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Abstract 

The biosynthesis of polyketide natural products utilises sets of enzymes known collectively as a 

polyketide synthases (PKSs). These highly orchestrated assemblies control a series of concatenated 

condensation and reductive cycles in addition to specific tailoring modifications. The precise order and 

mechanisms of these individual steps can be challenging to decipher, especially in trans-AT PKS 

systems which are typified by the action of many non-covalently attached interacting domains (trans-

acting domains). The polyketide antibiotic mupirocin consists of a mixture of pseudomonic acids with 

pseudomonic acid A making up over 90% of the mixture. The mupirocin biosynthetic pathway consists 

of a combination of type I multifunctional trans-AT PKS and trans-acting tailoring domains, including 

five free-standing acyl carrier proteins (ACPs) encoded for within a complex 75 kb gene cluster. 

Understanding the role of each enzyme and ACP within this complex biosynthetic system may hold the 

key to deciphering the complete pathway.  

The mixture of pseudomonic acids which comprise mupirocin consist of a polyketide-like monic acid 

moiety esterified to a fatty acid-like 9-hydroxynonanoic acid (9HN) tail. In previous work, the initial 

steps of 9HN biosynthesis were shown to begin with the construction of 3-carbon alcohol moiety, 3-

hydroxypropanoate (3HP) attached to mAcpD. This unusual starter unit is proposed to undergo three 

rounds of KS-catalysed condensation and reduction to produce 9HN. In this work, the enzymes 

responsible for these key condensation and tailoring reactions were cloned, expressed and purified. A 

strategy that employed 1H-15N HSQC NMR screening experiments to identify interacting partners for 

the ACPs provided initial evidence that the KS domain, MmpF, interacted with mAcpD. Subsequent 

in-vitro reconstitution and mass spectrometry (MS) analysis of the MmpF-catalysed condensation with 

3HP-mAcpD confirmed that MmpF catalysed the first condensation reaction (DCC #1) of 9HN 

biosynthesis. The two ACPs with unassigned roles in the pathway (mAcpA and mAcpB) were found to 

deliver malonyl extender units for this reaction. Downstream enzyme MupD was able to reduce the 

resultant 5-hydroxy-3-oxopentanoyl thioester to the corresponding 3,5-dihydroxypentanoyl thioester 

intermediate, confirming its role as a KR domain.  

The putative medium chain dehydrogenase domain MupE was confirmed to be an ER domain through 

in-vitro assays with ACP bound mimics of the proposed natural substrate. Both MupD and MupE were 

found to have strong selectivity for mAcpB substrates. A candidate for the missing dehydratase activity 

could not be identified using in vitro assays and purified DH domains from the PKS. 

The role of the KS domain from the multidomain module MmpB was tested through in vitro assays 

with authentic substrates. MmpB_KS was found to accept 7-hydroxyheptanoate (7HH) and 6-

hydroxyhexanote (6HH) most efficiently. In addition, MmpB_KS was able to catalyse elongation of 

7HH utilising malonyl delivered only by the individual ACP domains from MmpB_ACP (not mAcpA 

or mAcpB). This confirms that MmpB_KS catalyses the final condensation reaction (DCC #3) in 9HN 
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biosynthesis. Only mAcpA was found to deliver 7HH during this condensation reaction. The ability of 

MmpF and MmpB_KS to catalyse the remaining 5-carbon to 7-carbon condensation reaction (DCC #2) 

was tested using 5-hydroxypentanoate (5HP) substrate. Only MmpF, utilising malonyl delivered by 

mAcpA was able to turnover condensation of 5HP confirming that MmpF catalyses the first and second 

condensation reactions with the final condensation catalysed by MmpB_KS. 
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1 Introduction  

1.1 Natural Products 

The group of chemical compounds produced by living systems (most notably plants, bacteria and fungi) 

are known collectively as natural products. This intriguing class of compounds contain unique 

bioactivity and chemical diversity. Throughout human history, natural products have been hugely 

important in terms of their medicinal properties.1 The discovery of pollen clusters from a 60,000 year 

old Neanderthal burial site in northern Iraq may provide the earliest recorded use of natural products 

for medicinal purposes.2 The first evidence of human exploitation of natural products was during ancient 

Mesopotamia some 4,600 years ago. A clay tablet detailing the use of approximately 1,000 plants and 

plant derived-substances with medicinal properties has been dated to this time period. 3 Oils of the 

Cedrus and Cupressus sempevirens species (cedar and cypress) included in this text are still used today 

for their insecticidal and anti-fungal properties. 4 

The use of plant-based medicinals is documented by nearly every major human civilisation. The “Ebers 

Papyrus” is an ancient pharmaceutical record detailing over 700 compounds used by the ancient 

Egyptians in 1500 BC. The Chinese Materia Medica is the earliest text detailing the use of plant-based 

remedies in Ancient China.  In the ancient Western world, it was the ancient Greeks that contributed 

most to the rational development of herbal medicines. Further to this, the isolation of morphine and 

strychnine from plant extracts in the early 1800s contributed to the idea of a ‘pure compound acting as 

a specific drug’. This paved the way for the first commercial natural product, morphine, sold by 

apothecary Heinrich Emanuel Merck – whose descendants would later become founders of the 

eponymous pharmaceutical company. 5 

The use of natural products in the pharmaceutical industry; either directly (such as morphine), or as a 

template for the development of novel pharmaceuticals (like salicin as a template for aspirin) is 

widespread. In the early 1900’s approximately 80% of all medicines were obtained from plant sources. 

6 A recent analysis of FDA (U.S. Food and Drug Administration) approved drugs has concluded that 

today this figure is likely to be around 60%.7 The comprehensive use of natural products as medicines 

has fuelled research into their structure and function. 8 
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Figure 1: The chemical structures of selected pharmaceutically relevant natural products. α-pinene and 3-carene 

are two most abundant compounds found in cypress oil. Morphine is isolated from opium poppy (pictured) 9. salicin 

was first isolated from willow bark and was modified to produce the painkiller aspirin.  

Natural products are characterised into two distinct compound classes: primary and secondary 

metabolites. Primary metabolites are compounds involved in primary metabolism such as the 

biosynthesis and breakdown of many carbohydrates, proteins, fats and nucleic acids. Primary metabolic 

pathways include glycolysis: oxidation of glucose to obtain adenosine triphosphate, (ATP) and the 

Krebs’ cycle; the oxidation of acetyl-CoA to produce Guanosine triphosphate (GTP) and other 

important metabolites.10,11 Despite the extremely varied characteristics of living organisms, primary 

metabolic pathways are fundamentally conserved in all organisms, demonstrating their essential nature. 

Secondary metabolites are a separate group of compounds which comparatively are not essential for the 

growth, development, or reproduction of an organism. Rather than playing an essential role, these 

secondary metabolites have evolved to assist the survival of the organism, typically in response to an 

environmental cue or to act as a defence mechanism. 12 The term secondary metabolite is often used 

synonymously with natural product to denote pharmacologically active compounds.13 

One explanation for the potent biological effects of secondary metabolites is long term co-evolution 

within biological communities.  Interacting organisms that have evolved in close proximity will have 

produced the first natural products to interfere with the growth and proliferation of competing species. 

As the production of these compounds is advantageous, they became a trait on which natural selection 

could act, and were retained and improved throughout the course of evolution. 1 For example, a plant 

species predated by a bacterium will gain a clear evolutionary advantage if it can produce a compound 

with antibiotic activity. This biological arms race between different species has caused the abundance 

of biological activity observed in natural product secondary metabolites.14 
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Figure 2: The different classes of natural products. Natural products can be split into primary and secondary 

metabolites depending on whether the molecule is involved in primary metabolism or not. Secondary metabolites 

can be further split into classes based on chemical structure and biomolecules utilised in their construction.  

The classification of secondary metabolites is further split into different classes based upon their 

biosynthetic origin. Polyketides and fatty acids are two distinct but related classes of secondary natural 

products. Structurally, these classes of compounds are divergent. Fatty acids consist of long aliphatic 

chains containing a typically saturated carbon backbone. Conversely, a more functionally diverse and 

typically oxidised structure is observed in polyketides. The structures of various polyketides 

(daunorubicin, cervimycin C and actinorhodin) and fatty acids (palmitic acid and eicosapentaenioc acid) 

are shown in Figure 3. Despite differing structures, polyketides and fatty acids are related by the way 

they are constructed by the parent organism. Both classes of compounds are produced in a ‘bottom up’ 

approach utilising condensation of simple biomolecules to give the chemical structure required. Both 

fatty acids and polyketides are biosynthesised using related protein architecture from similar 

biomolecules despite their often vastly different structures. 15 
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Figure 3: Selected structures of polyketides and fatty acids. Polyketides typically have an oxidised structure 

compared to fatty acids. The three polyketide structures shown here (daunorubicin, cervimycin C and actinorhodin) 

all show strong antibacterial activity. Note: single monomer of actinorhodin shown – this compound exists as a 

dimer. 

1.2 Biosynthesis of Polyketides and Fatty Acids. 

Within the genome of a polyketide/fatty acid-producing organism lies the biosynthetic gene cluster 

(BCG). This section of DNA contains all the genes required to synthesise the precise chemical structure 

of the polyketide/fatty acid from readily available cell components. On transcription and translation of 

this region of DNA, a series of proteins are assembled by the cell. 11 These proteins act like machines 

in a production line, taking simple starter units; malonyl-CoA and its derivatives, and condensing them 

to form the carbon backbone of the natural product. 
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Figure 4: Depiction of the general steps in fatty acid and polyketide biosynthesis. Malonyl CoA is transferred to an 

acyl carrier protein (ACP) via action of acyl transferase (AT) domain (Step 1). ACP delivers a malonyl to KS domain 

loaded with acetate (or acyl group) which catalyses decarboxylative Claisen condensation to form a β-keto ester 

(Step 2). Resulting product undergoes reduction and dehydration steps resulting in a fully or partially saturated acyl 

chain (Step 3). The resulting acyl moiety will remain attached to the ACP and can undergo multiple rounds of chain 

extension until the required acyl chain length is reached. At this point the acyl moiety is removed from the ACP via 

the action of thioesterase (TE) domain. Within polyketide biosynthesis the final reductive steps may be curtailed 

leading to greater structural diversity of the final compound giving rise to their more varied chemical structure. 

The biosynthesis of polyketides and fatty acids is initiated by loading of a chain extending unit: typically 

malonyl-CoA (although other units can be used) 16, onto an acyl carrier protein (ACP). This is catalysed 

by acyl transferase (AT) domain (Figure 4) to produce ACP bound malonyl. The malonyl group is 

covalently bound to the ACP by a thioester bond at the end of the phosphopantetheine arm of the ACP. 

Following this, a ketosynthase (KS) domain will condense a starter acyl unit with the ACP bound 

malonyl. This condensation reaction is known as a decarboxylative Claisen condensation (DCC) and 

occurs with the loss of CO2 to produce a β-keto ester product. The DCC is the key carbon-carbon bond 

forming step during polyketide and fatty acid biosynthesis. The first round of extension will use acetyl 

CoA as an extender unit – further rounds will use the growing acyl chain. The resulting β-keto ester is 

successively reduced to β-hydroxyl by a ketoreducase (KR) domain, an α,β-unsaturated carbonyl by a 

dehydratase (DH) domain and a fully saturated acyl chain by an enoylreductase (ER). The acyl chain 

remains attached to the ACP throughout these tailoring steps. Once the first round of condensation-

reduction has taken place, the resultant acyl chain can be transferred to the KS domain and the cycle 
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can repeat. It is through this cycle of condensation-reduction that the carbon backbone of the 

polyketide/fatty acid is constructed. When the required acyl chain length has been reached a thioesterase 

(TE) domain will hydrolyse the thioester bond releasing the resultant carboxylic acid. 17 Within fatty 

acid biosynthesis, these collective enzymes make up the fatty acid synthase (FAS) and within polyketide 

biosynthesis the polyketide synthase (PKS). 16 

1.2.1 Catalytic Domains involved in biosynthesis 

 

Biosynthesis of polyketides occurs through the use of a series of canonical catalytic domains. These 

domains have been briefly described above. This section seeks to give more specific information about 

the AT and KS domains which are vital for biosynthesis to take place. The role of the ACP and each of 

the tailoring domains (KR, DH and ER) are described elsewhere in this thesis.  

1.2.1.1 The role of the Acyl Transferase Domain 

 

This enzyme completes the transfer of the chain extending group (typically malonyl) as is shown in 

Figure 4. Transfer occurs with an ACP which has been activated by addition of a phosphopantetheine 

prosthetic group (more on this in section 1.9). The interaction of the ACP with the AT domain has been 

shown to trigger conformational change of the AT domain leading to transacylation of the extender unit 

to the terminal thiol of the ACP utilising catalytic residues of a serine and a histidine.18  The hydroxyl 

group of the serine side chain acts as a nucleophile attacking thiolester carbon of the acyl-CoA moiety. 

Subsequent attack of the terminal thiol of holo-ACP at the same position results in transfer of the acyl 

moiety to the ACP.   

The incorporation of AT domains that transfer non-malonyl CoA moieties can occur for a subtype of 

PKS domains in which the AT domain is not covalently bound to the other modules (so called trans-

AT PKS – discussed in more detail later). These PKS systems have been shown to incorporate more 

exotic acyl-CoAs such as ethyl-malonyl CoAs, methoxymalonyl CoAs and succinyl CoAs.19,20 

Within biosynthetic pathways, AT domains are required to show specificity for the correct extender 

unit from a large pool of potential compounds. Therefore, a subtype of AT domains exist which contain 

specific motifs that will preferentially accept malonyl-CoA. These are known as malonyl-CoA:ACP 

Transacylase domains or MCAT. A specific subclass of AT domains that transfer a methyl-malonyl 

group to their cognate ACPs also exist. Further specificity may be afforded to AT domains by the 

presence of an acyl hydrolase (AH) domain typically preceeding the AT domain within the BGC. These 

AH domains comprise an evolutionary distinct group of AT domains whose role is to remove incorrect 

intermediates from the active sites of AT domains thereby ensuring only transfer of the correct 

intermediate occurs. 
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1.2.1.2 The role of the Ketosynthase domain 

 

The KS domain will catalyse the key carbon-carbon bond forming reaction which underpins the 

biosynthesis of polyketides and fatty acids. Ketosynthases catalyse a condensation reaction that occurs 

with the loss of a CO2 moiety. The conserved cysteine residue (activated by a conserved histidine 

residue) will become acylated with the growing polyketide chain. Extension of this polyketide then 

occurs by interaction with an α-carboxyacyl-ACP is facilitated by another conserved histidine. The 

active site of KS enzymes therefore typically consist of a cysteine residue and two histidine moieties.  

A subclass of KS enzymes exists in which the active site cysteine residue is replace by a catalytically 

inactive residue. Despite lacking the ability to condense malonyl units, these KS enzymes nevertheless 

play an essential role in biosynthesis by catalysing the translocation of acyl chain intermediates. KS0 

domains are very selective for their required substrate and have been shown to act to ensure only the 

correct intermediate is passed on to the ACP to undergo further condensations. 21 This helps to ensure 

that only the correct natural product is produced by the biosynthetic system at work. 

1.2.2 The Differences between FAS and PKS 

 

Despite a similar protein architecture utilised in the biosynthesis of fatty acids and polyketides, there 

are key differences between these two systems. FAS systems typically utilise malonyl CoA as the main 

extender unit, this gives the non-branched saturated structure typical of fatty acids. Contrary to this, 

PKS have a greater propensity to accept extender units other than malonyl CoA, including methyl-

malonyl CoA, propionyl CoA and others. The use of methyl-malonyl CoA is observed in the 

biosynthesis of the polyketide antibiotic erythromycin 1. The structure of erythromycin consists of a 

14-carbon macrolide ring, whereby a series of β-methyl branches are incorporated via methyl-malonyl 

CoA extender units.22 This gives a series of β-methyl branches in the final structure (shown in red in 

Figure 5). These methyl groups are vital for erythromycin mode of action, being present in many 

macrolide antibiotics including clarithromycin and roxithromycin. The β-methyl branches are required 

to increase binding affinity of Erythromycin to its target 50S ribosomal subunit, thereby inhibiting 

protein synthesis.23,24 Incorporation of unusual starter units in PKS systems such as methyl-malonyl 

CoA leads to greater structural diversity observed in the final product. 
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Figure 5: Structure of the polyketide antibiotic erythromycin. Use of methyl-malonyl CoA extender units during 

biosynthesis leads to the incorporation of methyl groups observed in red. A propionyl starter unit is initially loaded 

onto the KS giving the propionyl group shown in blue. PKS systems can modify the starter unit used to influence 

the chemical structure assembled. 

 

As well as the propensity of PKS to incorporate more varied starter units, further differences between 

fatty acid and polyketide biosynthesis are observed. Within FAS, the action of KR, DH and ER typically 

all occur sequentially to produce the fully saturated acyl chain. Within PKS systems, these final 

reductive steps may be curtailed at specific extension rounds leading to greater structural diversity 

(Figure 3). 25 

 

1.3 Type I and Type II PKS 

Polyketide synthases can be classified based on the structure of their constituent catalytic domains. 

Type I PKS refers to linearly arranged and covalently fused catalytic domains within large 

multifunctional enzymes. 26 These are typically found in eukaryotes and bacteria. Type II PKS consist 

of discrete protein domains that are not covalently bound together. The growing acyl chain will remain 

covalently bound to ACP and interaction of ACP with cognate successive protein partners progresses 

the biosynthetic sequence. During this process, the ACP has been shown to sequester the growing acyl 

chain. In type II systems, where the ACP-bound substrate exists in a pool of potential interacting 

partners, substrate sequestration serves to protect the acyl chain from unwanted catalytic activity. 27 

Protein-protein interactions between the ACP and its cognate partner are required to release the 

substrate into the active site of each enzyme. Substrate sequestration does not occur in type I systems 

as the ACP and catalytic domains are close enough to interact directly. 28 Type I and type II distinctions 
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are similarly made with FAS systems also although the structures of these megasynthase domains are 

not always the same. 

The domain organisation of the type I PKS/FAS megasynthases have been extensively studied. In the 

infancy of understanding the structure of PKS/FAS megasynthase modular architecture, two models 

were created to describe the ability of ACP to interact with all catalytic domains in a module. These 

were known as the head-to-tail (HTT) model and the head-to-head (HTH) model. An overview of these 

is shown in Figure 6. HTT model consists of two megasynthase strands fully extended aligned in an 

anti-parallel manner. The ACP of one strand can interact with domains from both megasynthases.29 The 

HTH model instead consists of a coiled subunit in which the ACP can interact mainly with domains 

from the same polypeptide strand – whilst also being capable of interaction with KS and AT of the 

different strand.  

 

Figure 6: Figure showing two hypothesised domain organisations of PKS/FAS megasynthase. A) Head-to-tail 

organisation of megasynthase B) Head-to-head organsiation of megasynthases. Head-to-head can interact with all 

domians within same strand as well as AT and KS domains of second strand. Head-to-tail cannot interact with all 

domains of same strand.25 

To confirm which model was correct a series of mutations were made to test whether HTT or HTH is 

taking place in vivo. These mutations confirmed that HTH model must be taking place by definitively 

proving that ACPs act only with other domains in the same module (HTT would require ACPs to 

interact with domains of alternative modules as shown in Figure 6). 30,31  

This HTH model was proven further when the structure of Type I FAS was solved by electron 

microscopy and crystallographic techniques. The structure of a porcine Type I FAS was solved to a 

resolution of 4.5 Å resolution in 2006, subsequently being improved to 3.2 Å. 32,33 The domain 

architecture consisted of an intertwined dimer with two lateral semi-circular reaction chambers, each 

containing a full set of catalytic domains required for fatty acid elongation (Figure 7). Electron density 

for the ACP and TE domains was not elucidated implying increased mobility of these regions. Sequence 

analysis and unassigned electron density is consistent with the ACP domain being located at the end of 
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the ‘arm’ – next to the KR domain as depicted. This arrangement will allow the ACP to interact with 

the required catalytic domains as shown in Figure 7.  

 

Figure 7: 4.5 Å Crystal structure of type I Porcine fatty acid synthase. The main catalytic domains are shown. KS 

= Red, AT = Blue, DH = Magenta, ER = Orange and KR = Green. The KS and AT domains are covalently linked 

via a KS-AT docking domain (not shown). The ACP and TE domains remain undefined due to proposed flexibility. 

It is postulated that the ACP domain will be located on the terminus of the KR domain allowing interaction with all 

domains.32 The side on view shows the domains from the direction of ACP attack. Linear organisation of FAS is 

shown below. 

Following this, the structure of the KS-AT di-domain of deoxyerythronolide B synthase (DEBS) was 

solved at 2.7 Å resolution. 34 This showed remarkable similarity to the FAS KS-AT domain confirming 

the similarity between the biosynthetic machinery of FAS and PKS.  

Unlike the type I FAS system discussed above, type II PKS are not covalently bound together. Instead, 

these systems can associate to form a highly structured multi-protein megasynthase which is capable of 

catalysing condensation and reduction cycles before dissociating apart again. 35 Polyketide assembly by 

type II PKS systems is notoriously difficult to study due to transient nature of protein-protein 

interaction. This implies that the ACP plays a crucial role in shuttling the growing acyl chain among 

the individual enzymes within the megasynthase complex. 36 Despite this, no common ACP binding 

motif has been found in enzymes known to interact with ACPs. 36 Understanding the mechanism for 

ACP-partner interaction may prove very important for rational engineering of these systems to produce 

novel antibiotics. 37 
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As well as the type I (covalently bound domains) and type II (discrete domains) PKS classification 

described above; PKS can be further classified as iterative and non-iterative systems. Iterative systems 

are characterised by the repeated use of the same catalytic domains to achieve biosynthesis. Each 

iterative PKS contains one set of all the catalytic domains required for the condensation and reduction 

sequence. The ACP repeatedly interacts with all the domains within a module to perform the 2-carbon 

elongation/reduction cycle until the required acyl chain length has been achieved. Non-iterative 

domains consist of multiple covalently bound modules, each one responsible for the condensation and 

reduction of a single 2-carbon acyl moiety before passing on to the KS of the next module. Non-iterative 

systems are relatively very large consisting of multiple modules covalently bound together. Each 

module contains all the domains required to catalyse and reduce a single 2-carbon moiety. Due to this, 

the core structure of the outgoing polyketide can often be predicted based on analysis of the domains 

which make up each module. This is known as the co-linearity rule and has been previously exploited 

for the discovery of natural products. 38,39 

 

1.4 Further Classification of PKS domains  

Further classification of PKS type I systems can be achieved based on presence of the ACP priming 

domain; AT, within each module. PKS systems consisting of modules containing AT domains are 

classified as cis-AT PKS synthases and PKS lacking a covalently bound AT are known as trans-AT 

synthases. In trans-AT systems, the priming of the ACP is undertaken by a non-covalently bound AT 

which will associate, transfer malonyl to the correct ACP, and dissociate again. 20 

Further to this, the domain architecture of trans-AT systems are different to their cis-AT counterparts. 

Within cis-AT systems each module contains a covalently attached AT domain that is responsible for 

loading the ACP of the same module. Trans-AT systems instead incorporate a discrete AT domain 

that is able to transfer extender units to ACPs from all modules as shown in Figure 8B. The  
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Figure 8: A) The classification of polyketide synthase systems. B) The typical domain organisation of cis-AT and 

trans-AT systems. 

 

PKS systems of the trans-AT type are remarkably common – a 2014 report found that approximately 

38% of all modular bacterial PKSs are trans-AT type. 40 Not only this, trans-AT gene clusters are 

particularly common in less well-studied bacteria. Studying trans-AT systems therefore indicates a 

significant potential for the discovery of novel natural products with pharmacological promise.  
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Numerous peculiarities exist in trans-AT systems when compared to cis-AT counterparts. Systems of 

trans-AT typically have much greater architectural diversity within modules when compared to cis-AT 

systems. For example, whereas cis-AT systems typically utilise the core biosynthetic machinery of KS, 

AT, ACP, KR, DH, ER and MT domains – much greater domain complexity is observed for trans-AT 

systems. Such unique domain architectures may include non-elongating KS domains, domain action in 

different modules or split modules (modules divided across multiple proteins). 20 This leads to much 

greater structural diversity in the outgoing natural products of trans-AT systems. 

The incorporation of unique and often irrational modular architecture in trans-AT systems results in 

regular breaking of the co-linearity rule (as defined above). The breakdown of this rule for trans-AT 

systems means there is a lack of understanding about how these systems operate. 

PKS systems of the cis-AT and trans-AT type also differ in their mode of evolution. cis-AT systems 

evolved by gene duplication of individual modules followed by specificity of each domain.41 The KS 

domains of cis-AT systems therefore phylogenetically clade with other KS domains within the same 

biosynthetic cluster. In contrast, trans-AT PKS genes are thought to have assembled through horizontal 

gene transfer between bacteria. 42 The KS domains of trans-AT PKS systems therefore phylogenetically 

clade with KS domains of similar substrate specificity. This can provide a valuable information about 

the biosynthesis of trans-AT systems when co-linearity fails. 

1.5 Structure and Clinical Relevance of Mupirocin 

Mupirocin is a polyketide antibiotic produced by Pseudomonas fluorescens, a Gram-negative soil 

bacterium. Although the antibiotic activity of this rod-shaped bacterium had been known since 1887, 

the structure of mupirocin was not elucidated until nearly a century later. 43,44 The structure of mupirocin 

was found to consist of a mixture of compounds, known as pseudomonic acids A-D.45 The general 

structure of the pseudomonic acids were found to consist of a pyran ring containing heptaketide moiety 

(monic acid) esterified to a 9-carbon fatty acid derived moiety (9-hydroxynonanoic acid) (Figure 9) 2. 

Pseudomonic acid A contains an epoxide group at C-10 and was found to make up over 90% of the 

mixture of mupirocin. 46 Pseudomonic acid B (PA B) makes up 8% of the mixture and consists of a 

hydroxyl group at C-8 and pseudomonic acid C (PA C) was found to make up a majority of the 

remaining 2%, uniquely having an E-alkene at C-10. A very small amount of pseudomonic acid D was 

also observed, containing an alkene with an E configuration at the C-4 position of the fatty acid chain.  
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Figure 9: Structure of polyketide antibiotic mupirocin is a mixture of pseudomonic acids. The main metabolite – 

making up 90% of the mixture is pseudomonic acid A. Two distinct regions of this compound are visible, a 

polyketide derived monic acid and a fatty-acid derived 9-hydroxynonanoic acid moiety connected by an ester bond. 

Mupirocin has attracted much interest due its alluring antibiotic activity, specifically against gram-

positive bacteria such as Methicillin-resistant Staphylococcus aureus (MRSA). 47 For many years, 

mupirocin was sold as an ointment for the topical treatment of bacterial skin infections 48 and as an 

antibacterial nasal spray. 49  The clinical use of mupirocin has been limited due to the instability of the 

main metabolite PA A. The ester bond that links the monic acid and fatty acid region of mupirocin is 

rapidly hydrolysed within the body when orally ingested, rendering it inactive. In addition, strong 

binding to blood serum also contributes to a limited active concentration in the body.50 Outside the pH 

range 4-9, attack of the C-7 hydroxyl group into the epoxide at C-10 or C-11 position irreversibly 

produces two cyclic ethers which are no longer biologically active (Scheme 1). The minor metabolite 

PA C contains a double bond instead of the epoxide at C-10 and is consequently more stable.  

 

Scheme 1: The intramolecular attack of C-7 hydroxyl into C-10 and C-11 positions forming two inactive cyclic 

ethers. This typically occurs outside of the pH range 4-9 and leads to the poor oral bioavailability of mupirocin. R 

group constituted the fatty acid chain of mupirocin. 

One of the major goals of the early work on this pathway was to produce a strain of P. flourescens 

capable of producing a larger amount of the stable metabolite PA C. 51 Recently published work by this 

group has shown optimisation of the bacteria fermentation conditions was successful in producing a 
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substantial increase in the amount of Pseudomonic acid C. 52 This has the potential for industrial-scale 

production of PA C and its use as a novel antibiotic.  

 

1.6 Antibiotic Activity of Mupirocin 

The origin of the antibiotic activity of mupirocin is due to potent inhibition of the eubacterial isoleucyl-

tRNA synthetase (IleRS) class of enzymes. These enzymes are used to affix isoleucine to its cognate 

tRNA during bacterial protein synthesis. The mode of action of mupirocin was confirmed by co-

crystallisation of mupirocin with Thermus thermophilus IleRS. 53 The C-14 methyl terminus of monic 

acid was found to mimic the hydrophobic side chain of L-isoleucine allowing binding to the active site 

of the protein. The pyran ring and C1-C3 enone region were found to affix to the ATP-binding pocket 

of IleRS. The 9-hydroxynonanoic acid (9HN) chain of mupirocin also plays a significant role in binding 

– replacement of this moiety with an ethyl chain led to 10% binding affinity when compared to the full 

9HN.54 The 9HN chain was found to sit in a hydrophobic groove on the surface of IleRS, stabilising the 

resulting IleRS-mupirocin complex.  

The reversible nature of the binding interaction is consistent with mupirocin being a competitive 

inhibitor of IleRS. When expression of the gene cluster is turned on, to ensure survival of the mupirocin 

producing organism, the biosynthetic cluster contains an alternative IleRS, MupM, which is resistant to 

mupirocin. Whereas eubacterial isoleucyl-tRNA synthase are members of class I aminoacyl-tRNA 

synthetases (aaRSs), MupM is a member of class II which has a distinct catalytic domain architecture 

and different motif for ATP binding. 55 The antibiotic activity of mupirocin is therefore non-existent 

against class II IleRSs. Analysis of strains of MRSA with high-level resistance to mupirocin have 

identified a new type of class II IleRS therefore circumventing mupirocin inhibition. 

 

1.7 Polyketide Antibiotic Thiomarinol 

Thiomarinol is a polyketide antibiotic with a comparable structure to mupirocin produced by marine 

bacterium Pseudoalteromonas sp. SANK 73390. 56 Like mupirocin, thiomarinol is a mixture of multiple 

different metabolites, each with a related structure.  The structure of the major metabolite, thiomarinol 

A 3 is a hybrid of two independently active species; the monic acid and 8-carbon fatty acid chain 

resembling mupirocin coupled with the pyrrothine moiety found in holomycin (Figure 10).57 As well as 

showing excellent activity against gram-positive bacteria, thiomarinol is able to show strong activity 

against many gram-negative bacteria also. Antibiotic activity of thiomarinol consists of inhibition of 

bacterial protein synthesis due to mupirocin-like core in conjunction with pyrrothine moiety which 

facilitates antibiotic activity by inhibition of RNA synthesis.58 This hybridity of two active warheads 
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covalently bound together leads to a much more potent antibiotic than the constituent parts alone.59 The 

structural similarity of mupirocin and thiomarinol implies a biosynthetic pathway with shared features.  

 

Figure 10: Structure of the polyketide antibiotic thiomarinol A showing the holomycin-like pyrrothine and Mupirocin-

like core. The hybridity of these two antibiotics is responsible for the increased antibiotic activity of thiomarinol 

compared to mupirocin. 

1.8 Importance of Studying Biosynthetic Pathways  

Biosynthetic pathways constitute nature’s way of synthesising complex molecules. The potency of 

many molecules produced from living systems is a result of the many years of evolution acting to hone 

the selectivity and biological activity. Despite this, the compounds that have been exploited so far only 

represent the tip of the iceberg when compared to the chemical diversity represented in nature.60 There 

is clearly still a lot of work to be done to realise the potential of natural products as pharmaceutical 

drugs.  

There are many compelling arguments to study biosynthetic systems. As has been previously noted, 

there exists a gap in knowledge about how PKS (particularly trans-AT PKS systems) function to 

produce their respective natural products. By understanding the complex logic of these remarkable 

biosynthetic factories, a more robust set of rules may be developed which will allow accurate prediction 

of chemical structure from functional assignment of domains alone. This will exponentially speed up 

the time taken to identify new polyketides from genome alone. 

Increased understanding of specific PKS systems is also a very valuable goal. The rational modification 

of specific catalytic domains may lead to the production of entirely new natural products. The 

production of mupirocin pyrrothine amide 4 is an example of this (Figure 11). 56 This novel antibiotic 

was produced by utilising a protein from the biosynthesis of thiomarinol to load pyrrothine onto 

pseudomonic acid A. This produced an entirely new antibiotic with strong antibiotic activity. This kind 

of rational protein engineering can only be achieved with considerable understanding of the underlying 

biosynthetic pathway. 
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Figure 11: Chemical structure of novel antibiotic mupirocin pyrrothine amide. This antibiotic was produced by 

transfer of thiomarinol pyrrothine moiety to the fatty acid chain of pseudomonic acid A. 

Biosynthetic pathways are also an important source of novel catalytic proteins. The study of the 

abyssomycin C biosynthetic pathway led to the discovery of a new type of catalytic domain known as 

a Diels-Alderase enzyme. 61 This is the one of the first examples of a natural protein having the ability 

to catalyse the chemistry nobel-prize winning Diels-Alder reaction. Biocatalysts capable of unlocking 

new and efficient Diels-Alder reactions would be a major achievement. Work is currently being done 

to evaluate and improve the scope of this remarkable enzyme. 62 

Increasing our knowledge of the inherent logic which governs the functioning of these systems is a 

long-term goal of this project. This knowledge should be exploited to pave the way for rational 

engineering of these systems to produce novel compounds. 63 This is especially prevalent due to the 

lack of new natural product based antibiotics coming to market and the subsequent human and economic 

effect of this. 64,65,66 The selectivity of an ACP to interact with multiple protein partners may be key to 

understanding polyketide biosynthesis. 

