an extremely 
clear and interesting difference. For trans-AT PKSs, the nature of the X-Cys posi-
tion is variable with regard to the nature of the KS substrate. For example, in order 
to accommodate an α- or β-methyl branch, the X-position is always a less steri-
cally demanding substrate (Ala or Gly), or a Met residue to promote unbranched 

Fig. 3.11   Sequence logo of a sequence alignment conducted upon KS domains from clades IX 
(top) and I (bottom), with predicted substrates from the respective clades shown. The overall 
height of a given amino acid indicates the sequence conservation at that position. This alignment 
reveals that the X-Cys position is predominantly a Met residue for KSs in clade IX, but exclu-
sively an Ala residue for clade I. Constructed using WebLogo

http://dx.doi.org/10.1007/978-3-319-32723-5_4
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substrates. In contrast, cis-AT PKSs would not be expected to have evolved such 
variety at the X-Cys position as a mechanism of specificity. Indeed, examination 
of the available sequence data for fully assigned cis-AT PKSs reveals that X = Ala 
in all instances. This observation provides additional evidence for different modes 
of evolution and suggests that KS domains from trans-AT PKSs may be more 
amenable to bioengineering than cis-AT PKSs.

3.3 � Conclusions

The work presented in this chapter describes a novel MS-based assay to probe the 
substrate specificity of the acylation step catalysed by KS domains using short 
N-acetylcysteamine (SNAC) substrate mimics. The MS-methodology affords 
rapid, intact analysis of the KS domain, with attachment of acyl substrates to the 
active site Cys observable by mass shifts in the signal. The advantages to this 
approach over standard radioactivity-based assays include: absolute certainty 
regarding acyl attachment (afforded by mass measurement), ability to detect 
Michael addition conjugates when using α, β-unsaturated substrates, and a short 
analysis time reducing the propensity for hydrolysis of the acyl chain.

Using this novel approach, four KS domains from trans-AT PKSs have been 
probed for their substrate specificity at the acylation stage using a range of SNAC 
thioesters. BaeL KS5 was shown to be highly specific for unbranched intermedi-
ates, as predicted by the phylogenetic clades. PsyA KS1, predicted to accept an 
acetyl unit following decarboxylative loading of malonyl-CoA from the upstream 
GNAT domain, was surprisingly promiscuous in substrate specificity with the 
ablility to accept the β-Me SNAC (23). The substrate profile of the β-methylene 
accepting PsyA KS2 was similar to that of KS1, albeit ~10 times slower in rate. 
The non-elongating PsyD KS30 on the other hand had a specificity profile similar 
to KS5, not accepting the β-Me SNAC (23) over the time scale of the experiment. 
This suggested that BaeL KS5 and PsyD KS30 may have similar features in the 
active site excluding the β-Me SNAC (23) from the binding pocket.

Using this data and subsequent homology modelling, the molecular basis dic-
tating KS β-branch specificity was revealed. A single residue in the binding pocket 
of BaeL KS5 was identified as being responsible for directing the tolerance for 
β-branched substrates. Upon examination of the homology models, BaeL KS5 
and PsyD KS30 the residue at the X-position is a bulky Met residue, precluding 
acylation by bulky β-Me. A single Met → Ala point mutation in KS5 successfully 
removed the steric bulk in the binding site and allowed acylation with the β-Me 
SNAC (23).

In summary, using a novel MS-based assay the molecular basis of carbon 
β-branch specificity in trans-AT PKSs KS domains has been identified. A key resi-
due has been characterised in the active site of BaeL KS5 which sterically dic-
tates the tolerance for β-branched substrates. Examination of this residue in the 
sequences of 150 KS domains from trans-AT PKSs suggests that the presence of 

3.2  Results and Discussion
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Gly or Ala residues are required for acceptance of a carbon β-branched substrate. 
This general rule provides insight for potential trans-AT PKSs engineering, and 
may add another discriminatory factor to the functional assignment of natural 
product biosynthesis. These results also indicate the exciting potential to tune the 
specificity of KS domains towards desired biosynthetic products.
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4.1 � Introduction

The trans-AT PKSs are notorious for incorporation of non-canonical modules, 
which often contain novel enzymatic domains [1]. Although this provides a 
wealth of exciting enzymology to be explored, this factor also makes assignment 
of biosynthetic clusters somewhat difficult. Similar to cis-AT PKSs, the trans-AT 
systems also integrate NRPS modules into the biosynthetic assembly line (PKS-
NRPS hybrids), which allows the introduction of amino acid units into the grow-
ing polyketide chain (see Sect.  1.2.2.5) [2, 3]. Therefore, this feature requires 
KS domains from downstream modules to accept NRPS-derived intermediates. 
Although in cis-AT systems some insights exist into the association between 
NRPS and PKS modules, very little is known for either type with regard to sub-
strate requirements for a successful assembly line switch [4, 5].

In this chapter, the first study of a KS domain immediately downstream of a 
NRPS module is reported. Using full-length acyl precursors the substrate speci-
ficity of BaeJ KS1 from the bacillaene trans-AT PKS was examined. BaeJ KS1 
is the first PKS module in the biosynthesis of bacillaene (18), and is believed to 
accept a glycine-derived intermediate incorporated by the previous NRPS module 
(Scheme  4.1). KS1 is positioned in a phylogenetic clade with other amino-acid 
accepting KS domains, of which the majority accept a glycine intermediate.

Using the MS-based methodology from Chap.  3, BaeJ KS1 is shown to pos-
sess high specificity towards 2-amidoacetyl intermediates, which are derived from 
incorporation of alpha amino acids into the polyketide chain. Using a range of 
full-length N-acetylcysteamine (SNAC) analogues as substrates the specificity of 
the domain is successfully probed. The natural glycine-derived acyl-SNAC was 
found to acylate KS1 with highest efficiency, with an alanine variant also incorpo-
rated, but its valine equivalent was not, which indicated limited tolerance of sub-
stitution at the α-position.

Chapter 4
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Domains Part II: Amino Acid-Containing 
Acyl Chains
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Substrate analogues without an amine or amide nitrogen substituted on 
the 2-position were not accepted by KS1 at the standard assay concentration 
of 0.5  mM. Moreover, removal of Asn-206 from the active site of KS1 by site-
directed mutagenesis reduced kcat/Km by a factor of ~2. This residue is conserved 
in most known 2-amidoacetyl-accepting KS domains from trans-AT PKSs and we 
postulate an important interaction between Asn-206 and the amide nitrogen of the 
substrate.

4.2 � Results and Discussion

4.2.1 � Purification of Ketosynthase Domains

BaeJ KS1 and respective mutants used in this chapter were expressed and puri-
fied as His-Tag fusion proteins, as described in Sect. 2.2.1. Post-purification, KS 
domains were analysed by SDS-PAGE and by mass spectrometry. An SDS-PAGE 
gel of all the KS domains used in this chapter is shown in Fig. 4.1. The subsequent 
mass spectra are shown in Fig. 4.2.

4.2.2 � Substrate Specificity of BaeJ KS1

The initial aims of this study were to test the full-length glycine-containing sub-
strate with BaeJ KS1 and examine the tolerance towards other amino acids. 
The glycine, alanine and valine derived α-keto acid intermediates 27–29 were 

Scheme 4.1   Partial proposed biosynthetic scheme for bacillaene (18). The amide region of the 
relevant intermediates and product is highlighted in red

http://dx.doi.org/10.1007/978-3-319-32723-5_2
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incubated with BaeJ KS1 according to the protocol in Sect. 2.2.3, at a final con-
centration of 0.5  mM. Electrospray mass spectra were recorded to monitor the 
acylation reaction as a function of time. The unacylated mass of WT BaeJ KS1 
was determined to be 73,507 Da, in good agreement with the theoretical value of 
73,509  Da (Fig.  4.2). Successful acylation was monitored by the appearance of 
additional peaks corresponding to acylated KS1 (Fig. 4.3).

Kinetic analysis of KS1 with substrates 27–29 revealed that the glycine-derived 
SNAC 27 was a slightly better substrate than the alanine variant 28 (Fig. 4.3 and 
Table  4.1). This suggests that the presence of an α-methyl branch may reduce 
the rate of acylation on steric grounds. No acylation was detected for the valine-
derived SNAC 29, adding further evidence to the theory that excessive steric bulk 
around the α-position may preclude entry into the binding pocket, or in some 
cases, prevent nucleophilic attack at the carbonyl.

In order to further interrogate the structural features that are important for sub-
strate selectivity and recognition by KS1, an additional set of SNAC-thioesters 
were synthesised by our collaborators, each designed to possess partial functional-
ity of the natural acyl substrate (27). SNACs 30 and 31 were used to dissect the 
individual effect of the nitrogen and the carbonyl of the amide. SNAC 32 was 
used to probe the effect of moving the amide to the 4-position (corresponding to a 
γ-amino acid derived chain), and SNAC 33 was used to examine the effect of any 
potential long-range interactions associated with the carbonyl group in the 2-keto-
4-methylpentanoyl moiety of 27.

Incubation of KS1 with the 2-amino SNAC (30) and the 4-keto SNAC (31) pro-
vided extremely valuable information. Interestingly, SNAC 30 was able to acylate 
KS1 efficiently at a rate faster than the native substrate (27). In contrast, upon 
incubation of the 4-keto SNAC (31) with KS1, no acylation was observed over 
the time-frame of the experiment. These observations indicate that the nitrogen 
of the amide functionality in 27 is a crucial component for substrate recognition.  

Fig.  4.1   12  % SDS-PAGE gel of WT BaeJ KS1 and KS1(N206A), KS1(M268A) and 
KS1(L450A) post His-tag purification

4.2  Results and Discussion

http://dx.doi.org/10.1007/978-3-319-32723-5_2
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Fig. 4.2   nESI mass spectra of BaeJ KS1 and mutants sprayed from 80:20 MeCN:H2O 0.1 % 
TFA. Deconvoluted spectra are displayed as an inset. Measured and theoretical masses are noted 
on each spectrum
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It is worth considering that the amido nitrogen of 27 and the amino nitrogen of 30 
will possess considerably different pKa values, however, both substrates would be 
expected to competent hydrogen bond donors.

Incubation of SNAC 32 yielded no observable acylation of KS1, suggest-
ing that the amide substrate should be derived from an α-amino acid. Equally, no 
acylation was detected with SNAC 33 indicating that the distal carbonyl is not a 
factor in substrate viability. Previous work by Claderone et  al. revealed that the 
reduction of the 2-keto-4-methylpentanoyl intermediate to the 2-hydroxy-analogue 
is performed by the KR domain of module 3 (Scheme 4.1) [6]. This unorthodox 
reduction step is believed to occur post-KS1 elongation, therefore suggesting that 
the oxidation level of SNAC 27 is correct, and therefore a substrate mimic for 
KS1. To probe this issue further, a 2-hydroxy-4-methyl-pentanoyl SNAC (34) was 
synthesised. Upon incubation of SNAC 34 with KS1, a slight reduction in acyla-
tion rate was observed (~20 %) compared to SNAC 27. The reduction in acylation 
rate may be due to unfavourable loss of planarity in the substrate, or decreased 
intrinsic reactivity of the thioester (Fig. 4.4).

These observations suggest that the substrate selectivity of BaeJ KS1 may not 
extend past the first 3–4 carbons of the substrate, which at least in this instance, 
is in good agreement with the prediction of trans-AT KS specificity. It is note-
worthy that, SNAC 27 was capable of acylating BaeL KS5, despite its presence 
in a different phylogenetic clade to BaeJ KS1. BaeL KS5 is situated in clade IX, 
predicted to accept unbranched and unsaturated substrates. The previous work 
from Chap.  3 revealed that KS5 does not accept β-branched acyl chains, but 
unbranched chains acylate the domain efficiently. Therefore, on this basis SNAC 

Fig. 4.3   Stacked ESI mass 
spectra of the 60+ charge 
state of WT BaeJ KS1 during 
kinetic acylation. Peaks 
coloured in red correspond 
to +170 Da mass shift on 
the KS1 domain, indicating 
acylation by (27)

4.2  Results and Discussion

http://dx.doi.org/10.1007/978-3-319-32723-5_3
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27 might be expected to be a reasonable substrate for KS5 due to its unbranched 
nature at the β-position. Although no favourable interactions were observed past 
the β-position with KS1, this result does not rule out the potential for other inter-
actions in the binding pocket which help to stabilise the intermediate once bound.

NRPS modules that incorporate amino acid building blocks can also contain 
heterocyclisation (HC) and oxidation (OX) domains, which together are capable 
of catalysing formation of thiazole and oxazole moieties from N-acetylcysteine 
and N-acetylserine respectively [7, 8]. In an effort to test whether these cyclic, 
non-amide intermediates are viable substrates of KS1, 2-methyloxazole (35) 
and 2-methylthiazole (36) SNACs were synthesised. Despite the additional bulk 
of a five-membered ring; a nitrogen atom, albeit tertiary in nature, is present at 
the β-position in these substrates. The sp2 nitrogen of 35 and 36 will be hydrogen 

Table 4.1   Estimated initial 
acylation rates for WT KS1 
and KS1(N206A) with 
SNACs 27–36

R  =
Initial rate was calculated from a ln[KS]/[KS0] versus t plot, 
given to 2 significant figures
N.D—No acylation was detected over the tme scale of the incu-
bation (10 min)
Estimated error in measurements:  ±0.005  ×  10−6 mol  dm−3 
min−1

aIndicates the SNAC-mimic of the predicted biosynthetic sub-
strate for each KS domain

Rate/ × 10−6 mol dm−3 min−1

Substrate WT BaeJ KS1 BaeJ KS1 (N206A)

27 0.73a 0.26

28 0.31 0.14

29 N.D N.D

30 0.90 0.39

31 N.D N.D

32 N.D N.D

33 N.D N.D

34 0.60 0.14

35 0.06 0.06

36 0.06 0.04
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bond acceptors, whereas SNACs 27–30 possess hydrogen bond donors. Evidence 
to this point would suggest that a hydrogen bond donating nitrogen is favourable 
in the substrate. Incubation of SNACs 35 and 36 with KS1 resulted in low levels 
of acylation at a far reduced rate to that of straight chain amido/amino-SNACs (see 
Table 4.1). This is likely due to the increased steric effect incurred by the ring, and 
the lack of favourable interactions formed with the tertiary amine.

4.2.3 � Analysis of X-Cys Position

Previous work from Chap. 3 highlighted the importance of the amino acid residue 
‘X’ immediately preceding the active site Cys with regard to substrate specificity. 
It therefore seemed logical to investigate the nature of this position in amino acid 
accepting KS domains. A sequence alignment of all 17 known KS domains imme-
diately downstream of a NRPS module was performed, and revealed that in 11 
instances (including BaeJ KS1) an Asn residue occupied the X position (Fig. 4.5). 
This suggested that the Asn residue may well be of biochemical significance, and 
could be involved in substrate recognition due to its apparent sequence conser-
vation. KS domains predicted to accept oxazole and thiazole intermediates were 
included in the alignment; however none of these KSs harboured an Asn in the 
X-position. Instead, smaller Gly or Ser residues were favoured, potentially provid-
ing additional space in the binding pocket for the heterocycle.

Fig. 4.4   Kinetic plot of WT KS1 with SNAC thioester substrate mimics (27–33)

4.2  Results and Discussion

http://dx.doi.org/10.1007/978-3-319-32723-5_3
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A phylogenetic tree was constructed from the sequence alignment, which 
grouped BaeJ KS1 with other KS domains with X = Asn. In addition, a sepa-
rate clade was formed for amino acid-accepting KSs where X = Ala, suggesting 
that the Asn residue is not absolutely required for a functional enzyme (Fig. 4.6). 
Interestingly, no other known KS domain from cis or trans-AT PKSs possesses an 
Asn residue at the X position, other than the KSs in clade XVI. It is therefore rea-
sonable to postulate that Asn may form important interactions with 2-amidoacetyl 
substrates, potentially assisting the acylation reaction.

4.2.4 � Homology Modelling of BaeJ KS1

In an effort to rationalise the substrate selectivity exhibited by BaeJ KS1 and 
examine the effect of an Asn residue at the X position, a homology model of KS1 
was constructed using the same methodology as in Chap.  3. Due to the shorter 
nature of the predicted intermediate, it was possible to model the native acyl chain 
of 27 into the binding pocket. Using a previously published structure of a FA:FAS 
complex (PDB:1EK4) [9] as a guide, the acyl chain of 27 was successfully mod-
elled into the active site of KS1.

Using this approach, two models of acyl-KS1 were produced to visualise the 
role of the Asn residue in the binding pocket. The first of which shows a poten-
tial hydrogen bond between the amine of the Asn and the δ-carbonyl of the acyl 
chain (Fig. 4.7a). However, the SNAC acylation assays revealed no experimental 
evidence to suggest that the δ-carbonyl of 27 plays a role in substrate recognition. 
In the second structure however, the carboxamide region of Asn206 is rotated ~90° 
anticlockwise which allows the formation of a hydrogen bond between amide 
group of the acyl chain and the carboxyl of Asn206 (Fig. 4.7b). This conformation 
of the Asn is in good agreement with the experimental data obtained using the acyl 
SNACs.

A further finding from the homology modelling was the putative existence of 
a pocket in the KS binding cleft which was able to accommodate the terminus of 

Fig.  4.5   Sequence logo of a sequence alignment conducted upon amino acid-accepting KS 
domains. The overall height of a given amino acid indicates the sequence conservation at that 
position. This alignment reveals that the X-Cys position is occupied by either an Asn or Ala resi-
due. Constructed using WebLogo

http://dx.doi.org/10.1007/978-3-319-32723-5_3
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the acyl chain (Fig. 4.7c). Although no evidence for longer range interactions was 
revealed in this study, this model may indicate the benefit of using longer chain 
substrate mimics in KS enzyme assays.

The homology modelling approach also enabled identification of residues 
potentially blocking the KS active site from acylation by α-branched SNACs, 
such as 29. Met268 and Leu450 appeared to be providing steric bulk around the 
α-position of the substrate (Fig. 4.8). A general hypothesis was that removing the 
steric bulk from Leu450 might allow a bulkier l-configured amino acid-derived 
acyl chain to enter the active site, whereas removal of Met268 may favour bulky 
d-configured amino acid.

Fig. 4.6   Phylogram of KS domains predicted to accept amino-acid derived substrates. Tip labels 
consist of KS number and cluster, with an outgroup of the erythromycin KS4 domain. X indi-
cates the identity of the amino acid preceeding the active site Cys residue. The phylogram shows 
a distinct clade for KS domains which harbor an Asn residue at the X-Cys position. However, 
amino acid-accepting KSs where X = Ala fall into separate clades. N.B. BaeKS1 and BaeKS10 
from B. Amyloliquefaciens FZB42 are orthologous to PksKS1 and PksKS11, respectively, from 
the bacillaene PKS of Bacillus subtilis 168. Bootstrap values ≥0.60 are highlighted. Abbrevia-
tions Bat, batumin; Bae, bacillaene; CC4, uncharacterized PKSs from Clostridium cellulolyti-
cum; Chi, chivosazol; Dsz, disorazol; Ery, erythromycin; Kir, kirromycin; Lkc, lankacidin; Lnm, 
leinamycin; Onn, onnamide; Ozm, oxazolomycin; Ped, pederin; Psy, psymberin; Rhi, rhizoxin; 
SG, uncharacterized PKSs from Streptomyces griseus; Ta, myxovirescin; Tai, thailandamide; Vir, 
virginiamycin

4.2  Results and Discussion
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4.2.5 � Substrate Specificity of BaeJ KS1(N206A)

To test the influence of the Asn residue upon KS1 acylation rate, a BaeJ 
KS1(N206A) mutant was constructed. Upon initial incubation of KS1(N206A) 
with SNAC 27, markedly reduced levels of acylation were observed compared 
to WT KS1, with the initial rate reduced by ~65  % (Table  4.1 and Fig.  4.9). 
Approximately the same reduction in acylation rate was observed for the other 
nitrogen-containing SNACs 28, 30 and 34, indicating the mutation may well have 
removed a favourable interaction between the Asn side-chain and the nitrogen of 

Fig. 4.7   Models of SNAC thioester 27 bound to BaeJ KS1. a BaeJ KS1 with Asn206 able to 
form a hydrogen bond to the δ-carbonyl of SNAC 2 and to the backbone amide nitrogen of 
Leu450. b In contrast, BaeJ KS1 with the carboxamide of the Asn206 residue rotated ~90° anti-
clockwise, which is now able to form a hydrogen bond with the β-amide nitrogen of SNAC 2. 
In both cases the thioester carboxyl is stabilized by an oxyanion hole formed by the backbone 
amide of Leu450, in addition to a potential stabilizing interaction with the backbone amide of 
Cys207. Dashed yellow lines designate distances between 2.4–3.3 Å. c Surface representation of 
BaeJ KS1 binding pocket with SNAC 2. The distal region of the binding cleft provides space to 
accommodate the rest of the acyl chain
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the substrate, as previously hypothesised. Similar to WT KS1, no acylation was 
observed for the non-nitrogenous SNACs 31, 32 and 33 indicating that the Ala res-
idue is not promoting acylation of these substrates.

Fig.  4.8   Model of SNAC 27 covalently bound to active site Cys of WT BaeJ KS1. Residues 
Met268 and Leu450 are shown in teal, and highlight the steric hindrance they apply to the 
α-position of the substrate

Fig.  4.9   Kinetic plot of WT KS1 with SNAC thioester substrate mimics (27–33) and 
KS1(N206A) with SNAC 27 for comparison

4.2  Results and Discussion
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The replacement of Asn with an Ala residue potentially provided additional 
space in the binding pocket for larger substrates, such as 29, 35 and 36. However, 
in all cases, no dramatic change from the WT acylation rates was observed for the 
mutant. These findings, combined with the previous substrate-based analysis sug-
gest that the presence of an Asn residue at the X position promotes the incorpora-
tion of 2-amidoacetyl substrates into this KS domain. Although it is tempting to 
speculate that such an effect may exist for all members of clade XVI, however the 
existence of KSs in this clade with X = Ala suggests that an Asn residue is desir-
able but not essential for function.

4.2.6 � Michaelis–Menten Treatment of WT KS1  
and KS1(N206A)

In order to gain more insight into the interaction between the active site Asn206 
and SNAC 27, a Michaelis–Menten treatment was performed on WT KS1 and 
KS1(N206A). This analysis required incubation of KS domains with a range of 
SNAC 27 concentrations (0.250–2  mM), with the measured acylation velocities 
used to construct Lineweaver–Burk plots (Fig. 4.10).

When using higher concentrations of SNAC (1–2 mM), a small amount of sec-
ondary, non-specific, acylation was observed. A KS1 mutant lacking the active 
site Cys (C206A) was therefore constructed to monitor the degree of non-specific 
acylation occurring during these measurements. At a SNAC concentration of 
1 mM, the non-specific acylation was measured to be 5, and 8.5 % at 2 mM. These 
values were subtracted from the percentage acylation values measured for WT 
and N206A mutant of KS1. It is likely that the non-specific acylation observed is 
occurring at one of the 3 additional Cys residues in the KS1 sequence, presumably 
positioned such that it is surface exposed.
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Fig. 4.10   Michaelis–Menten analysis of WT KS1 and KS1(N206A). Lineweaver–Burk plots for 
BaeJ KS1 WT and N206A are shown. Kinetic parameters were calculated from the plot using the 
equations shown, and errors were determined using a σ confidence interval
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The Michaelis–Menten analysis yielded a Km value of 1.8 mM ± 0.4 for WT 
KS1. In comparison, the Km value for KS1(N206A) was 3.7 mM ± 1.3, suggest-
ing a decreased affinity towards SNAC 27 upon removal of the active site Asn resi-
due. Additionally, the kcat/Km value was reduced by a factor of 2, implying that 
the catalytic efficiency of KS1(N206A) has also been reduced by removal of the 
Asn residue. It is noteworthy that this reduction in kcat/Km is largely due to the 
difference in Km values, as kcat values for WT and mutant are extremely similar 
(Table 4.2).

One of the key assumptions in Michaelis–Menten kinetics is that the concentra-
tion of the enzyme-substrate complex remains constant in the steady-state, even 
if the concentration of substrate and product are changing. However, the irrevers-
ible KS-SNAC acylation reaction monitored in Chaps. 3 and 4 results in dramatic 
depletion of the active enzyme concentration during the course of the reaction. 
Therefore, the concentration of the enzyme-substrate complex can no longer be 
assumed as constant throughout the reaction. Although numerous examples in the 
literature apply Michaelis–Menten kinetics to analogous systems, and are in good 
agreement with the values reported in this chapter [10, 11], its application to such 
systems is debateable. Therefore, fitting the KS-SNAC system to an irreversible 
kinetic equation is likely to be a more accurate approximation (Scheme 4.2 and 
Eq. 4.1).

where kobs is the initial rate of reaction for a given concentration of SNAC and 
kinact and Ki are defined in Scheme 4.2. Fitting the kobs data to Eq. 4.1 for both WT 
BaeJ KS1 and BaeJ KS1(N206A) yielded plots shown in Fig. 4.11, and generated 
the kinetic values of kinact and Ki shown in Table 4.3.

(4.1)kobs = kinact
[SNAC]0

[SNAC]0 + Ki

Table 4.2   Calculated Michaelis–Menten kinetic parameters for WT KS1 and KS1(N206A) with 
SNAC 27

Km (mM) kcat (min−1) Vmax (mM min−1)

WT KS1 1.8 ± 0.4 3.0 ± 0.6 0.24 ± 0.05

KS1(N206A) 3.7 ± 1.3 2.8 ± 0.9 0.22 ± 0.07

Scheme 4.2   Kinetic profile of acylation of a KS domain with a SNAC thioester. The rate con-
stants for each step are highlighted and defined

4.2  Results and Discussion

http://dx.doi.org/10.1007/978-3-319-32723-5_3
http://dx.doi.org/10.1007/978-3-319-32723-5_4


100 4  Substrate Specificity of Ketosynthase Domains …

Applying the irreversible inhibition analysis to both KS domains yielded a Ki 
value of 2.0 mM ± 0.2 for WT KS1 and 4.2 mM ± 1.2 for KS1(N206A), again 
suggesting a decreased affinity towards SNAC 27 upon removal of the active 
site Asn residue. Furthermore, the rate constant for the formation of the acyl-
KS thioester (kinact) is extremely similar for both WT and mutant, which is to be 
expected. Comparison of the kinact/Ki values reveals a decrease in efficiency of a 
factor ~2, similar to the Michaelis–Menten analysis. It is worth noting, that fit-
ting the data shown in Fig. 4.11 to a linear model (which assumes a single-step, as 
opposed to the formation of a [KS•SNAC] complex) yields a decrease in the kinact/
Ki values of ~1.7.

These data strongly suggests that the presence of an Asn at the X-Cys position 
enhances the preference of KS1 towards 2-amidoacetyl substrates. The occurrence 
of such intermediates is a result of incorporation of NRPS modules into the PKS 
assembly line, with upstream KS domains having to accept amino acid-derived 
intermediates. Although the Asn residue appears to aid substrate recognition, the 
phylogenetic analysis and experimental work on the KS1(N206A) mutant suggest 
that it is not essential for function. This is borne out by these KSs which do not 
possess an Asn residue at this position.

Fig.  4.11   Non-linear regression analysis of BaeJ KS1 WT and N206A using initial rate data 
(kobs). Kinetic parameters kinact and Ki were calculated from the plot using the Eq. 4.1, and errors 
were determined using a σ confidence interval

Table 4.3   Calculated irreversible inhibition kinetic parameters for WT KS1 and KS1(N206A) 
with SNAC 27

Ki (mM) kinact (min−1) kinact/Ki 
(mM min−1)

WT KS1 2.0 ± 0.2 251 ± 11 125 ± 18

KS1(N206A) 4.2 ± 1.2 248 ± 55 59 ± 29
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4.2.7 � Substrate Specificity of BaeJ KS1(M268A)  
and (L450A)

As proposed in Sect. 4.2.4, the homology modelling identified two residues in the 
active site that may be sterically restricting α-substituted substrates from enter-
ing the KS active site. The homology models suggested that Met268 and Leu450 
provided steric bulk either side of the α-position of the substrate. These residues 
were individually mutated to an Ala residue and initially incubated with SNAC 
29. However, in both cases no acylation was observed, but similar acylation levels 
to WT KS1 were obtained for the less sterically demanding SNACs. Due to the 
inability to observe acylation with SNAC 29, it was hypothesised that the bulky 
isopropyl moiety of 29 may be preventing nucleophilic attack at the carbonyl of 
the thioester.