 

1.9 The Role of the ACP in Biosynthetic Systems 

Acyl carrier proteins (ACPs) play a vital role in shuttling the growing acyl chain to the correct catalytic 

domains during biosynthesis. The ACP is a small, acidic protein typically consisting of less than 100 

amino acid residues. ACPs adopt a common tertiary structure consisting of four α-helices (I-IV) 

enclosing a hydrophobic core. ACPs within type II systems have been found to ‘sequester’ and stabilise 

the growing acyl chain in the hydrophobic core during biosynthesis.  

Post-translational modification of ACPs is required to convert the ACP from the inactive apo form to 

the active holo-ACP. The transfer of the phosphopantetheine arm from coenzyme A (CoA) to a 

conserved serine residue found at the base of helix II results in the formation of active holo-ACP. The 

phosphopantetheine arm is typically 20 Å in length and acyl intermediates are tethered to the terminal 

thiol allowing interaction with the KS and other catalytic domains while still attached to the ACP. 

The transfer of phosphopantetheine to the ACP is catalysed by the phosphopantetheinyl transferase 

(PPTase) class of enzymes. 67 This superfamily of PPTases can be split into two groups, group I (AcpS-
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type) and group II (Sfp-type). The characteristics and interactions of both groups have been well 

characterised. 68 Sfp-type PPTase enzymes have been shown to be promiscuous in terms of the ACP 

being modified or acyl moiety used. 69,70 The endogenous PPTase enzyme of mupirocin, MupN, is an 

Sfp-type PPTase. Work from Shields et al has shown MupN can functionalise mupirocin ACPs during 

the in vitro reconstitution of the mupirocin biosynthetic pathway producing active holo-ACP from apo-

ACP.71  

A synthetic approach can be taken to produce pantetheine synthetic intermediates with variable acyl 

groups on the terminal thiol. 72 This functionalised pantetheine substrate can be ‘upgraded’ to CoA 

moiety utilising enzymes from the biosynthesis of Coenzyme A (CoaA, CoaD and CoaE). 73 The 

corresponding CoA intermediate can be transferred onto the desired ACP in a one-pot reaction, utilising 

the promiscuous nature of MupN. 74 This process is outlined in Scheme 2. 

 

Scheme 2: A diagram showing the loading of ACP with synthetic pantetheine intermediate – a key reaction that 

underpins the work done in this project. A synthetic method has been developed which allows synthesis of 

pantetheine moiety with various groups on the terminal thiol (shown in red). This pantetheine analogue is converted  

to corresponding CoA analogue utilising enzymes from the biosynthesis of coenzyme A. Subsequent CoA analogue 

can be loaded onto apo-ACP utilising the PPTase enzyme MupN. 
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This approach to produce functionalised ACPs allows studying of enzymatic reactions of PKS pathways 

in vitro. Previous biosynthetic investigations have involved using SNAc derivatised substrates to probe 

biosynthetic pathways.75,76 Although SNAcs are small and easily accessible by synthetic means, these 

do not full replicate the flexible phosphopantetheine arm of the ACP. SNAc moieties are also not bound 

to an ACP therefore negating the potential protein-protein interactions between ACP and catalytic 

domain that are often integral to the correct delivery of substrate. 77 The gold-standard for replicating 

these reactions in vitro is by using functionalised ACPs. By using protein mass spectrometry to monitor 

these ACPs, in vitro assays can be conducted with functionalised ACPs and their proposed cognate 

partners. This will allow greater understanding of the roles of different ACPs in the mupirocin 

biosynthetic pathway. 

The small size (< 15 KDa) and relative thermal and ionic stability of type II bacterial ACPs encourages 

their study by Electrospray Ionisation Mass Spectrometry (ESI-MS). As the ACP stabilises the growing 

acyl chain during biosynthesis – changes to the acyl chain (after interaction with a catalytic domain) 

can be observable through mass changes of the ACP. This can provide valuable insight into the function 

of trans-acting domains within biosynthetic pathways. 

The identity of the acyl species located on the terminal thiol of prosthetic arm of ACPs can be analysed 

with greater resolution by utilising the phosphopantetheine (Ppant) ejection assay. The Ppant ejection 

assay is a technique that relies on collisionally induced dissociation tandem mass spectrometry of an 

ACP to relieve a characteristic ejected ion and phosphorylated apo-ACP (Scheme 3). The acyl moiety 

on the terminal thiol of this ejected ion is not affected by this fragmentation and can be analysed at 

higher mass accuracy.  This technique means that analysis of the acyl group on the terminal thiol of 

ACPs is very easily achieved. This makes the study ACPs by mass spectrometry a very attractive 

method for the characterisation of biosynthetic pathways. 

 

Scheme 3: The mechanism of further fragmentation of ACPs and subsequent structure of ejection ion. This allows 

spectrometric analysis at greater resolution than that achieved for proteins. Z indicates the charge of the protein 

species undergoing fragmentation. The charge of the ejection ion will always be 1, leading to the mass to charge 

ratio being equal to the mass of the fragmented species. 
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1.10 Biosynthesis of Mupirocin  

1.10.1 Type I PKS and Formation of Monic Acid 

The 74,000 Bp (base pair) biosynthetic cluster of mupirocin has been identified and fully sequenced. 78 

Within this genome are over 35 open reading frames (ORF), six of these encode proteins which have 

been found to have multiple independent catalytic domains; designated mupirocin multifunctional 

proteins (Mmp) A-F. As the biosynthetic cluster of mupirocin has been elucidated, 78 knowledge of the 

precise chemical steps required to form this clinically useful antibiotic has been an attractive goal.48  

 

Figure 12: A diagram showing the genetic organisation of the mupirocin biosynthethetic cluster. This image was 
reproduced from reference 46. 

The biosynthetic pathway of mupirocin contains many constituent parts. MmpA and MmpD encode for 

non-iterative trans-AT modular type I PKS systems responsible for the condensation of six molecules 

of malonyl CoA with one molecule of acetyl CoA to produce the 14-carbon backbone of monic acid. 

The multifunctional enzyme domain MmpC contains two AT domains and is thought to provide the AT 

domains required to load ACPs with a malonyl group during biosynthesis. MmpC also contains an ER 

domain which is thought to be trans-acting throughout the formation of the carbon backbone and 

potentially in the formation of the fatty acid chain. This process is shown in Figure 13. 

Once construction of the carbon backbone has been achieved, a series of enzymes act to form the β-

branch at C-3 position. These enzymes are MupG, MupH, MupJ, MupK and mAcpC. MupH 

homologues typically exist in a ‘HMG cassette’ and are responsible for the incorporation of branched 

enone using malonyl-CoA as a source of carbon. 79 Subsequent transfer to the KS0 domain of MmpE 

produces intermediate 5 (Figure 13). KS0 domains are non-condensing KS domains typically utilised in 

the transfer of the acyl intermediate between modules of the PKS. Formation of the C-10 epoxide occurs 

while covalently attached to MmpE forming intermediate 6. Following this, it is hypothesised that the 

tetrahydropyran ring of mupirocin is closed utilising MupW and MupT. Attempts to show this 

transformation via whole cell bioassays were initially unsuccessful, instead forming the 5-membered 

ring. Re-analysis of the biosynthetic cluster of mupirocin found an additional protein, MupZ, not 

originally annotated, whose job was to preferentially form the 6-membered ring. 80,81 The metabolite 

produced after ring closure shares striking similarity to monic acid but for alcohol functionality at C-8, 

7. 
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Figure 13: The type 1 trans-AT PKS biosynthesis of the monic acid region of mupirocin. A total of 9 modules are 

responsible for 7 decarboxylative Claisen condensations to produce the C-8 OH containing monic acid 

intermediate. Mupirocin is a trans-AT, trans-ER system with AT and ER functionality catalysed by trans-acting 

mmpC. Three mupirocin multifunctional proteins (mmp) mmpD, mmpA and mmpE are responsible polyketide 

construction. Certain domains are present in mmpD and mmpA but do not have a proposed function leading to a 

breakdown in the co-linearity rule. Hydroxylation in C-6 position is proposed to be catalysed by trans-acting mupA. 

Formation of β-branch occurs between mmpA and mmpE catalysed by HMG Cassette of MupGHJK and mAcpC. 

Ring closure step is catalysed by mupW, mupT and mupZ to produce monic acid with C-8 hydroxyl. 

  

The removal of the C-8 alcohol to form the main metabolite PA A occurs via the action of 7 trans-

acting tailoring enzymes and an ACP (Scheme 4). This was confirmed by selected mutations of these 

enzymes (MupC, MupF, MupO, MupP, MupU, MupV and mAcpE) showing subsequent lack of PA B 

to PA A conversion.81 Once the C-8 alcohol has been removed the required monic acid moiety 8 has 

been produced.  
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Scheme 4: A scheme showing the biochemical steps required to convert PA B to PA A. MupU, MupO, MupV and 

mAcpE are required to convert C-6 hydroxyl to ketone. MupP is required to eliminate C-8 hydroxyl. MupC is 

required to convert C-6 ketone, C-7 hydroxyl to C-6 hydroxyl, C-7 ketone functionality. MupF is required to convert 

the C-7 ketone to C-7 hydroxyl. This produces monic acid which is esterified to 9HN to produce PA A. 

 

1.10.2 Biosynthesis of 9-hydroxynonanoic acid 

Comparatively less is known about the biosynthesis of the fatty acid region of mupirocin when 

compared to construction of monic acid region 8. To understand more, the feeding of isotopally enriched 

precursors to growing cultures of P. fluorescens was conducted. 82 Initial feeding of [1-13C,2-2H3]-

acetate (Figure 14) to growing cultures of P. fluorescens was conducted and subsequent labelling 

pattern elucidated. 83 This evidence was consistent with the formation of a 3-carbon starter unit which 

then undergoes three rounds of FAS chain extension to give 9-hydroxynonanoic acid. This 3-carbon 

starter unit has been shown to be 3-hydroxypropanoate (3HP) 10 produced from acetate derived malonyl 

CoA 9 via the action of three proteins; mAcpD, MupQ and MupS (Scheme 5). 3HP will be produced 

attached to terminal thiol of mAcpD so the natural product will be 3HP-mAcpD 10D. The functions of 

these proteins were initially proposed based on similarity to proteins found in the biosynthetic cluster 

of difficidin. 84 

 

Figure 14: Double labelled acetate ([1 -13C,2- 2H3]-acetate) was fed into growing cultures of P. fluorescens. Isolation 

of the main metabolite PA A and analysis of the labelling pattern through NMR analysis was conducted. Above 

shows the labelling pattern observed for the 9HN chain of PA A. This is consistent with an acetate derived 3-carbon 

moiety which undergoes a further 3 rounds of fatty acid chain extension to produce the 9HN. This provides the 

basis for the proposed biosynthesis of 9HN. 
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Scheme 5: The biosynthesis of 3-hydroxypropanoate starter unit; the first step in the formation of 9-

hydroxynonanoic acid. First, the carboxylic acid group of malonyl CoA is activated with ATP and loaded on to holo-

mAcpD. The bis-thioester intermediate produced then undergoes two rounds of MupS-catalysed reduction to 

produce the ACP bound 3-carbon moiety: 3HP. 

Similar isotope feeding studies involving the structurally related polyketide antibiotic thiomarinol also 

gave strong evidence for a homologous pathway via the action of tAcpD, TmlQ and TmlS to give a 4-

hydroxybutyrate (4HB) from succinyl CoA starter unit. 85 

The fatty acid chain lengths in mupirocin and thiomarinol are different. Mupirocin consists of a 9-

carbon fatty acid chain whereas thiomarinol consists of an 8-carbon chain. The construction of each 

chain is proposed to occur in a similar way. In the mupirocin system, a 3-carbon alcohol is produced 

(via the action of MupQ/S and AcpD), this undergoes three rounds of fatty acid chain extension to 

produce the 9-carbon chain length required. In thiomarinol a 4-carbon alcohol is produced (via the 

action of TmlQ/S and AcpD) which undergoes a further 2 round of fatty acid chain extension to produce 

8-carbon fatty acid chain.  
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Figure 15: ESI-MS of the charge states of purified proteins required for formation of alcohol intermediate in 

mupirocin and thiomarinol.86 

The roles of Q, S and AcpD were confirmed by the expression and purification of these proteins and 

conduction of in vitro assays for mupirocin and thiomarinol systems.87 MupQ/S, TmlQ/S, mAcpD and 

tAcpD were all expressed and purified to yield soluble protein (Figure 15). Assays with these proteins 

was successful in producing the novel 3HP 10 and homologous 4HB as confirmed by electrospray 

ionisation mass spectrometry (ESI-MS). Formation of 3HP and 4HB constitute the first step in the 

formation of the fatty acid regions of mupirocin and thiomarinol, respectively.  
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Figure 16:A figure showing the ESI-MS spectra of each stage of 3HP/4HB production. The production of 3HP and 

4HB was monitored by ESI-MS. AcpD charge states were monitored at each stage of the reaction. Successful 

production of holo-AcpD was observed for ACPs in both pathways by utilising the PPTase enzyme MupN. 

Subsequent addition of Q and substrate (malonyl CoA/ succinyl CoA for mupirocin/ thiomarinol respectively) and 

cofactors (MgCl2 and ATP) led to formation of bis-thioester product (Q product). Subsequent reduction using S and 

NADH produced 3HP/4HB for mupirocin and thiomarinol respectively. Further fragmentation of S product confirmed 

formation of 3HP/4HB respectively.  

Within the biosynthesis of mupirocin, the remaining biosynthetic steps in 9HN formation are not 

known. This PhD project seeks to elucidate these biosynthetic steps and fully characterise the proteins 

involved. The overabundance of trans-acting catalytic domains – most of which have been proven to 

be vital for normal PA A production – provides a challenge for elucidation of the in vivo biosynthetic 

steps. Characterisation of these catalytic domains and testing their functions through protein mass 

spectrometry will be conducted. Heteronuclear single quantum coherence spectroscopy (HSQC) NMR 

experiments will provide useful information about which ACPs interact with each catalytic domain. 

With this information, as well as knockout studies and bioinformatic analysis of mupirocin genes, it is 

hoped the exact chemical steps of 9HN formation can be elucidated.  

In addition to understanding the individual biochemical steps involved in fatty acid formation – this 

project also seeks to understand the vital role played by trans-acting ACPs in this pathway. The ability 

of each ACP to complement each other will be tested. This will provide information about the selectivity 

of the pathway and the role of the ACP within this. Confirming the role of ACPs and tailoring enzymes 

in fatty acid construction will allow a route to the biosynthesis of 9-hydroxynonanoic acid to be 

constructed. 
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2 Project Aims 
 

The precise biosynthetic steps that generate the 9HN 11 component of mupirocin are not yet known. 

This PhD project seeks to elucidate these mechanisms and fully characterise the proteins involved. The 

apparent overabundance of trans-acting catalytic domains – most of which have been proven to be vital 

for normal PA A production – makes this challenging. In this work, the cloning, expression and 

purification of key proteins implicated in the biosynthesis of 9HN will be conducted. Heteronuclear 

single quantum coherence spectroscopy (HSQC) NMR experiments will provide preliminary 

information about which domains interact with mAcpD, the protein which carries the 3HP starter unit. 

This will inform the design of in vitro assays with authentic substrates and analogues, with enzymatic 

reactions monitored by protein mass spectrometry. With this information, as well as knockout studies 

and bioinformatic analysis of mupirocin genes, it is hoped the exact chemical steps of 9HN formation 

can be elucidated.  

 

Figure 17: The chemical structure of the fatty acid region of mupirocin, 9-hydroxynonanoic acid 11. 

In addition to understanding the individual biochemical steps involved in fatty acid formation – this 

project also seeks to understand the vital role played by stand-alone ACP domains in this pathway. The 

ability of each ACP to complement each other during key biosynthetic steps will be tested. This will 

provide information about the selectivity of the pathway and the role of the ACP within this.  

Broadly the specific aims of this project can be split into multiple sections: 

1) Further work regarding the formation of 3HP  

Isotopically enriched feeding studies and in vitro assays have shown that 9HN biosynthesis starts with 

the formation of 3HP and further studies of the mechanism of 3-hydroxypropanoate (3HP) formation 

will be undertaken. These studies will seek to show the production of an aldehyde intermediate during 

the MupS catalysed reduction. In conjunction with Dr Williams, the NMR structure of mAcpD will be 

solved and the interaction between mAcpD with each of MupQ and MupS will be tested through HSQC 

NMR titrations. In addition, the role of the C-terminal extension will be tested through production of 

mAcpD mutant lacking this part of the amino acid sequence. 

 

2) Elucidating the identity of enzymes that may interact with mAcpD and perform the first 

modification of the 3HP group  
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Three rounds of fatty acid chain extension are expected to occur to convert 3HP to 9HN. The enzyme 

candidate that first interacts with 3HP-mAcpD will be identified by 1H-15N HSQC NMR titrations of 

mAcpD with the KS or KS-like enzymes MmpF, MmpB_KS and MupB. Following this, in vitro assays 

will seek to experimentally verify the subsequent steps in 9HN biosynthesis using authentic substrates. 

3) Understanding the identity of enzymes responsible for tailoring of 9HN moiety. 

Each fatty acid extension step involves a condensation and reductive cycle through the action of a KR, 

DH and ER. The enzymes responsible for these reductive steps will be elucidated and the selectivity of 

these enzymes with natural and non-natural ACP bound substrates will be tested. The ability of these 

enzymes to accept the correct substrates attached to non-cognate ACPs will also be tested.  

4) Elucidating the identity of KS enzyme responsible for each DCC reaction during construction 

of 9HN. 

The final aim is to map out each KS catalysed elongation reaction within the biosynthesis of 9HN. 

Synthetic pantetheine analogues will be attached to cognate and non-cognate ACPs and their function 

with each KS domain will be tested. Functional studies will take the form of in vitro assays with purified 

proteins as monitored by protein mass spectrometry. The identity of each ACP to deliver a malonyl 

moiety during KS-catalysed elongation will also be tested. This will allow further understanding of the 

roles of all ACPs within the biosynthesis of 9HN. 
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3 Results and Discussion  
 

The biosynthetic cluster of mupirocin contains many ACP domains.  As well as containing ACPs 

covalently tethered as part of complex type 1 PKS systems many discrete ACP domains are observed. 

The nomenclature for these ACPs is based on their position in the mupirocin genetic cluster. Five of 

these trans-acting ACPs have been observed. These are identified as mupirocin ACPs (mAcp) followed 

by A,B,C,D and E.  

3.1 Mechanistic and Structural Investigation of 3HP Formation 
 

3.1.1 Mupirocin ACPs contain C-terminal extensions 

Amino acid sequence analysis of the mupirocin biosynthetic gene cluster (BGC) has shown there is an 

apparent overabundance of ACPs. Until recently, of the five discrete ACPs, only mAcpC had been 

assigned a definitive role. mAcpC had been previously identified as part of the β-branching cassette 

involved in C-3 β-methyl incorporation and specifically acts as the donor ACP for acetyl delivery to 

the HMG Cassette.79 Recently it has been shown by the Crump group that mAcpD is involved in 

generation of the 3HP fatty acid starter unit, in conjunction with tailoring domains MupQ and MupS. 

Sequence analysis of mAcpD has revealed that it contains a C-terminal extension in addition to the 

classic four helix bundle present in most ACPs (Figure 18). 36 This unusual extension has also been 

shown to be important for function. 71 A further ACP, mAcpA, also shares this unusual C-terminal 

extension. The C-terminal extension of mAcpD is composed of predominantly hydrophobic and 

negatively charged residues whereas this region of mAcpA predominantly consists of alanine residues, 

interspersed with isoleucine, arginine and serine. Despite this structural homology, previous work has 

shown that mAcpA and the thiomarinol homolog tAcpA are unable to complement mAcpD/tAcpD 

respectively in the formation of 3HP or 4HB.86 This chapter will focus on further mechanistic and 

structural investigations of the role of mAcpD, and specific work undertaken as part of the preparation 

of the work published in 2019. 
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Figure 18: A figure showing the alignment of the 5 stand-alone ACPs within the mupirocin cluster. mAcpA and 

mAcpD both contain a longer than normal C-terminal extension as can be observed in the above alignment. 

 

3.1.2 Aldehyde formation during 3HP biosynthesis 

The formation of 3HP-mAcpD through action of MupQ and MupS was confirmed by in vitro assays in 

previous work (see Introduction).86 MupQ shows homology to Fatty Acyl: Adenylate ligase (FAAL) 

di-domain, AmpG, observed in ambruticin biosynthesis. 88 MupQ functions by initially catalysing 

activation of malonyl CoA with ATP to form an adenyl monophosphate ester. This activated 

intermediate is then covalently attached to the terminal thiol of holo-mAcpD yielding bis-adenylate 

intermediate attached to mAcpD 12D as shown in Scheme 6. 

 

Scheme 6: A scheme showing mechanism of action of adenylation domain MupQ. Malonyl CoA is activated at C-

3 position by addition of AMP moiety from ATP. The activated acyl group is subsequently transferred to the terminal 

thiol of holo-mAcpD at the activated C-3 position. ‘D’ label represents holo-mAcpD. The chemical structure of the 

AMP cofactor is shown. 

Following formation of bis-adenylate 12D, addition of MupS (and NADH) reduces this to the 3HP-

mAcpD moiety 10D.86 During this two-stage reduction, only 10D was initially observed by ESI-MS but 

was presumed to form via aldehyde intermediate 13D. This is shown in Scheme 7. In this work, attempts 

were made to confirm the stepwise reduction and to curtail the reductive cycle to isolate and identify 

13D via ESI and phosphopantetheine ejection assay. 
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Scheme 7: Reaction scheme showing the conversion of malonyl CoA to mAcpD bound 3HP 10D. Reduction of bis-

thioester intermediate 12D is expected to occur in a two-step reduction via an aldehyde 13D. 

To observe 13D; the amount of NADH was reduced in the final MupS reductive step. MupQ 

intermediate 12D (100 µM) was prepared as previously described from holo-mAcpD.86 Once formed, 

the reaction mixture was split into three separate assays (S1, S2 and S3) containing NADH 

concentrations of 1000, 300 and 100 µM respectively. Each assay was initiated by the addition of 5 µM 

MupS and monitored by ESI-MS. After 90 minutes, Assay S1 and S2 showed varying ratios of the non-

reduced ACP bound substrate 12D (observed; 16097 Da, expected; 16098 Da) and 10D (observed; 15334 

Da, expected; 15335 Da) but no 13D. The final assay S3 was also checked after 90 minutes. This showed 

multiple species. The major species was MupQ bis-adenylate 12D but a smaller amount of a new species 

with a mass of 15331.8 Da was also observed (Figure 19). This is consistent with the expected mass of 

13D (expected; 15332.9 Da). Further fragmentation of this species gave the characteristic ejection ion 

of 331.14 Da confirming the formation of aldehyde intermediate 13D (expected; 331.13 Da) not 3HP 

product (expected 333.15 Da). These results confirmed that conversion of malonyl CoA 9 to mAcpD-

3HP 10D proceeded via mAcpD bound aldehyde intermediate 13D.  
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Figure 19: Curtailed reduction assay S3 after 90 minutes. A) The deconvolution of Assay S3 (left). Pantetheine 

ejection of 15331.8 Da species (right). B) The chemical structure and expected masses of the Ppant ions of 

aldehyde 13 and 3HP 10. 

3.1.3 mAcpD structural characterisation by NMR spectroscopy 

Genetic analysis of stand-alone ACPs contained within mupirocin BGC was conducted by Shields et 

al. 71 To investigate the importance of the C-terminal extension of mAcpD, the ACP with the C-termini 

deleted (ΔmAcpD) and cloned into a plasmid containing all other BGC genes. When compared to a 

plasmid containing wild type (WT) mAcpD, BGC with mutant mAcpD only produced 6% titre of 

mupirocin.71 This confirmed the importance of C-terminal extension of mAcpD. Work was conducted 

to understand the role of this unusual structural feature. 

To probe the structure of the C-terminal domain of mAcpD, structural characterisation by solution-state 

NMR was conducted. A 13C and 15N-isotopically labelled sample of mAcpD was expressed and purified 

to allow application of triple resonance assignment methods. 

A plasmid containing mAcpD was available and was used to express 13C,15N-mAcpD in a modified 

growth protocol. This involved supplementing minimal phosphate buffer with 13C-glucose and 15N-

ammonium chloride in which E-coli was grown. Detailed growth protocol is given in Methods. After 

expression, the protein was purified by IMAC followed by size-exclusion chromatography using an S75 

column to isolate pure 13C,15N-mAcpD in the apo-form as confirmed by an SDS-PAGE gel (Figure 20– 

SEC band). The polyhistidine tag was removed from 13C,15N-mAcpD by incubation with TEV protease 

overnight (0.33 µM TEV per mg of mAcpD) followed by negative IMAC and further SEC purification 

to yield pure cleaved 13C,15N-mAcpD in the apo-form as confirmed by SDS-PAGE gel (Figure 20A - 

Cleaved band) and ESI-MS (Observed: 12414.9 Da, Expected for 100% incorporation: 12432.2 Da, 

Figure 20B). The ESI-MS mass observed was consistent with 97.4% incorporation of 13C/15N into 

mAcpD. The yield of the protein was 3.5 mg/L. 
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Figure 20: Characterisation of 13C,15N-mAcpD A) SDS-PAGE gel showing the various stages of 13C,15N-mAcpD 

purification. B) ESI-MS showing purified cleaved 13C,15N-mAcpD. The mass of protein corresponds to 

approximately 97.4% labelling of 13C and 15N into the backbone of mAcpD. 

13C,15N-mAcpD in the apo-form was added to 25 mM sodium phosphate buffer (pH = 6.0) with 10% 

D2O to give a protein concentration of 200 µM. This was added to Shigemi NMR tube and run on 

Varian VNMRS 600 MHz spectrometer. The backbone and sidechain atoms were assigned using 

standard triple resonance experiments by Dr Williams as is described elsewhere.86 

The NMR structure of mAcpD revealed the core of the protein comprised by a 4 α-helix bundle typical 

of bacterial type II ACPs (Figure 21). Helix 3 is shorter and perpendicular to helix 1, 2 and 4 as shown 

in Figure 21A. The structure agrees with secondary structural predictions using modelling software.36 

The conserved serine residue, which is key for binding phosphopantetheine, was found at the base of 

helix 2.   

Partial helicity was found in the extended C-terminal domain (helix 5) and limited interactions with the 

core of the protein was observed. Analysis of the 20 lowest energy structures all showed flexibility in 

the C-terminal extension when compared to the rigid 4 helix core of the protein. This shows that helix 

5 is not likely to be involved in stabilisation of the core 4-helix bundle of mAcpD. Instead, one 

possibility is that this helix may interact with potential protein partners and facilitating their interaction 

with mAcpD. In addition to this, the exposed faces of helices 2 and 3 project a negatively charged/ polar 

face which may also interact with downstream protein partners. This negative charge is provided by the 

Asp and Glu residues labelled in Figure 21B. 
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Figure 21: Three-dimensional solution structure of mAcpD A) Structure of mAcpD showing 4 helices (1-4) which 

make up the core of the protein. B) Surface charge map of mAcpD – negative charge in red and positive charge 

shown in blue. Key residues are highlighted, Ser45 is the conserved serine residue. Helix 2 and 3 have a 

predominantly negative charge due to the highlighted residues. 

3.1.4 In vitro assays with mAcpD C-terminal mutant 

The NMR structure showed the C-terminal extension to be a flexible region which does not associate 

with the core four helix bundle of mAcpD. Secondary structure analysis of mAcpD using JPred4 server 

is shown in Figure 22A and this was used in conjunction with mAcpD structure to predict the beginning 

of the C-terminal region. 89 Note, Helix 3 of the core four helix bundle of mAcpD is located between 

residues 59 and 74 but was not predicted helical by Jpred4 based on its small size.  According to this 

analysis, it was concluded that the C-terminal extension begins at residue 92 of mAcpD WT. A mutant 

plasmid was designed lacking the C-terminal extension of mAcpD by removal of residues 92 onwards 

to produce mAcpD_Truncated (mAcpD_T) plasmid. The sequence of this plasmid is shown in Figure 

22B. This plasmid was synthesised by ThermoFisher GeneArt. The ability of mAcpD_T to complement 

mAcpD in the production of 3HP was tested. 
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Figure 22: A mutant of mAcpD was designed lacking the C-terminal extension. A) Secondary structural prediction 

of mAcpD using JPred4 server. Regions in red correspond to predicted α-helical secondary structure. C-terminal 

extension starts at residue 92 onwards. B) Sequence of the mAcpD_T plasmid lacking the C-terminal extension. 

The residues shown in yellow have been removed to form mAcpD_T plasmid. 

mAcpD_T was expressed under standard growth conditions (Methods) and purified by IMAC followed 

by S100 size exclusion chromatography to yield ~12 mg/L of apo-mAcpD_T. This protein species was 

characterised by SDS-PAGE gel to confirm purity (Figure 23A). Further analysis of mAcpD_T by ESI-

MS showed two main species corresponding apo-mAcpD_T (observed; 13368 Da, expected; 13367 

Da) and phosphogluconoylated apo-mAcpD_T (observed; 13545 Da, expected; 13545 Da, Figure 23B 

and C). Phosphogluconoylation of the polyhistidine tag is a spontaneous post-translational modification 

of proteins expressed in E. coli and leads to a +178 Da mass increase of his-tagged proteins as is reported 

elsewhere. 90 Removal of the polyhistidine tag will remove this mass discrepancy and produce a single 

protein species. Therefore, mAcpD_T was incubated with TEV protease overnight (0.5 µM TEV per 

mg mAcpD_T). The cleavage reaction was monitored after 16 hours by ESI-MS. This showed complete 

removal of the polyhistidine tag. The cleaved protein was further purified by negative IMAC and 

desalted to produce cleaved, apo-mAcpD_T in 7 mg/L yield as confirmed by ESI-MS (Observed; 10215 

Da, expected; 10211 Da, Figure 24) 
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Figure 23: Characterisation of mAcpD_T A) SDS-PAGE gel showing the stages of mAcpD_T purification. B) ESI-

MS analysis showing the charge states of purified non-cleaved apo-mAcpD_T. C) Deconvolution of purified non-

cleaved apo-mAcpD_T. D) The sequence of wild type mAcpD showing the C terminal extension which has been 

deleted to give the mAcpD_T mutant (shown in yellow).  

 

Figure 24: ESI-MS showing formation of cleaved apo-cleaved mAcpD_T mutant (shown as D* in the image). 

Charge states (left) and subsequent deconvolution (right) are shown. 

mAcpD_T was purified entirely in the inactive apo-form. ACPs are often converted to holo form due 

to interaction with E. coli holo-ACP synthase. This E coli protein has been previously observed to have 

a broad substrate specificity to attach the 4-phosphopantethine group to non-endogenous ACP 

domains.91 This was not observed in this case and so conversion to the holo-form was necessary to have 

functional ACP for in vitro assays. This ACP conversion was done using purified phosphopantetheinyl 
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transferase enzyme MupN which has previously been shown to convert mupirocin ACPs to their holo 

forms.71 This reaction was initiated by the addition of MupN (5 µM) to cleaved apo-mAcpD_T (100 

µM), MgCl2 (10 mM) and Coenzyme A (1 mM). The assay was monitored by ESI-MS after 2 hours. 

After this time, the charge states corresponding to apo-mAcpD_T were consumed, and a new species 

was observed. This new species had a mass consistent with holo-mAcpD_T (observed; 10554 Da, 

expected; 10551 Da, Figure 25). This confirmed the successful formation of holo-mAcpD_T. 

 

 

Figure 25: ESI-MS showing the complete formation of holo-mAcpD_T after incubation with MupN and cofactors at 

room temperature for 2 hours.  Charge states (left) and subsequent deconvolution (right) are shown. 

To test the ability of mAcpD_T to complement mAcpD in the production of 3HP 10D*, in vitro assays 

were conducted. Note, D* corresponds to the version of mAcpD lacking the C-terminal extension 

(mAcpD_T). The assay was initiated by the addition of holo-mAcpD_T (100 µM) to malonyl CoA (1 

mM), ATP (1 mM) and MupQ (5 µM). After 1 hour, ESI-MS showed 30% conversion to bis-thioester 

intermediate 12D* (observed; 11391 Da, expected; 11386 Da, Figure 26B). The remaining 70% 

consisted of unreacted starting material holo-mAcpD_T (observed; 10554 Da, expected; 10551 Da). 

Next, MupS (5 µM) and NADH (1 mM) was added and monitored by ESI-MS after a further 2 hours. 

After this time, changes were observed to the deconvolution of mAcpD_T. A single species was now 

observed with a mass consistent with 10D* the expected 3HP product (observed; 10627 Da, expected; 

10623 Da). Ppant ejection assay of this species produced a mixture of ions. Approximately 20% of the 

Ppant spectrum showed the formation of 3HP species (observed; 333.17 Da, expected; 333.15 Da) 

confirming the formation of 10D*. The remaining 80% was observed with a mass consistent with holo-

mAcpD (observed; 261.15 Da, expected; 261.13 Da). These assays have confirmed that a mutant 

lacking the C-terminal extension of mAcpD is able to interact with MupQ and MupS produce 3HP. 

Therefore, this C-terminal extension is not expected to be required for interaction between mAcpD and 

MupQ/MupS. 
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Figure 26: The generation of 3HP using mutant mAcpD_T (D*). A) Simplified reaction scheme showing the 

conversion of malonyl CoA to 3HP-mAcpD_T 10D*. B) ESI-MS spectra showing the charge states (left) and 

subsequent deconvolution (right) showing formation of Q intermediate after 1 hour. C) The formation of mAcpD_T 

3HP species 2 hours after addition of MupS to Q intermediate. D) Ppant ejection assay of 3HP-mAcpD_T species 

(left). Asterisked in the ion corresponding to 3HP-mAcpD_T The chemical structure and exact mass of 3HP Ppant 

ion is shown (right). 
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The assays were monitored by ESI-MS and detailed kinetic analysis of the rates of 3HP formation for 

both mAcpD and mAcpD_T have not been conducted.  It is possible that the C-terminal extension helps 

facilitate the interaction between MupQ/ MupS and mAcpD by increasing the rate of turnover. To 

provide further evidence for whether the C-terminal extension of mAcpD is required for in interaction 

with MupQ and MupS, 1H-15N HSQC NMR titrations can be measured using 15N-mAcpD and 

unlabelled MupQ and MupS partner proteins. The changes to the chemical shift of amino acid residues 

of mAcpD on addition of each cognate partner protein can potentially provide evidence about the site 

and nature of the interaction. 