4.2.8 � Effect of Salt on Dimerisation and Acylation

Published crystal structures of KS domains suggest that it is dimeric in structure 
[12, 13]. Additionally, a recent study of a KS from a trans-AT PKS, suggests that 
salt concentration can alter the oligomeric state of the KS [14]. The dimer inter-
face is composed of ionic interactions; therefore high salt concentrations favour 
the monomeric form and vice versa. This effect was investigated for the range of 
KS domains available using a combination of analytical gel filtration and native 
MS. KS domains were analysed in 25 mM Tris and either 5 mM or 500 mM NaCl, 
to represent low and high salt conditions. In all cases, KS domains were observed 
to be monomeric at 500 mM salt, as expected. However, in 5 mM NaCl/NH4OAc 
most KS domains were either monomeric or insoluble at such low concentrations 
of NaCl/NH4OAc.

In contrast to most KS domains, BaeJ KS1 was soluble in 5  mM NaCl/
NH4OAc, allowing the oligomeric state of the KS to be monitored using a combi-
nation of analytical gel filtration and native MS. Analytical gel filtration revealed 
exclusively monomer at 500 mM NaCl, however at 5 mM NaCl, the dimeric KS1 
was observed at a lower elution volume. The dimer peak appeared to leech into the 
monomer peak suggesting the existence of an equilibrium between the two species 
(Fig. 4.12).

This observation was further confirmed using native MS. A range (5–250 mM) 
of NH4OAc concentrations were investigated for their influence upon the oligo-
meric state of KS1. A dimer-monomer equilibrium was observed up to 100 mM 
NH4OAc, with 250 mM NH4OAc completely depleting the dimeric KS1 popula-
tion (Fig. 4.13).

With the ability to control the oligomeric state of the KS, it seemed logical to 
test the capacity of the native SNAC 27 to acylate KS1 at different salt concentra-
tions. Under the standard assay conditions used previously, KS1 in either 5 mM or 

4.2  Results and Discussion

http://dx.doi.org/10.1007/978-3-319-32723-5_4
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500 mM NaCl was incubated with SNAC 27 for 5 min, before quenching and MS 
analysis. Interestingly, approximately 3 times more acylation was observed with 
KS1 in the monomeric form (Fig.  4.14). This result was somewhat unexpected, 

Fig. 4.12   UV280 traces from 
the analytical gel filtration, 
showing KS1 in 500 mM 
NaCl (red trace), and in 
5 mM NaCl (blue trace). 
The shift in retention time 
suggests that dimeric KS1 
is formed under low salt 
conditions

Fig. 4.13   Native ESI-MS 
spectra of BaeJ KS1 
sprayed from increasing 
concentrations of NH4OAc. 
Red circles indicate 
monomeric KS1, and blue 
diamonds represent dimeric 
KS1
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as in the ‘native’ arrangement the KS is a dimer, and therefore a slow rate of 
acylation seems illogical for polyketide biosynthesis. To date, published crystal 
structures of KS domains show that the dimeric form of the KS closes off a large 
amount of the acyl-binding region of the pocket [14]. Additionally, relying on dif-
fusion of small SNAC substrates into the KS active site is a somewhat artificial 
way to measure substrate specificity, when in the ‘native’ system; the substrate is 
tethered to an ACP and delivered to the active site. With these considerations in 
mind, it might not be surprising that the dimeric form of KS1 has a decreased rate 
of acylation, as the active site is far more closed than that of the monomeric form 
with proportionately less substrate able to access the active site.

This study of the KS oligomeric state provides valuable information regarding 
the use of SNACs as substrate probes. Although structurally SNACs effectively 
mimic the acyl-PPant chain, the fact that they rely on diffusion to access the active 
site is very different to the native situation of a tethered acyl-ACP delivering the 
substrate to the active site. The tethered ACP is likely to allow correct orientation 
for delivering the acyl-PPant moiety to the active site, regardless of the oligomeric 
state of the KS.

4.3 � Conclusions

The work in this chapter has successfully demonstrated the first example of 
substrate specificity and selectivity exhibited by a KS domain immediately 
downstream of an NRPS module. Using full length substrate mimics of biosyn-
thetic intermediates, BaeJ KS1 is shown to readily accept the both the natural 

Fig. 4.14   ESI mass spectra 
of the 71+ charge state of 
BaeJ KS1 following acylation 
with (27) under high 
(500 mM) and low (5 mM) 
NH4OAc conditions

4.2  Results and Discussion
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glycine-derived substrate (27) and its alanine analogue (28). It is noteworthy that 
PKSs do exist which naturally incorporate alanine from NRPS modules, includ-
ing KS10 from the bacillaene cluster and KS5 from the thailandamide PKS. 
Experiments using a valine-derived substrate (29) resulted in no observable acyla-
tion; this can probably be attributed to steric effects restricting incorporation of 
substrates with a bulky group at the α-position. This constraint might be a reason 
why only Gly, Ala and Ser are found incorporated by NRPS modules preceding 
KS domains. Building on this point, from all known KS domains from trans-AT 
PKSs, none are predicted to accept an α-substituent larger than a dimethyl branch 
(a result of two consecutive methylations by a MT domain) [15, 16]. This would 
suggest that although KS domains downstream of NRPS modules are tolerant 
of the incorporation of small amino acid R-groups, the potential to engineer KS 
domains downstream of NRPS module introducing bulky amino acids may require 
more work.

Under the assay conditions, conducted at 0.5 mM substrate, SNAC thioesters 
lacking an amide or amine nitrogen at the 2-position were unable to acylate BaeJ 
KS1. The importance of the nitrogen at the 2-position was ascertained using 
SNACs with functional groups sequentially removed to examine their role upon 
acylation. Following on from work in Chap. 3, which identified a crucial specific-
ity-dictating residue at the X-Cys position, structural and sequence analyses were 
carried out to identify the role of this residue in amino acid-accepting KS domains. 
A semi-conserved Asn residue was identified at the X-position, which was present 
in BaeJ KS1. Homology modelling suggested the potential for a hydrogen bond 
between the carbonyl of the Asn206 side chain and the nitrogen of the amide. 
Mutation of Asn206 to Ala reduced the affinity of KS1 towards 2-amidoacetyl 
substrates (kcat/Km lowered by a factor of ~2).

In addition to the substrate specificity profiling of KS1, the effect of salt con-
centration upon the oligomeric state of the KS was examined. BaeJ KS1 was 
found to dimerise under low salt conditions (5 mM), albeit in an equilibrium with 
the monomer, and in the presence of high salt (≥250 mM) was found to be exclu-
sively monomeric. The acylation of KS1 was found to be 3 times more effective 
when in the monomeric state. With knowledge from crystal structures that the 
dimer interface blocks part of the KS binding pocket, it is conceivable that rely-
ing on diffusion to promote substrates into the KS active site is relatively artificial 
compared to the native arrangement of a tethered acyl-ACP.

Understanding the factors governing specificity and selectivity of KS domains 
can aid both biosynthetic assignment of PKS clusters and guide potential PKS 
engineering approaches. Using the data presented in this chapter is may be pos-
sible to augment the selectivity of other KS domains towards 2-amidoacetyl sub-
strates, and further probe the possibility of incorporation of non-natural amino 
acid units into PKS assembly lines.

http://dx.doi.org/10.1007/978-3-319-32723-5_3
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5.1 � Introduction

As previously discussed, PKSs can be grouped into three distinct classes based 
on their enzymatic architecture, types I, II and III. Of these the type I and II PKSs 
both utilise an ACP to which the growing polyketide chain is tethered via a PPant 
prosthetic moiety attached to a conserved serine residue [1, 2]. Additional modi-
fication to the tethered acyl chain may also be carried out by other enzymatic 
domains, a feature particularly apparent in trans-AT PKSs. These systems are 
known to incorporate unusual enzymatic activities into biosynthetic pathways, 
including non-elongating KSs (KS0), pyran synthases (PS), heterocyclase domains 
(HC) and in some cases, complete cassettes of trans-acting enzymes responsible 
for introducing carbon β-branches into the biosynthesis [3–6]. Therefore, cogent 
in vitro testing of such enzymatic activities ideally requires a substrate that accu-
rately reflects the true intermediate in the biosynthesis, namely an acyl-ACP.

Currently, there are several published methodologies for the in vitro synthesis of 
acyl-ACPs. The most commonly employed method is the enzymatic transfer of the 
acyl-PPant group of an acyl-CoA on to an apo-ACP using a phosphopantetheinyl 
transferase (PPTase) enzyme [7]. This approach suffers from several disadvantages. 
Firstly, it requires production of apo-ACP from a strain deficient in the 4’-phos-
phopantetheinyl transferase sfp gene, and the subsequent synthesis of acyl-ACP 
is often slow and requires either production or purchase of the PPTase enzyme. 
Furthermore, attachment of more elaborate acyl groups requires access to syntheti-
cally challenging and expensive acyl-CoAs. The use of N-acyl imidazolides has 
also been reported for the synthesis of acyl-ACPs, and although effective at acylat-
ing holo-ACPs, these compounds are often difficult to synthesise [8].

The specific case of β-oxoacyl transfer on to holo-ACPs from either –CoA or 
N-acetylcysteamine (SNAC) was first reported by Cox and Simpson [9, 10]. Using 
a type II ACP, 10 equivalents of malonyl-CoA were found to be sufficient to produce 
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fully malonylated ACP. Crucially, however, simple acetyl and butyryl-CoAs were 
unable acylate the ACP, suggesting that the β-oxo functionality was important. The 
authors suggest a possible role for a conserved arginine side chain, present in type 
II ACPs, in stabilising the enolate tautomer of the acetoacetyl moiety [9]. This work 
was further developed using a range of β-oxoacyl SNACs to probe the nature of the 
transacylation reaction. Here, 50 equivalents of β-oxoacyl-SNAC thioester were 
used to acylate the ACP, with yields at ~60 % [10]. This promising work has allowed 
rapid access to a range of β-oxoacyl-ACPs, which can be used as surrogate interme-
diates of pathways in type II PKS systems. To date, this methodology has been lim-
ited to acyl groups containing β-keto functionality, and has not been explored using 
ACPs from type I modular PKSs, which often produce highly reduced intermediates.

Given the aforementioned restrictions, acyl N-acetylcysteamine (SNAC) thi-
oesters are often used as small molecule mimics of ACP-bound acyl units to test 
reactivities of PKS components [11, 12]. Although these simple substrate ana-
logues are relatively straightforward to synthesise, their ability to act as a realis-
tic surrogate of the acyl-ACP is open to debate. Generally, high concentrations 
(0.5–2  mM) of SNAC are required to drive the reaction [13, 14]. In addition, 
the small and simple nature of the SNAC group may allow binding with higher 
degrees of freedom, potentially masking true substrate specificity of domains. 
Therefore, for a more realistic representation of a tethered substrate, utilising the 
full extent of the PPant arm, an acyl-ACP is required.

In this chapter, a simple and general method for the production of acyl-ACPs 
from a range of SNAC-thioesters is detailed, and their valuable usage as complete 
substrate mimics for studying the activity of a KS (PsyA KS1) domain, AT (PedD) 
domain and an AH (PedC) is highlighted.

5.1.1 � The Phosphopantetheine Ejection Assay

Studies conducted by Kelleher and co-workers in 2006 characterised an efficient gas-
phase tandem MS elimination reaction to identify phosphopantetheine-bound sub-
strates on ACPs [15]. During collisional activation of holo-ACP domains, it was found 
that the phosphopantetheinyl moeity is ejected from the ACP, yielding a characteris-
tic protonated imine ion at m/z 261. The mechanism of this elimination is believed to 
leave a phosphate anion attached to the serine of the ACP (apo-ACP + 80 Da) minus 
one charge, as the carbonyl of the amide displaces the pantetheinyl unit, generating a 
five-membered tetrahydrofuranol ring with a protonated imine (Fig. 5.1).

This methodology has allowed identification of biosynthetic intermediates dur-
ing enzymatic synthesis, by effectively reducing large >100 kDa proteins to small 
molecule fragment ions. In this chapter, the phosphopantetheine ejection assay 
will simply be used to characterise the synthesis acyl-ACPs, however, in later 
chapters the assay will be employed for identification of other intermediates.
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5.1.2 � PedC: Acyltransferase-like Proofreading Domain

The pederin PKS cluster, which is biosynthetically similar to that of psymberin, 
harbours two AT homologs PedC and PedD. Although both domains are similar at 
sequence level, a phylogenetic analysis places PedD into the AT1 clade with other 
known malonyl transferases, whereas PedC is located in the largely unstudied AT2 
clade [16] (Fig. 5.2). An in vitro functional analysis of these domains has shown 
that PedD serves as a malonyl-acyltransferase enzyme as predicted, whereas PedC 
catalyses the hydrolysis of acyl thioesters derived from both SNACs and acyl-
ACPs, thus likely acting as a proof-reading component that removes stalled pol-
yketide intermediates from the PKS [16].

A selection of short chain SNACs have been used previously to examine the 
specificity of PedC, with the 3-hydroxybutyryl, α,β-unsaturated and 4-methylpen-
tanoic SNACs among the better substrates. In addition, PedC showed hydrolytic 
activity against both acetyl- and hexanoyl-ACP, but crucially, not malonyl-ACP 
which represents an essential precursor for polyketide biosynthesis. The two acyl-
ACPs used in the aforementioned study were produced using the time-consum-
ing PPTase coupling methodology, hindering the profiling of a full range of acyl 
chains. Kinetic parameters for PedC were determined to be Km = 88.48 mM and 
kcat/Km =  14.41  M−1 s−1 using the 3-hydroxybutyryl (25/26) SNAC, although 
these values are advised to be preliminary by the authors due to the simplistic 
nature of the substrate [16].

Fig. 5.1   a Proposed mechanism of phosphopantetheine elimination reaction. b Example tandem 
MS spectrum of an holo-ACP domain. In this instance, the 7 + holo-ACP ion is isolated and acti-
vated, yielding the ejection ion at m/z 261 and the 6 + apo-ACP + 80 Da

5.1  Introduction
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5.2 � Results

5.2.1 � Purification of PsyA ACP3(Δ37,38)

The ACP used in this study originated from the psymberin (psy) trans-AT PKS. 
Psymberin is an extremely rare and highly potent cytotoxin isolated from the 
marine sponge Psammocinia aff. Bulbosa [17], but produced by an as-yet uncul-
turable symbiotic bacterium [18]. Since gene inactivation experiments for pathway 

Fig. 5.2   Phylogram of AT-like domains from trans-AT PKS clusters. Tip labels indicate protein 
name and the enzymatic architecture they are contained within. For multi-domain proteins, the 
hydrolase domain is shown in bold. The two seperate clades are shown, the malonyl transferases 
in blue and the AT2 clade (potential AH domains) in red
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characterization cannot be conducted for such bacteria, research is often focussed 
on utilising alternative methods, often relying on heterologously expressed compo-
nents of these complex PKS machineries [5, 13].

To investigate MS-based strategies using ACP-bound intermediates, we focused 
on PsyA ACP3 as a model, which is situated at the C-terminus of the PsyA pro-
tein. The holo-ACP was prepared as described in the Sect. 2.2.1. ESI-MS meas-
urement of the ACP revealed a mass of 10,991 ± 0.43 Da, in good agreement with 
the theoretical mass of 10,990 Da (Fig.  5.3). Collision induced activation of the 
ACP yielded the ejected PPant moiety at m/z 261, demonstrating an unacylated 
holo-ACP [15].

5.2.2 � Synthesis of Acyl-ACPs

Acylation of the ACP PPant thiol was achieved by incubation of this holo-ACP 
with 50 equivalents of SNAC thioester as detailed in Sect. 2.2.4 and outlined in 
Scheme 2.3. Reactions were monitored by ESI-MS for the presence of the acyl-
ACP product (Fig. 5.4). Generally, acylation reactions were complete after 3–4 h 
at 25°C. Removal of excess SNAC was achieved by spin filtration using 5  kDa 
MWCO columns. Initial acylation experiments conducted with WT PsyA ACP3 
revealed that, under the forcing conditions employed, Cys37, near the C-terminus 
of the ACP was acylated in addition to the thiol of the PPant chain. To avoid result-
ing complications in quantifying the amount of acylation at the PPant arm, a PsyA 
ACP3(Δ37,38) mutant was constructed to remove the C-terminal Cys and Val res-
idues. This mutant was used in subsequent experiments, and it is recommended 
that a similar procedure be adopted for other ACPs. The transthioesterification 
reaction between acyl-SNAC and holo-ACP reached yields of 85–95 % after 3–4 h 
for acyl units 2–7, 11 and 12. The three β-hydroxyl species (8, 9 and 10) gave 

Fig. 5.3   nESI mass spectrum of PsyA ACP3(Δ37,38) sprayed from 80:20 MeCN:H2O 0.1 % 
TFA, resulting in a measured mass of 10,991 ± 0.43 Da

5.2  Results

http://dx.doi.org/10.1007/978-3-319-32723-5_2
http://dx.doi.org/10.1007/978-3-319-32723-5_2
http://dx.doi.org/10.1007/978-3-319-32723-5_2
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somewhat reduced yields of ~75 %, whilst no acylation was observed with a valine 
derived SNAC (13), which is likely to be due to the steric hindrance incurred at the 
α-position. Several α,β-unsaturated SNACs were also tested for loading, however a 
competing Michael addition inhibited acylation of the PPant chain.

Using a high molar excess of acyl-SNAC was found to force the transacylation 
of PsyA ACP3 for many substrates, even in the absence of β-oxo functionality in 
the acyl donor. Having devised a simple method for the general and facile produc-
tion of a range of acyl-ACPs, we sought to use these as tools to probe the specific-
ity of enzymatic domains used in polyketide biosynthesis (Fig. 5.5).

5.2.3 � Loading of KS Domains Using Acyl-ACPs

The psymberin polyketide core is the putative biosynthetic product of two genes 
psyA and psyD [17]. The first three PKS modules are encoded by psyA, which 
initiates the biosynthesis via an N-terminal GCN5-related N-acetyltransferase 
(GNAT) domain. GNAT domains catalyse the decarboxylation of malonyl-CoA to 
acetyl-CoA and subsequent loading to the downstream ACP [19]. Therefore, the 
native substrate of PsyA KS1 is predicted to be acetyl-ACP.

The substrate selectivity of PsyA KS1 has been previously examined using 
SNAC-thioesters, with acetyl-SNAC being shown as the preferred substrate, despite 
a rather promiscuous substrate profile (see Sect. 3.2.3). It was postulated that the 
use of the corresponding acyl-ACPs would represent a more realistic approxima-
tion of the native system. Moreover, de-acylation of the small ACP domain could 
be monitored by mass spectrometry. The assay consisted of incubation of PsyA 

Fig. 5.4   nESI mass spectra 
(ESI-MS) of the 7+ charge 
state for a holo-ACP and 
butyryl-ACP, b following 
incubation with butyryl-
SNAC thioester

http://dx.doi.org/10.1007/978-3-319-32723-5_3
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Fig. 5.5   MS2 spectra of the isolated 7+ charge state of acyl-ACPs. The holo-ACP MS2 spectrum 
(top) shows the detection of the PPant 261.2 species. Acyl chains attached to the PPant arm with 
corresponding masses shown

5.2  Results
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KS1 with 100 μM acetyl-ACP (37). Acyl-transfer was monitored over a 30 h time 
period using mass spectrometry to measure the emergence of the holo-ACP signal 
and disappearance of the acetyl-ACP (see Sect. 2.2.5). Given the indirect nature of 
monitoring KS acylation in this assay, control measurements were recorded in the 
absence of KS to account for any hydrolytic loss of the acyl chain. In addition, a 
further control point was measured with BSA in place of the KS in order to account 
for any non-specific transfer or hydrolysis catalysed by the presence of protein. 
Using these aforementioned controls it was therefore possible to deduce that any 
increase in holo-ACP signal would be solely due to the function of a KS. Finally, 
the assay was conducted at three KS concentrations, 20, 40 and 80 μM, to establish 
that the rate of ACP deacylation correlated with KS activity.

Acetyl-ACP3 (37) was synthesised as a mimic of PsyA ACP1, which is 
believed to deliver an acetyl unit from a decarboxylative loading catalysed by an 
upstream GNAT domain. Acetyl-ACP (37) was incubated with increasing con-
centrations of PsyA KS1 over a 30 h time period, with MS measurements taken 
at regular intervals. The rate of acyl transfer to PsyA KS1 was found to increase 
with KS concentration, indicating that the KS is solely responsible for catalys-
ing removal of the acyl group by transthioesterification (Fig.  5.6). Initial rates 
of PsyA KS1 acylation were determined to be: 0.95 ±  0.08 μM h−1at 20 μM, 
1.59 ± 0.04 μM h−1 at 40 μM and 2.83 ± 0.12 μM h−1 at 80 μM. The pseudo-
linear regions of the curves shown in Fig.  5.6 were used to deduce the initial 

Fig. 5.6   a Stacked ESI-MS spectra of the 7+ charge state of acetyl-ACP and deacetylated ACP 
following 30 h incubations with increasing concentrations of PsyA KS1. The 30 h BSA control 
was used to monitor the presence of non-specific transfer/hydrolysis of the acetyl moiety result-
ing from the presence of protein in the sample. b Kinetic plot showing acyl transfer from acetyl-
ACP to PsyA KS1 at increasing concentrations of KS1. Error bars in the mean of 3 repeats are 
given at a ± 2σ (95 %) confidence interval. Control measurements were taken in the absence of 
KS domain. In addition, a 30 h control point was taken in the presence of BSA, which was indis-
tinguishable from the 30 h control point, indicating no non-specific acyl-transfer. Data supplied 
by J. Afonso

http://dx.doi.org/10.1007/978-3-319-32723-5_2
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velocity in each case. The 30  h BSA control point was observed to be indistin-
guishable from that of the 30 h control point, indicating that the transthioesterifica-
tion reaction results from KS activity. These data indicate that acyl-ACPs can be 
used as substrate probes of KS domains using this methodology. Despite its indi-
rect nature, the assay possesses a number of advantages over direct monitoring of 
KS acylation by SNACs. In addition to the more realistic substrate mimetic, moni-
toring de-acylation of the smaller ACP protein improves the resolution at which 
the acylated and unacylated forms can be observed by MS.

5.2.4 � Purification of Acyl Hydrolase PedC

PedC was co-expressed with GroEL to aid solubility using a previously described 
methodology [16], therefore calculation of PedC concentration was achieved using 
a band intensity approach calibrated with known amounts of BSA. Band inten-
sities of PedC and BSA were measured using ImageJ software, and following 
construction of a calibration curve the concentration of PedC stocks was calcu-
lated to be 25 μM, and in a 3:1 ratio with GroEL (Fig. 5.7a). ESI-MS analysis of 
the GroEL-PedC mixture revealed a mass of 39.1 kDa for the PedC domain and 
57.2 kDa for GroEL (Fig. 5.7b).

Fig. 5.7   Analysis of PedC + GroEL co-expression. a 12 % SDS-PAGE of purified PedC and 
GroEL, showing expression in a ~1:4 ratio. The BSA band intensities used for the calibration are 
shown. b Transformed nESI-MS spectrum of PedC + GroEL, with PedC reporting a measured 
mass of 39.1 kDa

5.2  Results
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5.2.5 � Hydrolysis of Acyl-ACPs By PedC

Utilising our facile synthesis, acyl-ACPs (37–47) were produced to mimic the full 
range of functionality seen in the intermediates of pederin biosynthesis. The first 
aspect of PedC specificity probed was the acyl-chain length. Here straight chain 
acetyl, butyryl, hex-4-enyl and octanoyl acyl-ACPs (37–40) were employed. Upon 
incubation of the acyl-ACPs with PedC and subsequent MS analysis, the appear-
ance of the holo-ACP signal indicated hydrolysis of the acyl-ACP (Fig.  5.8). 
Under the conditions employed (see Sect. 2.2.6), PedC successfully hydrolysed 
acetyl-ACP at a rate of 10.1 ±  0.75 μM  min−1. Increasing the chain length to 
butyryl caused the rate to half, 4.8 ± 0.67 μM min−1. The hexenyl- and octanyl-
ACPs were observed to decrease the hydrolysis rates still further (Fig. 5.9). The 
gradual decrease in hydrolytic rate with increased substrate chain length may sug-
gest that PedC is actually optimized for short chain intermediates.

Fig. 5.8   Stacked nESI-MS spectra of the 7+ charge state of a butyryl-ACP and b oxazole-ACP, 
following incubation with PedC. The PedC catalysed hydrolysis of butyryl-ACP is shown over 
0–10 min by an increase in the holo-ACP signal, however no hydrolysis was observed with oxa-
zole-ACP after 60 min

http://dx.doi.org/10.1007/978-3-319-32723-5_2
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Although technically a mimic of the bacillaene biosynthetic intermediate at 
ACP2, the glycine-derived acyl-ACP (41) was used to approximate the pederin 
biosynthetic intermediate at ACP6; owing to a common β-amido functionality 
(Fig. 1.10). Limited hydrolysis was observed with (6) over the course of the exper-
iment, with an initial rate of 0.48 ± 0.09 μM min−1, which is ten-fold slower than 
the butyryl-ACP. An alanine derivative (42) was also tested with PedC to examine 
the effect of an α-methyl branch on the rate of hydrolysis. A small decrease in 
activity was observed for ACP (42), when compared to its non-α-methyl analogue 
(41).The (R) and (S) configured β-hydroxyl acyl-ACPs (43 and 44) were used to 
test whether PedC harbours any stereo-selectivity towards these acyl-chains. Both 
β-hydroxyl configurations are proposed to exist during pederin biosynthesis occur-
ring at ACP7 and ACP10 (Fig. 1.10). The latter is believed to be a site of PedG 
oxygenase cleavage, causing decarboxylation of the (S) configured β-hydroxyl 

Fig.  5.9   PedC hydrolysis rates observed for acyl-ACPs 37–47. Initial rate was calcu-
lated from pseudo-linear region of PedC hydrolysis plots. Errors in the mean of 3 repeats 
are given at a ±  2σ (95  %) confidence interval. For acyl-ACPs 10–12 no hydrolysis greater 
than ~0.008 μM min−1 was observed over the time scale of the experiment (60 min) compared to 
a control measurement

5.2  Results
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chain, resulting in the release of a pederin precursor. Upon incubation with PedC, 
both (R) and (S) stereoisomers produced similar rates of hydrolysis: 0.31 ± 0.07 
and 0.33 ± 0.02 μM min−1 respectively. These data show that no stereoselectivity 
is exhibited by PedC for these simple β-hydroxyl chains.

The α-methyl-β-hydroxyl acyl-ACP (45) is in the correct stereoconfiguration 
to act as a substrate mimic of the intermediate at ACP2 in pederin biosynthesis. 
Incubation of (10) with PedC yielded no measurable hydrolysis, implying that an 
α,β-branched substrate provides sufficient steric bulk to prevent hydrolysis under 
the conditions employed. The 6-methyltetrahydro-2H-pyran-ACP (46) was synthe-
sised to represent the ACP4 intermediate in pederin biosynthesis. PedC was unable 

Fig. 5.10   a 12 % SDS-PAGE gel of WT PedD and PedD(R97Q). b nESI mass spectra of WT 
PedD and PedD(R97Q) sprayed from 80:20 MeCN:H2O 0.1 % TFA. Theoretical and measured 
molecular weights are annotated on the spectra
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to hydrolyse the 6-methyltetrahydro-2H-pyran-ACP after 1  h incubation. This 
demonstrates that, in this assay, the pyran ring is too sterically demanding for the 
active site of PedC.

It has been proposed that the proofreading ability of PedC could be harnessed 
to elucidate the mechanistic steps in the biosynthesis of other biosynthetic path-
ways [20]. This requires PedC to be sufficiently promiscuous with regard to its 
specificity to hydrolyse unnatural intermediates from other clusters [16, 20]. 
Therefore, in addition to the acyl-ACP mimics of the pederin intermediates, we 
also tested oxazole-ACP (47), present as an intermediate of both rhizoxin and chi-
vosazol biosynthesis. No hydrolytic activity was observed towards the oxazole-
ACP, suggesting that the five-membered heterocycle is not tolerated by the PedC 
active site in this assay.