 

3.1.5 Interaction of mAcpD with MupQ/ MupS using 1H-15N HSQC spectroscopy 

To characterise the interaction between mAcpD and partner proteins (MupQ and MupS) a chemical 

shift mapping approach was undertaken. 15N-mAcpD was prepared in minimal media as described in 

Methods and a 15N-1H heteronuclear single quantum coherence (HSQC) spectra was recorded at either 

600 or 700 MHz (courtesy of Dr Chris Williams). Using a spectrum of only mAcpD in conjunction with 

a series of spectra acquired in the presence of increasing amounts of partner protein (MupQ or S) allows 

the interaction of the ACP and partner protein to be monitored. Changes to the spectra can involve 

chemical shift perturbations (CSPs) or peak broadening depending on the strength and kinetics of the 

interaction. Conversely a lack of changes can be an indication that there is little or no interaction. 

3.1.5.1 NMR titration of 15N-mAcpD with MupQ 

HSQC titration experiments were conducted using 15N-mAcpD and MupQ. A control 1H-15N HSQC 

was recorded at 700 MHz with apo-15N-mAcpD (100 μM), malonyl CoA (1mM) and ATP (1 mM) in 

sodium phosphate buffer (20 mM sodium phosphate, 100 mM NaCl, 10% D2O pH 8.0). FAAL 

enzymes, of which MupQ is a member, can elicit two conformations during reaction.92 The adenylation-

competent conformation (A-state) facilitates the binding of acyl substrate and subsequent adenylation 

to produce activated acyl-AMP intermediate. 93 The second conformation is the thioesterification-

competent conformation (T-state). During these titrations, addition of ATP (1 mM), malonyl CoA (1 

mM) and holo-mAcpD was conducted to ensure MupQ would exhibit the reactive T-state. 94,95 

A series of titrations were conducted with increasing ratios of MupQ to mAcpD. The ratios of 1:1, 1.5:1 

and 3:1 ratio of MupQ to mAcpD were used (as outlined in Table 1). NMR sample preparation was 

completed in conjunction with Dr Winter and subsequent NMR analysis was completed by Dr Winter. 
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Ratio (mAcpD to MupQ) 15N-mAcpD Concentration 

/ µM 

MupQ Concentration / µM 

1:0 100 0 

1:1 60 60 

2:3 60 90 

1:3 30 90 

Table 1: A table showing the various ratios and concentrations used during NMR titrations of mAcpD and MupQ. 

Comparison of the amide region of the 1:3 HSQC of mAcpD:MupQ to the mAcpD control showed 

significant chemical shift changes. Figure 27A shows the amide region of HSQC spectrum of 15N-

mAcpD before addition of MupQ and Figure 27B shows the spectrum after addition of 3 equivalents of 

MupQ. Changes are clearly observed between the two spectra. This is exemplified by looking at Figure 

27C which shows a larger image of the region of 7.3 to 8.1 1H ppm and 116.0 to 120.0 15N ppm with 

the control spectrum in blue and MupQ spectrum in red. This region shows the tractability of the CSPs 

observed for residues Gln9, Gln13 and Gln20. The CSP for all residues were superimposed over the 

structure of mAcpD with significant CSP shown in green (< 0.02 ppm) and 0.02-0.01 ppm CSPs shown 

in blue (Figure 27D, conducted by Dr Winter). The CSPs with a with a shift less than 0.01 ppm were 

not considered significant and are shown in red. Visualising the data in this way shows that the majority 

of the significant CSPs are located on helix 1 of mAcpD and the loop region between helix 1 and helix 

2. A histogram shows the CSP in more detail confirming the location of CSPs observed (Figure 27E).  
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Figure 27: The NMR titration of 15N-mAcpD with MupQ. A) HSQC NMR spectrum showing the amide region of the 

15N-mAcpD prior to addition of MupQ. B) Superimposition of control spectrum (blue) and spectrum after addition of 

3 equivalents of MupQ (red). C) Spectrum showing the CSP observed between 7.3 to 8.1 1H ppm and 116.0 to 

120.0 15N ppm. D) Surface charge distribution on mAcpD with conserved serine residue highlighted with asterisk. 

E) A histogram showing the location and nature of CSPs observed. Red dots indicate broadened residues and 

those with a CSP of 0 were either proline residues or not visible at pH 8.0. 

Analysis of the number and nature of CSPs observed and confirmed that there is a definite positive 

interaction between 15N-mAcpD and holo-MupQ. Both proteins have been shown to interact through 

experimental assays, so this is to be expected. The residues of mAcpD which have undergone the largest 

CSPs are located on helix 1 and loop 1. It is the polar residues that have shown the largest CSPs such 

as Gln9, Gln13, Glu15, Gln17 and Gln20 (Figure 27E). It is not surprising that polar residues are 

implicated in mAcpD-MupQ interaction as these residues are likely to be solvent exposed making them 

ideally positioned to interact. 36 A series of hydrophobic residues consisting of Leu29, Ala31 and Phe38 

located on loop 1 also show smaller but significant CSPs. No significant CSPs were located on the C-

terminal extension of mAcpD providing evidence that this region is not strongly involved in MupQ 

interaction.  

The location of interacting polar residues on helix 1 is surprising. Although no common ACP binding 

motif has been identified, in FAS and PKS systems, helix 2 is generally thought to be implicated in 

ACP-protein interactions whereas helix 1 has typically been observed to have a structural role.96 This 

said, the loop region of ACPs have previously been implicated in interaction with MupQ homologues. 

MupQ is a unique member of the ‘acetyl-CoA synthetase’ superfamily of proteins.95 Closest 
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homologues to MupQ are fatty acyl-AMP ligase (FAAL) enzymes such as TamA and MicC from the 

biosynthesis of tambjamine 97 and micacocidin 98 respectively. FAAL domains from these PKS systems 

accept long acyl chains and deliver them to ACPs to initiate biosynthesis. MupQ therefore acts in a 

similar way but interacts with a correspondingly more polar malonyl-CoA delivering it to terminal thiol 

of mAcpD thereby initiating 9HN biosynthesis. 86 Non ribosomal peptidyl synthases (NRPS) 

adenylation domains are phylogenetically related to FAAL enzymes (such as MupQ) with both domains 

being class I adenylate-forming enzymes. The interactions between NRPS adenylation domains and 

their respective peptidyl carrier protein (PCP) have been well characterised. Within the enterobactin 

NRPS system, 99 the interaction between adenylation domain EntE and aryl carrier protein (ArCP) 

containing EntB has been studied. Mutation of residues located on ArCP of EntB were successful in 

picking out interacting residues. 100 This showed that polar residues located on loop 1 and helix 2 were 

implicated in binding. This is similar to the MupQ – mAcpD interaction in which polar residues located 

on helix 1 and loop 1 were found to interact the strongest. Therefore, it seems likely that loop 1 and 

helix 1 is the region on mAcpD which is responsible for interaction with MupQ.  

The residues responsible for ACP docking withinMupQ have been predicted based on similarity to other 

members of the ANL superfamily. The residues Glu277, Gly319, Asp337, Arg351 and Lys455 are 

universally conserved among members of the MupQ superfamily. 101 Based on the location of these 

important residues, a putative binding pocket has been predicted for MupQ. 86 This binding pocket 

consists of predominantly positively charged residues Arg201, Arg232 and Lys379. These positively 

charged residues are the correct polarity to favourably interact with the negatively charged residues on 

helix 1, loop 1 of mAcpD such as Gln9, Gln13, Glu15, Gln17 and Gln20 on mAcpD.  

3.1.5.2 NMR Titration of 15N-mAcpD with MupS 

NMR titrations were conducted with increasing concentrations of MupS. The concentrations and ratios 

of ACP and partner protein are shown in Table 2. 

Ratio (mAcpD to MupS) 15N-mAcpD Concentration / 

µM 

MupS Concentration / 

µM 

1:0 100 0 

1:1 50 50 

1:2 50 100 

Table 2: A table showing the various ratios and concentrations used during the NMR titration of mAcpD and MupS 

As with the MupQ titration, an observable interaction was expected between mAcpD and MupS. When 

MupS was added to 15N-mAcpD in a 2:1 ratio a number of significant changes to the 1H-15N HSQC 

were observed (Figure 28B).  Unlike the titration with MupQ, the majority of the 1H-15N correlations 

were broadened and no longer visible. This was indicative of significant interaction between mAcpD 

and MupS. Analysis of the correlations that remained visible revealed that these included residues S92, 
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D94, L96, A98, R101 and L103. These residues are all located in the C-terminal region of mAcpD and 

their persistence in the complex between the two proteins suggests little interaction with MupS. This 

corroborated the results of in vitro assays which showed successful production of 3-hydroxypropanoate 

attached to mAcpD_T mutant catalysed by MupS. 

 

 

Figure 28: The HSQC NMR titration of 15N-mAcpD and MupS. A) Figure showing the HSQC spectrum of amide 

region of 15N-mAcpD prior to addition of MupS. B) Figure showing the HSQC spectrum of amide region of 15N-

mAcpD after addition of 2 equivalents of MupS (red) superimposed over the control spectrum (blue). The amide 

residues which remain are S92, D94, L96, A98, R101 and L103, these are exclusively located on the C-terminal 

extension of mAcpD.  

The HSQC NMR titrations and in vitro assays conducted in this section provide evidence that the C-

terminal extension is not required for interaction between mAcpD with MupQ /MupS.  One possible 

suggestion is that the C-terminal extension may be involved with interaction with another protein 

partner further downstream in the pathway which will be tested in later sections.  

The next goal of this project was to understand the domains responsible for further processing of the 

mAcpD-3HP moiety in the overall biosynthesis of the fatty acid fragment, 9HN. This will lead to the 

elucidation of the discrete enzymatic steps required to form 9-hydroxynonanoic acid (9HN) from 3HP.  
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3.2 Biosynthetic Steps Following 3HP Formation  

At the outset of this project, the precise chemical steps responsible for the formation of 9-

hydroxynonanoic acid (9HN) were not known. Typically, fatty acid biosynthesis proceeds through the 

recursive use of a conserved series of catalytic domains, a KS, KR, DH and ER. The biosynthetic gene 

cluster (BCG) of mupirocin, however, does not contain a single discrete set of these enzymes that are 

attributable to this sole function. The picture is further complicated by the requirement for incorporation 

of an unusual starter unit 3HP into the full length 9HN. 86 3HP is expected to undergo three rounds of 

fatty acid chain extension and reduction to produce 9HN although this has not been proven 

experimentally. The precise timing of the extension is also uncertain and may occur before or after 

esterification with monic acid.  

Each chain elongation step in fatty acid biosynthesis proceeds via a conserved mechanism known as a 

decarboxylative Claisen condensation (DCC) catalysed by a ketosynthase (KS) domain. During this 

reaction, the acyl carbon chain length is extended by two carbon atoms (Scheme 8). Investigation of the 

BGC revealed three enzymes which contain KS-like sequence homology which are candidates for these 

elongations: the modular MmpB_KS, the mini module MmpF and the discrete MupB. It was therefore 

possible that either one or all these domains might play a role in biosynthesis of 9HN. Bioinformatic 

analysis of MmpF, MmpB_KS and MupB was initially conducted to explore potential roles of each of 

these catalytic domains.  

 

 

Scheme 8: The carbon-carbon bond forming mechanism of decarboxylative Claisen condensation (DCC) catalysed 

by the KS. Loss of carbon dioxide and concerted formation of a carbon-carbon bond occurs between ACP-bound 

malonyl and the growing acyl chain.  

 

3.2.1 Bioinformatic analysis of MmpF, MmpB_KS and MupB 

 

3.2.1.1 Analysis of the KS domain of MmpF 

Within the biosynthetic cluster of mupirocin, the mmpF gene is co-located immediately downstream of 

mAcpD, mupQ and mupS genes making it a good candidate for downstream processing of the starter 
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unit mAcpD-3HP (Figure 29). The first KS enzyme is expected to condense this mAcpD-3HP moiety. 

The protein, MmpF, consists of a condensing KS, an α/β fold docking domain and an α/β hydrolase 

domain. The grouping together of a KS and acyl transferase (AT) domain in this way is homologous to 

the KS-AT di-domain within mammalian FAS and type 1 PKS systems suggesting the hydrolase 

domain may possess AT activity. 102,103,104 

 

Figure 29: A representation of the organisation of the regions of DNA within the mupirocin gene cluster highlighting 

the relative locations of of mupQ (orange), mupS (red), mAcpD (d, pink) and mmpF (green) genes. The arrows 

indicate direction the genes are read.  

 

Within type II FAS systems, three KS enzymes are observed; KAS I, II and III which correspond to E. 

coli FAS enzymes of FabB, FabF and FabH respectively.73 Typically, FabB and FabF are involved in 

elongation of the fatty acid chain and condense an acyl-ACP with malonyl-ACP. FabH is involved in 

initiation of the FAS cycle and will accept an acetyl-CoA moiety to the active site cysteine before 

catalysing condensation with malonyl-ACP. 18 The KS domain of MmpF consists of a Cys-His-His 

active site, which is typical of elongating KSs (FabB/FabF) rather than the Cys-His-Asn typically 

observed in initiating KSs. 105  

Elongating KSs such as MmpF adopt a ping-pong mechanism. First, the active site cysteine of KS 

accpets the acyl group being extended followed by nucleophilic attack at the cysteine thioester to 

produce the condensed product. Overall, the KS region of MmpF is a good candidate for one or more 

rounds of fatty acid chain extension during 9HN biosynthesis. 

3.2.1.2 The inactivity of MmpF_AT region 

The mupirocin BGC is a trans-AT PKS system – where individual modules (such as those observed in 

MmpA and MmpD) lack intrinsic AT domains. The priming of ACP domains with malonyl is instead 

catalysed by trans-acting MmpC which contains the required AT functionality. 106 The presence of an 

AT domain on MmpF is therefore seemingly surplus to requirement.   

The ‘AT’ domain of MmpF shows strong homology with ‘AT’ domain of OzmQ from the biosynthesis 

of the oxazolomycins. 107 The oxazolomycins are a family of antibiotics produced by many 

Streptomyces species. 108 Many similarities exist between the biosynthetic pathway of mupirocin and 

oxazolomycin. Both systems are examples of trans-AT PKS systems with AT function provided by 

didomain AT (OzmM in oxazolomycin and MmpC in mupirocin). Both systems also utilise the 
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incorporation of an unusual starter unit during their biosynthesis. In mupirocin, this starter unit is 3HP 

and in oxazolomycin an unusual formylglycyl moiety is used (Figure 30). The unusual starter unit in 

oxazolomycin is condensed by KS enzyme OzmQ which shows genetic similarity to MmpF from 

mupirocin. 

 

Figure 30: The chemical structure of oxazolomycin. The unusual starter units utilised in biosynthesis of mupirocin 

(3-hydroxypropanoate) and oxazolomycin (formylglycyl) is shown. 

The crystal structure of OzmQ and related trans-AT KS domains were solved, and structural analysis 

conducted by Lohman et al. 109 The AT domain of OzmQ was found to consist of only 131 residues 

which is much shorter than the observed AT domain of a typical KS-AT system. A comparison of 

OzmQ can be made to KS-AT di-domain of CurL which contains a functional AT module from the cis-

AT PKS responsible for the biosynthesis of antitubulin natural product curacin A. 110 The function of 

the CurL module is chain elongation and tailoring of the resultant diketone to produce the C-13 methoxy 

functionality on curacin A. The crystal structure of the KS-AT di-domain of CurL was elucidated (PDB 

accession: 4MZ0) and the AT domain characterised. This confirmed the AT domain of CurL was 329 

amino acids in length, containing twice as many residues as the ‘AT’ domain of OzmQ and nine times 

the length as ‘AT’ region of KS-DD-AT module MgsF_KS4 from the iso-migrastatin polyketide 

synthase. 111 The shorter than expected AT domains found within OzmQ_KS and MgsF_KS4 shows 

they are not functional within their respective BGCs.109 The AT domain of MmpF is 155 residues long 

which is comparable to the 131 residue length of OzmQ and far shorter than the active AT domain of 

CurL. This provides evidence that the ‘AT’ domain of MmpF is also likely to be inactive.  

Lohman et at suggests that the reason for the inactive AT domains observed in BGC of various trans-

AT KS domains throughout nature is evolution caught in the act. trans-AT systems are expected to have 

evolved from their cis-AT counterparts. As a result, some trans-AT KSs still contain non-functional 

remnants of this evolutionary action. 20,109 In other words, these AT fragments evolutionary 
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intermediates between the type I PKS and AT-less type I PKS architectures. These AT domains are 

compared to the full length KS-AT didomain in Figure 31. 

 

Figure 31: Comparison of KS-dd-AT domain proteins showing inactive AT domain on MmpF and other selected KS 

enzymes. KS domains are shown in grey, docking domain (dd) shown in pink and AT domains shown in yellow.  

3.2.1.3 Bioinformatic Analysis of the KS domain of MmpB 

MmpB is a multidomain FAS containing KS, DH, KR, ACP (tri-domain) and TE covalently bound in 

a type I system. All the domains required for fatty acid chain extension and reduction are present on 

MmpB apart from AT domain (expected to be provided by trans-acting MmpC). The structure of 

MmpB_KS was modelled using I-Tasser and C164, H299 and H339 were found to make up the active 

site of the enzyme (Figure 32). This is the same active site as is observed in MmpF and is indicative of 
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an elongating KS.  This provides evidence the enzyme is active and may provide one or multiple rounds 

of chain extension during 9HN construction. MmpB also contains at thioesterase domain (TE) which is 

expected to release the fully formed 9HN from its cognate ACP.  The presence of TE domain implies 

that at least the final round of chain extension will be catalysed by MmpB_KS.  

 

Figure 32: Comparison of the three KS enzymes which may be involved in 9HN assembly. Structures of MmpF_KS 

and MmpB_KS were modelled using iTasser, whereas the crystal structure of MupB has been solved. Catalytic 

sites of MmpF and MmpB_KS are consistent with KAS I/II elongating enzymes. The active site of MupB is 

consistent with a subclass of KAS III enzymes which catalyse unusual acyl transferase activity and may instead 

catalyse the esterification of 9HN with monic acid. 

3.2.1.4 Bioinformatic Analysis of MupB 

Analysis of MupB showed an active site triad consisting of Cys-His-Asn residues that is clearly 

differentiated from MmpF and MmpB_KS. An Nuc-His-Asn active site (where Nuc is a nucleophilic 

Cysteine or Serine residue) is observed in enzymes such as DspC and CerJ of which MupB shows 

similarity to (20.8% and 23.4% percent identity respectively). 112,113 The ‘CerJ’ subclass of KS enzymes 

has been shown to undergo unusual acyl transferase (AT) activity. To this end, CerJ is expected to 

accept acyl moieties and catalyse their linkage to other acyl moieties as shown in Scheme 9. This shows 

the ability of CerJ to accept malonate via its nucleophilic cysteine followed by transfer to hydroxyl 

group of six-membered ring. In an analogous mechanism, MupB is predicted to interact with pre-monic 

acid and transfer this to the hydroxy group fatty acid moiety of unknown length. This moiety may be 

the 3-carbon mAcpD-3HP which would imply direct interaction between mAcpD and MupB. It is also 
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possible that this transferase activity may occur after complete formation of 9HN, in which case MupB 

will not be expected to interact with mAcpD. 

 

Scheme 9: The unusual acyl transferase activity of CerJ-type KS enzymes. A) The scheme for AT activity of CerJ 

enzyme. B) The scheme showing the AT-activity of DpsC enzyme.  

The first aim of this work is to determine the enzyme which will further process 3-hydroxypropanoate 

attached to terminal thiol of mAcpD 10D (3HP-mAcpD). Bioinformatic analysis points towards 

MmpF_KS or MmpB_KS as the enzymes likely to be responsible for this elongation step. Whereas 

MmpB contains all the catalytic domains responsible for DCC and processing of polyketide 

intermediate, MmpF lacks the tailoring KR, DH and ER domains. Some or all of this activity may be 

provided by trans-acting enzymes MupD and MupE. Analysis of MupD and MupE will be conducted 

later in this work.  

3.2.2 Phylogenetic analysis of KS domains  

Study of the evolutionary history (phylogeny) of polyketide synthases has illuminated distinct 

differences between trans-AT PKS and cis-AT PKSs. This is due to the domain architecture of each 

PKS having evolved in separate ways. 20 cis-AT systems are expected to have evolved from gene 

duplication of individual modules, followed by diversification of these domains over many years.41 In 

contrast, trans-AT systems have evolved from extensive horizontal gene transfer between bacteria.114 

This means that KS domains from trans-AT systems will cluster together based on substrate specificity 

as opposed to cis-AT KSs which cluster tightly into natural product specific clades. 115,116 This principle 

can be used to extract information about KS domains from trans-AT systems. For the trans-AT KS 

domains (such as MmpF_KS and MmpB_KS), phylogenetic analysis may reveal important information 

about substrate specificity which may in turn shed light on their roles within the pathway.  

In previous work by Nguyen et al. a comprehensive phylogenetic analysis of KS domains from many 

trans-AT systems was conducted including selected KS domains from mupirocin and thiomarinol. 42 

MmpB_KS was included in this analysis and found to be a member of the IX clade, showing selectivity 

for enone substrates. MmpF_KS, TmpF_KS (thiomarinol homologue of MmpF_KS) and the second 

KS domain of TmpB_KS2 were not included in this initial analysis by Nguyen et al. Thiomarinol is a 

BGC with many shared features with mupirocin and contains many proteins with strong homology to 

mupirocin counterparts. 56  
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A new phylogenetic tree was therefore constructed containing 61 KS domains including domains 

initially not-included in the analysis by Nguyen et al; MmpF_KS, TmpF_KS and TmpB_KS2 plus 

MmpF_KS homologues NosB_KS and OzmQ_KS. 107,117  

The phylogenetic tree was constructed using the Maximum-likelihood method using Mega X software. 

118 The various trans-AT KS proteins were first aligned using ClustalW.119 The Jones-Taylor-Thornton 

(JTT) model was then used to construct the phylogenetic tree. Initial phylogenetic analysis by Nguyen 

was conducted using the Bayesian model 120 but other methods (such as JTT used in this analysis) were 

also found to produce comparable results. 

 

Figure 33: Phylogenetic tree created using Jones-Taylor-Thornton (JTT) model. This phylogenetic tree shows the 

evolutionary relatedness of many selected KS domains, including those from biosynthesis of mupirocin and 

thiomarinol. Clade containing MmpF_KS is highlighted with red border.  

MR Cladogram (as of 9/4/2020): 
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The phylogenetic tree produced in this work was successful in reproducing the clades initially reported 

by Nguyen.42 Only one KS domain was found to clade incorrectly, the KS domain from biosynthetic 

cluster of Leinamycin, Lnm_KS6.121  This KS domain was found to be a member of clade VII by 

Nguyen et al but was found to be clade IX in this analysis. This is expected to be due to the propensity 

of Lnm_KS6 to clade with Lnm_KS4, another KS from Leinamycin. Apart from Lnm_KS4, all KS 

domains from the initial analysis have been found to group into the same clades as predicted by Nguyen 

et al.   

3.2.2.1 MmpF_KS and TmpF_KS clade with hybrid NRPS/PKS domains 

The clades from Nguyen analysis were labelled with roman numerals based on the substrates they would 

typically bind. It was expected that the KS domain responsible for further condensation of β-hydroxy 

3HP would align with KS domains responsible for turnover with β-hydroxy substrates. These KS 

domains were observed in clades II, IV and VIII. Unexpectedly, this was not the case for MmpF or 

MmpB_KS. MmpF_KS and TmpF_KS were both found to clade with NosB_KS and OzmQ_KS in a 

group of KS domains closest in terms to phylogeny to Clade XVI, thought to accept N-acyl amino acid 

substrates. The N-acyl amino acid KS domains from Clade XVI have been shown to be from cis-AT 

type I PKSs rather than trans-AT type I PKSs.109 A similar phylogenetic analysis of OzmQ_KS found 

that the separate clade containing MmpF_KS and TmpF_KS occurs due to recent incorporation of these 

proteins into their respective BGCs rather than substrate specificity. Therefore no conclusions about the 

substrate specificity of MmpF_KS can be drawn from this analysis.  

As was observed in the initial analysis conducted by Nguyen et al, MmpB_KS was found to be a 

member of IX clade expected to accept enone substrates. The homologue of MmpB_KS from the 

structurally related thiomarinol gene cluster, TmpB_KS1 was also a member of clade IX. The second 

KS domain from TmpB (TmpB_KS2) was confirmed to be a KS0 enzyme (clade III). 

One of the amino acid residues that has shown to be important to determining substrate binding of KS 

domains is the residue immediately preceding the active site cysteine (so called X-Cys residue). This 

residue is proposed to play an important role in the binding of acyl moiety to the KS. If the X-Cys 

residue is sterically bulky then β-substituted acyl moieties are prevented from entering the binding 

pocket preventing enzyme turnover. 122 Within the first condensation reaction during 9HN biosynthesis, 

the proposed substrate, 3HP, contains a β-hydroxy group. Whereas MmpF contains an X-Cys residue 

of an alanine, MmpB_KS contains a bulky methionine residue in the equivalent X-Cys position. Due 

to the bulky β-hydroxy group contained within mAcpD-3HP, this provides evidence that MmpF might 

be geared to catalyse the DCC with the unusual 3HP starter unit. 

Confirmation of which KS domain is likely to catalyse the first round of DCC could involve a daunting 

number of combinations involving MmpF, MmpB_KS and MupB. To reduce this uncertainty, a series 
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of 1H-15N HSQC NMR titration experiments were first conducted with mAcpD and each of these 

candidate KS domains. It was hypothesised that the identification of protein-protein interactions in vitro 

between the ACP and the correct partner might provide an indication of which KS domain binds 3HP-

mAcpD during biosynthesis of 9HN in vivo. The first step towards this goal was to express and purify 

MmpF and the excised MmpB_KS domain from MmpB. A sample of MupB was kindly provided by 

Nahida Akter (University of Bristol).  

Expression and Purification of MmpF and MmpB_KS 

The gene corresponding to MmpF was amplified into pET28a vector 123 from genomic DNA of P. 

flourescens using gene-specific primers by PCR (Primers in Methods). Expression under standard 

conditions using 100 mL LB media per 500 mL non-baffled flask was successful in producing soluble 

protein as confirmed by SDS_PAGE. Protein was subsequently purified by IMAC and further purified 

by SEC (S200 Column) using high salt (0.5 M) and 10% glycerol buffer with a yield of 2 mg/L. ESI-

MS and SDS-PAGE gel confirm MmpF was purified to homogeneity (Figure 34A) and ESI-MS 

confirmed the observed mass was in excellent agreement with the expected mass (observed; 84839 Da, 

expected; 84842 Da, Figure 34B). A second species was also observed in 30% yield with a mass of 

85017 Da.  This species corresponds to a mass increase of 178 Da consistent with spontaneous α-N-6-

phosphogluconoylation of the polyhistidine tag. Due to poor yield and low solubility of protein, 

however, the polyhistidine tag was not removed by incubation with protease. Analytical size exclusion 

was conducted with an S200 column and based on calibration curve (see Methods) showed MmpF to 

be a monomer in solution (Figure 34C). 



Results and Discussion 

 

65 

 

 

Figure 34: Characterisation of MmpF A) SDS-PAGE gel showing purification of MmpF. Conc. sample shows MmpF 

after purification by IMAC followed by size exclusion chromatography and subsequent spin concentration. B) ESI-

MS of purified MmpF. C) Analytical SEC trace of purified MmpF. Calculated molecular weight shows that MmpF is 

a monomer in solution (Mwapp= 107 kDa, Mw = 84.839 kDa). 

Attention was turned to the expression and purification of the KS module of MmpB. This KS is situated 

at the N-terminal of the 221 kDa MmpB. Within the predicted bounds of this KS, sequence homology 

and three-dimensional structure prediction suggested an N-terminal region comprised of 24 amino acid 

residues would be flexible and not form part of the KS domain three-dimensional structure so was 

removed from the MmpB_KS sequence (Figure 35). In addition, a cysteine residue located near the C-

terminus of the sequence was mutated to an alanine to potentially avoid covalent dimerization. This 

gene construct was designed by Dr Winter and was synthesised by Thermofisher GeneArt and inserted 

into a pET151_D vector.  
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Figure 35: Alignment of selected regions of wild-type MmpB amino acid sequence and MmpB_KS amino acid 

sequence. The alignment shown corresponds to 0-96 and 516-589 amino acid of the MmpB_KS plasmid.  A 24 

amino acid disordered region was removed from the N-terminus of wild type MmpB to produce MmpB_KS plasmid. 

In addition, C-terminal cysteine residue was mutated to an alanine.  

The plasmid containing MmpB_KS gene was expressed in E. coli followed by purification via IMAC 

and SEC using an S200 column. The yield of this protein post-purification was 3 mg/mL. Purified 

protein was characterised by SDS-PAGE to confirm purity (Figure 36A). The protein was located 

between 50 kDa and 70 kDa marker bands as expected due to the size of MmpB_KS. ESI-MS of the 

pure protein produced a species with good agreement with the expected mass of MmpB_KS (observed, 

67011 Da; expected, 67020 Da, Figure 36B). Analytical size exclusion chromatography using an S200 

column confirmed that MmpB_KS was a dimer in solution (Mwapp= 105 kDa, Figure 36C). 
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Figure 36: Characterisation of MmpB_KS. A) SDS-PAGE gel showing purification steps for MmpB_KS. The S200 

fraction shows Mmp after purification by IMAC followed by size exclusion chromatography. B) ESI-MS of purified 

MmpB_KS. Observed mass of the predominant species was 9 Da away from the expected mass of MmpB_KS. C) 

Analytical SEC trace of purified MmpB_KS using analytical S200 column. Calculated molecular weight shows that 

MmpB_KS is a dimer in solution (Mwapp= 105 kDa, Mw = 67020 Da). 

 

3.2.3 NMR titrations of 15N-mAcpD with KS enzymes 

NMR titration was conducted with 15N-apo-mAcpD and MupB. A series of titrations were conducted 

with increasing ratios of MupB: mAcpD. For this work, ratios of 1:1, 2:1 and 3:1 of MupB: mAcpD 

were used.  Analytical size exclusion chromatography found that MupB was a dimer in solution and 

therefore the ratios used for the titration will refer to the dimeric form of MupB. A 1:3 ratio of mAcpD 

to dimeric MupB consists of 80 µM mAcpD and 240 µM of dimeric MupB (or 480 µM of monomeric 

MupB).  NMR samples were run on the 600 MHz NMR spectrometer. Increasing ratios of MupB were 

added to 15N-mAcpD and a 1H-15N HSQC experiment was used to monitor chemical shift perturbations. 

Ratio (mAcpD to MupB) 15N-mAcpD Conc. / µM MupB Conc. / µM 

1:0 80 0 

1:1 80 80 

1:2 80 160 

1:3 80 240 

Table 3: A table showing the concentrations of each component of the NMR titration. MupB concentration is that 

of the dimeric form. All titrations were made up to 200 µL in NMR Buffer and contained 10% D2O 
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Figure 37 compares the 1H-15N HSQC spectrum of only 15N-mAcpD (Figure 37A) with the 1H-15N 

HSQC spectrum of 15N-mAcpD after addition of three equivalents of MupB (Figure 37B). The 

assignments shown in Figure 37A were calculated based on previous 1H-15N HSQC spectra of 15N-

mAcpD of which the spectrum shown in Figure 37A agrees well. This spectrum is the negative control 

experiment, the baseline with which to measure the interaction with MupB. This NMR assignment, as 

with all NMR assignments shown in this work, was completed by Dr Winter. 

As the ratio of MupB was increased, the amide region of 15N-mAcpD spectra did not show any 

significant chemical shift perturbations. The spectrum shown in Figure 37B is very similar to the 

negative control spectrum. Although some line broadening is clearly discernible, the overall spectral 

perturbation is minor compared to similar experiments involving mAcpD and known interaction 

partners MupQ and MupS.86 It was concluded that this was indicative of a non-binding interaction. 

 

 

Figure 37: A) HSQC spectra of 15N-mAcpD (amide region) recorded at 298K on 600 MHz NMR spectrometer B) 

HSQC spectra of 15N-mAcpD (amide region) after the addition of 3 equivalents of MupB (dimer). No tractable NMR 

shift changes were observed showing that mAcpD and MupB do not interact in vivo. 

The NMR titration provided preliminary evidence that MupB is not the KS domain which interacts 

mAcpD-3HP in vivo. Of the two remaining candidates, MmpF and MmpB_KS, MmpB_KS was tested 

next for interaction with apo-15N-mAcpD. NMR titrations of apo-15N-mAcpD and MmpB_KS were 

acquired on the 700 MHz NMR spectrometer at 15 °C. A series of titrations were conducted with 

increasing ratios of MmpB_KS: mAcpD; 1:2, 1:1 and 2:1 respectively. The ratios and concentrations 

of each NMR titration is shown in Table 4. NMR sample preparation and analysis were completed in 

conjunction with Dr Winter. 
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Ratio (MacpD to 

MmpB_KS) 

15N-MacpD Concentration / 

µM 

MmpB_KS Concentration 

/ µM 

1:0 100 0 

2:1 100 50 

1:1 100 100 

1:2 50 100 

Table 4: Ratios and concentrations utilised during MmpB_KS NMR titrations 

 

Again, a control 1H-15N HSQC spectrum of apo-15N-mAcpD was acquired at 15 °C prior to addition of 

MmpB_KS. This control spectrum compared well to previous spectrum recorded at 25 °C is shown in 

Figure 38A. This control was compared to the spectrum recorded after addition of two equivalents of 

MmpB_KS (Figure 38B). Again, no significant chemical shift perturbations were observed in the amide 

region of the 15N-mAcpD spectrum after addition of MmpB_KS. This is indicative of a non-binding 

interaction between MmpB_KS and apo-15N-mAcpD 

 

Figure 38: A figure showing the HSQC spectrum of 15N-mAcpD before and after addition of MmpB_KS. A) HSQC 

spectra of amide region of 15N-mAcpD prior to addition of MmpB_KS. B) HSQC spectra of 15N-mAcpD (amide 

region) after the addition of 2 equivalents of MmpB_KS. Sample run on NMR by Dr Williams and subsequent NMR 

analysis conducted by Dr Winter.  

This again provided strong evidence that MmpB_KS does not interact with mAcpD and that MmpB_KS 

does not process 3HP-mAcpD. One caveat is that apo-ACP was utilised which did not bear either the 

phosphopantetheine sidearm are or the 3HP substrate and these may be necessary to ensure an 
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interaction. However, our previous observation is that apo-ACP is sufficient to observe these 

interactions due to significant interaction between apo-mAcpD and MupQ/MupS.   

The final KS to be tested for its ability to interact with mAcpD was MmpF. NMR titrations were 

conducted on the 600 MHz NMR spectrometer at 15 °C. The ratios and concentrations of the proteins 

used in the NMR titrations are given in Table 5.  

Ratio (MacpD to MmpF) 15N-MacpD Concentration 

/ µM 

MmpF Concentration / 

µM 

1:0 180 0 

1:1 80 80 

1:2 80 160 

1:3 60 180 

1:4 40 160 

Table 5: A table showing the ratios of mAcpD to MmpF used in the NMR titrations. 

The control spectrum of apo-15N-mAcpD was consistent with previous 1H-15N HSQC spectra and is 

shown in Figure 39A. When this control was compared to the spectrum recorded after addition of four 

equivalents of MmpF, significant chemical shift perturbations are observed (Figure 39B). After addition 

of 4 equivalents of MmpF (Figure 39B) a mixture of peak broadening and chemical shift perturbations 

were observed. The main changes observed were weakening of mAcpD chemical shifts on addition of 

MmpF. These were not observed for equivalent titrations with MmpB_KS and MupB. These changes 

to the spectrum are strongly suggestive of protein-protein interactions between MmpF and mAcpD. The 

specific amino acids of mAcpD which undergo were observed for the amino acid residues situated 

within the 4-helix bundle of mAcpD and did not include residues in the unstructured C-terminal 

extension. Specific residues from the C-terminal extension; Ser92, Asp94, Leu96, Ala98, Arg101 and 

Leu103 are shown in Figure 39B. These residues, like the remaining residues on the C-terminal helix 

did not undergo weakening on addition of MmpF which implies they interact less. An overlay of the 

control spectrum and the 1:4 ratio spectrum is shown in the Supporting Information (Figure S 1). 
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Figure 39: A) The amide region of HSQC spectra of 15N-mAcpD recorded at 288K. B) HSQC spectra of 15N-mAcpD 

after 4 equivalents of MmpF added. A series of peak disappearances and peak weakening is indicative of 

interaction between mAcpD and MmpF. Residues that did not show perturbations were located on C-terminal 

extension of mAcpD (zoomed). 

3.2.4 In-vitro reconstitution of 3-carbon to 5-carbon condensation 

The data collected during the NMR titrations provides evidence that MmpF interacts with the nascent 

3HP-mAcpD in vivo. This would mean that the next step in the biosynthesis of 9HN involves MmpF 

catalysed elongation of 3HP-mAcpD. This is consistent with the role of MmpF homologues.124,125 The 

active site cysteine of MmpF will bind an acyl moiety when delivered by the correct ACP during the 

translocation step. Due to the KASI/II like nature of MmpF, ACP-bound substrates are expected to 

translocate most efficiently and 3HP should be transferred to MmpF by mAcpD (Scheme 10). After 

successful translocation, MmpF will catalyse the 2-carbon extension utilising malonyl delivered by 

another ACP to produce a -ketothiol ester product. Within the biosynthetic cluster of mupirocin, two 

stand-alone ACPs remain unassigned and are candidates to deliver a malonyl group to MmpF; mAcpA 

and mAcpB. After the decarboxylative Claisen condensation (DCC) has taken place, the 2-carbon 

extended diketone will be covalently attached to the terminal thiol of the phosphopantetheine arm of 

the ACP.   
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Scheme 10: A scheme showing the proposed reaction of MmpF and 3HP-mAcpD utilising malonyl-ACP. MmpF is 

proposed to bind 3-carbon alcohol during the translocation step. Addition of malonyl, delivered by the correct ACP 

(either mAcpA or mAcpB – identity unknown) will facilitate KS-catalysed elongation of the acyl chain producing a 

diketone intermediate that is observable by protein mass spectrometry. 

3.2.5 In-vitro translocation of MmpF with pantetheine substrates 

Before attempting to fully constitute a multi-enzyme cascade with authentic substrates, a series of model 

studies were performed. Initially, the ability of MmpF to self-load simple acetyl and propionyl 

pantetheine substrates was tested. In the in vivo biosynthetic pathway, 3HP will be delivered via the 

terminal thiol of mAcpD. To mimic the phosphopantetheine arm of mAcpD, a series of synthetic acyl 

groups covalently attached to a pantetheine moiety was used. Acetyl-pantetheine 14 and propionyl-

pantetheine 15 were chosen due to their similarity to 3HP (Figure 40) and synthesised by Angus Weir. 

Attempts to synthesise the pantetheine version of the natural substrate, 3HP-Pant was unsuccessful due 

to propensity to degrade during a key deprotection step as is outlined elsewhere (Angus Weir, Thesis, 

University of Bristol) 

 

 

Figure 40: The pantetheine substrates which will be used to test in vitro translocation of MmpF. Acetyl 14 and 

propionyl 15 pantetheine were chosen due to their similarity to natural substrate 3-hydroxypropanoate. The 

pantetheine arm of these substrates has been abbreviated to PantS for simplicity. 
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ESI-MS analysis of MmpF prior to addition of pantetheine analogues showed two main peaks; 84852 

Da and 85031 Da corresponding to non-phosphogluconoylated and phosphogluconoylated forms of 

MmpF (expected mass of non-phosphogluconoylated MmpF: 84842 Da, Figure 41A). To initiate the 

translocation reaction with the first substrate, MmpF (20 µM) was added to an excess of 14 (200 µM). 

Assays were monitored by ESI-MS after 3 hours at room temperature. After this time, consumption of 

MmpF and formation of new species at 84895 Da was observed (Figure 41B). This new species 

constitutes a mass increase of 43 Da from control spectrum of MmpF and is consistent with 

translocation of acetyl moiety to active site cysteine of MmpF (expected mass increase of acetyl-MmpF; 

+ 42 Da). 100% conversion to acetyl form was observed after 3 hours. This confirmed the ability of 

MmpF to covalently bind 14. 

The ability of MmpF to translocate propionyl-pantetheine 15 was also tested. Reaction was initiated by 

addition of an excess of 15 (200 µM) to MmpF (20 µM) and incubated at room temperature. After 3 

hours, consumption of MmpF and formation of new species with mass of 84909.5 Da was observed 

(Figure 41C). This new species constitutes a mass increase of 57.5 Da from the control spectrum of 

MmpF and is consistent with propionyl-MmpF (prop-MmpF) being formed (expected mass increase of 

propionyl-MmpF; + 56 Da). In both experiments the phosphogluconoylated forms of MmpF showed 

identical mass shifts. 

 

 

Figure 41: The translocation of acetyl-pantetheine and propionyl-pantetheine to MmpF A) ESI-MS spectrum and 

subsequent deconvolution of only MmpF. B) Charge states and subsequent deconvolution 3 hours after addition 
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of excess 14 to MmpF. C) Charge states and subsequent deconvolution 3 hours after addition of excess 15 to 

MmpF. 

The successful translocation of MmpF with 14 and 15 provides further evidence for its function as the 

KS enzyme responsible for the first round of fatty acid chain extension with 3HP. Preparations were 

made to conduct the condensation reaction in vitro with the required malonyl-ACPs.  

3.2.6 Expression and purification of mAcpA and mAcpB 

The two ACPs potentially able to deliver malonyl to MmpF are mAcpA and mAcpB. The gene 

corresponding to mAcpA was synthesised by ThermoFisher GeneArt and inserted into a pET151_D 

plasmid (Supporting Information). The cloning of mAcpB from the genomic DNA of P. fluorescens by 

PCR was conducted using primers given in Supplementary Information. The successful PCR conditions 

are given in the Methods section. The initial expression and purification protocol for both proteins were 

conducted by Dr Winter. First, mAcpA was expressed in LB media under standard conditions 

(Methods). mAcpA protein was purified in the apo-form only by IMAC and his-tag subsequently 

removed from protein by overnight incubation with TEV protease. The free polyhistidine tag was 

removed by negative IMAC. Subsequent purification by SEC using a S100 column yielded 10 mg/mL 

of soluble protein as confirmed by SDS-PAGE analysis (Figure 42A). ESI-MS confirmed the mass of 

this protein to be in good agreement with the expected mass (Observed; 11887 Da, Expected; 11889 

Da, Figure 42B). Analytical SEC using an S75 column confirmed mAcpA to be a monomer in solution 

(Ve = 13.8 mL, Mwapp = 10.8 kDa, Figure 42C). 

 

Figure 42: Expression and purification of mAcpA A) SDS-PAGE gel showing the stages of expression and 

purification of mAcpA. B) Characterisation of cleaved mAcpA by ESI-MS. A single series of charge states 
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correspond to the expected mass of cleaved apo-mAcpA (observed; 11887 Da, expected; 11889 Da). C) Analytical 

size exclusion trace of cleaved, apo-mAcpA shows monomeric state in solution. 

The gene corresponding to mAcpB was synthesised by ThermoFisher GeneArt into pOPINF plasmid 

(Supporting Information). mAcpB protein was found to be insoluble under standard E. coli growth 

conditions (as outlined in Methods). Soluble mAcpB was produced by utilising ArcticExpress (D3) 

Competent Cells (Arctic cells).126 These cells provide an in vivo approach to increasing yield of 

previously insoluble protein utilising low temperature cell cultivation. These cells contain the low 

temperature chaperonins Cpn60 and Cpn10 to facilitate proper folding of protein during low 

temperature expression.127 Low temperature cultivation leads to production of soluble protein but at 

reduced yields. 128 

Expression of mAcpB yielded < 1 mg/L of soluble protein. Purification was conducted by IMAC 

followed by SEC using an S100 column to yield 1 mg/L of soluble protein. The purity of mAcpB was 

confirmed by SDS-PAGE gel (Figure 43A). The mass of mAcpB observed by ESI-MS was 11371 Da, 

this is 2 Da away from the expected mass of apo-mAcpB (expected mass; 11373 Da, Figure 43B). 

Analytical size exclusion of apo-mAcpB using analytical S75 column showed it to be a monomer in 

solution (Ve = 13.3 mL, Mwapp= 12.9 kDa) 

 

Figure 43: Expression and purification of mAcpB A) SDS-PAGE gel showing the stages of expression and 

purification of mAcpB. B) Characterisation of apo-mAcpB by ESI-MS. A single series of charge states correspond 

to the expected mass of apo-mAcpB (observed; 11371 Da, expected; 11373 Da). C) Analytical size exclusion trace 

of apo-mAcpB shows monomeric state in solution. Expression and purification of mAcpB was conducted by Dr 

Winter and is reproduced here. 

3.2.7 In-vitro enzymatic generation of malonyl-ACPs 

Purified, soluble apo-mAcpB (100 µM) was converted to malonyl-mAcpB in a one-pot 

chemoenzymatic reaction utilising MupN (5 µM), ATP (1 mM), MgCl2 (10 mM) and malonyl CoA (1 
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mM). Assays were conducted at room temperature and monitored by ESI-MS after 2 hours. After this 

time, the charge states corresponding to apo-mAcpB were consumed and a new species was observed 

with a mass consistent with malonyl-mAcpB (observed; 11797.1 Da, expected; 11798.7 Da, Figure 

44A). 

The apo-form of mAcpA was malonylated under identical reaction conditions utilising MupN, malonyl 

CoA, CoA mix enzymes and their relevant cofactors (conditions same as for malonyl-mAcpB 

formation). Assays were again conducted at room temperature and monitored by ESI-MS over time. 

The formation of malonyl-mAcpA took longer when compared to malonyl-mAcpB formation. This is 

consistent with the conversion of apo-mAcpA to holo-mAcpA which took substantially longer than 

equivalent mAcpB reaction. After 8 hours at room temperature, followed by 16 hours at 4°C, the 

majority species (80% conversion) was found to be malonyl-mAcpA (observed; 12313.0 Da, expected, 

12315.0 Da). A lesser amount (20%) of holo-mAcpA was also observed. Addition of up to 2 equivalents 

of PPTase enzyme and cofactors was unsuccessful in forming 100% malonyl-mAcpA.  

 

Figure 44: The formation of malonyl-ACPs for use in MmpF chain extension reaction. A) The charge states (left) 

and subsequent deconvolution (right) of mAcpB-malonyl formation assay after 2 hours at room temperature. B) 

The charge states (left) and subsequent deconvolution (right) of mAcpB-malonyl formation assay after 8 hours at 

room temperature, followed by 16 hours at 4°C. A mixture of malonyl-mAcpA (80%) and holo-mAcpA (20%) was 

observed after this time.  
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3.2.8 In-vitro MmpF condensation assay with propionyl starter unit 

After successful formation of malonyl-mAcpB, incubation with propionyl-MmpF was conducted. 

Propionyl-MmpF was formed by incubating MmpF (20 µM) with excess propionyl-pantetheine 15 (200 

µM) at room temperature until complete transthiolation was observed by ESI-MS. Complete 

transthiolation of propionyl moiety to MmpF was observed after 2 hours.  

The reaction scheme showing the proposed condensation reaction is shown in Figure 45A. The reaction 

was initiated by addition of malonyl-mAcpB (100 µM) to propionyl-MmpF (20 µM) and incubated at 

room temperature. The reaction was monitored by ESI-MS at 30 minute and 2 hour time points and the 

analysis was focussed on mAcpB region of the spectrum. Successful condensation is expected to form 

a 5-carbon -keto thiolester intermediate 16B bound to mAcpB.  

After 2 hours, significant changes were observed with clear consumption of malonyl-mAcpB. A new 

species was observed with a mass consistent with 16B (observed; 11811.4 Da, expected; 11810.1 Da, 

Figure 45C). Further fragmentation of this species delivered a characteristic pantetheine ion of 359.12 

Da, consistent with 16B (expected mass: 359.16 Da, Figure 45D). The formation of 16B clearly 

demonstrated successful MmpF-catalysed condensation between the propionyl moiety and the mAcpB-

delivered malonyl.  
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Figure 45: The addition of malonyl-mAcpB to propionyl-MmpF leads to chain extending DCC reaction. A) Reaction 

scheme showing the condensation reaction of MmpF with propionyl. B) Charge states (left) and subsequent 

deconvolution (right) of malonyl-mAcpB prior to addition of MmpF-propionyl. C) Charge states (left) and subsequent 

deconvolution of mAcpB region after 2 hours (right). Blue shading corresponds to holo-mAcpB, green corresponds 

to unreacted malonyl-mAcpB and red corresponds to condensation product 16. D) Ppant ejection of condensation 

species (left). Chemical structure and exact mass of Ppant ion of 16. 

In addition to formation of 16B, however, a further mAcpB species were observed. Propionyl-mAcpB 

15B (observed; 11769.4 Da, expected; 11768.8 Da) and holo-mAcpB (observed; 11714.5 Da, expected; 

11712.7 Da) were also produced in significant quantities (Figure 45C). The formation of holo-mAcpB 

occurs as the diketone intermediate 16B does not stably reside at the active site of mAcpB. Literature 

studies of the KS from LovF from the biosynthesis of lovastatin corroborates this finding. 129 During 

this work, acetoacetyl-LovF species produced by acylation of the ACP was found to readily degrade to 

holo-LovF, even in the presence of substantial molar excess of acetoacetyl-CoA. Hydrolysis at the 

thioester position was proposed to be the cause of this degradation of diketone intermediate. A similar 

mechanism is expected to be responsible for holo-mAcpB observed in these assays. A transfer of 

propionyl to the mAcpB is also occurring to form 15B. This could form due to self-loading of mAcpB 
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with propionyl moiety or by transfer of propionyl from MmpF to mAcpB which has been observed for 

other KS enzymes. 112,130  

 

3.2.9 In-vitro MmpF condensation assay with 3HP-mAcpD 

 

Scheme 11: The reaction scheme showing the condensation reaction catalysed by MmpF with 3HP. 

Decarboxylative Clasien condensation occurs with 3HP and malonyl-mAcpB catalysed by MmpF, producing 5-

carbon dihydroxy intermediate attached to mAcpB 17B. 

The next aim of the project was to demonstrate KS-catalysed DCC with an authentic 3HP substrate 

attached to mAcpD. The proposed scheme for the decarboxylative Claisen condensation with 3HP 

substrate is shown in Scheme 11. As previously discussed, chemical synthesis to produce 3HP-

pantetheine was ultimately unsuccessful.  Therefore, an enzymatic approach was undertaken to replicate 

the production of 3HP-mAcpD. The following proteins were expressed and purified; MupN, mAcpD, 

mAcpB, MupQ, MupS and MmpF. The proteins mAcpD, MupN, MupQ and MupS were all required 

to form mAcpD-3HP in a previously characterised assay.86 The MmpF and mAcpB were produced for 

the condensation reaction itself. All purifications were conducted within three days and according to 

previously successful protocol to ensure all proteins were newly purified and functional.86 SDS-PAGE 

characterisation confirmed the purity of each protein (Figure 46C). mAcpD was purified entirely in the 

apo-form and was converted to holo utilising endogenous PPTase MupN and cofactors. Complete 

formation of holo-mAcpD was observed by ESI-MS after 2 hours and following this, addition of 

malonyl CoA (1 mM), MupQ (5 µM), ATP (1 mM), MupS (5 µM) and NADH (1 mM) was successful 

in producing mAcpD-3HP 10D as confirmed by ESI-MS (observed; 15337.2 Da, expected; 15334.9 Da, 

Figure 46A) and subsequent ejection ion (observed; 333.26 Da, expected; 333.15 Da, Figure 46B).  
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Figure 46: Figure showing formation of mAcpD-3HP and proteins required for MmpF chain extension assay. A) 

The charge states (left) and subsequent deconvolution (right) showing formation of mAcpD-3HP species. B) 

Pantetheine ejection spectrum showing formation of 3HP Ppant ion. C) SDS-PAGE gel showing the proteins 

purified for use in these assays. All proteins are sufficiently pure and concentrated. MupS was observed in both 

monomeric and dimeric forms on SDS-PAGE gel. 

To test the ability of MmpF to undergo DCC with natural substrate 3HP, MmpF (20 µM) was incubated 

with 10D (120 µM) and the reaction monitored by ESI-MS. For clarity, 10D corresponds to 3-

hydroxypropanoate (3HP) bound via the terminal thiol to wild-type ACP domain mAcpD. The large 

molecular weight of MmpF meant that despite an envelope of charge states being observed, the signal 

to noise ratio was too poor to allow accurate mass determination. The assay was therefore monitored 

by analysis of the ACP charge states only. After 30 mins, a new mAcpD species corresponding to holo-

mAcpD was produced in 40% yield (observed; 15263.8 Da, expected; 15262.8 Da, Figure 47E). This 

is consistent with translocation of 3HP to MmpF, thereby forming holo-mAcpD. Following this, the 

condensation reaction was then initiated by addition of malonyl-mAcpB (20 µM). After a further 30 

minutes, analysis of the mAcpB deconvolution showed a new species with a mass consistent with 

condensation product 17B (observed; 11830.3 Da, expected; 11825.8 Da, Figure 47B). Further 

fragmentation of this species gave a pantetheine ejection ion consistent with being derived from 17B 

(observed; 375.25 Da, expected; 375.16 Da, Figure 47C). As was observed with previous condensation 

reaction using propionyl starter unit, a significant amount of holo-mAcpB was also produced. The ESI-

MS data confirmed that MmpF can catalyse DCC with mAcpD-3HP and malonyl-mAcpB. 

A) 

B) 

C) 
15337.2 Da 

(Exp: 15334.9 Da) 

333.26 Da 
(Exp: 333.15 Da) 
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Figure 47: A figure showing the condensation reaction of 3HP-MmpF and malonyl-mAcpB. A) Deconvolution of 

malonyl-mAcpB prior to addition of MmpF and mAcpD-3HP. B) Deconvolution of the mAcpB region of the spectrum 

30 minutes after initiation of DCC reaction, 17B species is asterisked. C) Further fragmentation of 17B gives 

characteristic pantetheine ejection ion (left). Chemical structure and expected mass of this ejection ion (right). D) 

Deconvolution of the mAcpD region of the spectrum prior to addition of MmpF and malonyl-mAcpB. E) 

Deconvolution of the mAcpD region of the spectrum 30 mins after initiation of condensation reaction.  

Further optimisation of reaction conditions was unsuccessful in transforming a greater proportion of 

malonyl-mAcpB to 17B. In addition, future attempts to form the condensation product were 

unsuccessful under identical conditions. Therefore, alternative ways to optimise the reaction were 

considered.  

Previous studies of the kinetics of FAS from E. coli has shown interactivity between enzyme 

components is key to controlling pathway output. 131 Therefore, one method of increasing formation of 

17B may be to add downstream enzyme components to the DCC reaction. MupD is the proposed 

ketoreductase (KR) enzyme which is expected to act on the nascent 17B to produce 3,5-

dihydroxypentanoyl species 18B (Scheme 12). The addition of MupD to the condensation reaction may 
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therefore assist with the turnover of the reaction. Therefore, attention was turned to expression and 

purification of ketoreductase enzyme MupD. 

 

Scheme 12: The reduction of diketone intermediate 17B to produce 18B via the action of KR enzyme MupD. 

After the action of MmpF, the next biosynthetic steps are expected to be the step-wise reduction of the 

diketone intermediate 17 to the fully-saturated acyl chain if a normal pattern of fatty biosynthesis is 

followed. This comprises a three-step process involving a ketoreducase (KR), dehydratase (DH) and 

enoyl reductase (ER) domains. MupD and MupE are free standing domains proposed to act as KR and 

ER respectively whereas a free-standing DH domain has not been identified.  

3.2.10 Bioinformatic analysis of MupD  

MupD is a member of the short-chain dehydrogenase (SDR) superfamily of proteins which consist of 

many of NAD(P)(H)-dependent oxidoreductases.132 MupD shows specific homology to FabG-type 

enzymes of which Sinorhizobium meliloti FabG is the archetype. 133 This class of proteins catalyse the 

reduction of β-ketoacyl-ACP substrates to β-hydroxyacyl-ACP products using a conserved Ser-Tyr-Lys 

active site. The active site lysine residue acts to stabilise the deprotonated form of tyrosine thereby 

enhancing its role as an acid/base catalyst. Serine acts to stabilise and polarise the carbonyl substrate 

group and the asparagine residue located near the active site facilitates the proton transfer to active site 

lysine as shown in Figure 48. 134,135 SDR proteins bind either NADH or NADPH and specificity for the 

latter is dictated by the presence of a basic residue within the Gly-rich motif at the N-terminus of these 

proteins. 136 Sequence analysis of MupD shows the presence of a basic arginine residue (Arg-12) within 

this gly-rich motif indicating NADPH specificity. Further to this, crystal structures of related MupD 

homologues, such as Brassica napus KR domain, have been isolated with NADPH bound. 137  

The enzymatic reduction of a ketone to an alcohol is a stereospecific reaction leading to the formation 

of one enantiomerically pure product. MupD is a “B-type” KR due to the presence of HXAXXXXD 

motif. B-type KR domains catalyse the formation of stereospecific D-β-hydroxy product (the R-

enantiomer).138 The structure of MupD was modelled (Figure 48) based on similarity to 2-R-

hydroxypropylthioethanesulfonate dehydrogenase to which MupD shares 26% sequence identity. 139  
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Figure 48: Postulated mechanism of MupD involving active site triad and asparagine, NADPH and diketone 

intermediate bound to terminal thiol of mAcpB. Catalysis is initiated by proton transfer from Tyr-152 hydroxyl to 

substrate carbonyl followed by hybrid transfer to alpha-carbon of diketone. A proton relay is formed involving 2’OH 

ribose of NADPH, Lys-156 side chain and Asn-111 bound H2O. Proton relay finishes with proton abstraction from 

solvent H2O. NADPH is converted to NADP+ in this process. R1 group corresponds to remainder of NADPH 

structure. R2 group corresponds to the growing fatty acid, for natural substate of MupD reaction R2 = CH2CH2OH. 

The modelled structure of MupD is shown on the right. Active site triad are highlighted in red.  

3.2.11 Expression and purification of MupD 

The amino acid sequence corresponding to MupD was identified using the original gene annotation of 

P. fluorescens.78 Primers were designed to clone MupD are given in the methods section. The PCR 

conducted with these primers was successful and gene fragments of mupD were ligated into pOPINF 

vector producing a viable plasmid as confirmed by Sanger sequencing. Initial attempts to express MupD 

under standard conditions (NEB BL21 cells, LB media, 0.25 mM IPTG) produced insoluble protein 

when purified and analysed by SDS-PAGE. The expression protocol was repeated utilising Arctic Cell 

Expression. Following this, the protein was purified by IMAC and SEC using a S100 column. This 

purification was successful in producing 1 mg/L of soluble protein as confirmed by SDS-PAGE analysis 

(Figure 49A). ESI-MS of purified MupD confirmed identity of this species (observed; 28031 Da, 

expected; 28033 Da, Figure 49B). Analytical size exclusion chromatography (utilising an S200 column) 

showed that MupD was a trimer in solution. This is unusual for KR enzymes which are typically 

tetramers. 140 
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Figure 49: Expression and purification of MupD. A) SDS-PAGE gel showing the different stages of MupD 

expression using Arctic cells. A single band of pure MupD protein was observed after IMAC and size exclusion 

chromatography. B) ESI-MS spectrum of purified MupD. A single series of charge states showed a mass consistent 

with MupD (observed; 28031 Da, expected; 28033 Da). C) Analytical size exclusion chromatography trace of 

MupD, this shows a trimeric state in solution (Mwapp= 82.6 kDa).  

3.2.12 In-vitro MmpF condensation assay with 3HP-mAcpD and downstream KR 

 

Scheme 13: A reaction scheme showing the MmpF chain extension reaction with natural substrate 3HP and 

malonyl-mAcpB. Chain extension reaction will be catalysed by MmpF and produce a 5-carbon diketone 

intermediate 17B attached to mAcpB. Resulting diketone will be reduced to dihydroxy intermediate 18B catalysed 

by KR enzyme MupD and reducing cofactor NADPH. 

The condensation reaction involving MmpF and the natural substrate, 3HP-mAcpD, was repeated in 

the presence of the proposed KR enzyme MupD. The proposed reaction is summarised in Scheme 13. 

The assay was initiated by addition of MmpF (15 µM) to mAcpD-3HP (37 µM), malonyl-mAcpB (50 

µM), MupD (15 µM) and NADPH (1 mM). The reaction was monitored by ESI-MS after 30 minutes 

and 16 hours incubation at room temperature. After 30 minutes, the mAcpB region of the spectrum 

showed consumption of malonyl-mAcpB and formation of a new mAcpB species with a mass consistent 

with the 5-carbon dihydroxypenanoyl species 18B (observed; 11827.1 Da, expected: 11827.8 Da, Figure 
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50B). Further fragmentation of this species gave the expected characteristic ejection ion (observed; 

377.15 Da, expected: 377.17 Da, Figure 50B). This confirmed that condensation has taken place and 

that MupD catalyses the downstream KR reaction due to the complete production of 18B at the expense 

of 17B. The major species observed was holo-mAcpB even after only 30 minutes (observed; 11711.2 

Da, expected; 11712.7 Da) and 18B was present at ~40% the level of holo-mAcpB. 

After 16 hours, the presence of 18B diminished whereas holo-mAcpB increased further suggesting slow 

hydrolysis of 18B over time (Figure 50C). The hydrolysis of mAcpB to produce holo-mAcpB may be 

facilitated by interaction with MmpF. Previous studies have shown that when an ACP bearing an acyl 

moiety interacts with its cognate partner, exposure of the acyl moiety occurs. 141 The interaction of 

mAcpB and MmpF may therefore increase the amount of holo-mAcpB formed. In addition, the 

chemical structure of 18B contains a hydroxyl at the C-5 position. This is perfectly placed for 

intramolecular attack of the thioester carbonyl to produce a stable six membered lactone further 

facilitating hydrolysis.  

 

Figure 50: The MmpF DCC reaction using malonyl-mAcpB and 3HP-mAcpD in the presence of MupD and NADPH. 

A) Malonyl-mAcpB incubated under assay conditions without addition of any enzymes or cofactors. B) The 

deconvolution of the mAcpB region 30 minutes after initiation of DCC reaction. Asterisked species is condensation 
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product 18B (left). Ppant. ejection of 18 gives ejection ion of 377.15 Da confirming identity of this species (right). C) 

The deconvolution of the mAcpB region 16 hours after initiation of DCC reaction. D) Chemical structure of the 

pantetheine ejection ion of dihydroxypenanoyl intermediate 18B.  

Analysis of the mAcpD region of the ESI-MS trace after 30 minutes showed consumption of mAcpD-

3HP and its replacement with a new species with mass consistent with holo-mAcpD (observed; 15260.4 

Da, expected; 15262.8 Da, Figure 52D) which made up 90% of the mAcpD species observed. This is 

consistent with translocation of 3HP to MmpF.  

To confirm that MmpF is catalytically responsible for the formation of 18B, a mutant of MmpF lacking 

the active site cysteine (Cys183) was constructed. This plasmid was known as MmpFC183A and was 

constructed by PCR mutagenesis of the existing MmpF pET28a vector using a modified PCR procedure 

(Primers and PCR protocol in Methods). Successful PCR was confirmed by DNA gel of resulting PCR 

product. Purification of PCR product and ligation into pET28a plasmid was conducted, full Sagner 

Sequencing of resulting plasmid confirmed that a single mutation of the active site cysteine to an alanine 

had taken place.  

The same expression protocol used to purify MmpF was found to be successful for MmpFC183A. 

Purification of MmpFC183A was conducted by IMAC, followed by SEC utilising the S200 column. 

High salt (0.5M) and glycerol (10%) was required to limit precipitation of protein (as was observed for 

wild type MmpF). Characterisation of MmpFC181A was conducted by SDS_PAGE (Figure 51A) 

which confirmed the production of pure protein. ESI-MS analysis of this purified sample showed a 

mass of 84801 Da consistent with the expected mass (expected; 84810 Da). 

 

Figure 51: Characterisation of MmpFC183A mutant. A) SDS-PAGE showing the various stages of MmpFC183A 

purification. B) ESI-MS analysis of MmpFC183A shows an observed mass of 84801 Da which is 9 Da away from 

expected mass of 84810 Da. 
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The negative control assay was initiated by addition of MmpFC183A (15 µM) to mAcpD-3HP (37 µM), 

malonyl-mAcpB (50 µM), MupD (15 µM) and NADPH (1 mM) at room temperature. After 30 minutes, 

ESI-MS analysis of mAcpB region of spectrum showed that the major species was malonyl-mAcpB 

(observed; 11797.1 Da, expected; 11797.8 Da, Figure 52B). The comparison of this spectrum to only 

malonyl-mAcpB is shown in (Figure 52A and B). No major change was observed between the two 

spectra confirming no formation of 18B and therefore no condensation had taken place. Further to this, 

analysis of the mAcpD region of the spectrum after this same time showed mAcpD-3HP as the 

predominant species (observed; 15334.7 Da, expected; 15334.9 Da, Figure 52C). This is consistent with 

a lack of translocation of 3HP to MmpF due to the lack of an active site cysteine required for 

condensation.  

 

Figure 52: The condensation reaction conducted with malonyl-mAcpB, 3HP-mAcpD and MmpFC183A in the 

presence of MupD and NADPH. A) The spectrum of malonyl-mAcpB prior to addition of any enzymes or cofactors. 

B) The deconvolution of the mAcpB region of the spectrum 30 minutes after initiation of DCC reaction. No formation 

of 18B is observed. C) The deconvolution of the mAcpD region of the spectrum 30 minutes after initiation of the 

reaction. D) For comparison, the mAcpD region of spectrum 30 minutes after initiation of WT MmpF condensation 

reaction.  

The data confirmed that MmpF can catalyse the key carbon chain extending reaction with mAcpB 

delivering a malonyl group and mAcpD delivering 3HP. In addition to this, the role of MupD has also 

been confirmed. MupD utilises NADPH to reduce 17B to form reduced species 18B. 

3.2.13 In-vitro MmpF condensation assay with 3HP-mAcpD_T and downstream KR 

In earlier work, a mAcpD_T mutant lacking the C-terminal extension was found to undergo reaction 

with MupQ or MupS as confirmed by ESI-MS. Further to this, NMR titrations between mAcpD and 
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MmpF showed residues located on the C-terminal extension do not interact significantly with MmpF. 