The acyl-ACP assay shows that PedC has a strong preference for short, 
unbranched substrates. This result suggests that the proofreading function of 
PedC may be most effective at the ACP1 stage or in cases of unproductive decar-
boxylation of ACP-bound malonyl units, as previously suggested for type II TEs 
occurring in cis-AT PKS pathways [21, 22]. It has previously been observed that 
inactivation of the terminal thioesterase domain in the bacillaene and rhizoxin 
pathway results in hydrolysis of short- and long-chain intermediates off the PKS 
[3, 23, 24]. This apparent discrepancy might be due to an additional proof-reading 
activity present in these pathways or to a different activity profile of the cognate 
AHs. Alternatively, PedC and its homologues could hydrolyse off the acyl chain 
with reasonable efficiency under conditions at which polyketide biosynthesis has 
completely stalled. As a further point of investigation, the predicted malonyl-spe-
cific AT for the pederin cluster, PedD, was expressed and purified to explore the 
biochemical factors dictating transferase activity instead of hydrolase activity.

5.2.6 � Purification of WT PedD and PedD(R97Q)

Both WT-PedD and PedD(R97Q) were overexpressed and purified as His-Tag 
fusion proteins, as described in Sect. 2.2.1. ESI-MS measurement of WT-PedD 
and PedD(R97Q) revealed masses of 42,929 ±  0.60  Da and 42,901 ±  0.72  Da 
respectively, in good agreement with their theoretical masses (Fig. 5.10).

5.2.7 � Extender Unit Specificity of PedD

The extender unit specificity of an AT can be predicted using the ‘fingerprint resi-
dues’ within the two catalytic motifs. Presence of the GHS(I/V)G and HAFH 
motifs signifies a malonyl-specific AT, whereas the GHSQG and YASH motifs 
direct for a methylmalonyl-specific AT (catalytic residues highlighted in bold). The 
binding site residues in a malonyl-specific AT are believed to exlcude α-substituted 

5.2  Results

http://dx.doi.org/10.1007/978-3-319-32723-5_2


120 5  Synthesis of Acyl-Acyl Carrier …

extender units via steric clashes with the phenylalanine residue of the HAFH 
motif [25, 26]. However, the presence of a comparatively smaller serine residue in 
methylmalonyl-accepting ATs (YASH) means that these AT domains are unable to 
discriminate against malonyl-CoA. Despite this apparent contradiction in specific-
ity, the methylmalonyl-specific ATs from the pikromycin PKS have been shown to 
hydrolyse the incorrect acyl-enzyme at a faster rate than the correct acyl-enzyme 
intermediate. Therefore, the hypothesis is that methylmalonyl-specific ATs act as 
transferases when presented with the correct extender unit, and a hydrolase when 
the incorrect extender unit is loaded [27]. The mechanism by which these ATs are 
able to preferentially ‘shield’ methylmalonyl units from hydrolysis remains unclear.

PedD is denoted as a malonyl-specific AT as it contains GHSLG and GAFH 
motifs [16, 28]. Although these motifs differ slightly from the aforementioned 
conensus sequences, these rules have been generated using predominantly ATs 
from cis-AT PKS or FA systems, whereas PedD is a trans-acting AT. The presence 
of the sterically demanding phenylalanine residue in the GAFH motif suggests 
PedD is likely to be specific for malonyl-CoA. Incubation of PedD with 4 equiv-
alents of malonyl-CoA yielded ~70 % malonylated PedD (Fig. 5.11). To further 
investigate the substrate tolerance of PedD, acetyl- and methylmalonyl-CoA were 
incubated with PedD (see Sect. 2.2.7). Even with an 8-fold excess of each CoA, 
no acylation was observed in each case, indicating that PedD is indeed malonyl-
specific as the motifs hypothesise (Fig. 5.11).

Fig. 5.11   nESI mass spectra of WT PedD following incubation with malonyl- (4 eqv.), meth-
ylmalonyl- (8 eqv.) and acetyl-CoA (8 eqv.). Approximately 70 % malonyl-ACP was generated 
from 4 eqv. of malonyl-CoA, whereas no methylmalonylation/acetylation was observed used 8 
eqv. of methylmalonyl-/acetyl-CoA

http://dx.doi.org/10.1007/978-3-319-32723-5_2
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5.2.8 � PedD-Catalysed Malonly-Loading of ACP

Following loading of the AT domain with the appropriate extender unit, the second 
half of the AT catalytic cycle is the transfer of this unit onto the phosphopanteth-
eine moeity of the holo-ACP. In order to investigate the ability of PedD to trans-
fer malonyl, fully malonated PedD was incubated in a 1:1 ratio with holo-PsyA 
ACP3. Aliquots were removed at various time intervals, desalted and analysed by 
MS (see Sect. 2.2.8). Interestingly, the transfer of the malonyl unit was found to 
be almost immediate, with ~70 % of the ACP malonyled after 1 min. However, 
following further incubation, the amount of unmalonated, holo-ACP began to 
increase slightly, plateauing at ~45 % after 20 min (Fig. 5.12). This suggested that 
either the malonyl moeity was hydrolysing from the ACP, or that back-transfer 
onto the AT was occuring as part of an equilibrium.

Fig. 5.12   Stacked nESI-MS 
spectra of the 7+ charge state 
of holo-ACP and malonyl-
ACP following a 20 min 
incubation with malonyl-
PedD. The transfer of the 
malonyl unit from PedD 
to the ACP can be clearly 
monitored by the emergence 
of the signal at m/z 1583

5.2  Results
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Due to the nature of the analysis it was possible to monitor the malonylation 
state of PedD at the same time as the ACP. Upon examination of the PedD peaks, 
it was found to be ~50 % malonylated after 20 min. This observation suggested 
that an equilibrium was reached during the transfer assay, with back-transfer of the 
malonyl moeity onto the AT allowing the equilibrium to approach a 50:50 ratio. 
These results provide the intriguing possiblity that back-transfer of extender units 
(such as malonyl) may indeed happen in the native PKS system.

To investigate this phenomenon, the reverse reaction was carried out by incu-
bating malonyl-ACP with unmalonylated-AT and monitoring any back-transfer of 
the malonyl unit onto the AT. Interestingly, the back reaction was found to proceed 
to approximately the same extent as the forward reaction, with ~55 % of the PedD 
population observed to be malonyled (Fig. 5.13).

This result suggests that the AT-catalysed loading of malonyl-units onto the 
ACP is, indeed, a reversible reaction setting up an equilibrium (Scheme 5.1). This 
provokes the logical question of how, in the native PKS system, does the malonyl 
loading reaction become essentially irreversible to allow the subsequent Claisen 
condensation reaction to occur. A likely scenario is that excess extender unit drives 
the equilibrium towards the malonylation of ACP, and disfavouring the reverse 
reaction by Le Chatelier’s principle (Scheme 5.2).

This hypothesis can be easily probed using the current MS-methodology by 
providing an excess of malonyl-CoA to the reaction. The increased concentra-
tion (50 equivalents) of malonyl-CoA effectively mimicks the limitless –CoA 
substrate pool in the cell, theoretically pushing the equilibrium at position 2 to 
the right (Scheme  5.2), producing exclusively malonyl-ACP. This reaction was 
conducted and analysed after 5 min, resulting in a yield of approximately 95 % 

Fig. 5.13   Stacked nESI-MS 
spectra of the 32+ charge 
state of WT PedD before 
(top) and after (bottom) 
addition of 1 equivalent of 
malonyl-ACP. The latter 
clearly shows the attachment 
of a malonyl unit to the 
PedD active site at ~55 %, 
indicative of the back 
reaction occurring
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malonyl-ACP suggesting an equiblibrium indicative of Scheme 5.2 has been gen-
erated (Fig.  5.14). This scenario is likely to be a more accurate representation 
of the native system, with the continous supply of –CoA derived extender units 
favouring the formation of malony-ACP.

5.2.9 � Modelling and Sequence Analysis of PedC and PedD

The data presented in Sects. 5.3.5–5.3.8 indicate that PedC is a hydrolytic enzyme 
with the ability to cleave acyl intermediates from ACPs, and PedD is a malonyl-
specific acyltransferase domain. Despite such different catalytic roles, at the 
sequence level the domains are extremely similar. In an attempt to rationalise the 
difference in catalytic activities of these domains, homology models of PedC and 
PedD were constructed as described in Sect. 2.2.15.2.

The homology models were subsequently aligned with the crystal structure of 
FabD, the AT domain from the E.coli FAS, which was successfully crystallised with 
a malonate unit attached to the active site serine [29]. This step allowed the same 

Scheme  5.1   The 2-stage equilibrium set up between malonyl-CoA, malonyl-PedD and holo-
ACP at a fixed, 1:1:1, ratio of malonyl-CoA:PedD:holo-ACP. In this instance, the equilibrium at 
position 2 lies at 50:50, due to the fixed concentration of malnoyl-CoA

Scheme  5.2   The 2-stage equilibrium set up between malonyl-CoA, malonyl-PedD and holo-
ACP at a 50:1:1, ratio of malonyl-CoA:PedD:holo-ACP. In this instance, the equilibrium at posi-
tion 2 lies at 5:95, due to the excess concentration of malonyl-CoA, driving the equilibrium to the 
right

5.2  Results
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malonate unit to be artifically inserted into the active site of the homology models. 
Analysis of the malonyl-complexed homology models for PedC and PedD revealed 
a strikingly obvious difference in the active site. The PedD and FabD structures 
both harbour an Arg residue at the back of the binding channel, which has been 
predicted to form a stabilising bidentate salt bridge with the carboxyl region of the 
malonyl unit [29–32]. In contrast, the same position in PedC is occupied by a Gln 
residue, which would be unable to participate in such an interaction (Fig. 5.15).

In order to investigate whether this is a common feature of AH domains, a 
sequence alignment of all the AT and AH domains from Fig. 5.2 was performed. 
All domains predicted to be ATs (AT1 clade) harbored an Arg residue at this posi-
tion. However, all but one of the domains in the AT2 clade possessed a Gln residue 
in the equivalent position (Fig. 5.16).

The homology modelling and sequence analysis performed has highlighted 
a key difference in the active sites of these enzymes. Using this information a 
PedD(R97Q) mutant was constructed (as detailed in sect. “BaeJ KS1 (C207A) and 
PedD(R97Q)”) to test the importance of the arginine residue in malonyl-binding, 
and test the exciting possibility that removal of this residue may switch the activity 
of PedD from and AT to a AH.

5.2.10 � Examining the Activity of PedD(R97Q)

5.2.10.1 � Activity Towards Malonyl-CoA

PedD(R97Q) was incubated with increasing molar equivalents of malonyl-CoA 
to acertain the ability of the mutant to be malonylated. However, even with 8 
eqvuivalents of malonyl-CoA, no malonyl-PedD(R97Q) was observed (Fig. 5.17).  

Fig. 5.14   Stacked nESI-MS 
spectra of the 7+ charge 
state of holo-ACP before 
(top) and after (bottom) 
incubation with 1 eqv. PedD 
and 50 eqv. malonyl-CoA, 
yielding ~95 % malonyl-ACP 
from the reaction
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This suggested that removal of the stabilising Arg residue (Fig.  5.15) has effec-
tively made the AT domain catalytically inactive as a malonyl-transferase.

5.2.10.2 � Activity Towards Acyl-ACPs

The lack of activity towards malonyl-CoA, similar to that of PedC, suggested 
that PedD(R97Q) may also be able to catalyse hydrolysis of acyl-ACPs. Initially, 
PedD(R97Q) was incubated with acetyl-ACP at a 1:1 molar ratio to determine 
any hydrolytic activity of the mutant. After 5  min of incubation,  ~45  % of the 

Fig. 5.15   Homology models of PedC and PedD showing the arrangement of the active site resi-
dues around the malonate unit. The active site schematics to the right simplify the interactions 
identified between the protein and the malonate. The major difference between the two domains 
is the presence of an arginine residue in PedD at the rear of the pocket, which is hypothesised to 
participate in a bidentate salt bridge with the carboxyl region of the malonate. In contrast, PedC 
has a glutamine at this position which is unable to provide the cationic species for the salt bridge

5.2  Results
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Fig.  5.16   Sequence alignment of all AT-like domains from the phylogenetic tree shown in 
Fig.  1.13. The Arg/Gln residue identified from the homology modelling is highlighted in each 
clade. The alignment clearly shows that domains denoted as acyltransferases harbor the Arg resi-
due, whereas acylhydrolases replace this residue with a Gln. The alignment was performed using 
the ClustalW2 server

Fig. 5.17   Stacked nESI-MS 
spectra of the 32+ charge 
state for and PedD(R97Q) 
following incubation with 
8 eqv. of malonyl-CoA. No 
attachement of a malonyl unit 
was observed despite the high 
concentration of malonyl-
CoA

http://dx.doi.org/10.1007/978-3-319-32723-5_1
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acetyl-ACP was removed, with WT PedD exhibiting no activity (Fig. 5.18a). This 
result indicated that the point mutation may have yielded hydrolase activity; how-
ever, leaving the reaction for longer (20–30 min) resulted in no further deacyla-
tion. This suggested that PedD(R97Q) either has a population of inactive enzyme 
or, more likely, that following acyl transfer to PedD(R97Q) no hydrolysis of the 
acyl-enzyme intermediate occurred. Examination of the PedD(R97Q) MS signals 
indicated that the latter is correct, with  ~45  % of acetyl-PedD(R97Q) observed, 
the same ratio observed on the ACP (Fig. 5.18b).

Although the Arg → Gln point mutation did not generate an enzyme with true 
acyl hydrolase activity, the ability of the domain to allow transfer of an acyl chain 
to the active site serine is different from the activity exhibited by WT PedD, which 
is unable to catalyse either transfer or hydrolysis of an acyl chain (Fig.  5.18). 
These results indicate that the point mutation has changed the activity of PedD 
towards that of PedC, with the factors dictating the ability catalyse hydrolysis yet 
to be identified.