This suggested that the C-terminal extension might not be required successful translocation of 3HP to 

MmpF. To test this, the transfer assays were repeated using mAcpD_T-3HP 10D* in place of full length 

mAcpD. 10D* (37 µM) was incubated with MmpF (15 µM), malonyl-mAcpB (50 µM), MupD (15 µM) 

and NADPH (1 mM) at room temperature. After 30 minutes, ESI-MS showed the consumption of 

malonyl-mAcpB and the formation of a new species with mass consistent with 18B (observed; 11826.8 

Da, expected; 11827.8 Da, Figure 53B). Ppant ejection confirmed this species to be 18B (observed; 

377.15 Da, expected; 377.17 Da, Figure 53B). This confirmed condensation occurs with mAcpD_T 

delivered 3HP. Smaller yields of 18B were observed for mAcpD_T when compared to assays conducted 

with WT mAcpD after the same time period (30 minutes). As with the mAcpD wild-type assay, the 

dominant mAcpB species after 30 minutes of reaction was holo-mAcpB. 

 

Figure 53: A figure showing the MmpF DCC reaction using malonyl-mAcpB and 3HP-mAcpD_T in the presence of 

MupD and NADPH. A) The deconvolution of a control spectrum of malonyl-mAcpB before addition of any enzymes 

or cofactors. B) The deconvolution of the mAcpB region of the spectrum 30 minutes after DCC assay was initiated. 

18B signified by asterisk (left). Subsequent Ppant ejection assay of 18B (right). C) The chemical structure and 

expected mass of Ppant ion formed after fragmentation of 18B.  
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Analysis of the mAcpD_T region of the spectrum showed that holo-mAcpD_T (observed; 10552.8 Da, 

expected; 10551 Da) made up 33% of the species present, with the remainder comprised of unreacted 

starting material 3HP-mAcpD_T (observed; 10624.7 Da, expected; 10623 Da). This represented a slight 

reduction of hydrolysis when compared to the wild type mAcpD after the same time period. Analysis 

of the spectrum showed addition of sodium (+ 22 Da) and addition of potassium (+ 38 Da) adducts to 

mAcpD_T species. The addition of salt adducts to ACPs grown utilising E. coli has been observed 

previously and will not alter the reaction. 142 

An additional assay was conducted, this time utilising mAcpD_T and MmpFC183A. mAcpD_T-3HP 

(37 µM) was incubated with MmpFC183A (15 µM), malonyl-mAcpB (50 µM), MupD (15 µM) and 

NADPH (1 mM) at room temperature. After 30 minutes, analysis of the mAcpB region of the spectrum 

showed no formation of 18B as expected. The mAcpD_T region of the spectrum showed only unreacted 

3HP-mAcpD_T (observed; 10625.3 Da, expected; 10623 Da), consistent with no translocation of 3HP.  

 

 

Figure 54: A figure showing the outcome of the MmpFC183A + malonyl-mAcpB condensation reaction with 

authentic substrate 3HP attached to mutant mAcpD_T. A) Deconvolution of the mAcpB region of the spectrum prior 

to addition of MmpF_C183A. B) Deconvolution of the mAcpB spectrum 30 minutes after addition of MmpF_C183A 

and 3HP. No DCC product is observed. C) Deconvolution of mAcpD_T region of the spectrum after addition of 

MmpF_C183A. D) Deconvolution of mAcpD_T region of the spectrum after addition of MmpF.   

These results provide the clearest evidence yet for the role of MmpF as the KS enzyme involved in 

condensing 3HP-mAcpD. In addition to this, mAcpB is confirmed as an ACP that can deliver a malonyl 

to MmpF to trigger condensation. Following condensation, mAcpB will deliver 17B to MupD which 
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reduces this to form 18B. This provides new evidence for the sequence of biosynthetic steps which lead 

to the production of 9HN.  

Also in this work, the ability of mAcpD_T to deliver 3HP to MmpF was tested. Although no in-depth 

kinetic analysis was conducted, mAcpD_T mutant was evidently slower at translocating 3HP to MmpF.  

After 30 minutes, complete translocation of 3HP from mAcpD to MmpF was observed by ESI-MS. 

Under identical conditions, only 33% of 3HP underwent translocation using a mutant of mAcpD lacking 

this C-terminal extension (mAcpD_T). This provides evidence that the C-terminal extension of mAcpD 

provides a beneficial interaction with MmpF. This said, the C-terminal extension is not needed for 

interaction with any of MupQ, MupS or MmpF. 

3.2.14 In-vitro MmpF condensation with malonyl-mAcpA and downstream KR 

 

Scheme 14: Scheme showing the MmpF DCC reaction utilising malonate delivered by mAcpA in the presence of 

MupD and NADPH. Diketone intermediate 17A will be formed which is reduced by MupD to produce the 

dihydroxypentanoyl intermediate 18A. 

It is not known whether malonyl transfer to MmpF is unique to mAcpB. The condensation reaction with 

MmpF was therefore repeated using the remaining unassigned discrete ACP, mAcpA. Initially, it was 

anticipated that an equivalent functional role to mAcpB would not be observed, and this would serve 

as a useful control experiment. To test this, malonyl-mAcpA was generated using MupN and malonyl 

CoA. The mAcpA was successfully converted to holo although the sample contained a small fraction 

of unmodified apo-mAcpA. This was not expected to interfere with the reaction beyond some low-level 

inhibition so further separation was not attempted. 96 In addition, apo-/malonyl-mAcpA adducts with 

Na+ (observed; 12336 Da, expected; 12337 Da) and K+ (observed; 12353 Da, expected; 12353 Da) were 

observed and presumably derived from the assay buffers (Figure 55A).  

The MmpF DCC assay was initiated by addition of malonyl-mAcpA (50 µM) to MmpF (15 µM) and 

mAcpD-3HP (37 µM) and was conducted in the presence of MupD (15 µM) and NADPH (1 mM). 

After 30 minutes, ESI-MS analysis of the mAcpA region of the spectrum surprisingly showed formation 

of a new species with mass consistent with 18A (observed; 12344.7 Da, expected; 12344.5 Da, Figure 

55B). Further fragmentation of this species yielded a characteristic pantetheine ejection ion of 377.16 

Da (exp; 377.17 Da, Figure 55B) confirming formation of 18A.  

 



Results and Discussion 

 

91 

 

 

Figure 55: A figure showing the MmpF DCC reaction utilising mAcpA delivered malonate. A) The deconvolution of 

malonyl-mAcpA prior to addition of any enzymes or cofactors. B) The deconvolution of mAcpA, 30 minutes after 

initiation of DCC reaction (left) and subsequent Ppant ejection ion (right). Condensation product 18 is shown with 

an asterisk. C) Chemical structure and expected mass of the ejection ion formed from fragmentation of 18. 

In total, the reaction was monitored over a full time course including 30 minutes, 3 hours and 16 hour 

time points (Figure 56). After 3 hours, 18A was observed but in smaller amounts (observed; 12344.1 

Da). This was consistent with previous assays which showed that condensation product undergoes 

hydrolysis over time. However, after this time, a new species was also observed with a mass of 12358.0 

Da. After 16 hours, the product 18A was completely lost and this stable new species predominated, 

being produced in over 50% yield (observed; 12358.9 Da, Figure 56D). Pantetheine ejection of this new 

species produced a 391.17 Da ion (Figure 39E) confirming that this intermediate was bound to the 

phosphopantetheine arm. The gain of 14 Da was consistent with a moiety whereby a saturated carbon 

is replaced by a carbonyl group. One possibility consistent with this is the new species 3,5-

dioxopentanoyl-mAcpA (DOP-mAcpA) 20A (expected; 391.15 Da; observed 391.17 Da). This could 

be formed from condensation involving two malonyl moieties to produce the tri-ketone species 19A 

followed by MupD-catalysed reduction to produce 20A (shown in the scheme in Figure 56A). The 

structure of malonyl is very similar to 3HP, the only difference is extra carbonyl functionality at C-3 so 
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its elongation by MmpF is not surprising.  20A was not observed during equivalent elongation reaction 

with malonyl-mAcpB. It therefore seems that mAcpA has the unique ability to transfer malonyl to active 

site cysteine of MmpF. Following this, condensation of KS-bound malonate and ACP-bound malonate 

occurs to produce 19A which is reduced by MupD to 20A. mAcpB must lack the ability to transfer 

malonyl to MmpF therefore no production of 20B is observed with equivalent mAcpB assay.  
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Figure 56: Comparison of different time points of malonyl-mAcpA + MmpF condensation reaction. DHP-mAcpA is 

the expected condensation product 18A. DOP-mAcpA is the 3,5-dioxopentanoyl-mAcpA (DOP-mAcpA) 20A formed 

from condensation of two malonyl moieties followed by reduction. A) Scheme showing the formation of 20A from 

condensation of two malonyl units. B) Deconvolution of mAcpA region of spectrum 30 minutes after initiation of 

condensation reaction (left). Ppant ejection of 12344.7 Da species (right). C) Deconvolution of mAcpA region of 

spectrum 3 hours after initiation of condensation reaction. D) Deconvolution of mAcpA region of spectrum 16 hours 
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after initiation of condensation reaction (left). Ppant ejection of 12358.9 Da species (right). E) Chemical structure 

and expected masses of Ppant ions of 18A and 20A.  

This result confirmed that malonyl-mAcpA is a substrate for acylated MmpF but suggests a model in 

which both mAcpA and mAcpB can perform the first elongation step of the fatty acid extension. 

Tandem ACPs have been observed in many biosynthetic systems including difficidin, 84 lankacidin 143 

and mupirocin itself. Within mupirocin BGC, an additional tandem ACP is found in the final module 

responsible for construction of monic acid backbone of MmpA. Inactivation of each of these ACPs in 

turn reduced mupirocin production without abolishing it. This suggests tandem ACPs act in parallel to 

increase overall pathway flux. 144 Tandem ACPs seemingly occur in regions of the pathway where the 

presence of a single ACP would cause malonylation of the ACP to be a rate limiting step. It seems that 

mAcpA and mAcpB might act in parallel to ensure condensation of mAcpD-3HP with malonyl-ACP is 

not the rate limiting step.   

The results of work conducted in this section propose the following model of the early steps of 9HN 

biosynthesis shown in Scheme 15. Starter unit 3HP 10 is delivered to MmpF which catalyses 

condensation reaction with malonyl delivered by mAcpA or mAcpB. Following this, 5-carbon 1,3-

diketone intermediate 17 is reduced to 5-carbon 3,5-dihydroxy intermediate 18 by the action of KR 

enzyme MupD. These biochemical steps have been shown by the expression and purification of 

mAcpA, mAcpB, MmpF, MmpB_KS, MupB, MupD and MupE. HSQC NMR titrations and in vitro 

assays monitored by ESI-MS have confirmed the formation of 18 from malonyl CoA. Further to this, 

MmpF has been shown to turnover DCC with non-natural propionyl moiety to produce an alternative 

5-carbon diketone intermediate 16. The ability of MmpF to catalyse condensation reaction with non-

natural propionyl moiety may provide evidence that supply of precursor is the likely determinant of 

fatty acid composition. 145 

Furthermore, the delivery of 3HP to MmpF (translocation step) has been tested by using mutant of 

mAcpD lacking the usual C-terminal extension (mAcpD_T). In the absence of detailed kinetic analysis, 

mAcpD_T is slower to deliver 3HP to MmpF providing a potential role for this unusual structural 

feature. 

This chapter will conclude with further assays with proposed KR enzyme MupD and mimics of the 

natural substrate 18. 
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Scheme 15: A scheme showing the proposed early steps in the biosynthesis of 9HN. The roles of mAcpD, MupQ, 

MupS, MmpF, mAcpA /mAcpB and MupD within the biosynthesis of 9HN have been elucidated.  

3.2.15 MupD promiscuity with Acetoacetyl Mimic of Natural Substrate 

The ability of MupD to act in vitro with simplified non-natural -ketothiolester substrates was tested 

using acetoacetyl-pantetheine 21 (AcAc-pant). This substrate was synthesised by Angus Weir using the 

method reported by Dr Walker.146 The reduction of 21 is expected to proceed in a stereospecific manner 

to produce a R-β-hydroxy product 22 due to presence of HXAXXXXD motif on MupD as discussed in 

Chapter 2. MupD has been shown to turnover with substrate attached to either mAcpA or mAcpB, 

mAcpB was chosen for these assays as it has been shown to accept the AcAc moiety more efficiently. 

The reduction of 21B by MupD is shown in Scheme 16. Substrate 21 was loaded onto mAcpB to produce 

AcAc-mAcpB 21B. 21 was also loaded on to an ACP which is not expected to interact with MupD; 

mAcpD to produce 21D. The ability of 21B and 21D to react with MupD was tested as is shown in Scheme 

16. 

 

Scheme 16: The chemical structure of substrate 21 and the proposed reaction scheme for MupD catalysed 

ketoreduction using 21 attached to cognate (mAcpB) and non-cognate (mAcpD) ACPs.  
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Starting with apo-ACPs, AcAc-Pant was transferred on to the active site serine of mAcpB and mAcpD 

in separate one-pot reactions utilising MupN (5 µM), ATP (1 mM), MgCl2 (10 mM), 21 (1 mM), CoA 

mix enzymes (3 µM of each of CoaA, CoaD and CoaE) and apo-ACP (100 µM). These assays were 

conducted at room temperature and monitored by ESI-MS after 2 hours.  

For formation of Acac-mAcpB 21B, after 2 hours apo-mAcpB was consumed and two new species were 

observed with masses consistent with 21B (observed; 11799.5 Da, expected; 11796.8 Da, 65% yield) 

and holo-mAcpB (observed; 11714.5 Da, expected; 11712.7 Da, 35% yield) as shown in Figure 57A. 

Major species produced Ppant ejection ion of 345.24 Da which confirms successful derivatisation of 

mAcpB. A small amount of acetyl adduct was also observed (observed; 11758.0 Da, expected; 11754.7 

Da).  

 

Figure 57: Spectra showing the formation of acetoacetyl-mAcpB 21B and acetoacetyl-mAcpD 21D. A) The 

deconvolution of the mAcpB region of the Acetoacetyl transfer reaction after 2 hours (left). Further fragmentation 

of this species gives Ppant ion of 345.24 Da (right). Acetyl-mAcpB species is asterisked.  B) The deconvolution of 

mAcpD after 2 hours of Acetoacetyl transfer reaction (left). Further fragmentation of AcAc-mAcpD gives Ppant ion 

of 345.23 Da (right). C) Chemical structure of acetoacetyl Ppant ion. 
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The formation of holo-mAcpB was not expected as previous acyl transfer reactions led to complete 

formation of the acyl-ACP species. One explanation for the formation of holo-mAcpB would be the 

instability of the starting material 21. Despite storage of 21 at -20 °C, the C-1 ketone may react with 

residual water to produce unfunctionalised pantetheine and acetoacetic acid 23 (Scheme 17). This 

unfunctionalised pantetheine will also be transferred to terminal thiol to produce holo-ACP. This was 

confirmed by high performance liquid chromatography (HPLC) analysis of 21 which showed the 

presence of unfunctionalised pantetheine. Other than low level competitive inhibition, holo-mAcpB is 

not expected to influence the KR reaction. 

 

Scheme 17: The proposed breakdown of acetoacetyl-pantetheine 21. Nucleophilic attack by water occurs at the 

C-1 position of AcAc-pant causing the elimination of pantetheine and the production of acetoacetic acid 23. 

Unfunctionalised pantetheine will lead to formation of holo-mAcpB in the assay with MupN. 

AcAc-pantetheine 21 was loaded on to mAcpD under identical conditions. After 2 hours, formation of 

21D (observed; 15349.8 Da, expected; 15346.8 Da, 33% yield) and holo-mAcpD (observed; 15265.7 

Da, expected; 15262.8 Da) were observed (Figure 57B). Further fragmentation of 21D produced Ppant 

ion of 345.23 Da which confirmed successful derivatisation of mAcpD.  

3.2.15.1 KR activity of MupD with acetoacetyl-mAcpB 

To test whether MupD could reduce 21B to the corresponding 3-hydroxybutyrl species 22B (as outlined 

in Scheme 16), in vitro assays were conducted.  The reaction was initiated by addition of 21B (80µM) 

to MupD (20 µM) and NADPH (200 µM), incubated at room temperature and monitored by ESI-MS. 

The mass increase for a successful reduction was 2.02 Da which is a small change compared to the mass 

of the ACP. Therefore, the reaction was monitored via the pantetheine ejection ion of the predominant 

acyl-ACP species. 

After 30 minutes, the major acyl-ACP species showed a mass of 11800.6 Da (expected for 3-

hydroxybutyrl; 11798.8 Da). Further fragmentation of this species gave a pantetheine ejection ion of 

347.25 Da (expected for 3-hydroxybutyrl Ppant; 347.16 Da) confirming complete formation of reduced 

product 22B (Figure 58A) after 30 minutes.  
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Figure 58: The reduction of AcAc-mAcpB by ketoreductase enzyme MupD. A) Pantetheine ejection spectrum of 

the predominant acyl-mAcpB species 30 minutes after addition of MupD and NADPH. B) Pantetheine ejection 

spectrum of the predominant acyl-mAcpB species of the control reaction (lacking MupD) after 30 minutes. C) 

Pantetheine ejection spectrum of the predominant acyl-mAcpB species of the control reaction (lacking MupD) after 

16 hours C) D) Chemical structures and expected masses of the Ppant ions of 21 and 22. 

A control assay in the absence of MupD was initiated by addition of AcAc-mAcpB (80 µM) to NADPH 

(200 µM) at room temperature. After 30 minutes, a major acyl-ACP species with a mass of 11799.6 Da 

was observed (expected for acetoacetyl; 11796.8 Da). Ppant ejection produced ion of 345.24 Da derived 

from 21B only (Figure 58B). The 2-fold excess of NADPH present presumably generated ~15% of the 

reduced product 22B after 30 minutes versus almost complete conversion in the presence of MupD. 

After 16 hours, Ppant ejection assay showed a 55% to 45% mixture of 21B and 22B (Figure 58C). This 

is surprising but shows that reduction can take place in the absence of MupD. Despite this, the reduction 

is clearly accelerated by the addition of MupD confirming that MupD is responsible for the KR activity 

observed. 
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3.2.15.2 KR activity of MupD with acetoacetyl-mAcpD 

The ACP selectivity of the MupD reaction was tested by incubation of 21D with MupD. The reaction 

was initiated by addition of 21D (80 µM) to NADPH (1 mM) and MupD (20 µM), incubated at room 

temperature and monitored by ESI-MS after 30 minutes and 4 hours. Pantetheine ejection of the major 

acyl-mAcpD species showed only unreacted 21D for both time points. After 4 hours the deconvolution 

of mAcpD showed acyl-mAcpD species with a mass of 15349.7 Da (expected; 15346.8 Da). Further 

fragmentation of this species gave a Ppant ion of acetoacetyl only (observed; 345.23 Da, expected; 

345.15 Da, Figure 59B) consistent with no formation of 22D. 

No sign of reduction was observed with 21D. This shows the important role played by mAcpB in 

turnover of the reaction. Monitoring the reaction by ESI-MS based methods do not allow for elucidation 

of the stereochemistry of the resulting alcohol produced. It is expected that a R-β-hydroxy product will 

be formed – this may be further tested using NMR analysis but is beyond the scope of this project.  

 

Figure 59: The addition of MupD and NADPH to AcAc-mAcpD. A) Pantetheine ejection spectrum of AcAc-mAcpD 

starting material. B) Pantetheine ejection spectrum of acyl-mAcpD species 4 hours after addition of MupD and 

NADPH. Unreacted starting material is observed in both cases (observed; 345.23 Da, expected; 345.15 Da).  

 

3.2.16 Ketoreductase activity of MupD with 3-oxopentanoyl moiety 

 

Scheme 18: The reaction scheme for loading 3-oxopent-pantetheine onto mAcpB.  Reduction of the C-3 carbonyl 

will occur leading to the formation of the C-3 hydroxy substrate tethered to terminal thiol of mAcpB. The reduction 

is catalysed by MupD and NADPH cofactor.  
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The ability of MupD to catalyse the reduction of an elongated 5-carbon variant, 3-oxopentanoyl 

pantetheine (3-oxopent) 24 was tested (Scheme 18). 24 was synthesised by Angus Weir (unpublished 

work, Angus Weir, University of Bristol) and differs only from the natural substrate by lacking a C-5 

hydroxyl group.  

3-oxopent pantetheine 24 was transferred onto active site serine of mAcpB via the same protocol used 

for the formation of 21B. The assay was initiated by addition of MupN (5 µM) to ATP (1 mM), MgCl2 

(10 mM), 24 (1 mM), CoA mix enzymes (3 µM of each of CoaA, CoaD and CoaE) and apo-mAcpB 

(100 µM) and was monitored by ESI-MS after 2 hours. Again, two new species were observed with 

masses consistent with 3-oxopent-mAcpB (3OP-mAcpB) 24B (observed; 11810.0 Da, expected; 

11810.7 Da) and holo-mAcpB (observed; 11712.1 Da, expected; 11712.7 Da, Figure 60A). The 24B 

was produced in 80% yield, with the remaining 20% consisting of holo-mAcpB. Fragmentation of the 

major species produced a characteristic Ppant ion for 24B (observed; 359.15 Da, expected; 359.16 Da, 

Figure 60A) confirming successful derivatisation.  

 

 

Figure 60: The formation of 3-oxopent-mAcpB. A) The deconvolution of mAcpB region of spectrum after 2 hours 

and subsequent pantetheine ejection assay of the predominant 3OP-mAcpB species. B) The chemical structure 

and expected mass of the 3-oxopent-mAcpB Ppant ion. 

Reduction was assayed by addition of MupD (20 µM) to 24B (100 µM) in presence of NADPH (1 mM) 

as monitored by ESI-MS. After 1 hour, a new species with a mass consistent with the expected 3-

hydroxypent-mAcpB 25B product was produced (observed; 11812.5 Da, expected; 11812.8 Da, Figure 

61). This was confirmed by pantetheine ejection to produce the characteristic ion with a mass of 361.16 

Da (expected mass; 361.18 Da). 
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Figure 61: The reduction of 3-oxopent-mAcpB 24B by the KR enzyme MupD. A) The deconvolution of mAcpB 

species 1 hour after addition of MupD to 3-oxopent-mAcpB (left) and subsequent Ppant ejection ion (right). B) The 

chemical structure and expected mass of the Ppant ion of 3-hydroxypent-mAcpB 25B. 

These assays with mimics of the natural substrate of MupD show that MupD can accept multiple 

substrates when attached to mAcpB. The inability of mAcpD to turnover with MupD confirms that 

specific interactions between mAcpB and MupD facilitate the reaction. The interaction of KR and ACPs 

has previously been shown to be multivalent, consisting of distinct contributions from both the ACP 

and the acyl group undergoing reduction. 147 This work confirms the important role played by the ACP 

in this interaction.  

 

Scheme 19: Scheme showing the outcome of assays involving MupD conducted in this section. 

When considered in the context of 9HN biosynthesis, assays with MupD and the proposed natural 

substrate were found to be successful when delivered by both mAcpB and mAcpA. This provides 

further evidence that both ACPs are involved in delivering malonyl during the first condensation 
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reaction. The ability of each ACP to deliver malonyl during subsequent condensations steps will be 

tested in later Chapters. The work in this chapter has provided useful information about the proposed 

sequence of events in the early part of 9HN biosynthesis.  
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3.3 Reductive Tailoring Following MmpF-Catalysed Condensation 
 

During polyketide and fatty acid biosynthesis, tailoring modifications following KS-catalysed 

condensation are responsible for conversion of the diketone moiety to acyl moieties with varying 

degrees of saturation. These tailoring reactions are catalysed by three enzymes; the KR, DH and ER. 

This section will focus on understanding the enzymes responsible for ER and DH tailoring during the 

biosynthesis of 9HN. The proposed tailoring steps are shown in Scheme 20. MmpF catalysed 

condensation (DCC #1) will produce a 5-hydroxy β-ketothiolester intermediate 17. Work in previous 

chapters has shown that MupD will provide the initial KR tailoring activity to produce 3,5-

dihydroxythiolester 18 but further tailoring steps are yet to be demonstrated experimentally. 18 is 

expected to undergo dehydration to produce 26 catalysed by a yet unknown DH enzyme. Following 

this, reduction catalysed by MupE is expected to yield the saturated 5-hydroxy thiolester intermediate 

27, but this is yet to be proven experimentally.48 27 will then undergo two further condensation and 

tailoring cycles to produce 7-hydroxy thiolester 28 and 9-hydroxythiolester 29 utilising either MmpF 

for second elongation step followed by MmpB_KS for the final step or the MmpB_KS for both steps.  

 

Scheme 20: Simplified reaction scheme showing the proposed biosynthesis of 9HN. F, D and E represent the 

proteins MmpF, MupD and MupE respectively. MmpF catalyses the first chain extending reaction (DCC #1) to 

produce diketone intermediate 17. In vitro assays have confirmed that MupD is KR enzyme which catalyses 

reduction of 17 to dihydroxy intermediate 18. The next step is proposed to be dehydration of 18 to produce enone 

intermediate 26 and subsequent reduction of this enone to produce fully saturated 5-carbon fatty acid 27. 

In this chapter, the ER and DH tailoring reactions were individually analysed and experimentally 

verified utilising simple mimics of the expected natural substrates. The use of simple ketothiolester 

mimics of this natural substrate attached to cognate and non-cognate ACPs will initially allow the ACP 

specificity of these reactions to be tested. MupE was studied first as this was known as a discrete ER 

enzyme within mupirocin BGC. No equivalent trans-acting DH enzyme had yet been identified and 

this will be addressed later.   
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3.3.1 Bioinformatic Analysis of MupE 

MupE is a further discrete enzyme whose function in the mupirocin BGC has not yet been defined. 

Limited functional analysis concluded this protein to have enoyl reductase activity. 78,48 This was 

consistent with accumulation of Mupirocin E with a double bond between C-6’ and C-7’ when mupE 

gene was knocked out in P. fluorescens (Figure 62).81 The presence of only a single point of desaturation 

on this knockout would suggest MupE acts on 26 only, requiring the action of an additional ER domain. 

As MmpB lacks a modular ER domain, this activity may be derived from either MmpC, another 

biosynthetic pathway or primary metabolism. Further subsequent gene knockouts have also shown, 

somewhat confusingly, that Mupirocin E can also be isolated from mupD (KR) knockout experiments. 

148 As with most of the mupirocin pathway, the genetic approach sheds little light on the precise action 

and timing of these enzymes beyond their broad involvement in fatty acid chain biosynthesis.  

 

Figure 62: Chemical structure of gene knockout product mupirocin E. This compound contains C-6’ to C-7’ alkene 

functionality and has been shown to accumulate after knockout of MupE gene within biosynthesis of mupirocin.  

MupE is a member of the Medium-Chain dehydrogenase (MDR) superfamily of proteins. 149 This 

superfamily has been shown to encompass a plethora of proteins with a broad range of functions and 

reactions.150 Furthermore, the sequence of MupE contains structural features which is indicative of 

Zinc-alcohol dehydrogenase-like (Zn-ADH-like) domain. MupE contains a conserved series of cysteine 

residues (C91-C94-C97-C105) implicated in the binding of structural zinc. This zinc-binding site has also 

been observed in zinc-dependent alcohol dehydrogenase from Thermus thermophilus HB8, the structure 

of which has been solved (PDB accession: 2EIH). MupE shares 38% identity with this protein and the 

structure of MupE has been modelled using this as a template.  
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Figure 63: The structure of MupE protein modelled from resemblance to Zn-Dependent Alcohol Dehydrogenase 

from Thermus Thermophilus HS8 (38% identity, PDB Accession 2EIH). The structure consists of catalytic region 

(shown in blue) containing binding site for catalytic zinc (shown in yellow) and a NAD(P)H binding site (shown in 

pink).  

The modelled structure of MupE consists of two distinct regions – the first is the catalytic domain. This 

domain is responsible for binding and modification of substrates. This is shown in blue in Figure 63 

with the binding site of structural zinc shown in yellow. The region from residue 151 to 288 is 

responsible for NAD(P)H binding and is shown in pink. Bioinformatic analysis of homologues of MupE 

has shown that MupE is likely to show specificity for NADH rather than NADPH. 151 Sequence analysis 

of MupE was unable to definitively confirm the function of this protein. Further analysis of residue 1-

150 of the catalytic domain identified homologues consisting of alcohol dehydrogenase enzymes such 

as L-threonine 3-dehydrogenase from Thermus thermphilus HB27 152 and 2-deoxy-scyllo-inosamine 

(DOIA) dehydrogenase from Streptomyces rimosus subsp. paromomycinus – both surprisingly 

responsible for the interconversion of alcohols to ketone. BLAST search of MupE showed similarity to 

both alcohol dehydrogenase enzymes and PKS enoyl reductase enzymes.   

Sequence analysis of members of the MDR superfamily was conducted by Pliess et al in 2008.153 This 

analysis was able to group each MDR member into families based on sequence identity and shared 

structural features. MupE was included in this analysis and was placed in family MDR 20. None of the 

members of MDR 20 have been characterised by structure determination or functional studies. MupE 

is a member of the MDR 20.3 subclass, of which MupE is the only member so limited information can 

be attained about its proposed function within the mupirocin biosynthetic gene cluster.  
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Typical type II FAS Enoyl-ACP reductase enzymes are members of the Short-Chain Dehydrogenase 

(SDR) family.18 During fatty acid construction in E. coli, ER activity is provided by FabI domain.154 

Analysis of the trans-ER domain from the iterative type I PKS used to form lovastatin (LovC) shows 

this is also a member of the MDR superfamily. Therefore, a sensible hypothesis based on sequence 

homology and functional data is that MupE should act on 26B arising from the first MmpF catalysed 

decarboxylative condensation (Scheme 21)  

 

Scheme 21: Reaction scheme showing the tailoring of 5-carbon thiolester intermediate 17B with MupD, and 

unknown DH and MupE. 17B will be reduced by proposed KR enzyme MupD to produce dihydroxy intermediate 

18B. Following this 18B undergoes dehydration catalysed by an unknown DH domain to produce enone 

intermediate 26B. 26B will be further reduced to form 5-carbon fully saturated acyl chain 27B catalysed by ER 

domain MupE. 

3.3.2 Expression and purification of MupE 

To test this function in vitro, MupE was successfully expressed utilising the same arctic growth 

conditions that yielded functional MupD. The MupE gene was cloned by PCR using primers given in 

the methods section. This gene was subsequently ligated into pOPINF ready for expression. MupE was 

purified by IMAC followed by SEC using a S100 column and was successful in producing 1.5 mg/L of 

soluble protein as confirmed by SDS-PAGE analysis (Figure 47A). ESI-MS of MupE showed a single 

series of charge states with a mass consistent with MupE (observed; 38591 Da, expected; 38596 Da) 

(Figure 47B). An analytical SEC trace of MupE (conducted with S75 column) indicated a monomeric 

state in solution with an elution volume of 14.5 mL consistent with a predicted molecular weight of 

50.3 kDa. This monomeric state was consistent with other MDR superfamily ER domains from trans-

AT biosynthetic pathways such as LovC from the biosynthesis of lovastatin. 155,156 
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Figure 64: Expression and purification of MupE A) SDS-PAGE gel showing the different stages of MupE purification 

using Arctic cells. B) ESI-MS spectrum of purified MupE. A single series of charge states showed a mass consistent 

with MupE (observed; 38591 Da, expected; 38596 Da). C) Analytical size exclusion chromatography trace of MupE. 

 

3.3.3 MupE activity with natural substrate mimics 

The activity of MupE was tested by incubation with a series of acyl-pantetheine substrates containing 

the enone functional group. The substrates crotonyl-pantetheine (crot-pant) 30 and 3-methylbutenoyl-

pantetheine (3mb-pant) 31 were synthesised by Angus Weir for use in in vitro assays. 30 contained a 

4-carbon backbone compared to the 5-carbon backbone and C-5 hydroxyl group of the proposed natural 

substrate (Figure 65). Substrate 31 also possessed a 4-carbon backbone but contained a β-methyl branch 

which differentiated it from 30. The strategy would be to transfer 30 and 31 to mAcpB (to produce 30B 

and 31B) and incubate with MupE in an in-vitro reconstitution of the proposed biosynthetic pathway.  

 

 

Figure 65: Synthesised pantetheine analogues 28 and 29 used to test the function of MupE enzyme compared to 

the proposed natural substrate. 
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3.3.3.1 MupE activity with crotonyl-mAcpB 

Functional assays were initially conducted with MupE and 30. The substrate of MupE is expected to be 

delivered by either mAcpB or mAcpA. In this work, the crotonyl substrate was transferred to the 

terminal thiol of mAcpB. If MupE is the expected ER enzyme, reduction of crot-mAcpB is expected to 

occur as shown in Scheme 22. 

 

Scheme 22: The reaction scheme showing the loading of crotonyl-pant 30 on to mAcpB to produce 30B. This will 

be followed by incubation with MupE to produce butyryl-mAcpB 32B. 

First, crotonyl-pantetheine was loaded onto mAcpB utilising MupN and cofactors. The assay was 

initiated by addition of MupN (5 µM) to ATP (1 mM), MgCl2 (10 mM), 30 (1 mM), CoA mix enzymes 

(3 µM of each of CoaA, CoaD and CoaE) and apo-mAcpB (100 µM). The reaction was monitored by 

ESI-MS after 1 hour at room temperature. After this time, apo-mAcpB was consumed and a new species 

with a mass consistent with 30B (observed; 11780.2 Da, expected; 11780.7 Da) was observed (Figure 

66A). The major mAcpB species observed was produced in 100% yield and further Ppant ejection 

confirmed successful formation of 30B (observed; 329.14 Da, expected; 329.15 Da). 
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Figure 66: The formation of crotonyl-mAcpB utilising MupN and crot-pant 28 after 1 hour. A) Deconvolution of the 

mAcpB region of the spectrum (left) and subsequent Pantetheine ejection of major species (right). B) Chemical 

structure and expected mass of the Ppant ion of crot-mAcpB. 