Fig.  5.18   a Stacked nESI-MS spectra of the 7+ charge state of acetyl-ACP and deacetylated 
ACP following 5  min incubations with WT PedD and PedD(R97Q). PedD(R97Q) is able to 
deacylate acetyl-ACP, whereas WT PedD is not. b nESI-MS spectrum of the 34+ charge state 
of PedD(R97Q) following 5  min incubation with acetyl-ACP. The spectrum state shows clear 
attachment of an acetyl unit to the active site serine, corresponding to a mass shift of +42 Da

5.2  Results
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5.3 � Conclusions

In summary, a simple method for the synthesis of a range of acyl-ACPs is pre-
sented, and successfully applied in assays to enable the study of KS, AH and AT 
domain specifcity as three examples for the broad range of potential applications 
in PKS studies.

The novel synthetic methodology reported allows a variety of acyl-ACPs to 
be accessed from simple SNAC thioesters via a transthioesterification reaction. 
The approach reported is rapid and less expensive than the commonly employed 
enzymatic loading of apo-ACPs with acyl-CoAs, and reduces the complexity of 
the synthesis. Akin to other reported methods for chemical loading of ACPs, this 
approach requires a holo-ACP deficient in any cysteine residues, as attachment 
to such residues can also occur resulting in complications when quantifying the 
amount of acyl-ACP.

Herein, acyl-ACPs are shown to be suitable substrate mimics for PKS enzy-
matic domains. Successful loading of PsyA KS1 with acetyl-ACP was observed 
via a ‘de-acylation’ assay, monitoring the disappearance of acetyl-ACP signals 
upon incubation with KS1. Due to the truer representation of the substrate, this 
method may be an improvement upon current approaches to test the acylation 
specificity of KS domains. Additionally, a full set of acyl-ACPs was used to probe 
the substrate specificity of an AH domain (PedC), fully characterising the hydro-
lytic specificity profile, with clear preference shown towards acetyl-ACP.

The use of these substrate probes also guided the successful mutation of 
a known AT domain, PedD, to exhibit AH-like activity. Investigation of the 
PedD(R97Q) mutant identified the key role of the active site Arg residue in bind-
ing and successful transfer of a malonyl unit from malonyl-CoA. Furthermore, 
PedD(R97Q) was able to de-acylate, but not hydrolyse, acyl-ACPs suggesting that 
other factors in the binding pocket govern the ability to catalyse hydrolysis.
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6.1 � Introduction

In order to maintain the structural integrity of a polyketide product it is important 
that at least some catalytic domains within a PKS possess specificity for particular 
intermediates. Since it is the KS domains that initially receive the product of the 
previous PKS module, through transfer to their active site Cys residue, it has been 
proposed that these domains fulfil a ‘gatekeeper’ role by preferentially accepting 
the correctly modified intermediate [1]. By controlling factors such as chain length 
and oxidation level at the β-position [2], this property helps to preserve product 
fidelity, and is an important consideration for potential engineering strategies [3].

Results described in Chaps.  3 and 4 highlight the specificity profiles of KS 
domains from trans-AT clusters with regard to the initial acylation step of cataly-
sis. Although some specificity was observed, the tolerance profile was not as well 
defined as the phylogenetic grouping might suggest (Fig. 1.12). It was therefore 
postulated that further specificity might be afforded at the Claisen-type elongation 
step of the KS-catalysed reaction, where the acyl chain is transferred from the KS 
to ACP-bound malonate to form a new C-C bond (Scheme 6.1a) [4].

Previous studies on the elongation capabilities of cis-AT PKS modules revealed 
that, although unnatural substrates were apparently able to acylate the KS, no 
elongation was observed [5, 6]. For example, the data shown in Fig.  6.1 high-
lights four KS-AT-KR-TE modules: EryM5, EryM6, RifM7 and PicM3 and their 
known biosynthetic substrates. All of these modules were successfully acylated by the  
(2S, 3R)-[1-14C]2-Methyl-3-hydroxypentanoic N-acetylcysteamine thioester, however,  
only EryM5 and EryM6 were able to catalyse the elongation reaction (Fig. 6.1). 
A possible explanation for this observation is that although aberrant substrates 
are able to successfully acylate the KS, the correct organisation of active site 
residues may be required for a successful condensation reaction, with the active 
site ordering thought to be promoted by acylation with the ‘natural’ substrate [5].  
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Although, given the multidomain structure of the modules used and the nature of 
the assay, it is impossible to say with confidence where the stalling is occurring. 
If the KS specificity hypothesis is correct, it raises the question as to how a PKS 
deals with acylation of KS domains by the ‘incorrect’ substrate, if indeed such an 
event happens during biosynthesis.

In this chapter, new insights into substrate specificity during the elongation 
step of KS-catalysed polyketide biosynthesis are reported. Using a range of KS 
domains from the psymberin (Psy) and bacillaene (Bae) PKSs, each with different 
predicted acyl intermediates (Scheme 6.1a, b), together with MS-based methodol-
ogy, the substrate tolerance at the elongation step is shown to be more demanding 
than the preceding acylation. A mechanism, based on reversible KS acylation, is 
proposed to rationalise this phenomenon, and is supported by experimental evi-
dence. The rationally-designed mutant of BaeL KS5 described in Chap. 3, which 
is able to accept a β-Me branched acyl unit, is also shown to elongate this bulky 
acyl group in addition to 5- and 6-membered rings, demonstrating scope for engi-
neering new polyketides.

Scheme  6.1   a The catalytic cycle of a KS domain. Acylation by an upstream ACP loads the 
KS with an acyl intermediate, followed by the elongating Claisen condensation between the acyl 
intermediate and a malonyl unit. In cis-AT PKSs the AT domain is integral to the PKS, whereas 
in trans-AT systems the activity is supplied by a free-standing AT domain. The X represents 
optional reductive domains which can alter the functionality at the β-keto position, producing 
β-hydroxyl, olefinic and fully saturated intermediates. b, c Partial proposed biosynthetic schemes 
for psymberin and bacillaene, with the KS domains used in this study highlighted in red

http://dx.doi.org/10.1007/978-3-319-32723-5_3
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6.2 � Results and Discussion

6.2.1 � Synthesis of Malonyl-ACP

In order to study the specificity of KS-catalysed chain elongation a new assay 
was required. This was achieved by incubation of a pre-acylated recombinant KS 
domain with one equivalent of malonyl-ACP. In principle, the β-keto elongated 
product would be formed on the PPant moiety of the ACP, and could be accu-
rately detected by ESI-MS. Malonylation of the ACP PPant thiol was achieved by 
incubation of holo-PsyA-ACP3(Δ37, 38) with 50 equivalents of malonyl-CoA as 
detailed in Sect.  2.2.9.1. Reactions were monitored by ESI-MS for the presence 

Fig. 6.1   Elongation studies on cis-AT modules. a SDS-PAGE gel of module X-TE labelled with 
14C N-acteylcysteamine substrate and subsequent radio image of module X-TE labelling. KS 
inhibitor, cerulenin, clearly prevents acylation. b Radio-TLC for in vitro elongation assay con-
ducted in the presence of NADPH. c Radio-TLC of in vitro elongation assay in the absence of 
NADPH. Adapted from [5]

6.2  Results and Discussion
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of the malonyl-ACP product (Fig.  6.2a). Generally, malonylation reactions were 
complete after 7 h at 25 °C, yielding ~70–75 % malonyl-ACP. The PPant ejection 
assay was employed to check that the malonyl moiety was attached to the PPant 
thiol, resulting in predominantly an ion at m/z 347.2 corresponding to malonyl-
PPant (Fig. 6.2b). Minor breakdown products of the activation process were also 
observed, including acetyl-PPant and PPant-SH. The former arising from decar-
boxylation of the malonyl unit, and the latter from loss of either acetyl or malonyl.

6.2.2 � Synthesis of Alkyl-ACP

An alkyl-ACP was produced as an internal standard for the elongation reaction, 
enabling quantification of elongated material. It was important that the internal 
standard was structurally robust upon collision induced activation and produced 
yields of >95  % to ensure accurate quantification. Attachment of an alkyl moi-
ety to the PPant chain, forming a thioether, would provide the necessary stability 
upon activation, and the alkylation reaction is irreversible allowing higher yields. 
Using iodoacetamide as the alkylating agent would generate a PPant ejection ion 
at m/z 318.2, which would not overlap in mass with any potential elongated prod-
ucts. Alkylation of the ACP PPant thiol was achieved by incubation of holo-PsyA-
ACP3(Δ37, 38) with 20 equivalents of iodoacetamide, in the absence of light, as 
detailed in Sect. 2.2.9.2. Reactions were monitored by ESI-MS for the presence of 
the alkyl-ACP product (Fig. 6.3a). Typical yields were >95 % alkyl-ACP and dur-
ing MS/MS analysis the expected m/z 318.2 ion was observed (Fig. 6.3b).

Fig. 6.2   a nESI mass spectra (ESI-MS) of the 7+ charge state for holo-ACP following incuba-
tion with malonyl-CoA. b MS2 spectrum of the isolated and activated 7+ charge state of mal-
onyl-ACP yielding a species at m/z 347.21corresponding to malonyl-PPant. Decomposition of 
malonyl-PPant to acetyl-PPant (m/z 303.21) and PPant-SH (m/z 261.21) following activation of 
malonyl-ACP

http://dx.doi.org/10.1007/978-3-319-32723-5_2
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6.2.3 � MS/MS Elongation Assay: Proof of Principle

With the ability to reliably synthesise malonyl-ACP and an internal standard estab-
lished, initial proof of principle elongation studies were performed. The proposed 
assay, outlined in Scheme 2.6, consisted of incubation of pre-acylated KS with 
one equivalent of malonyl-ACP. In theory, the elongated product would be formed 
on the PPant moiety of the ACP, and could be accurately detected by the PPant 
ejection assay. In order to quantify the amount of elongated material, the internal 
standard was added to a final concentration of 10 μM before desalting the reaction 
into 80:20 MeCN:H2O, 0.1 % TFA. During MS analysis, the 7+ charge state of the 
ACP was isolated using a wide m/z window encompassing all acyl/alkyl variations 
of the ACP within the reaction. Activation by CID ejects the acyl/alkyl moieties 
present in the reaction, allowing accurate identification of PPant species.

Using previous knowledge obtained from SNAC acylation data (see Fig.  3.5), 
PsyA KS1 was thought to be a good model KS to test this assay on as it appeared 
to acylate well with the ‘natural’ acetyl-SNAC substrate (20). Furthermore, the elon-
gated product for this acyl-KS, acetoacetyl-ACP, has been previously observed using 
SNAC-based acylation of ACPs, and the PPant ejection conditions yields an ion at 
m/z 345.2. Upon incubation of malonyl-ACP with acetyl-KS1 and subsequent MS 
analysis under the aforementioned conditions, the elongated acetoacetyl-PPant spe-
cies was successfully identified, with an ion at m/z 345.2 (Fig. 6.4). Due to the wide 
window of activation, a range of other PPant species are observed in the MS/MS 
spectrum. These included; un-modified PPant (m/z 261.2), acetyl-PPant (m/z 303.2), 
malonyl-PPant (m/z 347.2) and the disulphide-linked N-acetylcysteamine-PPant  
(m/z 378.2).

Fig.  6.3   a nESI mass spectra (ESI-MS) of the 7+ charge state for holo-ACP following incu-
bation with iodoacetamide. b MS/MS spectrum of the isolated and activated 7+ charge state of 
malonyl-ACP yielding a species at m/z 318.24 corresponding to alkyl-PPant

6.2  Results and Discussion
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The acetyl-PPant unit is likely to have arisen from the excess acetyl-SNAC 
(20) remaining in the reaction mixture from the KS acylation reaction, acylating 
any free PPant thiol. It was proposed that this species may also be arising from 
activation of the elongated acetoacetyl-PPant, however, the MS activation con-
ditions used in the assay were optimised using acetoacetyl-ACP ensuring that 
only the m/z 345.2 is ejected. The disulphide-linked N-acetylcysteamine-PPant 
species is a result of a relatively minor side reaction between the free thiols of 
N-acetylcysteamine and the PPant arm.

In order to confirm that the production of the acetoacetyl-PPant was a result 
of PsyA KS1 catalysis, a control reaction was performed under the same reaction 
conditions in the absence of PsyA KS1. The MS analysis of this reaction yielded 
no peak at m/z 345, demonstrating that the production of acetoacetyl-ACP is 
solely due to KS-catalysed condensation of the malonyl-ACP with the acetyl unit 
(Fig. 6.5).

6.2.4 � Calibration of Internal Standard to Acyl-ACP

Quantification of elongated material in reactions required the addition of alkyl-ACP 
internal standard, which generates an ion at m/z 318.2 following PPant ejection. In 
order to ascertain whether the alkyl-ACP could be used as an accurate measure of 
the concentration of elongated material, a calibration between alkyl- and acetyl-
ACP was performed. The calibration was conducted over a range of concentrations 

Fig. 6.4   MS/MS spectrum of the activated 7 + PsyA ACP3 species following an acetyl elon-
gation reaction. The production of acetoacetyl-ACP is shown in red (PPant ion m/z 345.2). 
Additional ions observed in the ejection assay are: un-modified PPant (m/z 261.2), acetyl-PPant  
(m/z 303.2), malonyl-PPant (m/z 347.2) and the disulphide-linked N-acetylcysteamine-PPant  
(m/z 378.2). Internal standard shown in blue (PPant ion m/z 318.2) was added after the elongation 
reaction at a final concentration of 10 μM
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of acetyl-ACP (0.5–20  μM) with the alkyl-ACP fixed at 20  μM. The ratio of 
acetyl- to alkyl-ACP was then calculated to determine the concentration of acetyl-
ACP reported by the presence of 20 μM alkyl-ACP. A calibration plot was con-
structed using the ‘theoretical’ and ‘measured’ concentrations of acetyl-ACP.

The calibration yielded a linear, 1:1 relationship over the range of 0.5–20 μM, 
between theoretical and measured values of the acetyl-ACP, using alkyl-ACP as 
an internal standard (Fig. 6.6). This result meant that direct quantification of elon-
gated material in the reaction was possible by addition of alkyl-ACP as an internal 
standard.