The reduction of crotonyl-mAcpB 30B by MupE was assayed by addition of MupE (20 µM) to 30B (80 

µM) and NADH (200 µM) and monitored by ESI-MS over 30 minute, 2 hour and 16 hour timepoints. 

After 30 minutes, a single species with a mass of 11784.0 Da was observed. Pantetheine ejection of this 

species showed a mixture of 75% crotonyl (observed; 329.23 Da, expected; 329.15 Da) and 25% butyryl 

derivatives (observed; 331.25 Da, expected; 331.17 Da) consistent with partial reduction (Figure 67A). 

After 2 hours, the mixture percentage increased to 60% butyryl (observed; 331.25 Da) with 40% 

crotonyl (observed; 329.24 Da) as shown in Figure 67B. After 16 hours, however, the main species 

showed a mass of 11785.0 Da (Figure 68C). Further fragmentation of this species produced a single 

Ppant ion with a mass consistent with only the butyryl species (observed; 331.25 Da). The evolution of 

the Ppant ejection spectrum over time is shown in Figure 67. This confirms that MupE can reduce 30B 

to the corresponding 32B moiety in vitro. Although kinetic analysis was not conducted, it can be 

concluded that ER activity catalysed by MupE is slower than KR activity catalysed by MupD due to 

complete reduction observed after 16 hours. This is slower than the 30 minutes required to completely 

reduce the acetoacetyl moiety by MupD. 
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Figure 67: The timepoints of the reduction of crot-mAcpB catalysed by MupE. A) Pantetheine ejection assay of 

major mAcpB species 30 minutes after addition of MupE to crot-mAcpB. B) Pantetheine ejection assay of major 

mAcpB species 2 hours after addition of MupE to crot-mAcpB. C) Pantetheine ejection assay of major mAcpB 

species 16 hours after addition of MupE to crot-mAcpB. D) The chemical structures and expected masses of the 

crotonyl and butyryl pantetheine ejection ions.  

To confirm that the ER activity observed was due to the action of MupE, a negative control assay was 

conducted. In this assay, 30B (80 µM) was added to NADH (200 µM) in the absence of MupE. The 

reaction was conducted concurrently with a successful MupE reduction assay and was monitored by 

ESI-MS over time. After 16 hours, mAcpB deconvolution showed a single series of charge states which 

was consistent with unreacted 30B (observed; 11783.2 Da, expected; 11780.7 Da, Figure 68B). Further 

fragmentation of the 11783.2 Da species from the 16 hour control assay (lacking MupE) produced a 

single Ppant ion consistent with no reduction having taken place (observed; 329.23 Da, expected; 

329.15 Da).  

 

Figure 68: Summary of the MupE + crotonyl-mAcpB assays. A) The deconvolution and subsequent pantetheine 

ejection ion of the MupE negative control reaction after 16 hours. 33B species is asterisked.  B) The deconvolution 

and subsequent pantetheine ejection ion of the MupE negative control reaction (containing only crot-mAcpB and 

NADH) after 16 hours. 

A small amount of a species with a mass of 11801.2 Da was observed in the deconvolution of both the 

MupE positive control and the MupE negative control reactions after 16 hours. This corresponds to a 

mass increase of approximately + 86 Da from the observed mass of holo-mAcpB (Figure 68A and B). 

This species did not give an ejection ion, presumably due to low abundance of the parent species. This 

species may be formed by the 1,4 addition of water to crotonyl species which will produce the 4-carbon 

β-hydroxy 33B species shown in Scheme 23. The formation of this species is greatest for the negative 
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control reaction where the substrate persists for longer periods of time. The formation of 33B in small 

amounts means it is not likely to effect the MupE catalysed reduction.  

 

Scheme 23: The side reaction of crot-mAcpB which produces the β-hydroxy thioloester intermediate shown. 

3.3.3.2 MupE activity with crotonyl-mAcpD 

To test the effect of changing the ACP on the rate of reaction, 30 was loaded on to the terminal thiol of 

non-cognate mAcpD to produce 30D. The reaction was initiated by addition of MupN (5 µM) to ATP 

(1 mM), MgCl2 (10 mM), 30 (1 mM), CoA mix enzymes (3 µM of each of CoaA, CoaD and CoaE) and 

apo-mAcpD (100 µM). After 2 hours, 100% formation of 30D was confirmed by ESI-MS (observed; 

15334.4 Da, expected; 15330.8 Da, Figure 69A) and Ppant ejection (observed; 329.24 Da, expected; 

329.15 Da).  

 

Figure 69: The formation of crotonyl-mAcpD utilising MupN and CoaMix enzymes. A) After 2 hours, deconvolution 

of the mAcpD region of the spectrum and Ppant ejection assay of predominant species. B) Chemical structure and 

expected mass of the crot-mAcpD ejection ion. 



Results and Discussion 

 

112 

 

The reduction of 30D was assayed by addition of MupE (20 µM) to NADH (200 µM) and 30D (80 µM). 

After 16 hours, a species with a mass of 15334.0 Da was observed. Ppant ejection of this species 

produced a mixture of pantetheine ejection ions (Figure 70B) that consisted of ~ 60% of the crot-

mAcpD ion (observed; 329.24 Da, expected; 329.15 Da) and ~ 30% of ions derived from butyryl-

mAcpD (observed; 331.25 Da, expected; 331.17 Da). This was consistent with partial reduction and 

therefore some ability of MupE to recognise this ACP. 

 

Figure 70: The pantetheine ejection spectra of crot-mAcpD + MupE assay. A) Pantetheine ejection ion of crot-

mAcpD only. B) Fragmentation of the major species 16 hours after addition of MupE and NADH to crot-mAcpD. C) 

Fragmentation of the major species 16 hours after addition of MupE and NADH to crot-mAcpD. 

The observation that MupE catalyses complete reduction of crot-mAcpB after 16 hours, but only partial 

reduction of mAcpD after the same period of time confirms the reduction of 30 is accelerated by protein-

protein interactions between mAcpB and MupE. For the equivalent assay involving MupD and non-

cognate Acac-mAcpD no reduction was observed after 16 hours. For both MupD and MupE catalysed 

reductions, mAcpD bound substrates show a slower rate of reaction compared to mAcpB bound 

substrates. This is because mAcpD lacks the specific protein-protein interactions that exist between 

mAcpB and its cognate partners MupD and MupE.  
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3.3.3.3 MupE assays with β-branched enone 

The ability of MupE to catalyse reduction of β-branched enone substrate was subsequently tested. The 

purpose of this assay was to test the specificity of MupE to turnover with a substrate containing a non-

natural β-methyl branch. The substrate 3mb-pant 31 was loaded on to mAcpB to produce 31B utilising 

previous conditions involving MupN. After 1 hour, apo-mAcpB was consumed and a new species with 

mass consistent with 31B was produced in 100% yield (observed; 11797.5 Da, expected; 11794.7 Da, 

Figure 71A). Further fragmentation of this species gave a Ppant ion of 343.26 Da confirming the 

formation of 31B (expected; 343.17 Da). 

 

Figure 71: The formation of 31B utilising MupN and cofactors. A) Deconvolution of the mAcpB region of the 

spectrum 1 hour after initiation reaction (left) and subsequent Ppant ejection ion (middle). B) Chemical structure 

and expected mass of the Ppant ion of 31B 

The reduction of 31B was initiated by addition of 31B (80 µM) to NADH (1 mM) and MupE (20 µM)  

and monitored after 30 minutes, 4 hour and 16 hours incubation at room temperature. After all time 

points, analysis by ESI-MS showed no changes to the mAcpB region of the spectrum consistent with 

no reduction having taken place. After 16 hours, the main species had a mass consistent with 31B 

(observed; 11797.5 Da, expected; 11794.7 Da) as shown in Figure 72A. Further fragmentation of the 

main species gave a Ppant ion consistent with no reduction having taken place (observed; 343.26 Da, 

expected for non-reduced; 343.17 Da, expected for reduced; 345.18 Da, Figure 72B). 
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Figure 72: The addition of MupE and NADH to 3mb-mAcpB after 16 hours. A) Deconvolution of the mAcpB region 

of the spectrum and subsequent Ppant ejection assay of the major species. B) Chemical structures and expected 

masses of 3mb-mAcpB Ppant ion and reduced intermediate.  

The data observed shows that MupE is not able to reduce 31B in vitro. The methyl group at the β-

position presents steric bulk located on the double bond of the enone undergoing reduction may disrupt 

the binding of the substrate to the active site or the catalysis. The exact position and nature of binding 

interactions are unknown due to the absence of structural characterisation of MupE. Literature analysis 

of PKS ER enzymes shows that during typical ER mechanism of action, the β-position is positioned 

close to the C-4 of the nicotinamide ring of NADH to allow hydride transfer to take place. 156 This 

hydride transfer is key to reduction. It is proposed that the β-methyl group present on 31 disrupts this 

key interaction, thereby stopping hydride transfer (and subsequent reduction) from taking place.  
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3.3.4 Identity of DH tailoring enzyme 

The DH enzyme from the MmpF elongation, reduction cycle is currently unknown as no trans-acting 

DH enzymes exist in the BGC of mupirocin. Initially reanalysis of the putative functions of the proteins 

in the mupirocin BGC was conducted. This confirmed that a total of four DH domains were present in 

the total mupirocin BGC. Three of these DH are located within MmpD – the multidomain PKS involved 

in the synthesis of the polyketide backbone of the monic acid moiety. The final DH domain was located 

within MmpB. The feasibility of each of these DH domains to act with MupD and MupE in the tailoring 

of MmpF elongated intermediates will be discussed.   

Like mupirocin, another trans-AT PKS whose biosynthetic pathway is lacking a DH domain is iso-

migrastatin. 157 Work by Shen et al. used SNAC mimics to show that the missing DH activity within 

the Migrastatin cluster was provided by a dual acting DH domain (MsgF_DH10). This unique DH 

domain was found to provide activity both within its associated module (module 10) and also so called 

‘long-range activity’ to an upstream module (module 4). 158 This long-range activity was found to be 

contingent on an unusual 23 AA segment located within the DH motif (HXXXGXXXXP motif) of this 

enzyme. A mutant of MsgF_DH10 lacking this 23 AA sequence was no longer able to act in a long-

range manner.  The authors hope that future mechanistic studies will shed a light on why this segment 

is crucial to long-range activity.   

Of the DH domains found within MmpD, MmpD_DH2 and MmpD_DH3 are both proposed to act to 

produce enone products during monic acid construction. If these DH domains were to act in a long-

range manner, they would be expected to contain the 23 AA segment present in MsgF_DH10. 

Therefore, sequence alignment of trans-AT PKS DH domains including MsgF_DH10, MmpB_DH, 

MmpD_DH1, MmpD_DH2 and MmpD_DH3 was conducted. This revealed that none of the mupirocin 

DH domains contain this additional motif (Figure 73) and therefore on this basis, MmpD_DH2 and 

MmpD_DH3, which are known to have a defined role in the polyketide processing, are not likely to 

possess a further dual activity. 

 

Figure 73: Alignment of selected trans-AT PKS DH domains including MsgF_DH10, MmpB_DH, MmpD_DH1, 

MmpD_DH2 and MmpD_DH3. MsgF_DH10 contains a 23 amino acid dual action motif which is lacking in all 

mupirocin DH domains.  
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The remaining candidates for DH tailoring activity are MmpD_DH1 (from MmpD module 1) and 

MmpB_DH. Interestingly, module 1 of MmpD is not expected to require DH activity due to the 

colinearity rule predicting a β-hydroxy intermediate. This implies that MmpD_DH1 may act elsewhere 

in the pathway. Hotherstall et al. predicted that D_DH1 may be inactive due to lacking Glycine and 

Proline in the DH motif.148 Analysis of MmpD_DH3 shows this also lacks the terminal Proline in the 

DH motif despite having a proposed function in the pathway. Further to this, functional studies of DH 

enzymes have in fact shown that only the histidine residue within the DH motif is required for catalytic 

activity (playing direct role in dehydration of substrate) 159 but that the rest of the DH motif is not always 

universally conserved. 160 Another important residue for function in DH enzymes is the catalytic aspartic 

acid residue located within the DXXXQ/H motif. MmpD_DH1 contains all residues of this DXXXQ/H 

motif (including catalytic aspartic acid) and is therefore expected to be functional and may be a 

candidate for missing DH activity.  

The final domain, MmpB_DH, is also a candidate for missing DH activity. This domain contains both 

the DH and DXXXQ/H motifs which predict active site residues. Furthermore, MmpB_DH is expected 

to be directly involved in 9HN construction due to its inclusion within MmpB.  

3.3.4.1 Expression and Purification of DH enzymes 

The two DH domain candidates (MmpB_DH and MmpD_DH1) were expressed and purified. Gene 

boundaries were confirmed using the BLAST database and secondary structure prediction using I-

TASSER server. Comparison of MmpB_DH and MmpD_DH1 gene fragments from MmpB and MmpD 

respectively was translated into protein sequences and compared to typical DH enzymes from BLAST 

database. The sequences of MmpB_DH and MmpD_DH1 are outlined in the methods section.   

MmpD_DH1 was cloned from genomic DNA of P. fluorescens using specifically designed primers (see 

Methods section for details). Successful PCR was confirmed by 1% agarose gel and the purified PCR 

band was subsequently ligated into a pOPINF vector. Successful ligation was confirmed by Sanger 

sequencing of the resulting plasmid. MmpD_DH1 was expressed under standard conditions (See 

Methods section for details). Purification via IMAC and SEC using an S200 column was successful 

yielding 5 mg/L soluble protein as confirmed by SDS-PAGE gel (Figure 74A). Analysis of this pure 

protein yielded a dominant series of charge states giving an observed mass of 29164.8 Da which was 
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within 1.2 Da of the expected mass (expected; 29166.0 Da). Analytical size exclusion chromatography 

(using S75 column) showed MmpD_DH1 to be a monomer in solution (Mwapp = 26.4 kDa) 

 

Figure 74: The expression and purification of MmpD_DH1. A) SDS-PAGE gel showing the stages of expression 

and purification of MmpD_DH1. B) ESI-MS analysis of purified MmpD_DH1 showed a series of charge states giving 

a molecular weight of 29164.8 Da (expected; 29166.0 Da). C) Analytical size exclusion trace of MmpD_DH1. 

The MmpB_DH plasmid was synthesised by ThermoFisher GeneArt into a pET151_D vector. Plasmid 

design was led by Dr Winter. The protein was expressed under standard conditions outlined in the 

methods section. Purification via IMAC and SEC using an S200 column was successful yielding 2.5 

mg/L soluble protein as confirmed by SDS-PAGE gel (Figure 75A). A single band was observed 

running slightly higher than expected on the gel between the 35 kDa and 55 kDa markers. ESI-MS 

analysis of the purified MmpB_DH yielded a series of charge states which gave an observed mass of 

35362.7 Da, (expected; 35364.9 Da) confirming this was the correct protein. Analytical SEC trace 

(S200 column) of MmpB_DH again revealed the discrete domain to be a monomer in solution.  
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Figure 75: The expression and purification of MmpB_DH. A) SDS-PAGE gel showing the stages of expression and 

purification of MmpB_DH. B) ESI-MS analysis of purified MmpB_DH showed a single series of charge states giving 

an observed molecular weight of 35362.7 Da (expected; 35364.9 Da). C) Analytical size exclusion trace of 

MmpB_DH.  

The ESI-MS samples of both DH enzymes showed two charge envelopes. For MmpB_DH, 70% was 

observed in the expected form at 35362.7 Da and 30% was observed in the α-N-gluconoylated form 

(mass increase of 178.1 Da, Figure 76). For MmpD_DH1 the amount of α-N-gluconoylated form was 

less with around 15% showing a mass increase of 178.2 Da with the remaining 85% showing the 

expected mass.  

 

 

Figure 76: Deconvolutions of purified samples of MmpB_DH and MmpD_DH1. A) Deconvolution of MmpB_DH B) 

Deconvolution of MmpD_DH1. 
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3.3.5 In-vitro assay with MmpB_DH and MmpD_DH1 

A series of in vitro assays were conducted to test whether each DH enzyme could catalyse the 

dehydration of mimics of the proposed natural substrate. The β-hydroxy substrates used to test the 

function of DH enzymes were 3-hydroxybutyryl 34 and the natural substrate, 3,5-dihydroxypentanyl 

18. These substrates were produced in vitro from their respective diketone precursors (21 and 17) 

utilising the KR enzyme MupD.  

 

 

Figure 77: The substrates which will be used to test the function of MmpB_DH and MmpD_DH1. The chemical 

structure of the proposed natural substrate for tailoring DH is also shown. 

3.3.5.1 DH Assays with 3-hydroxybutyryl-mAcpB 

 

Scheme 24: Reaction scheme showing the formation of the 3-hydroxybutyryl-mAcpB intermediate 34B from 

acetoacetyl-pantetheine 21. 34B was then used as a substrate to test the DH activity of MmpB_DH and 

MmpD_DH1. 

The scheme showing the proposed action of the DH enzymes with 34B is shown in Scheme 24. 21B had 

been previously prepared (assay conditions described previously) as confirmed by ESI-MS (observed; 

11795.5 Da, expected; 11796.8 Da, Figure 78A). Pantetheine ejection generated the expected Ppant ion 

confirming 21B formation (observed; 345.14 Da, expected; 345.15 Da). To this new species was added 

MupD (20 µM) and NADPH (1 mM), and the reaction was monitored by ESI-MS. After 1 hour, a 

species was observed with a mass consistent with 3HB-mAcpB 34B (observed; 11797.8 Da, expected; 

11798.8 Da, Figure 78B). Further fragmentation of this species gave the expected ejection ion mass 

(observed; 347.16 Da, expected; 347.16 Da) confirming the formation of 34B. The ACP-bound 34B will 

be the starting material used to test the action of both DH enzymes.  
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Figure 78: The formation of mAcpB bound substrates for DH assays. A) Deconvolution showing the formation of 

AcAc-mAcpB 21B after 2 hours. B) Deconvolution of the mAcpB region 1 hour after addition of KR enzyme MupD. 

Mass of the major species and subsequent Ppant ion confirm the formation of 3HB-mAcpB 34B. C) Chemical 

structures of the acetoacetyl and 3-hydroxybutyryl Ppant ions formed.  

After the formation of 34B this species was split into two separate assays. For assay ‘BH 4C’, 

MmpB_DH (20 µM) was added to 34B (70 µM) to initiate the dehydration reaction. The assay was 

monitored by ESI-MS after 30 minutes, 4 hours and 16 hours incubation at room temperature. After 30 

minutes, a new species with a mass of 11779.5 Da was detectable at low levels (~ 5%) corresponding 

to the expected dehydration product crotonyl-mAcpB 30B (expected; 11780.7 Da, Figure 79B). The 

amount of 30B continued to increase after 4 hours and 16 hours. After 16 hours, 20% of the mAcpB 
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species was observed in the dehydrated form (observed; 11779.4 Da, expected; 11780.7 Da, Figure 

79C). Further fragmentation of this species gave a mixture of ejection ions. Within this mixture, small 

amounts of the 34B ion (observed; 329.14 Da, expected; 329.15 Da) and a larger amount of the 30B ion 

(observed; 347.15 Da, expected; 347.16 Da) could be seen. This shows that a small amount of 

dehydration activity has taken place after 16 hours.  

In a separate assay, a sample of 34B was incubated at room temperature for 16 hours without the addition 

of DH. No formation of 30B was observed under these conditions (Figure 79A). This confirmed that 

formation of 30B does not occur spontaneously and is likely due to the action of a specific dehydratase. 

 

Figure 79: The addition of 3-hydroxybutyryl-mAcpB to the MmpB_DH assay. A) The deconvolution of the mAcpB 

region of the control reaction (prior to addition of MmpB_DH). B) Assay BH 4C, 30 minutes after addition of 

MmpB_DH. C) Assay BH 4C, 16 hours after initiation of reaction. Further fragmentation of this species showed a 
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mixture of 3HB ion (observed; 347.14 Da) and crot ion (329.14 Da) corresponding to starting material and 

dehydrated product respectively. D) The chemical structures and expected masses of the Ppant. ions observed. 

The dehydration activity of MmpB_DH had been tested; the next step was to test the dehydration 

activity of the remaining DH enzyme MmpD_DH1. The remaining sample of 34B was incubated with 

MmpD_DH1 (20 µM) to make up assay ‘DH 4C’. After 30 minutes, a small amount of dehydrated 

intermediate 30B was observed (observed mass; 11797.6 Da, expected mass; 11780.7 Da). This 

amounted to approximately 5% of the mAcpB species present. After 4 hours and 16 hours, no further 

increase in the amount of the dehydrated product was observed. Over all the time periods tested, the 

major species observed was the unreacted starting material 34B. Further fragmentation of 30B was 

unsuccessful in isolating significant amounts of the Ppant ion due to the small amount of intermediate 

produced.  

 

Figure 80: The addition of 3-hydroxybutyryl-mAcpB to MmpD_DH. A) The deconvolution of mAcpB region of the 

control reaction (no addition of MmpD_DH).  B) The deconvolution of mAcpB region of assay BH 4C, 30 minutes 

after addition of MmpD_DH. C) The deconvolution of mAcpB region of Assay BH 4C, 16 hours after initiation of 

reaction. Peak corresponding to dehydrated product crot-mAcpB 30B is marked with green asterisk, peak 

corresponding to unreacted starting material is marked with red asterisk.  
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A small amount of DH activity was observed for both enzymes with non-natural substrate delivered by 

mAcpB after 16 hours. The majority of the mAcpB species in both cases was unreacted starting 

material. Both DH enzymes also showed a low amount of product formation after a long time period 

(16 hours). The observation of low-level DH activity by both enzymes implies this activity is not 

specific. Functional studies of PKS DH enzymes has been reported in the literature. One such example 

was the kinetic analysis of the PikDH2 domain from the biosynthesis of the polyketide macrolide 

antibiotic pikromycin. 161 The substrate specificity of PikDH2 was tested by modifying the stereocenters 

of the natural substrate and monitoring the effect on enzyme turnover. This showed a strict substrate 

specificity for the native stereochemistry and chemical structure. 162 This has been similarly observed 

in other PKS DH domains such as RifDH10 from rifamycin biosynthesis 163 and BorDH2 from 

borrelidin biosynthesis. 164 Therefore, the lack of DH activity of MmpB_DH and MmpD_DH1 may be 

due to the difference between 34 and the proposed natural substrate. As a result, this assay was repeated 

with the proposed natural substrate; 3,5-dihydroxypentanyl 18 attached to mAcpB. This substrate will 

be produced in vitro from 3HP-mAcpD utilising MmpF, malonyl-mAcpB, MupD and their respective 

cofactors.  

Further to the substrate arguments made above, the kinetics of the in vitro assay was also considered. 

Kinetic analysis of PikDH2 domain reported in the literature found this dehydration to be reversible, 

producing only 50% yield of trans-olefin product. 162 In the biosynthetic pathway, this equilibrium is 

pushed toward dehydration by downstream module activities. Within mupirocin biosynthesis, MupE is 

expected to act after dehydration has taken place. Therefore, addition of MupE to the dehydration 

reaction may drive the reaction towards completion. Therefore, MupE (and NADH) will also be added 

to the assay when it is repeated with natural substrate 18B. 

3.3.5.2 DH Assays with 3,5-dihydroxypentanyl-mAcpB 

The production of 3,5-dihydroxypentanyl-mAcpB 18B was conducted according to conditions outlined 

in experimental detail elsewhere in this thesis (as described in Chapter 2). In brief terms, the production 

of 3HP-mAcpD with > 95% yield was confirmed by ESI-MS after 2 hours. Following this, 3HP-mAcpD 

was added to MmpF, malonyl-mAcpB, MupD to produce significant amounts of 18B. To 18B was added 

MupE and each DH enzyme to test whether dehydration could be observed. The proposed reaction 

scheme for each DH is shown in Scheme 25. 
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Scheme 25: A reaction scheme showing the in vitro preparation of 3,5-dihydroxypentanyl-mAcpB 18B to test the 

function of MmpB_DH and MmpD_DH1 enzymes. Intermediate 18 is proposed to be the natural substrate of the 

DH tailoring enzyme. 

The in vitro assay with natural substrate was conducted with freshly purified enzymes and newly 

synthesised substrates. The ‘B Nat’ Assay was initiated by addition of 3HP-mAcpD (37 µM) to 

malonyl-mAcpB (50 µM), MmpF (15 µM), MupD (15 µM), NADPH (1 mM), MupE (15 µM), NADH 

(1 mM) and MmpB_DH (20 µM). Previous preparations of 18B had shown that hydrolysis of this species 

to produce holo-mAcpB readily occurred over longer reaction times. As a result, the ‘B Nat’ assay was 

monitored by ESI-MS after 30 minutes and 2 hours only. After 30 minutes, multiple species were 

observed in the deconvolution of the mAcpB region of the spectrum, as shown in Figure 81. The main 

species observed was holo-mAcpB (observed; 11711.4 Da, expected; 11712.7 Da) and significant 

amounts of unreacted malonyl-mAcpB was also seen (observed; 11797.5 Da, expected; 11798.7 Da). 

The expected mass of the 5-hydroxypent-2-enoyl-mAcpB 35B was 11809.8 Da; no amount of this 

species was detected. Instead, a significant amount of 18B was observed (observed; 11826.8 Da, 

expected; 11827.8 Da). This is consistent with no tailoring dehydration activity being catalysed by 

MmpB_DH with this substrate. A further new species was observed with a mass consistent with 3HP-

mAcpB (observed; 11785.7 Da, observed; 11784.8 Da). This was unexpected but is presumably formed 

due to the transfer of 3HP from MmpF to holo-mAcpB. Monitoring the reaction after 2 hours showed  

no major changes when compared to 30 minute time point, both showed no formation of 35B. 
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Figure 81: The B Nat assay consisting of addition of MmpB_DH to MmpF, MupD, MupE, malonyl-mAcpB and 3HP-

mAcpD after 30 minutes. Each of the mAcpB species observed is shown in a coloured asterisk. A key to the 

different ACP species is also given.   

A second assay was conducted with 18B and MmpD_DH1. This was called ‘D Nat’ assay and was 

conducted under identical conditions to B Nat Assay but with the alternative DH enzyme MmpD_DH1. 

The assay was initiated by addition of 3HP-mAcpD (37 µM) to malonyl-mAcpB (50 µM), MmpF (15 

µM), MupD (15 µM), NADPH (1 mM), MupE (15 µM), NADH (1 mM) and MmpD_DH1 (20 µM). 

After 30 minutes, a mixture of mAcpB species were observed as is shown in Figure 82. The major 

species observed was holo-mAcpB (observed; 11711.2 Da, expected; 11712.7 Da). Acetyl-mAcpB 

(observed; 11752.8 Da, expected; 11754.7 Da) and malonyl-mAcpB (observed; 11797.4 Da, expected; 

11798.7 Da) was also seen. No sign of the dehydrated product 35B was observed but 20% of the mAcpB 

species was 3,5-dihydroxypentanyl-mAcpB 18B (observed; 11827.2 Da, expected; 11827.8 Da). The 

reaction was also monitored after 2 hours; this spectrum was very similar to that recorded after 30 

minutes and showed no formation of 35B and a smaller amount of 18B consistent with hydrolysis from 

the terminal thiol of mAcpB. 
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Figure 82: The D Nat assay consisting of addition of MmpD_DH to MmpF, MupD, malonyl-mAcpB and 3HP-mAcpD 

after 30 minutes. Formation of 3,5-dihydroxypentanyl-mAcpB (DHP-mAcpB) 18 was observed but no formation of 

dehydrated product 5-hydroxypent-2-enoyl-mAcpB 19 was observed. This shows no activity of MmpD_DH with 18.  

Both assays (B Nat and D Nat) showed formation of β-hydroxy substrate 18B, but no formation of the 

dehydration intermediate 35B or the downstream reduced 5-hydroxypenanyl-mAcpB intermediate 

(formed after the action of MupE). This confirmed that the condensation reaction catalysed by MmpF, 

followed by reduction catalysed by MupD, were both successful but subsequent dehydration was not. 

It is therefore possible that neither MmpB_DH or MmpD_DH1 provide tailoring DH activity at this 

point in the pathway or that these excised domains have not been expressed in their optimal functional 

form.   

Without any further candidates for this DH activity, it is possible that the DH activity is simply absent 

in this BGC.  This is not a feature unique to the biosynthesis of mupirocin and is observed in many 

other trans-AT PKSs.  For example, the enacyloxins are a group of polyketide antibiotics isolated from 

the proteobacterium Frateuria sp. W-315. The BGC encoding enacyloxin biosynthesis was isolated and 

found to consist of a hybrid cis-/trans-AT PKS.165 The current biosynthetic model for enacyloxin 

production predicts that modules 6 and 9 lack the activity of a DH and KR domain respectively. The 

authors do not speculate as to how this missing DH or KR activity is provided. 

Another example of BGC missing DH activity is observed in the biosynthesis of the group of macrolide 

antibiotics known as sorangicins, which are produced by myxobacterium Sorangium cellulosum.166 The 

proposed biosynthetic model predicts a cis-configured double bond is produced by module 5. This is 

unusual as this module contains only a KS and di-domain ACP.167 Module 5 therefore lacks both the 

KR and DH activity required to produce the observed double bond. This is surprising as no trans-acting 

KR or DH are observed in the BGC of the sorangicins.  
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The reasons for the lack of DH functionality in the mupirocin pathway are unknown, although this 

pathway is not unique in lacking specific DH functionality (as described above). Despite this, no 

consensus has been reached on how the required DH activity is provided in these systems. It is possible 

that dehydration may occur in modules which are not a part of their respective BGCs at a post-PKS 

stage. For mupirocin, it is possible that a FabA or FabZ like enzyme from P. fluorescens fatty acid 

biosynthesis (primary metabolism) may be responsible for this missing DH activity.  

3.3.6 Chapter 3 Summary  

 

Scheme 26: A scheme showing the proposed steps in the biosynthesis of 9HN. The KS domains responsible for 

further condensation reactions are not yet known and are shown in grey. 

The work performed is this chapter has focused on understanding the remaining DH and ER tailoring 

steps expected to occur after MmpF catalysed condensation. The activity of proposed ER enzyme MupE 

was tested with crotonyl 30 and 2-methylbutenoyl 31 substrates attached to the cognate ACP; mAcpB. 

Successful reduction was observed after 16 hours with 30B but no reduction was observed for 31B. This 

provides the first experimental evidence of the role of MupE as proposed ER enzyme within the 

biosynthesis of 9HN. Further to this, loading of the crotonyl moiety on to non-cognate mAcpD led to a 

reduction in product formation after the same time period. This shows the ACP selectivity of this 

reaction is important, but not as important as in the MupD KR reaction.  

The ability of two DH enzymes from separate modules of mupirocin biosynthesis to provide tailoring 

DH activity were tested. MmpB_DH and MmpD_DH1 were expressed and purified. Assays were 

conducted with 4-carbon β-hydroxy substrates, which showed small amounts of enzyme turnover. 

Assays were repeated with the natural substrate of the reaction in the presence of the downstream 

enzyme (MupE). This showed the pathway has stalled at the β-hydroxy intermediate 18B showing that 

these DH enzymes are not expected to provide this missing DH activity.   
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3.4 Remaining Condensation Reactions During 9HN Biosynthesis 

The first elongation step during biosynthesis of 9HN has been shown to be catalysed by MmpF (Chapter 

2). In total, two further elongation reactions are expected to occur leading to the formation of 9HN 15. 

Two KS enzymes from the mupirocin BGC are candidates for these elongation reactions; MmpF and 

MmpB_KS. In this section, the identity of the enzyme responsible for the second and third elongation 

reactions will be determined through in vitro assays with synthetic pantetheine analogues.  

3.4.1 MmpB_KS Translocation Assays 

MmpB has been shown to be required for normal PA A production through gene knockout experiments. 

When the mmpB gene is knocked out from a plasmid containing all other mupirocin BGC genes, 

complete abolishment of PA A production is observed (unpublished work). As the mmpB gene is 

surplus to requirement for monic acid synthesis, it is expected to be involved in the biosynthesis of fatty 

acid chain of 9HN. 

To understand more about the proposed substrate specificity of the KS domain of MmpB (MmpB_KS) 

a series of in vitro assays were conducted with purified MmpB_KS. A series of pantetheine substrates 

of differing acyl chain lengths were chemically synthesised (Figure 83). These included 4-

hydroxybutarate (4HB) 36, 5-hydroxypentanoate (5HP) 37, 6-hydroxyhexanoate (6HH) 38, 7-

hydroxyheptantoate (7HH) 39 and 9-hydroxynonanoate (9HN) 40. This set included odd carbon lengths 

that the MmpB_KS might encounter and therefore transfer (37, 39) and the final 9HN odd carbon length 

that it should not reasonably encounter (40). The two even carbon lengths would not be expected to be 

on pathway intermediates but would test promiscuity around any odd carbon chain lengths that were 

selected for. All of the pantetheine substrates were synthesised by Angus Weir apart from 37 which was 

synthesised by Sbu Mbatha. As with the synthesis of previous pantetheine analogues, these compounds 

were synthesised utilising a key pantetheine coupling reaction. Detailed experimental procedures 

describing synthetic methods to produce these compounds are given elsewhere. 146,168 

 

Figure 83: The pantetheine substrates used to test the ability of MmpB_KS to translocate different length acyl 

moieties.  
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To test the ability of MmpB_KS to catalyse a transthiolation reaction from the pantetheine substrates, 

direct self-loading assays were conducted. MmpB_KS (20 µM) was added to an excess of each acyl-

pantetheine substrate (1 mM) and the mass of the MmpB_KS was monitored by ESI-MS after 4 hours 

(Figure 84). The MmpB_KS alone was analysed by ESI-MS prior to addition of substrate. This showed 

a single series of charge states which correspond to apo-MmpB_KS (observed; 67006 Da, expected; 

67021 Da, Figure 84A).  

The smallest acyl group tested was 4HB 36 (Figure 84B). After 4 hours, the self-loading assay with 36 

showed no sign of translocation to MmpB_KS. Only apo-MmpB_KS (observed; 67007 Da) was 

observed. The next acyl group to be tested was 5-carbon 5HP 37 (Figure 84C). This was added to 

MmpB_KS and left to incubate at room temperature for 4 hours. After this time, analysis by ESI-MS 

showed the predominant species was again apo-MmpB_KS (observed; 67022 Da, expected; 67021 Da). 