6.2.5 � Assessing Beta-Keto-ACP Stability

The product of KS-catalysed elongation is a β-keto-ACP thioester, which due to its 
intrinsic instability has the potential to readily hydrolyse off the ACP-PPant chain. 
Although the acetoacetyl-ACP was successfully detected in Sect. 6.2.3, the reac-
tion was allowed to proceed over a 16 h period, which may allow hydrolysis of 
the acetoacetyl-ACP to occur resulting in an underestimation of elongated mate-
rial. Therefore, to assess the stability of the β-keto-ACP species over the 16 h time 

Fig.  6.5   MS/MS spectra of the activated 7 +  PsyA ACP3 species following acetyl elongation 
reactions in the absence (top), and presence (bottom) of PsyA KS1. The production of acetoacetyl-
ACP (PPant ion m/z 345.2) can be solely attributed to the presence of the KS domain. Internal 
standard (PPant ion m/z 318.2) was added after the elongation reaction at a final concentration  
of 10 μM

6.2  Results and Discussion
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period, an investigative time-course assessment of the acetyl-PsyA KS1 elongation 
was conducted, analysing aliquots of the reaction at regular time intervals. The 
plot shown in Fig. 6.7 shows a clear peak in acetoacetyl-ACP concentration after 
6 h, followed by a gradual decrease, presumably due to hydrolysis. By the end-
point of the reaction the difference between the 6 h point and the 16 h point was 
~20 %. Although measurement the 16 h time-point may result in a slight underes-
timation of the total elongated product, for acyl chains which may not be as good 
substrates for the KS, more time may be required for detection of elongated prod-
ucts. Therefore, in order to give less potent substrates the best chance of detection, 
the 16 h assay time was used.
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6.2.6 � KS Elongation Specificity Profiles

6.2.6.1 � Psy KS-Catalysed Elongation of Acyl Chains

PsyA KS1 is located in phylogenetic clade VI (see Fig. 1.12) with other acetyl-
accepting KS domains, and was hypothesised to be highly specific, due to its posi-
tion at the start of the biosynthetic cluster (Scheme 6.1b). However, previous work 
in Chap. 3 has shown that functionally, PsyA KS1 is capable of accepting a range 
of substrates at the acylation stage. This was tentatively attributed to the lack of 
evolutionary pressure upon the domain to confer specificity towards an acetyl 
unit, due to the presence of a highly specific upstream GNAT domain, which 
would supply only acetyl units to KS1 [7]. Using the elongation assay described, 
PsyA KS1 showed a distinct preference towards the acetyl unit, with the longer 
and bulkier carbon chains clearly disfavoured (Fig.  6.8a). There was no observ-
able elongation for the β-methyl substrate despite reasonable acylation of the KS 
observed previously, or for the oxazole and 2-methyl-tetrahydropyran substrates. It 
is worth noting that initial studies using β-OH SNACs also yielded no observable 
elongated material. This may have been as a result of KS specificity, however the 
hypothetical β-keto-δ-hydroxy-ACP thioester product is known to be unstable with 
respect to cyclisation, which breaks the thioester bond and releases a dihydropyra-
none ring from the ACP, rendering it undetectable in this assay [5]. Overall, how-
ever, these results suggest that, not only does PsyA KS1 impose specificity at the 
elongation step of its catalytic action, but that the specificity is in excellent agree-
ment with sequence-based phylogenetic predictions [8, 9].

The non-elongating domain, PsyD KS30, was employed as an additional con-
trol for these experiments. Non-elongating KS domains are a common feature of 
trans-AT PKSs, and lack an essential active-site His residue, which is required for 
decarboxylation of malonate [10]. PsyD KS30 was therefore expected to yield no 
product during an elongation assay. Incubation of malonyl-ACP with PsyD KS30  
acylated with a range of groups generated no observable β-ketoacyl products (48–54), 
despite effective acylation of the KS domain.

6.2.6.2 � Bae KS-Catalysed Elongation of Acyl Chains

In contrast to PsyA KS1, BaeJ KS2 and BaeL KS5 are predicted to accept and 
elongate much longer acyl chains. In terms of phylogenetic grouping, BaeJ 
KS2 is located in clade V (see Fig.  1.12) with other similar KS domains pre-
dicted to accept either olefinic or fully saturated, unbranched acyl chains. BaeL 
KS5 is located in clade IX (see Fig. 1.12), and is believed to accept exclusively 
unbranched, α, β-unsaturated intermediates. Acylation studies, carried out on 
BaeJ KS2 and BaeL KS5 previously (see Chap. 3), indicated that unbranched acyl 
chains were clearly favoured substrates [11]. In the case of BaeL KS5, a bulky 
methionine residue in the binding pocket was found to prevent acylation by 

6.2  Results and Discussion
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branched substrates. Recently, an X-ray crystal structure of the Bacillus subtilis 
homologue of BaeJ KS2 was published with the native intermediate bound in the 
active site. This structure indicated favourable interactions between residues in the 
active site and the acyl chain, and provided a valuable insight into the potential 
residues involved in dictating substrate specificity [11].

Elongation assays conducted on BaeJ KS2 revealed a remarkably different 
substrate profile from that seen for PsyA KS1, with the longer acyl chains pref-
erentially elongated to form their β-ketoacyl equivalents 49–51 (Fig.  6.8b). In 
contrast, the short acetyl chain—being the preferred substrate of PsyA KS1—was 

Fig. 6.8   Elongation 
specificity profiles for 
Psy and Bae KS domains, 
generating β-ketoacyl 
products (48–54). PsyA KS1 
exhibits specificity for its 
predicted acetyl substrate, 
whilst BaeJ KS2 and BaeL 
KS5 prefer longer chains, as 
predicted by phylogenetic 
analysis. The rationally 
designed BaeL KS5 mutant 
is able to elongate β-methyl 
branched chains in contrast 
to the WT enzyme. MS/MS 
spectra for each substrate and 
KS domain can be found in 
the appendix
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elongated only poorly by BaeJ KS2, to yield little of the acetoacetyl-ACP (48). 
The X-ray structure of BaeJ KS2, acylated with its natural substrate, shows that 
the entire 10-atom chain is accommodated within a relatively hydrophobic bind-
ing pocket. Presumably, favourable interactions between longer carbon-chains and 
this pocket account for the observed substrate preference of BaeJ KS2. A simi-
lar elongation profile was produced by BaeL KS5, with clear preference towards 
longer acyl chains (Fig. 6.8c). In agreement with previous acylation data, no elon-
gation was observed for a β-Me substrate, as evidenced by the absence of 52. This 
was expected as, without acylation of the KS domain, no elongation can occur. 
Also, similar to BaeJ KS2 no elongation products were observed for the oxazole 
and 2-methyl-tetrahydropyran substrates, which would yield elongated products 
53 and 54. Additionally, a crotonyl-ACP analogue of the natural, unbranched α, 
β-unsaturated intermediate of BaeL KS5 was tested, however no elongation was 
observed due to extensive 1, 4-conjugate addition to the SNAC by the KS domain. 
Overall, these data demonstrated that both BaeJ KS2 and BaeL KS5 possessed 
a preference for substrates bearing longer acyl chains, and that both KSs were 
unable to catalyse elongation of β-branched chains, as predicted by phylogenetic 
analysis.

Previous work in Chap. 3 showed that the active-site mutant BaeL KS5(M237A) 
was, in contrast to the wild type (WT), able to accept a β-methyl branched acyl 
chain at the acylation stage. Whether this KS variant had the ability to process the 
bulkier substrate fully, yielding elongated product 52, remained an open question. 
The elongation profile of BaeL KS5(M237A) revealed a similar trend to that of 
WT BaeL KS5 with regard to the straight chain acyl units, and preferential elon-
gation of longer acyl chains was observed. However, the mutant was also found 
to be competent at elongating the β-methyl branched chain, as evidenced by the 
detection of β-ketoacyl-ACP 52 in the assay (Fig. 6.8d). Furthermore, the elongated 
products 53 and 54, corresponding to the oxazole and 2-methyl-tetrahydropyran 
substrates respectively, were also detected at similar levels to that of 52. This sug-
gested that the single Met → Ala point mutation in the active site of KS5 not only 
permitted acylation by the bulkier acyl chains, as observed in Chapter 3, but that 
it also permitted the elongation step to be catalysed for these substrates. The suc-
cessful, functional modification of BaeL KS5 substrate specificity highlights the 
attractive possibility of creating engineered PKSs harbouring KS domains with 
‘non-native’ specificity profiles.

As a further point of investigation, BaeJ KS1 was also submitted to the elonga-
tion assay. Phylogenetically, BaeJ KS1 is located in the relatively small but exclu-
sive clade XVI, with other KS domains occurring immediately downstream of an 
NRPS module, and therefore must accept and elongate 2-amidoacetyl intermedi-
ates (see Figs.  1.12 and 1.16). The data presented in Chap.  4 clearly shows the 
selectivity of BaeJ KS1 towards its full-length, glycine-derived natural substrate 
(27) over straight chain acyl units. However, in order to observe the subtle sub-
strate selectivity of BaeJ KS1 low SNAC concentrations were used (0.5  mM), 
and furthermore, data from preliminary experiments on BaeJ KS1 revealed that, 
at high concentrations of SNAC (2–4  mM), successful acylation of BaeJ KS1 

6.2  Results and Discussion

http://dx.doi.org/10.1007/978-3-319-32723-5_3
http://dx.doi.org/10.1007/978-3-319-32723-5_3
http://dx.doi.org/10.1007/978-3-319-32723-5_1
http://dx.doi.org/10.1007/978-3-319-32723-5_1
http://dx.doi.org/10.1007/978-3-319-32723-5_4
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was observed. Therefore, under these forcing conditions it was possible to obtain 
an acylated form of BaeJ KS1 for all the substrates used in this assay thus far, 
in addition to the full-length glycine and alanine derived substrates, 27 and 28. 
The elongation profile of BaeJ KS1 revealed categorical preference towards 
2-amidoacetyl substrates, as evidenced by the detection of 55 and 56, with pref-
erence shown towards the glycine substrate. There was no observable elongated 
product for any acyl chains which did not contain the 2-amidoacetyl functionality 
(Table 6.1).

These results indicate that BaeJ KS1 harbours selectivity towards substrates 
containing 2-amidoacetyl functionality at both the acylation and elongation steps, 
with the selectivity imposed at the condensation stage being more stringent. These 
observations also show good agreement with the phylogenetic positioning of BaeJ 
KS1, where the KS domains within clade XVI are predicted to exclusively elon-
gate intermediates containing 2-amidoacetyl functionality. The MS/MS spectra for 
these experiments are shown in the Appendix.

6.2.7 � Monitoring Acyl Transfer Within PsyA ACP1-KS1

The elongation assay performed on PsyA KS1 demonstrated a clear preference for 
the natural acetyl substrate over longer acyl chains. This finding contrasted with 
the rather broad substrate profile previously seen by the same domain in the acyla-
tion step. No discernible difference between the rate of acylation of PsyA KS1 by 
either acetyl or butyryl-SNAC was seen, for example, whilst the degree of elonga-
tion of these two thioesters differed by a factor of eight (Fig.  6.8a). To investi-
gate whether the apparent lack of specificity during acylation was due to the use of 
simple SNAC substrate analogues, in an artificially bimolecular reaction, the PsyA 
ACP1-KS1 didomain was cloned to produce a more ‘native’ representation of the 
acyl chain loading. This protein was successfully expressed in an apo-form, allow-
ing direct loading of the ACP with acyl-PPant chains using the PPant transferase 
Svp from Streptomyces verticillus, to probe the KS acyl transfer step in a native 
environment.

Table 6.1   BaeJ KS1 
elongation specificity profile 
for β-ketoacyl products 
48–56

Acyl-ACP Elongated Product (μM)

48–54 N.D.

55 4.1 ± 0.23

56 0.6 ± 0.10



143

6.2.7.1 � Purification of PsyA ACP1-KS1 and Svp PPTase

The PsyA ACP1-KS1 didomain was amplified from a fosmid containing PsyA 
DNA, and subsequently cloned into the pET28b expression vector, as described in 
section “Cloning of PsyA ACP1-KS1 Didomain”. The didomain was expressed and 
purified as a His-Tag fusion protein as described in Sect. 2.2.1. The Streptomyces 
verticillus Svp PPTase expression plasmid was kindly provided by Dr. Anna 
Vagstad. The PPTase was expressed and purified by Dr. José Afonso according to 
a previously published protocol [12]. Post-purification, the didomain and PPTase 
were analysed by SDS-PAGE and by mass spectrometry. An SDS-PAGE gel and 
mass spectra of purified PsyA ACP1-KS1 and Svp PPTase are shown in Fig. 6.9.

Fig. 6.9   a 12 % SDS-PAGE gel of PsyA ACP1-KS1 and Svp PPTase. b nESI mass spectra of 
PsyA ACP1-KS1 and Svp PPTase sprayed from 80:20 MeCN:H2O 0.1 % TFA. Theoretical and 
measured molecular weights are annotated on the spectra

6.2  Results and Discussion

http://dx.doi.org/10.1007/978-3-319-32723-5_2
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6.2.7.2 � Examining Acyl Transfer in PsyA ACP1-KS1

The PPant transferase Svp from Streptomyces verticillus was successfully 
employed to transfer the PPant chain from both acetyl- and butyryl-CoA to the 
conserved serine of ACP1, resulting in the required holo-ACP1-KS1 didomain 
with an acylated PPant arm. The MS/MS fragmentation of both the acetyl- and 
butyryl-didomains revealed PPant ejection ions consistent with acyl transfer from 
ACP1 to KS1 (Fig. 6.10). Examination of the relative intensities of the fragment 
ions at m/z 303.2 (acetyl), m/z 331.2 (butyryl) and m/z 261.2 (unacylated) indi-
cated that both acyl chains transferred to the KS active site to a similar degree 
(Fig. 6.11).

To control against acyl hydrolysis from the PPant chain, which could result in 
detection of the unacylated ion, the KS1 active site Cys residue was first alkylated 
with iodoacetamide to render it inactive. Conducted under mild conditions, this 
procedure cleanly alkylated the didomain once (Fig.  6.12a). Following acetyl-
PPant loading, MS/MS analysis of the didomain showed a fragment ion at m/z 

Fig.  6.10   Stacked nESI-MS spectra of the 73+ charge state of PsyA ACP1-KS1 following 
PPant, acetyl-PPant and butyryl-PPant loading using the Svp PPTase. In all cases, complete con-
version to the pantetheinylated state of PsyA ACP1-KS1
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303.2 exclusively, demonstrating the intrinsic stability of the acetyl thioester in the 
absence of KS activity, and confirming that the fragment ion at m/z 261.2 seen 
above was indeed due to intramolecular transfer to the KS1 domain (Fig. 6.12b). 
Moreover, this control ruled out non-specific acyl transfer from the PPant arm to 
any Cys residues within PsyA ACP1-KS1 following denaturation and MS analysis 
of the didomain. Thus, the substrate specificity of KS1 during initial acylation is 
lower than that seen at elongation.

6.2.8 � Reversible Transfer of Acyl Chains in PsyA ACP1-KS1

The mechanism of KS-catalysed polyketide chain elongation is comprised of two 
distinct steps: first acyl transfer to the KS active site by the donating ACP of the 
preceding PKS module, and, second, the decaboxylative Claisen-type elongation 

Fig.  6.11   MS/MS spectra of the activated 73 +  PsyA ACP1-KS1 species following loading 
with a Acetyl-CoA and b Butyryl-CoA. The relative intensities of the fragment ions at m/z 303.2 
(acetyl), m/z 331.2 (butyryl) and m/z 261.2 (unacylated) indicated that both acyl chains trans-
ferred to a similar degree over the 120 min experiment

6.2  Results and Discussion



146 6  Substrate Specificity Of Ketosynthase Domains Part III …

reaction itself. The data presented here convincingly demonstrate that the KS 
domains tested confer higher specificity at the elongation step than they do dur-
ing initial acylation of the enzyme. Some indication of this phenomenon has been 
reported in cis-AT systems, where an unnatural substrate was apparently able to 
acylate the KS domain of PicM3, but no elongated product was observed to be 
released by a downstream thioesterase [5]. It was suggested that elongation was 
unable to proceed due to lack of appropriate amino acid residue organisation in 
the active site, resulting in the intermediate being effectively ‘stalled’ on the KS 
domain.

Fig. 6.12   a Stacked nESI-MS spectra of the 73+ charge state of apo-PsyA ACP1-KS1 follow-
ing alkylation with iodoacetamide, yielding a mass increase of +57  Da, good agreement with 
theoretical mass shift for this modification. b MS2 spectrum of the activated 73 + Alkyl-PsyA 
ACP1-KS1 species following loading with acetyl-CoA. The fragment ion at m/z 303.2 was exclu-
sively observed, demonstrating the intrinsic stability of the acetyl thioester in the absence of KS 
activity, and confirming that the fragment ion at m/z 261.2 seen in acyl-transfer experiments was 
indeed due to intramolecular transfer to KS1
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The results presented thus far show that substrate specificity at the second elon-
gation step exceeds that of acyl loading also highlight the potential problem of KS 
enzymatic stalling. In order to restore enzymatic activity either the acyl chain must 
hydrolyse off the active site Cys, or the upstream ACP must de-acylate the KS in a 
reversal of the initial acylation step. Once on the upstream ACP, the acyl chain may 
hydrolyse off the PPant arm, possibly catalysed by an acyl hydrolase (AH) domain 
(Scheme 6.2) [13]. In theory, both mechanisms are plausible, but there is a lack of 
any clear evidence in the literature for reversibility of the KS acylation step, other 
than the not unsurprising observation that a large excess of SNAC thiol was able to 
remove an acyl group from the KS active site by transthioesterification [6].

In an effort to address the question of potential reversibility in KS acylation, 
a pre-acylated KS domain possessing an upstream ACP was required. In order to 
test the ability of a tethered upstream ACP domain to deacylate the KS active site, 
the apo-ACP1-KS1didomain was employed once more. First, acetyl-SNAC thi-
oester was used to acylate the KS active site Cys residue. This reaction proceeded 
smoothly with a single acylation event (Fig.  6.13), and the excess acetyl-SNAC 
was removed by ultrafiltration. Next, PPant transferase Svp from Streptomyces 
verticillus was employed successfully to transfer the PPant chain from CoASH 
to the conserved serine of the ACP, resulting in the required holo-ACP1-KS1di-
domain with a pre-acylated KS active site. MS/MS analysis of this species using 
PPant ion ejection resulted in the spectrum shown in Fig. 6.14. In addition to the 
fragment ion at m/z 261.2, corresponding to the unmodified PPant chain origi-
nally loaded onto the ACP, an ion at m/z 303.2 was also clearly detected. Being the 

SH

KS

SO

R

S

KS

SH

R

O SH

KS

SH

OR

OH

KS acylation

KS de-acylation Hydrolysis

??

OHO

R

Acyl Hydrolase

Scheme  6.2   Hypothetical movement of an acyl chain between a KS and the upstream ACP. 
Once the acyl-KS is formed, the acyl moiety can potentially be removed by de-acylation by the 
downstream ACP and subsequent hydrolysis by an acyl hydrolase. Alternatively, direct hydroly-
sis from the KS active site can occur

6.2  Results and Discussion
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signature for acetyl-ACP, the presence of this fragment provided strong evidence 
for transfer of the acetyl unit from KS1 to the nominal donor ACP, which, in turn, 
demonstrated the inherent reversibility of ACP↔KS acyl transfer.

Given the significance of this result, two control measurements were conducted 
in addition to those already described above for the ‘forward’ acyl transfer reac-
tion. Firstly, it was crucial to rule-out the presence of any residual acetyl-SNAC 
activity being carried through from the initial KS acylation step. This could poten-
tially lead to a population of acetyl-ACP within the didomain formed from acetyl-
SNAC transthioesterification and not by intramolecular transfer from the KS itself. 
The acylation, and Svp-catalysed PPant attachment were carried out as above, 
but using an inactive batch of apo-ACP1-KS1 didomain, which had been pre-
alkylated with iodoacetamide on the KS active site Cys residue (see Fig. 6.12a). 
Unable to undergo acylation on the KS domain, this species should show only an 
unacylated PPant ejection ion under MS/MS activation, and this proved to be the 
case (Fig. 6.15). Therefore it was possible to deduce that no acetyl-SNAC activity 
remained during the PPant loading step.

A second control was conducted to eliminate the possibility of intermolecular 
acyl transfer from the KS active site to CoASH before PPant loading. Such a reac-
tion would result in direct loading of acetyl-PPant on to the ACP of the didomain, 
without the need for intramolecular transfer. Incubation of acetylated apo-ACP1-
KS1 with CoASH in the quantities employed in the PPant loading step produced 

Fig. 6.13   Stacked nESI-MS spectra of the 73+ charge state of apo-PsyA ACP1-KS1 following 
acylation with acetyl-SNAC, yielding a mass increase of +42 Da, good agreement with theoreti-
cal mass shift for this modification
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no detectable transfer of the acetyl group from the didomain (even over a 1  h 
period), as evidenced by MS analysis. This finding was unsurprising, as, from 
previous experience, this type of intermolecular transfer is very slow and requires 
a large excess of thioester donor and extended incubation times. These controls, 
together with those described in Sect. 6.2.7, point conclusively to the existence of 
reversible acyl transfer within the ACP1-KS1 didomain.

Fig.  6.14   Reversibility of acyl transfer between ACP and KS. MS/MS spectra of activated 
73 + PsyA ACP1-KS1 species from a unacetylated b acetylated and c butyrylated forms follow-
ing PPant loading. PPant loading of acetyl- and butyryl-PsyA ACP1-KS1gives rise to PPant ions 
at m/z 303.2 and 331.2 indicating deacetylation of the KS active site by the ACP1 PPant thiol

6.2  Results and Discussion
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6.3 � Conclusions

A key feature of polyketide biosynthesis is that individual PKSs are generally 
responsible for the production of a specific compound, or subtle variants thereof. 
In order for product fidelity to be maintained, substrate specificity for defined 
intermediates must be exhibited by some, or all, of the PKS catalytic domains. 
The KS domain has long been thought to perform a ‘gatekeeper’ role in polyke-
tide biosynthesis, thereby imposing strict substrate specificity upon the intermedi-
ates [2, 14, 15]. In modular PKSs, KS domains receive the polyketide intermediate 
directly from the upstream module’s ACP by acylation of the active site, followed 
by a condensation reaction with a malonyl unit from the downstream ACP. By 
exhibiting substrate specificity, the KS domain may ensure that the correct degree 
of reductive—and other—processing has occurred within the preceding module. 
In principle, KS specificity could manifest at the initial acylation step, at the C-C 
forming elongation step, or both.

As discussed previously, phylogenetic analysis based on primary sequence 
data, has revealed that KS domains from trans-AT PKSs group into distinct clades 
according to their predicted substrate (see Fig. 1.12). This feature implies that KS 
domains in this important group of PKSs do exhibit specificity, and that it can be 
exploited to assign PKSs to their products in cases where colinearity rules break 
down [8, 16]. The work presented in Chaps. 3 and 4 examined substrate tolerance 
during the KS acylation step using simple SNAC thioesters, revealing that some 
specificity does indeed exist. However, the specificity is not as stringently defined 
as phylogenetic analysis would predict.

The work presented in this chapter shows that a high level of specificity is 
observed during the KS-catalysed elongation step, generating specificity profiles 
in line with phylogenetic predictions. For example, PsyA KS1 was shown to pos-
sess a relatively relaxed substrate tolerance using simple SNAC thioesters, with 
little preference regarding substrate length and branching (see Fig. 3.5). The elon-
gation profile of PsyA KS1 is markedly different to that of the elongation step, 
with the natural acetyl substrate clearly favored (Fig.  6.8a). These observations 
reveal strikingly different levels of specificity at the acylation and elongation steps.

Fig. 6.15   MS/MS spectrum 
of the activated 73 + alkyl-
PsyA ACP1-KS1 species 
following the reaction 
controlling for any residual 
acetyl-SNAC activity. Only 
m/z 261.2 is observed, 
indicating no acylation of 
the ACP1 PPant chain from 
residual acetyl-SNAC

http://dx.doi.org/10.1007/978-3-319-32723-5_1
http://dx.doi.org/10.1007/978-3-319-32723-5_3
http://dx.doi.org/10.1007/978-3-319-32723-5_4
http://dx.doi.org/10.1007/978-3-319-32723-5_3
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The relatively low specificity of the acylation step is further confirmed using 
the PsyA ACP1-KS1 as a model system for a tethered substrate. Here, no dis-
cernible difference in acyl group transfer was observed following loading with 
acetyl- and butyryl-CoA, despite a clear difference between these acyl chains at 
the elongation step (Fig. 6.11). This result is somewhat unsurprising as thioester 
bonds are high energy linkages, which form and break rapidly in the presence of 
a thiol, or thiolate, by a process of transthioesterification. The rate of this reaction 
greatly exceeds that of hydrolysis, as thiol groups are significantly more nucle-
ophilic than water [17]. Thus, acyl transfer between an ACP and the immediate 
downstream KS may be difficult to control, leading to relatively limited enzymatic 
selectivity, and a potentially reversible process.

The KS-catalysed chain elongation step involves a Claisen-type condensation 
with a malonyl unit on the downstream ACP. This reaction forms a new C–C bond 
and is accompanied by a formal decarboxylation, although evidence from fatty 
acid biosynthesis indicates that CO2 is actually lost as bicarbonate [18, 19]. Whilst 
this process is formally reversible, in practice it is likely to be irreversible, requir-
ing ATP-driven enzymatic activity reminiscent of acetyl-CoA carboxylase [20]. 
The apparent difference in specificity observed in KS acylation and elongation 
steps does raise a potential problem: that of acylation occurring at the KS active 
site by a substrate which is unable to be elongated. This situation could arise by, 
for example, incomplete reductive processing by the previous module. However, 
providing that KS acylation is reversible, this problem can be overcome, since the 
acyl chain can be transferred back to the upstream module for complete process-
ing. Only then will subsequent KS acylation lead to effective elongation. The rate 
constant for back transfer from KS to upstream ACP has been measured for the 
cis-AT DEBS module 2 and found to be an order of magnitude lower than either 
the forward reaction, or the subsequent elongation step, leading to the conclusion 
that acylation is practically irreversible [6]. It should be pointed out, however, that 
these observations were made for a productive substrate under steady state condi-
tions, and not for a stalled substrate incapable of elongation. Observations from 
the PsyA ACP1-KS1 didomain do, indeed, demonstrate that KS acylation is a 
reversible process, and that this explanation is plausible. It is therefore possible to 
imagine a competition between processing of the acyl chain within a module and 
transfer to the downstream KS (Scheme 6.3).

The results presented also give valuable insights into the substrate flux within 
multimodular PKSs. If a multitude of reversible reactions do indeed exist during 
biosynthesis, as proposed in Scheme 6.2, then the driving force effectively ‘pushing’  
intermediates through the biosynthetic assembly line is the concentration of 
extender unit (typically malonyl-CoA) within the cell. Modular type I PKSs which 
have had their TE domain rendered inactive, have been shown to harbour ACPs 
saturated with intermediates, forming a ‘molecular traffic-jam’ [21]. The data pre-
sented here support these observations, as with no release mechanism available, 
acyl intermediates will be in equilibrium between the upstream ACP and the KS, a 
proportion of which will be located on the PPant arm of the ACP.

6.3  Conclusions
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Recent work on pikromycin module 5 has provided new structural insights into 
the dynamics of the ACP domain within a module, and in the subsequent loading 
the KS domain of the downstream module. Using a crystal structure and cryo-EM 
the authors show that the KR domain undergoes a large conformational change 
upon acylation of the KS domain, and that the position of the ACP domain within 
the module is dependent upon the nature of the acyl chain [22, 23]. This mecha-
nism is proposed to be a major contribution in the delivery of the correctly modi-
fied acyl chain to the downstream module, meaning that acylation of the KS with 
the incorrect substrate may be prevented. Therefore the ACP may be incapable of 
acylating the downstream KS6 until full substrate processing has occurred, which 
would prevent acylation of the downstream KS with a non-productive intermedi-
ate, and reduce stalling [24]. Whether a similar mechanism exists in modules lack-
ing KR domains, or in trans-AT PKSs is yet to be shown. The findings presented 
here, using the PsyA ACP1-KS1 didomain, demonstrate that KS acylation in this 
trans-AT PKS didomain is a reversible process (in the absence of a downstream 
malonyl-ACP), and that this mechanism may allow unloading of non-productive 
substrates from the KS domain.

In summary, it is clear from this work that KS domains from trans-AT PKSs 
do possess substrate specificity compatible with that proposed by phylogenetic 
analysis, and that this specificity is seen principally in the elongation step of the 
catalytic process. Encouragingly, mutagenesis of BaeL KS5 suggests that this 
specificity can be tuned to allow the elongation of non-natural substrates.
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