Around 20% of MmpB_KS species observed showed a mass increase of +276 Da (observed; 67298 

Da). This +276 Da adduct will presumably occur due to binding of pantetheine to the MmpB_KS at the 

active site cysteine. Irrespective of this, 5HP showed no signs of translocation to MmpB_KS after 4 

hours.  

The incubation of MmpB_KS with the longer 6HH-pantetheine 38 for 4 hours also produced apo-

MmpB_KS as the predominant species (observed; 67007 Da; Figure 67D). Despite this, a new species 

was also observed corresponding to a mass increase of +114 Da (observed; 67121 Da) in approximately 

30% yield. This mass increase was consistent with successful transfer of 6HH to MmpB_KS (expected 

mass increase: 114 Da). This shows that MmpB_KS successfully binds 38. 

The penultimate acyl moiety to be tested was 7HH 39. After 4 hours of incubation with MmpB_KS, the 

predominant species observed was apo-MmpB_KS (observed; 67006 Da) making up 45% of the species 

observed. Successful binding of 7HH was observed with 35% yield (observed; 67135 Da) due to a mass 

increase of +129 Da from the apo-MmpB_KS form (expected mass increase +128 Da). This confirmed 

MmpB_KS was able to bind 7HH, possibly with slightly better efficiency than the shorter 6HH 

substrate. 25% of the MmpB_KS was observed in the +276 Da form (observed; 67282 Da) consistent 

with formation of a pantetheine adduct.   

The final acyl-pantetheine moiety to be incubated with MmpB_KS over 4 hours was 9HN 40. After this 

time, ESI-MS analysis of the charge states of MmpB_KS showed that no translocation of 9HN was 

observed and only the apo-MmpB_KS species was observed (observed; 67007 Da). 
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Figure 84: The charge states and subsequent deconvolution of MmpB_KS with hydroxy fatty acid pantetheine 

analogues of increasing carbon-carbon chain length after 4 hours. Red bar corresponds to apo-MmpB_KS. A) 

MmpB_KS after no addition of pantetheine substrate. B) MmpB_KS after addition of 4HB. C) MmpB_KS after 

addition of 5HP. D) MmpB_KS after addition of 6HH, translocated species is shown in purple. E) MmpB_KS after 

addition of 7HH, translocated species is shown in light blue, +276Da adduct is shown in green. F) MmpB_KS after 

addition of 9HN.  
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The acyl loading reactions conducted with MmpB_KS provide useful information about the substrate 

specificity of this enzyme. The experimental data appears to show preferential binding of 6HH and 

7HH. Despite this, no transfer of 5HP was observed. The failure to load 5HP suggested that the 

MmpB_KS does not perform the 5- to 7-carbon elongation step whereas the increasing selectivity for 

7HH indicated that MmpB_KS might catalyse a single 7- to 9- carbon elongation only. In the context 

of the overall biosynthesis of 9HN, a working hypothesis is that MmpF catalyses the 3-carbon to 5-

carbon (DCC #1) and 5-carbon to 7 carbon (DCC #2) elongation reactions but that the final 7-carbon 

to 9-carbon (DDC #3) elongation is catalysed by MmpB_KS as is shown in Scheme 27.  

 

Scheme 27: Scheme showing the KS enzymes proposed to catalyse each elongation step within biosynthesis of 

9HN. In this scheme, the tailoring KR, DH and ER reactions are not shown. MmpF has been shown to catalyse the 

first elongation reaction with unusual starter unit 3HP. MmpF is then proposed to catalyse the second elongation 

reaction also. The final elongation reaction is proposed to be catalysed my MmpB_KS. 

3.4.2 MmpB_KS 7-Carbon to 9-Carbon Condensation Reaction 

To confirm that MmpB_KS catalyses the final condensation reaction during the biosynthesis of 9HN, 

in vitro assays were conducted with MmpB_KS primed from 39 and a malonyl donor ACP. This final 

elongation reaction will involve the action of two ACPs. The first ACP will deliver the 7HH moiety to 

the active site of MmpB_KS. This might be one or both mAcpA and mAcpB depending on if they are 

each able to undergo DCC #2 with MmpF, which has not yet been shown. The second ACP will deliver 

the chain extending malonyl unit. A tri-domain ACP (ACP567) is encoded for within MmpB, any or 

all of which may deliver malonate to MmpB_KS although there has been some previous suggestion of 

functional inequivalence.144 Each of the individual ACP domains of MmpB_ACP had previously been 

synthesised as separate entities by another member of this group (Nahida Akter, University of Bristol, 

Thesis). pET151 plasmids containing each of the individual ACP domains was therefore available for 

use. The expression and purification of these proteins are outlined elsewhere. 
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3.4.3 Formation of malonyl-ACPs 

Each ACP within the MmpB tri-domain was termed ACP5, ACP6 and ACP7 respectively. Malonyl 

was transferred to each of these ACPs using apo-ACP (100 µM) to MupN (5 µM), malonyl CoA (1 

mM) and MgCl2 (10 mM). For the ACP5 malonyl transfer reaction, a new species was observed after 4 

hours a with a mass of 12795.3 Da (90% yield, Figure 85A). This species is consistent with the expected 

mass of malonyl-ACP5 (expected; 12799.9 Da) confirming successful derivatisation. 

For the ACP6 transfer reaction, after 4 hours the malonyl species made up 80% of the species present 

(observed; 13542.2 Da, expected; 13544.7 Da, Figure 85B). As observed in other malonyl formation 

reactions, small amounts of holo-ACP6 (observed; 13455.4 Da, expected; 13458.7 Da), sodium adduct 

of malonyl-ACP6 (observed; 13563.2 Da) and acetyl adduct (observed; 13583.7 Da) of malonyl-ACP6 

were also observed.  

For the ACP7 transfer reaction, successful formation of malonyl-ACP7 was confirmed after 4 hours. 

The major species observed was malonyl-ACP7 (observed; 12987.4 Da, expected; 12991.1 Da, Figure 

85C). Small amounts of holo-ACP7 (observed; 12901.5 Da, expected; 12905.1 Da), sodium adduct of 

malonyl-ACP7 (observed; 13009 Da) and acetyl adduct of malonyl-ACP7 (observed; 13028.5 Da) were 

also observed. All malonyl-ACP species were desalted and stored at -20 °C prior to downstream use.  

 

Figure 85: The formation of malonyl-ACP5, malonyl-ACP6 and malonyl-ACP7 4 hours after initiation of reaction. 

Acetyl species are shown by a red asterisk. A) The deconvolution of the ACP5 malonyl transfer reaction initiation 

shows predominantly malonyl-ACP5. B) The deconvolution of the ACP6 malonyl transfer reaction. C) The 

deconvolution of the ACP7 malonyl transfer reaction. 

 

3.4.4 MmpB_KS Condensation with Malonyl-ACP5 and 7-hydroxyheptanoate 
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Scheme 28: The proposed reaction scheme showing the final C-7 to C-9 elongation reaction catalysed by 

MmpB_KS. MmpB_ACP5 is simplified to ‘5’ in this diagram.  

MmpB_KS was assayed for its ability to catalyse the key condensation reaction using 39 and malonyl-

ACP5 substrates. Successful condensation would be confirmed by ESI-MS through the generation of 

9-hydroxy-3-oxonanyl-ACP5 (9HO-ACP5) 41ACP5 (Scheme 28). 

The reaction was initiated by addition of MmpB_KS (20 µM) to excess of 39 (3.3 mM) and malonyl-

ACP5 (80 µM) and monitored by ESI-MS after 30 minutes and 2 hours. Pleasingly, after 30 minutes a 

new species (~ 10%) was observed with a mass consistent with 9HO-ACP5 41ACP5 (observed; 12884.0 

Da, expected; 12884.0 Da, Figure 86A). Concurrently a similar proportion of holo-ACP5 was also 

observed presumably arising from either loss of this product or MmpB_KS catalysed hydrolysis of the 

malonyl group (observed; 12712.7 Da, expected; 12713.9 Da). The major species observed after 30 

minutes (75% yield) was unreacted malonyl-ACP5 (observed; 12799.6 Da, expected; 12799.9 Da).  

After 2 hours the major ACP5 species observed was 41ACP5 (observed; 12883.6 Da, Figure 86B) 

produced in 35% yield. Ppant ejection generated a 431.23 Da ion providing confirmation of the 

formation of 41ACP5 (expected: 431.22 Da, Figure 86C). After this time, increasing spectral complexity 

was apparent and a further new species was produced in about 10% yield with a mass consistent with 

7HH-ACP5 (observed; 12838.6 Da, expected; 12842.0 Da) formed from self-loading of 7HH to 

terminal thiol of holo-ACP5 produced by hydrolytic side reactions. Malonyl-ACP5 (observed; 12796.6 

Da), holo-ACP5 (observed; 12711.1 Da) and acetyl-ACP5 (observed; 12752.8 Da) were also produced 

in yields of 30%, 15% and 10% respectively. The formation of 41ACP5 and subsequent Ppant ion 

confirmed that successful condensation has taken place.  
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Figure 86: The observed spectra at different time points for the MmpB_KS + 7HH-Pant + mal-ACP5 assay. Malonyl-

ACP5 is shown in green, holo-ACP5 is shown in blue, condensation product is shown in red and 7HH-ACP5 is 

shown in purple. A) The deconvoluted spectrum 30 minutes after initiation of assay. B) The deconvoluted spectrum 

2 hours after initiation of assay (left). Ppant ion of 9HO-ACP5 species (right). C) Chemical structure and expected 

mass of the Ppant ion produced from fragmentation of 9HO-ACP5. 

A control reaction was set up to ensure that DCC activity observed was solely due to the action of 

MmpB_KS. The control assay was conducted under identical conditions but using MmpB_KS which 

had been denatured by heating to 100 °C for 10 minutes prior to its inclusion in the assay. The reaction 

was initiated by addition of boiled MmpB_KS (20 µM) to malonyl-ACP5 (80 µM) and excess of 39 

(3.3 mM). After 2 hours the assay was monitored by ESI-MS (Figure 87). No sign of 9HO-ACP5 41ACP5 

was observed which is consistent with non-functional MmpB_KS. The major species observed was 

malonyl-ACP5 (observed; 12798.9 Da, expected; 12799.9 Da, 65% yield) but again a minor holo-ACP5 

component was detectable (observed; 12712.9 Da, expected; 12713.9 Da, 15% yield) suggesting that 

the malonyl-ACP5 had a weak tendency to self-hydrolyse. Similarly, approximately 20% of the ACP5 

species present was 7HH-ACP5 (observed; 12841.1 Da, expected; 12842.0 Da) suggesting that ACP 

self-loading was responsible for 7HH-ACP5 formation rather than transfer via MmpB_KS. This control 

reaction confirmed that in the absence of a functional MmpB_KS no condensation takes place. 

Therefore, the formation of 41ACP5 in previous assay must be due to the action of MmpB_KS. 
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Figure 87: Negative control reaction conducted with boiled MmpB_KS, mal-ACP5 and 7HH-pant. After 4 hours, no 

sign of 9HO-ACP5 was observed.  

 

3.4.5 MmpB_KS Condensation with Malonyl-ACP6 and Malonyl-ACP7 

The assay was repeated with the two remaining ACPs which make up MmpB_ACP; ACP6 and ACP7. 

First, a condensation assay was repeated with with malonyl-ACP6. This will test the ability of ACP6 to 

deliver malonyl to MmpB_KS. The reaction was initiated by the addition of MmpB_KS (20 µM) to 

malonyl-ACP6 (80 µM) and an excess of 39 (3.3 mM) and monitored by ESI-MS after 4 hours. After 

this time, a new species was observed with a mass consistent with 9-hydroxy-3-oxanoyl-ACP6 (9HO-

ACP6) 41ACP6 (observed; 13625.9 Da. Expected; 13628.8 Da). In addition to 41ACP6 observed in 30% 

yield, the major species (35 % yield) was malonyl-ACP6 (observed; 13541.0 Da, expected; 13544.7 

Da). Smaller amounts of holo-ACP6 (observed; 13455.0 Da, expected 13458.7 Da, 10 % yield), 7HH-

ACP6 (observed; 13584.5 Da, expected; 13586.8 Da, 10% yield) were also observed – consistent with 

ACP5 assays. This assay confirms that ACP6 can also deliver malonyl to MmpB_KS.  
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Figure 88: The comparison of mal-ACP6 spectrum with the MmpB_KS, 7HH-Pant, mal-ACP6 assay after 4 hours. 

Malonyl-ACP6 is shown in green, holo-ACP6 is shown in blue and condensation product is shown in red. A) No 

formation of DCC product is observed for mal-ACP6 deconvolution. B) After 4 hours a significant amount of 9HO-

ACP6 is formed (obs; 13625.9 Da, exp; 13628.8 Da) and 431.24 Ppant ion is observed (asterisked) confirming 

successful condensation reaction. C) The chemical structure of the Ppant ion of 9HO-ACP6. 

The assay was repeated with the final ACP; malonyl-ACP7. After 4 hours, 9HO-ACP7 41ACP7 was 

observed (observed; 13072.2 Da, expected; 13075.2 Da) in 30% yield confirming condensation had 

taken place as shown in Figure 89B. Further fragmentation of 41ACP7 species gave expected Ppant ion 

confirming successful condensation (observed; 431.24 Da, expected; 431.22 Da). The majority species 

observed in the deconvolution of ACP7 was unreacted starting material; malonyl-ACP7 (observed; 

12988.0 Da, expected; 12991.1 Da, 35% yield). Minor amounts of holo-ACP7 (observed; 12901.8 Da, 

expected; 12905.1 Da) and 7HH-ACP7 (observed; 13030.0 Da, expected; 13033.2 Da) were also 

observed which is consistent with the ACP5 and ACP6 condensation assays. 
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Figure 89: The comparison of mal-ACP7 spectrum with the MmpB_KS, 7HH-Pant, mal-ACP7 assay after 4 hours. 

A) The deconvolution of the spectrum 4 hours after the initiation of malonyl-ACP7 formation reaction. B) The 

deconvolution of ACP7 region of spectrum (left) and Ppant ejection ion of 9HO-ACP7 species (right). C) The 

chemical structure of the Ppant ion of 9HO-ACP7 

Further fragmentation of the 41ACP6 and 41ACP7 species showed two Ppant ions of similar intensity, with 

the higher mass corresponding to the expected mass of the 9HO Ppant ion (observed; 431.24 Da, 

expected; 431.22 Da) and the second peak showing a loss of 2 Da (observed; 429.22 Da). This was also 

present as a very minor species for a previous batch of 41ACP5 (Figure 90). This was attributed to an 

oxidation of one of the hydroxyl groups to carbonyl group, arising from the input of collisional induced 

dissociation energy during the phosphopantetheine assay rather than any other functional significance.  
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Figure 90: The pantetheine ejection ions of 9HO-ACP5, 9HO-ACP6 and 9HO-ACP7 taken at different time points. 

A mixture of 429 Da species and 431 Da species is observed in all cases.  

The assays described above have shown that MmpB_KS catalysed condensation of 39 can occur with 

malonyl delivered by any of the individual excised MmpB_ACPs. Next, the ability of mAcpA and 

mAcpB to delvier malonyl to MmpB_KS will be tested. First, the condensation assay was repeated 

using malonyl-mAcpA. This assay was initiated by addition of MmpB_KS (20 µM) to 39 (3.3 mM) 

and malonyl-mAcpA (80 µM) and monitored by ESI-MS after 30 minutes for signs of DCC product; 

41A. After this time, no sign of the DCC product was observed in the mAcpA region of the spectrum 

(Figure 91B). The main species observed was the unreacted malonyl-mAcpA (observed; 12312.5 Da, 

expected; 12315.0 Da) which is consistent with no condensation reaction having taken place.  

Next, the assay was repeated with malonyl-mAcpB. This assay was initiated by the addition of 

MmpB_KS (20 µM) and 39 (3.3 mM) to malonyl-mAcpB (80 µM). After 30 minutes, again no sign of 

the condensation product 41B was observed (Figure 91C). The major species observed was unreacted 

malonyl-mAcpB (observed; 11798.2 Da, expected; 11798.7 Da). This confirms that condensation also 

does not occur when malonyl is delivered by mAcpB.  

To confirm condensation is still able to take place with this batch of MmpB_KS and over shorter 

timescales a positive control was set up concurrently. This assay consisted of MmpB_KS (20 µM), 39 

(3.3 mM) and malonyl-ACP5 (80 µM). ESI-MS analysis after 30 minutes showed a species with a mass 

consistent with 41ACP5 (observed; 12884.0 Da, expected; 12884.0 Da, Figure 91A) as expected. 
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Figure 91: Comparison of malonyl delivery to MmpB_KS by different ACPs. A) Charge states and subsequent 

deconvolution showing the malonyl-ACP5 reaction after 30 minutes. B) Charge states and subsequent 

deconvolution showing equivalent reaction with malonyl-mAcpA after 30 minutes. C) Charge states and 

subsequent deconvolution showing equivalent reaction with malonyl-mAcpA after 30 minutes. 

In conclusion, the assays conducted in this section have confirmed that MmpB_KS can catalyse 

condensation of 7HH to form the corresponding 9-carbon moiety. This reaction has been successful 

utilising each of the ACP domains from MmpB_ACP; ACP5, ACP6 and ACP7 to deliver malonyl to 

the KS. The MmpB_KS also appears to select against mAcpA or mAcpB as expected. These results 

make sense in the overall scheme of the pathway as mAcpA and mAcpB are expected to deliver malonyl 

to MmpF only. 

By utilising specifically designed in-vitro assays which reconstitute the biosynthetic pathway of 

mupirocin, MmpF has been confirmed as the KS that catalyses the first condensation reaction (3-carbon 

to 5-carbon) and that MmpB_KS will catalyse the final condensation reaction (7-carbon to 9-carbon). 

The obvious question remains is which KS catalyses the remaining 5-carbon to 7-carbon condensation 

reaction. Due to the inability of MmpB_KS to translocate 5HP-Pantetheine 37 moiety, the 5-carbon to 

7-carbon condensation is expected to be catalysed by MmpF. This will be tested later in this chapter. 

For now, the MmpB_KS 7-carbon to 9-carbon assays will be repeated with ACP analogues of 7HH. 

This will provide more evidence about the sequence of events during 9HN biosynthesis.  
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3.4.6 Formation of ACP-7HH intermediates 

A model in which 7HH is elongated by MmpB_KS means that either mAcpA or mAcpB (or both) may 

transfer this species to the KS. The delivery of 7HH to MmpB_KS was tested by repeating the 

MmpB_KS catalysed condensation reactions but with 7HH-mAcpA and 7HH-mAcpB. The 7HH-ACP 

analogues were prepared by addition of MupN (5 µM) to apo-mAcpA (100 µM), ATP (1 mM), MgCl2 

(10 mM), CoaMix enzymes (3 µM each of CoaA, CoaD and CoaE) and 39 (1 mM). The reaction was 

monitored after 16 hours by ESI-MS. After this time, a new species was observed with a mass consistent 

with 7HH-mAcpA (observed; 12354.0 Da, expected; 12357.6 Da, Figure 92A). This new species was 

produced in 65% yield. Ppant ejection assay of this species produced a single species with the mass of 

the 7HH Ppant ion (observed; 389.14 Da, expected; 389.21 Da) confirming the formation of 7HH-

mAcpA. Minor amounts of apo-mAcpA (observed; 11886.7 Da, expected; 11889.5 Da, 20% yield) and 

holo-mAcpA (observed; 12226.8 Da, 10% yield) were observed also. This is consistent with yields 

observed in previous functionalisation assays involving mAcpA.   

 

Figure 92: The loading of 7HH on to mAcpA, mAcpB. A) The deconvolution and subsequent Ppant ejection ion 4 

hours after initiation of 7HH-mAcpA formation reaction. B) The deconvolution and subsequent Ppant ejection ion 4 

hours after initiation of 7HH-mAcpB formation reaction. C) The chemical structure and expected mass of 7HH 

Ppant ion.  
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The formation of 7HH-mAcpB was conducted under identical conditions but utilising apo-mAcpB. 

After 4 hours, a species with a mass consistent with 7HH-mAcpB was produced with 100% yield 

(observed; 11839.4 Da, expected; 11840.8 Da, Figure 92B). Ppant ejection assay of this species 

produced a characteristic ejection ion of 7HH (observed; 389.15 Da, expected; 389.21 Da). This 

confirms successful derivatisation of mAcpB with 7HH. 7HH-ACPs were desalted and stored at -20 °C 

prior to downstream use. 

3.4.7 7HH-ACP MmpB_KS condensation assays 

 

Scheme 29: The scheme showing the MmpB_KS condensation reaction using 7HH delivered by mAcpA. 

The proposed MmpB_KS condensation reaction with 39A is shown in Scheme 29. This condensation 

assay was initiated by addition of MmpB_KS (20 µM) to mAcpA-7HH (40 µM) and Malonyl-ACP5 

(40 µM) and monitored by ESI-MS after 2 hours. This revealed ~25% of a new species corresponding 

to the expected condensation product 9HO-ACP5 41ACP5 (observed; 12880.6 Da, expected; 12884.0 

Da, Figure 93A) with concomitant formation of holo-mAcpA (observed; 12226.2 Da, expected; 

12229.5 Da, 35%). Ppant ejection produced an ejection ion of 431.15 Da (expected; 431.22 Da), 

confirming 41ACP5 formation. Other species were also observed with holo-ACP5 (observed; 12710.3 

Da, expected; 12713.9 Da, 25%) and unreacted malonyl-ACP5 (observed; 12796.4 Da, expected; 

12799.9 Da, 50%). Unreacted 7HH-mAcpA was observed (observed; 12354.2 Da, expected; 12357.6 

Da, 30% yield) as well as malonyl-mAcpA (observed; 12312.2 Da, expected; 12315.0 Da, 35% yield) 

in comparable yield to holo-mAcpA. Formation of malonyl-mAcpA might result from transfer of 

malonyl from ACP5 to the terminal thiol of holo-mAcpA generated during the assay. This behaviour 

has been reported previously for type II aromatic PKS ACPs and may explain the observed.169 Overall, 

this data shows that mAcpA can successfully deliver 7HH to MmpB_KS and facilitate condensation.  
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Figure 93: A figure showing the 7HH-ACP + MmpB_KS condensation assays. All spectra recorded 2 hours after 

initiation of respective assays. Malonyl-ACP is shown in green, holo-ACP shown in blue and condensation 

intermediate is shown in red. A) Deconvolution of mAcpA region of spectrum (left), ACP5 region of spectrum 

(middle) and Ppant ejection spectrum showing fragmentation of 9HO-ACP5 species (right). B) Deconvolution of 

mAcpB region (left) and ACP5 region of spectrum (middle). C) Chemical structure and expected mass of 9HO 

Ppant ion.  

When repeated with 7HH-mAcpB, the equivalent reaction showed no sign of condensation product 

41ACP5. Instead, the predominant species observed was unreacted malonyl-ACP5 (observed; 12796.6 

Da, expected; 12799.9 Da, 85% yield). A minor amount of holo-ACP5 was also observed (observed; 

12710.4 Da, expected; 12713.9 Da, 15% yield) but this was consistent with amounts observed prior to 

initiation of reaction (see Figure 85A). Analysis of the mAcpB region of the spectrum showed 100% of 

unreacted 7HH-mAcpB remained (observed; 11837.8 Da, expected; 11840.8 Da).  

The above results show that mAcpA can successfully deliver 7HH to MmpB_KS to facilitate 

condensation reaction. Surprisingly, when 7HH is delivered by mAcpB, condensation is not achieved. 

This assay was repeated multiple times with different batches of mAcpB and the same result was 

observed. The finding that only mAcpA can deliver 7HH to MmpB_KS may point towards only mAcpA 

delivering the chain extending malonate during the second condensation reaction (5-carbon to 7-
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carbon). This will be tested in later sections by conduction of condensation reaction with 5HP-Pant 37 

substrate.  

3.4.8 MmpB_KS Condensation with cognate malonyl-ACP and 6-hydroxyhexanoate 

Self-loading assays conducted with MmpB_KS and 6HH-Pant 38 showed that binding of 6HH occurs 

after 4 hours. To test whether MmpB_KS can catalyse condensation with 38 in vitro assays were 

designed. The condensation reaction was conducted using malonyl delivered by cognate ACP5. The 

reaction was initiated by addition of MmpB_KS (20 µM) to 38 (3.3 mM) and malonyl-ACP5 (80 µM) 

and monitored by ESI-MS after 3 hours. After this time, the ACP5 region of the spectrum showed that 

the major species observed was unreacted malonyl-ACP5 (observed; 12796.6 Da, expected; 12799.9 

Da) as shown in  Figure 94A.  This result confirms that no condensation occurs with non-natural 38. A 

positive control reaction was conducted concurrently with MmpB_KS, 39 and malonyl-ACP5. This 

showed formation of 41ACP5. This confirms that lack of condensation with 38 is due to substrate 

incompatibility.  

 

Figure 94: The condensation of 6HH using MmpB_KS and malonyl-ACP. A) Deconvolution 3 hours after initiation 

of 6HH condensation reaction. B) Positive control reaction conducted with 7HH and MmpB_KS and malonyl-ACP5.  

The ability of MmpB_KS to bind 6HH but not catalyse subsequent condensation is not entirely 

surprising. Analysis of KS-catalysed condensation reactions in the literature shows that this is expected. 

There are two stages to a KS-catalysed condensation reaction, the binding of the extender unit 

(translocation) and subsequent elongation. Previous studies have shown that higher specificity exists 

for the elongation step rather than initial binding of the acyl moiety. 170 Therefore, MmpB_KS may be 

able to bind 38 but subsequent elongation does not occur.  
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3.4.9 Identity of KS domain which catalyses 5HP condensation 

Despite the ability of both mAcpA and mAcpB to participate in the first round of fatty acid chain 

extension, only mAcpA is able to transfer the 7HH group to the MmpB_KS for the third and final 

elongation. By definition this would also suggest that only mAcpA should participate in the second 

round of chain elongation, so it correctly bears the 7HH moiety. Therefore, to further explore the roles 

of mAcpA and mAcpB, in vitro assays with 5HP-Pant 37, MmpF and malonyl-ACPs were conducted. 

MupD was included in this reaction to facilitate the condensation reaction.  

 

Scheme 30: A scheme showing the condensation of 5HP with malonyl-mAcpA catalysed by MmpF in the presence 

of MupD.  

Starting with 37 (Scheme 30), an assay was initiated by addition of MmpF (10 µM) to malonyl-mAcpA 

(80 µM), 37 (3.3 mM), MupD (15 µM) and NADPH (1 mM). After 3 hours, starting material malonyl-

mAcpA was consumed and a new species with a mass consistent with 7,3-dihydroxyheptanyl-mAcpA 

43A (DHH-mAcpA) was observed (observed; 12372.6 Da, expected; 12373.6 Da, 35% conversion, 

Figure 95A). Pantetheine ejection of this species generated a 405.23 Da ion that confirmed 43A had 

been produced (expected mass; 405.21 Da). In addition to this species, holo-mAcpA (observed; 12228.2 

Da, 35%) and holo-mAcpA with pantetheine adduct (observed; 12504.1 Da, 15%) were also observed. 

A further species with a mass of 12358.8 Da was also observed. This species is unique to the MmpF 

condensation reaction using mAcpA delivered malonyl and has been previously observed in the 3-

carbon to 5-carbon condensation reaction. This is 3,5-dioxopentanoyl-mAcpA (DOP-mAcpA) 20A 

species, appeared to be formed from condensation of two malonyl units as is discussed in previous 

sections.   
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Figure 95: The condensation of 5HP-Pant catalysed by MmpF with malonyl-mAcpA, MupD and NADPH after 3 

hours. A) The deconvolution of the mAcpA region of the spectrum (left). The Ppant ejection spectrum after 

fragmentation of 12372.6 Da species (right). B) The chemical structure and expected mass of DHH-mAcpA Ppant 

ion. C) The chemical structures of some of the mAcpA bound species observed.  

A negative control reaction was set up under identical conditions but using MmpF_C183A mutant 

instead of MmpF. Reaction was inititated by addition of MmpF_C183A (10 µM) to malonyl-mAcpA 

(80 µM) and 37 (3.3 mM) in the presence of MupD (15 µM) and NADPH (1 mM). After 3 hours, the 

malonyl-mAcpA species was observed in small amounts (10% yield, Figure 96A). The major species 

observed were holo-mAcpA (observed; 12228.2 Da, 30% yield), acetyl-mAcpA (12269.8 Da, 30% 

yield) and the pantetheine adduct of holo-mAcpA (12504.2 Da, 30% yield). No sign of 43A (or 20A) 

was observed which confirms that MmpF_C183A is unable to catalyse condensation of 37. 
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Figure 96: Comparison of positive and negative control reactions of the MmpF, condensation reaction with 5HP 

substrate after 3 hours. A) The deconvolution of mAcpA region of the negative control reaction involving 

MmpF_C183A, malonyl-mAcpA, 5HP, MupD and NADPH. B) For comparison, the deconvolution of the positive 

control reaction utilising functional MmpF.  

These above assays have confirmed that MmpF can undergo condensation of 5HP moiety utilising 

malonyl delivered by mAcpA. The 5HP condensation assay with repeated with MmpB_KS and its 

cognate malonyl-ACP (malonyl-ACP5). Successful condensation is shown in Scheme 31 and would 

lead to the formation of 43ACP5 species.  
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Scheme 31: A scheme showing the condensation of 5HP-Pant catalysed by MmpB_KS. 

The assay was initiated by addition of MmpB_KS (10 µM) to malonyl-ACP5 (80 µM) and 37 (3.3 mM) 

and reaction monitored by ESI-MS after 3 hours. After this time, unreacted malonyl-ACP5 remained 

the major species (observed; 12799.8 Da, expected; 12798.7 Da, 40% yield) (Figure 97) with no sign 

of 43ACP5 observed. This is consistent with no condensation having taken place. Further ACP5 species 

were also observed with mass increases corresponding to +276.1 Da (observed; 12988.5 Da, 30% yield) 

which is pantetheine adduct of ACP5 which has been described previously.  The lack of condensation 

is consistent with MmpB_KS only catalysing the 7-carbon to 9-carbon condensation reaction (as 

expected).  

 

Figure 97: The addition of MmpB_KS (10 µM), 5HP-Pant (3.3 mM) and mal-ACP5 (80 µM) after 3 hours. This figure 

shows the deconvolution of the ACP5 region of the spectrum. 
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3.4.10 Condensation of MmpF with 5-hydroxypentanoyl pantetheine using Malonyl-mAcpB 

 

Scheme 32: A scheme showing the condensation of 5HP 37 with malonyl-mAcpB catalysed by MmpF in the 

presence of MupD.  

Finally, the MmpF condensation reaction with 37 was repeated using malonyl delivered by mAcpB 

(Scheme 32). The reaction was initiated by addition of MmpF to malonyl-mAcpB (80 µM) and 37 (3.3 

mM) in the presence of MupD (15 µM) and NADPH (1 mM). After 3 hours, the main species observed 

was unreacted malonyl-mAcpB (observed; 11798.8 Da, expected; 11798.7 Da, 60% yield, Figure 98). 

Approximately 20 % holo-mAcpB was observed (observed; 11713.3 Da) as well as the pantetheine 

adduct of holo-mAcpB (observed; 11989.6 Da, 20%). No signal corresponding to the condensation 

intermediate 43B could be detected after 3 hours.   

 

Figure 98: The MmpF + 5HP + malonyl-mAcpB reaction after 3 hours. The deconvolution of the mAcpB region of 

the spectrum is shown.  

The assays conducted in this section have shown that only MmpF can catalyse the 5-carbon to 7-carbon 

condensation reaction (DCC #2). Further to this, only malonyl-mAcpA has been shown to turnover with 

MmpF. No condensation is observed with equivalent malonyl-mAcpB reaction. This tells us two things. 

Firstly, that these reactions are strictly controlled by the ACPs – no reaction is observed with non-

cognate ACPs. Secondly, this confirms the sequence of condensation events during 9HN biosynthesis. 
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MmpF must catalyse the first and second condensation reactions and the final step will be catalysed by 

MmpB_KS. Following the assays conducted in this section, the selectivity of each of mAcpA and 

mAcpB to deliver 5HP to MmpF will be tested through in-vitro assays. This will provide further 

information about which ACP will carry 5HP during the second condensation reaction.   

 

3.4.11 Condensation reaction with 5HP-ACP substrates 

In light of the apparent activity of mAcpB in only DCC #1, the obvious question was what does this 

ACP do next when loaded with 5HP species? To test the ability of mAcpB (and mAcpA) to transfer 37 

back to MmpF and initiate DCC #2, a series of ACP analogues derivatised with 5HP were constructed.  

Assay conditions were as follows, apo-ACP (120 µM), MupN (5 µM), 5HP-Pantetheine (1 mM), ATP 

(1 mM), MgCl2 (10 mM) and CoAMix (3 µM each). For the mAcpB 5HP transfer reaction, after 4 hours 

a species consistent with 5HP-mAcpB 37B was formed (observed; 11811.8 Da, expected; 11812.8 Da, 

Figure 99A). Ppant ejection produced an ion with a mass of 361.18 Da, confirming formation of 5HP-

mAcpB (expected; 361.18 Da).  

The formation of 5HP-mAcpA 37A was conducted under identical conditions with using apo-mAcpA 

but yielded very minor amounts of derivatised ACP after 4 hours. After 16 hours, 30% 37A was 

produced (observed; 12328.7 Da, expected; 12329.5 Da) and confirmed by Ppant ejection (observed 

361.18 Da; expected 361.18 Da). apo-mAcpA and holo-mAcpA were also present (~ 35% each). 

Optimisation of reaction conditions (addition of extra MupN, addition of extra CoAMix Enzymes, 

addition of extra cofactors) were all unsuccessful in producing greater yields of 37A. 
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Figure 99: The formation of 5HP-ACPs. A) The deconvolution (left) and subsequent Ppant ejection spectrum (right) 

4 hours after initiation of 5HP-mAcpB formation reaction. B) The deconvolution (left) and subsequent Ppant ejection 

spectrum (right) 4 hours after initiation of 5HP-mAcpA formation reaction. C) The chemical structure and expected 

mass of the Ppant ejection ion.  

3.4.12 Condensation reaction with 5HP-ACP, MmpF and malonyl-mAcpB 

 

Scheme 33: The MmpF + 5HP condensation reaction utilising 5HP delivered by mAcpB 

The condensation reaction was first conducted with 5HP-mAcpB 37B. The reaction was initiated by 

addition of MmpF (10 µM) to 37B (40 µM), malonyl-mAcpA (40 µM), MupD (15 µM) and NADPH 

(1 mM). After 3 hours the reaction was monitored by ESI-MS but there was no indication of 

condensation products 42B or 43B (Figure 100). The major species were holo-mAcpA (observed; 
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12229.0 Da) and unreacted malonyl-mAcpA (observed; 12314.9 Da). This is consistent with no 

condensation having taken place.  

 

Figure 100: The addition of 5HP-mAcpB to MmpF in the presence of malonyl-mAcpA, MupD and NADPH after 3 

hours. The deconvolution of the mAcpA region of the spectrum is shown.  

3.4.13 Condensation reaction with 5HP-ACP, MmpF and malonyl-mAcpA 

 

 

Scheme 34: The MmpF + 5HP condensation reaction utilising 5HP delivered by mAcpA 

The assay was repeated under identical conditions using 37A. As the assay description reaction states, 

this batch of 37A also contains apo-mAcpA and holo-mAcpA which is also present in downstream 

spectra. This mixture of species means it is likely that the actual concentration of 37A is lower than the 

40 µM added to this assay. 3 hours after the initiation of the condensation reaction, analysis of mAcpA 

region of the spectrum showed consumption of 37A and production of a new species with a mass 

consistent with condensation product 43A (observed; 12372.6 Da, expected; 12373.6 Da, Figure 101A). 

The yield of condensation product was low (~ 6%) but successful Ppant ejection confirmed formation 

of 43A (observed 405.24 Da; expected mass; 405.21 Da, Figure 101C). holo-mAcpA (observed; 12228.5 

Da) and unreacted malonyl-mAcpA (observed; 12314.5 Da) made up the majority of the mixture. In 

addition, 6 % of 5HP-mAcpA (observed; 12329.5 Da) and 10% of DOP-mAcpA 20A product was also 
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produced in 10% yield (observed; 12358.4 Da, as described previously). The small amount of 

condensation product formed may be due to the relatively small amount of 5HP-mAcpA mixture present 

(40 µM) when compared to the equivalent 5HP-Pant reaction (3.3 mM of substrate used).  

 

Figure 101: The addition of 5HP-mAcpA to MmpF and malonyl-mAcpA (in the presence of MupD and NADPH) 

after 3 hours. A) Deconvolution of mAcpA region of the spectrum showing formation of condensation product (left). 

Zoomed in to region within black square (right).  B) A key showing the identity of the abbreviated species. DHH-

mAcpA is the condensation product and is labelled with a red asterisk. C) Ppant ejection spectrum of DHH-mAcpA. 

D) Chemical structure and expected mass of DHH-mAcpA Ppant ion.  

These assays provide evidence that only mAcpA can deliver 5HP to MmpF to catalyse the 5-carbon to 

7-carbon condensation. The equivalent assay involving mAcpB delivered 5HP showed no turnover 

under identical conditions. mAcpB appears to only take part in the first condensation reaction. There 

are many possibilities for this unusual finding.  The initial condensation step may be rate limiting and 

a second ACP may increase metabolic flux through this part of the pathway.  This model however 

would require transfer of the 5HP from mAcpB back to mAcpA. Further kinetic characterisation of 

these condensation reactions should be conducted to ascertain this. If this is true, overproduction of 

MmpF and/or mAcpA may provide an interesting avenue to increase the overall production of 

mupirocin within this BGC.  

The above model would suggest that mAcpA and mAcpB act in parallel for the first condensation 

reaction. This is surprising due to the low similarity between the two ACP domains. mAcpA and 

mAcpB both share a similarity of only 22.5% identity. This is unusual for tandem ACP domains which 

typically have much greater similarity. 171 There do exist some examples of tandem ACPs with lower 
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percent similarity such as the di-domain ACP from the leinamycin biosynthetic pathway.172 This di-

domain ACP is found within the lnmJ gene and both ACP domains only share 20% sequence identity. 

The expected reason for this sequence divergence is that each ACP of the didomain is expected to 

interact with a different protein partner, although this is yet to be proven experimentally. Therefore, the 

low sequence homology of mAcpA and mAcpB as di-domains is not unprecedented.  

If mAcpB is recruited for the first condensation reaction, but not the second condensation then a transfer 

mechanism to remove the acyl intermediate from mAcpB is required. There would presumably be two 

ways this transfer reaction could occur. The first scenario would involve spontaneous transfer of the 

acyl moiety from 5HP-mAcpB to holo-mAcpA. This has not been directly tested in this work, although 

incubation of 5HP-mAcpB in the presence of a mixture of holo-mAcpA and malonyl-mAcpA (in the 

presence of MmpF, MupD and NADPH) has been tested. This showed no formation of 5HP-mAcpA 

providing tentative evidence that spontaneous transfer does not take place.  

The second possibility is that another protein from the BGC of mupirocin may be responsible for the 

transfer of 5HP moiety from mAcpB to mAcpA. Although most of the enzymes within the BGC of 

mupirocin now have assigned functions, a small number remain without a role. One such enzyme is 

MupL which is a member of the alpha/beta hydrolase superfamily of proteins.173 This superfamily of 

proteins has a diverse range of catalytic activities.174 It is therefore possible that MupL is responsible 

for the transfer of the 5-carbon acyl group from mAcpB to mAcpA prior to the second condensation 

reaction. Future work should seek to test this by expressing and purifying this protein and conducting 

in vitro assays.  
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4 Conclusions and Future Work 
 

The results of the assays conducted in this work allow a hypothesis to be presented regarding the precise 

chemical steps of 9HN construction. The work done in this project has involved the use of a variety of 

molecular biology techniques to monitor the 9HN biosynthetic pathway in vitro. The KS enzymes, 

ACPs and subsequent tailoring enzymes expected to be utilised during 9HN biosynthesis were all 

cloned, expressed, and purified. This led to the reconstitution of 9HN biosynthetic pathway and its 

interrogation using a series of rationally designed assays. These assays have involved the use of both 

ACP and non-ACP bound substrates to extract information about the role of each biosynthetic enzyme 

within the pathway. The majority of the work completed has relied on analysis of in vitro experiments 

by protein mass spectrometry. This technique has proven to be a very robust at analysing ACP bound 

species when coupled with the tandem mass spectrometry (pantetheine ejection assay) which allows 

high mass accuracy analysis of the terminal thiol of the ACP species. The complementation of ESI-MS 

with 15N-HSQC NMR titrations has allowed for a hypothesis for the biosynthesis of the key steps of 

9HN biosynthesis to be proposed which will be outlined below.  

The genesis of this pathway involves the production of a 3HP moiety from malonyl CoA utilising 

MupQ, MupS and mAcpD.86 Following this, a series of 15N-HSQC NMR titrations and in vitro assays 

have confirmed that MmpF catalyses the first chain extending condensation reaction utilising ACP 

delivered malonyl. Experimental assays have shown that the first condensation step can take place with 

malonyl delivered by either mAcpA or mAcpB. Following this, MupD was confirmed as the KR 

enzyme responsible for downstream tailoring of this nascent acyl intermediate. The role of MupD as a 

KR enzyme had been previously reported in the literature but was yet to be experimentally proven.48  

Like its predecessor, MupD was shown to turnover with both mAcpA and mAcpB bound substrates 

thereby confirming its role. By utilising 4-carbon and 5-carbon mimics of the natural substrate, MupD 

was also shown to have a broad substrate specificity. The ACP selectivity of this enzyme was found to 

be tighter, with successful reduction occurring with mAcpB bound substrates but not with non-cognate 

mAcpD. 

Further work on enzymes proposed to tailor the outgoing MmpF condensed acyl group was conducted. 

MupE was confirmed to have ER activity due to turnover with a 4-carbon crotonyl mimic of the natural 

substrate attached to mAcpB. Equivalent assay with 4-carbon substrate containing a β-methyl branch 

was unsuccessful in turning over under identical conditions, pointing to MupE not tolerating this 

substrate. Again, strong ACP selectivity was observed, reduced turnover shown with crotonyl moiety 

attached to non-cognate mAcpD. Future work should seek to confirm the ability of MupE to turnover 

with mAcpA bound substrates. This was attempted in this work but was foiled by an inability of mAcpA 

to accept the crotonyl moiety consistently. Further structural characterisation of MupE by X-ray 

crystallography would provide more evidence for the ACP and substrate selectivity of this enzyme. 
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Further to this, not much is known about the structure of MupE and its homologues – MupE sits within 

a subclass of Medium Chain Dehydrogenase enzymes which contains at least 47 proteins (MDR20 – 

see Persson et al), none of which have been structurally characterised.175 This provides more impetus 

to structurally characterise MupE. 

Following this, attempts were made to discover the identity of the missing DH enzyme from the tailoring 

cycle. Two DH enzymes (MmpB_DH and MmpD_DH1) were assayed for their ability to act as the 

required DH with natural substrate, but both enzymes remained unreactive. Future work should focus 

on the production of a synthetic version of the natural substrate which will allow this assay to be 

conducted without the need for multiple enzymatic components further simplifying the assay and 

therefore the MS spectra obtained. A synthetic mimic such as 3,5-dihydroxypentanyl pantetheine which 

could be subsequently transferred to the relevant ACP would be suffice. 

 

In addition, further work should seek to understand why mupirocin and other BGC seem to lack intrinsic 

DH domains. A series of DH domains from primary metabolism (such as FabA and FabZ homologues) 

should be prepared and their ability to provide the required DH activity tested.  

Next in this work, the KS enzyme MmpB_KS was assayed for its ability to acylate a range fatty acid 

pantetheine substrates of increasing chain length. 6-carbon and 7-carbon substrates were found to 

acylate most efficiently providing evidence that MmpB_KS may catalyse the final (7-carbon to 9-

carbon) condensation reaction in 9HN biosynthesis. This was confirmed by in vitro assays with 

MmpB_KS and 7HH-Pant utilising malonyl delivered by cognate ACPs MmpB_ACP5/6/7. mAcpA 

and mAcpB were found to be unable to deliver malonate during this elongation reaction confirming that 

specific ACP-KS interaction is key for turnover of condensation. The ability of ACPs to deliver 7HH 

to MmpB_KS was tested to ascertain which ACP holds the acyl chain prior to final condensation.  

mAcpA was found to deliver 7HH to MmpB_KS but no condensation product was observed for 

equivalent reaction with mAcpB delivered 7HH. This suggested that only mAcpA may deliver 7HH to 

MmpB_KS.  

Finally, the ability of MmpB_KS and MmpF to catalyse the remaining condensation reaction with a 

5HP substrate and their cognate ACPs was conducted. This showed that only MmpF with malonyl-

mAcpA was able to catalyse condensation. This provided further proof that two rounds of condensation 

are catalysed by MmpF followed by the final condensation occurring with MmpB_KS as is shown in 

Scheme 35. This means that only mAcpA will hold the acyl chain after the 5-carbon to 7-carbon 

condensation reaction prior to transfer to MmpB_KS. The ACP selectivity of acylation step with 5HP 
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was tested. Only mAcpA was found to deliver 5HP to MmpF to facilitate condensation. Equivalent 

reaction with 5HP-mAcpB showed no condensation product after the same period of time. This provides 

further evidence that mAcpB does not deliver malonyl to the second condensation reaction.  

 

In future work, the KS domain of MmpF should be structurally determined using X-ray crystallography. 

This structure should be used for a basis for point mutations to ascertain the nature of the MmpF-ACP 

selectivity observed in this work. The use of a chloroacryl probe has previously been used covalently 

attach ACPs to KS enzymes by exploiting the nucleophilicity of the active site cysteine of the KS.176 

This has been shown to allow the crystallisation of ACP and KS di-domains by X-ray crystallography.  

177 Crystallographic studies of di-domains of MmpF-mAcpA, MmpF-mAcpB and MmpF-mAcpD using 

this chloroacryl probe may provide more evidence about the binding interfaces of each domain. This 

should be complemented with further with 15N-HSQC titrations involving MmpF and each ACP to 

further understand the nature of these interactions.  
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Scheme 35: The scheme showing biosynthesis of 9HN utilising three multidomain enzymes (MmpF, MmpB and MmpC), four individual catalytic domains (MupQ, MupS, MupD 

and MupE) and three individual ACP domains (mAcpA, mAcpB and mAcpD) labelled A, B and D respectively.
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4.1 Insights into thiomarinol fatty acid construction 

The insights gained from studying the biosynthetic pathway of mupirocin can be applied to related 

biosynthetic clusters. One such BGC has been isolated from Pseudoalteromonas and is responsible for 

construction of the thiomarinol antibiotics.85 As has been previously discussed, the major metabolite, 

thiomarinol A has a very similar structure to pseudomonic acid A. Both compounds contain fatty acid 

regions of slightly different chain lengths. In thiomarinol, the fatty acid region is 8-carbons long 

compared to the 9-carbon chain found within mupirocin. The BGC of thiomarinol has been sequenced 

and is very similar to the mupirocin BGC. 56 Therefore, conclusions reached about fatty acid 

construction in mupirocin can be applied to construction of 8-hydroxyoctanoate (8HO) moiety in 

thiomarinol.  

The thiomarinol gene cluster contains many homologues of proteins from the mupirocin BGC. Many 

thiomarinol proteins are homologues of those implicated in 9HN construction within mupirocin 

including: tAcpA, tAcpB, tAcpD, TmlQ, TmlS, TmpF, TmpB, TmlL and TmpC (Tmp = thiomarinol 

multifunctional protein). The domain architecture of TmpB is also slightly different compared to MmpB 

(Figure 102). The first module of TmpB matches that observed in MmpB but with a quad-ACP as 

opposed to the tridomain-ACP observed in MmpB. TmpB also contains an extra module consisting of 

a KS0-ACP bound to a TE domain. The notable absences from thiomarinol BGC include TmlD and 

TmlE, homologues of MupD and MupE respectively.  

 

Figure 102: The domain architecture of MmpB (pink) and TmpB (light blue). The waved line on MmpB represents 

a flexible linker.  

The early stages of the biosynthesis of thiomarinol have been elucidated. 86 In a manner analogous to 

the formation of 3HP via the action of mAcpD, MupQ and MupS, the equivalent 4-carbon moiety of 4-

hydroxybutyrate (4HB) is produced via the action of tAcpD, TmlQ and TmlS. 4HB is expected to 

undergo two rounds of condensation and tailoring reactions to produce 8HO. Based on the work 

conducted in this thesis, a scheme for 8HO biosynthesis can be proposed. The first round of 

condensation is expected to be catalysed by TmpF, with 4HB delivered by tAcpD and malonyl delivered 

by both tAcpA and tAcpB in a process analogous to that observed in mupirocin. Future work should 

seek to confirm this by expression and purification of the proteins and subsequent in vitro assays 

monitored by ESI-MS. Due to the absence of TmlD and TmlE and presence of non-condensing KS 

within TmpB, it makes sense that transfer of the 6-carbon diketone to KS0 takes place next. This is 
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consistent with previous studies of TmpB_KS0 which has shown it is functional.178 The acyl moiety will 

then be transferred to the single ACP located within TmpB. This will allow tailoring of the 6-carbon 

diketone moiety to occur with TmpB_KR, TmpB_DH and TmpC_ER. Following this, condensation is 

expected to occur catalysed by TmpB_KS with malonyl delivered by the quad domain ACP to produce 

the 8-carbon diketone. This will be followed by tailoring again catalysed by TmpB_KR, TmpB_DH 

and TmpC_ER to produce the 8HO moiety which will then be released by TmpB_TE. This is shown in 

Scheme 36. 
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Scheme 36: Scheme showing proposed biosynthesis of fatty acid region of thiomarinol.  
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4.2 Further Work on the Biosynthetic Pathway of Mupirocin.  

Future work should seek to understand more about ACP selectivity of the 3-carbon to 5-carbon (DCC 

#1) and 5-carbon to 7-carbon (DCC #2) condensation reactions. A mechanism is required to transfer 

the acyl chain from mAcpB to mAcpA after DCC #1 and subsequent tailoring. MupL is an enzyme 

which does not have a role and may be a candidate for this transfer reaction. Previous attempts to clone, 

express and purify MupL were unsuccessful due to the insoluble nature of this protein. Future work 

should seek increase the solubility of this protein. Growth of this plasmid using Arctic expression cells 

may help to this end. Following this, in-vitro assays should be conducted with 5HP-mAcpB and holo-

mAcpA to see if this MupL can catalyse this transfer reaction.   

This work has focussed on understanding the chemical steps responsible for 9HN formation during 

mupirocin biosynthesis. Work continues on understanding the remaining chemical steps that are still 

unknown within mupirocin biosynthesis. For example, MupB is expected to act as the enzyme which 

will join the 9HN moiety to the polyketide derived fragment in an esterification reaction. This reaction 

is yet be experimentally shown and is the basis of future work being conducted on this pathway. Work 

is underway to produce a complex synthetic mimic (Figure 103) of the polyketide moiety which can be 

used to test the function of MupB through in vitro assays monitored by ESI-MS.  

 

Figure 103: The proposed natural substrate of MupB 

The timing of esterification has been ascertained due to attachment of a simple mimic of the proposed 

substrate to different ACPs. Therefore, showing the esterification of 9HN and monic acid catalysed by 

MupB is an important role for the remainder of the work on this pathway.   

The assays conducted in this work have made use of a chemoenzymatic method to transfer acyl moieties 

to the terminal thiol of ACPs through one-pot in-vitro assays. This technique to load ACPs works due 

to the capability of MupN-type PPTase enzymes to transfer CoA moieties with a broad substrate 

specificity. 169,179 Within the in vivo biosynthetic pathway, MupN is responsible for converting ACPs 

from apo-form to active holo-form only. The loading of holo-ACPs with the required malonyl is 

expected to be catalysed by AT enzyme. Due to the trans-AT nature of the mupirocin pathway, this is 

expected to be provided by a single protein, MmpC which contains a di-domain AT. This has yet to be 

proven experimentally so future work should seek to show this conversion in vitro.  
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5 Methods 

The protocols described in parts of this section are general molecular biology protocols and are 

not unique to this report (See M Rowe Masters Thesis and M Rowe 2nd Year Report) - as is 

standard practice for molecular biology theses. This should be considered when analysing the 

Turnitin report. Specific methodology for expression and purification protocols are given in later 

section.  

5.1 General Protocols 
 

5.1.1 Buffer Compositions 

Column Buffer A: Trizma Base (50 mM), NaCl (0.5 M), glycerol (10%), pH=8.0 

Column Buffer B: Trizma Base (50 mM), NaCl (0.5 M), imidazole (0.8 M), glycerol (10%), pH=8.0 

Cathode Buffer: Trizma Base (200 mM) pH=8.9 

Anode Buffer: Trizma Base (100 mM), tricine (100 mM), SDS (3.5 mM) pH=8.25 

Gel Stain: Coomassie Brilliant Blue (3 mM), EtOH (7.7 M), AcOH (1.75 M)  

Gel Loading Buffer: Trizma Base (780 mM), mercaptoethanol (142 mM), SDS (35 mM), glycerol 

(10%), bromophenol blue (140 mM), pH=6.8 

Tris Buffer (for assays): Trizma Base (50 mM), NaCl (100 mM) pH=8.0 

Tris Buffer + Glycerol: Trizma Base (50 mM), NaCl (100 mM), glycerol (10%), pH=8.0 

NMR Buffer: 20 mM Sodium Phosphate, 100 mM NaCl, pH=8.0 

LB Media: Per 1L deionised water was added tryptone (10g), yeast extract (5g) and NaCl (5g). pH 

modified to 7.4. Sterilised before use.  

M9 Media: Per 1L deionised water was added Na2HPO4 (6g), KH2PO4 (3g), NaCl (0.5g). Buffered to 

pH=7.4. Sterilised before use.  

Analytical SEC Buffer: Trizma Base (25 mM), NaCl (150 mM), pH=8.5. 

 

5.1.2 General Points about Protein Expression 

All media and glassware used were autoclaved (130˚C for 15 mins) prior to use to maintain sterility 

during growth and expression. The sterility required for protein expression and purification was 

achieved using a Medical Air Technology LTD BioMat Class II microbiological safety cabinet or a 

Bunsen flame. All surfaces were sterilised before use using 70% ethanol and Lipsol detergent.  
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For overexpression of proteins using E. coli, LB media was used unless otherwise specified. Specific 

protocol for expression of each protein is given in later sections. General protocol for purification of 

each protein is given in the results section of this thesis. 

Centrifugation carried out in this project was carried out by a Sorvall RC 6 Plus Centrifuge at 4 ˚C 

unless otherwise specified.  

5.1.3 Production of Agar Plates 

LB Agar was produced by formation of 100 mL LB Media and addition of 1.5g of Agar. This was 

subsequently autoclaved. Following this, solid LB agar was melted by gentle heating and allowed to 

cool to 50 ˚C – 55 ˚C. Under sterile conditions, a 1:1000 dilution of antibiotic was added to agar and 

distributed evenly between 4-5 petri dishes which were left to cool (under sterile conditions) until the 

agar had solidified. Care was taken when adding the antibiotic to ensure agar was not too hot as to 

degrade the antibiotic.  

5.1.4 Cell Transformation (Non Arctic) 

To 20 μL of High-Efficiency E. Coli Cells was added 1 μL of plasmid DNA with gentle agitation. This 

was left at 4°C for 30 minutes. Following this, cells were heated to 42°C in a water bath for 30 seconds, 

followed by placing on ice (4°C) for 5 minutes. Under sterile conditions, 200 μL of preheated SOC 

Outgrowth Media was added. The resulting cell suspension was kept at 37°C with 180 RPM shaking 

for 1 hour. 200 μL of the resulting cell suspension was added to a freshly prepared 100 mm LB Agar 

petri dish containing appropriate antibiotic and spread evenly using a recently sterilised spreading rod. 

Agar plates containing cell suspension were placed in a 37°C incubator for 16 hours until colonies were 

observed.  

5.1.5 Plasmid Isolation for Miniprep 

Cell transformation and subsequent pre culture was performed as is described elsewhere. Following 

this, the cells were pelleted by centrifugation (6000 RPM, 10 minutes) and the plasmid DNA purified 

using a GenElute Spin Miniprep kit (Sigma) using Eppendorf MiniSpin Plus Microcentrifuge. The 

resulting plasmid DNA was checked by Sanger Sequencing (GeneWiz) to confirm successful Miniprep. 

5.1.6 Plasmid Isolation for PCR Purification 

Plasmid containing PCR fragment (see Plasmid Ligation) was Pre-Cultured overnight (stirring at 37 ̊ C) 

with 10 mL of cells in a 50 mL sterile Falcon Tube. The cells were pelleted by centrifugation (6000 

RPM, 5 minutes) and the plasmid DNA purified using a GenElute Spin Miniprep kit (Sigma) using 

Eppendorf MiniSpin Plus Microcentrifuge. The successful construction of the plasmids was confirmed 

by Sanger sequencing (GeneWiz). 
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5.1.7 Protein Expression (Non-Arctic) 

Cell transformation was conducted as described above. An isolated colony was chosen and added to 

sterile LB media (50 mL) and antibiotic (1:1000 dilution of 1 mg per mL stock, 50 µL) was added. This 

was incubated overnight stirring (200 RPM) at 37 ˚C.  LB media containing antibiotic (1:1000 dilution, 

200 µL) was inoculated with pre-culture solution (2 mL) and incubated (37 ˚C, 200 RPM) until Optical 

Density at 600nm reached between 0.7-1.0. Once this was achieved, IPTG (50 mL, 250 µM) and 

antibiotic (1:1000 dilution, 50 µL) was added to each flask and incubated overnight (16 hours) at a 

reduced temperature (16 ˚C, 200 RPM). The cell pellet was harvested by centrifugation (7000 RPM, 10 

minutes) and suspended in resuspension buffer (20 mL). The cell pellet was flash frozen in liquid N2 

and stored at -20 °C until required. 

5.1.8 Arctic Cell Transformation and Expression 

Arctic cell was chosen for proteins which had proven to be insoluble under standard protein expression 

conditions. Cell transformation and expression was conducted as follows: 

ArcticExpress (DE3) Competent Cells were stored at -80 ̊ C until required. 100 µL of cells were allowed 

to thaw on ice. 2 µL of diluted XL10-Gold β-mercaptoethanol was added to the cells with gentle 

agitation. Cells were left on ice for 10 minutes. 3 µL of plasmid DNA was added to cells and incubated 

on ice for 30 minutes. After this, cells were heat-pulsed by adding to 42 ˚C water bath for 20 seconds 

before placing at 4 ˚C for a further 5 minutes. To the cells was added 900 µL SOC media (pre-heated 

to 42 ˚C) under sterile conditions. Cells were then placed stirring at 37 ˚C for 1 hour (225 RPM). After 

this time, 200 µL of cells were spread onto LB agar plate containing the required antibiotic. Remaining 

800 µL cells can were spun down, 600 µL SOC removed, vortexed and remaining 200 µL added to LB 

agar plates. Agar plates were left at 37 ˚C for 16 hours until colonies were observed. 

Each isolated colony was added to 10 mL sterile LB containing 1:1000 appropriate antibiotic (for 

selection of the expression plasmid) and 1:1000 gentamicin. Pre-culture tubes are incubated at 37 ˚C, 

200 RPM for 24 hours. After this time, successful pre-culture flasks (10 mL) are added to 100 mL sterile 

LB (non-baffled flasks – no antibiotic added at this stage). This is left at 30 ˚C for 3 hours. After this 

time, temperature is reduced to 11 ˚C and left for a further hour after which 0.5mM IPTG is added to 

each flask and left for a further 24 hours. After this time, cells are harvested, frozen in liquid N2 and 

stored at -20 ˚C until required for purification. 

 

5.2 Protein Purification Protocols  

5.2.1 Protein Extraction 

Cell Pellet was thawed on ice. E. Coli cells were disrupted by ultrasonic sound waves (VCX130 Vibra-

Cell, Sonics) until a uniform, translucent liquid was observed (12-15 minutes). This suspension was 
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centrifuged (15000 RPM, 15 minutes) to isolate the soluble and insoluble components. The soluble 

component was collected for subsequent purification. Samples of both soluble and insoluble 

components were kept for subsequent SDS-PAGE Analysis (so-called ‘Insol.’ and ‘Sol.’ samples). 

 

5.2.2 Immobilised Metal Ion Affinity Chromatography (IMAC) Purification Protocol 

His-tagged protein was purified via Immobilized Metal Ion Affinity Chromatography (IMAC). A 

HisTrap HP Nickel Column (5 mL, GE Healthcare) was cleaned with 5 mL NaOH (0.5 M) and 15 mL 

HPLC grade water prior to use. Column was charged with 10 mL NiSO4 (0.5 M) and equilibrated with 

running buffer (95% Column Buffer A: 5% Column Buffer B). The injection loop of the FPLC was 

cleaned with NaOH (0.5 M) and water. After soluble protein had been extracted from insoluble 

components (see above), soluble supernatant was added to FPLC through the injection loop followed 

by injection onto the Nickel Column. Once injected, non-binding proteins were washed away with 5 

column volumes of running buffer until UV absorbance reached baseline levels. Non-binding proteins 

were collected, and sample taken for SDS-PAGE analysis (so-called ‘Flow’ sample). His-tagged protein 

was then selectively eluted using an increasing imidazole gradient to a maximum of 0.8M and collected 

in 1 mL fractions. These fractions were placed immediately on ice to hinder precipitation of the protein. 

Fractions were analysed by SDS-PAGE to confirm the fractions which contained protein of interest. 

Fractions containing protein were pooled together for downstream SEC purification and 

characterisation. 

5.2.3 Protein Desalt 

For pure proteins eluting from IMAC (confirmed by SDS-PAGE) subsequent purification was curtailed 

and removal of imidazole (desalting procedure) was undertaken using a desalting column.  An injection 

loop was cleaned with 5 mL NaOH (0.5 M) and 15 mL HPLC grade water. A HiPrep 26/10 desalting 

column (50 mL, GE Healthcare) was added to the FPLC and equilibrated with the required desalt buffer 

(100 mL). Required IMAC fractions were combined and injected into the column. Protein elution was 

confirmed by a rise in 280nm absorbance and protein was collected in a sterile 50 mL falcon tube. The 

collection was stopped prior to the elution of small molecules and salt, indicated by a peak in 

conductivity. A sample of protein was taken and characterised by SDS-PAGE and ESI-MS. 

5.2.4 Size Exclusion Chromatography 

For larger proteins and proteins not found to be pure after IMAC, size-exclusion chromatography (SEC) 

was conducted as a further purification step. The injection loop was washed with the required desalt 

buffer (10 mL) to remove remnant supernatant. One of a series of size exclusion columns were used to 

purify the protein of interest depending on its molecular weight and oligomeric state in solution. The 

columns available for use were S75, S100 and S200 (GE Healthcare) and the chosen column was 
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equilibrated with required running buffer (400 mL). Protein sample was injected onto the column. 

Protein elution was signified by an increase in 280nm absorbance at the predetermined elution volume 

based on size and oligomeric state of protein. The protein was collected in 7 mL fractions prior to 

downstream concentration and further use.  

5.2.5 Protein Concentration 

After protein purification, fractions containing the required protein were determined by SDS-PAGE 

and ESI-MS. These fractions were combined and concentrated using spin concentrators (Pierce Protein 

Concentrator Polyethersulfone, 20 mL) with the required molecular weight cut off (MWCO) depending 

on size of protein. Concentrators with 3k, 10k, 30k and 100k MWCO were available for use. During 

concentration, the mg/mL of the protein was periodically checked using UV spectrophotometer until 

the required concentration was achieved. At this point the protein was aliquoted into the required 

volume, flash frozen in liquid N2 and stored at -80°C until required.  

 

5.3 Protein Characterisation  

5.3.1 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis 

Samples for analysis were collected at various points during the protein expression and purification 

protocol (see above). The samples were prepared by addition of equal volume Gel Loading Buffer (10 

μL) and heating to 95 °C for 10 minutes. The electrophoresis gel was constructed in house and consisted 

of Separating (5 mL) and Loading (2.5 mL) regions. SDS-Marker (10 μL) was added to the first well 

and a small amount of each prepared gel sample (7 μL) was added to each well. The gel was operated 

between 110-150V for 50-70 minutes until the stain front had reached the bottom of the gel. Cathode 

and Anode buffer (see Buffers) was used to keep the pH constant and provide the mobile ions required 

to carry the current. Once complete, the PAGE gel was submerged in Coomassie Blue stain for at least 

one hour to ensure adequate staining. Following this, excess stain was removed, and de-staining was 

achieved by heating while submerged in water for approximately 15 minutes. Protein bands were 

detected using an E-gel imager (Life Technologies). 

5.3.2 Electrospray Ionisation Protein Mass Spectrometry 

5.3.2.1 Zip-Tip Sample Preparation 

Protein samples were prepared using C4 ZipTip Pipette Tips (Merck Millipore). The final buffer 

consisted of 0.2% Formic acid within a 7:3 ratio of acetonitrile to water. 10 μL of protein was loaded 

into the Synapt G2-Si (Waters). Formic acid (10 μL) and Acetonitrile (10 μL) was often added to the 

sample before analysis to denature the protein and ensure better spray of the protein species. 
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5.3.2.2 Methanol-Chloroform Protein Preparation  

For larger molecular weight proteins (> 30 kDa) it was more effective to prepare the mass spectrometry 

sample using methanol-chloroform extraction. The protein (20 μL) was added methanol (60 μL) and 

chloroform (15 μL) and vortexed well. Deionised Water (45 μL) was added, and precipitation observed. 

Following this, the sample was vortexed well and centrifuged at full speed (15k RPM) for 1 minute. 

The upper aqueous layer was removed, and remaining pellet was resuspended in methanol (45 μL). 

Prior to further vortexing and centrifugation for 2 minutes. The resulting supernatant was discarded and 

a 1:1 ratio of acetonitrile to water in 0.2% Formic acid (20 – 50 μL, depending on concentration of 

sample) was added to resuspend the precipitated protein. After resuspension, sample was centrifuged 

for 5 mins at full speed to remove remaining precipitate. 10 μL of this protein was loaded into the 

Synapt G2-Si (Waters).   

5.3.3 Analytical Size Exclusion Chromatography 

The monomeric state of the protein in solution was confirmed by analytical size exclusion 

chromatography. Two columns were available for use, Analytical S75 or Analytical S200. The required 

column was selected based on the size and predicted monomeric state of the protein. Prior to use, the 

required column was calibrated periodically with several known protein standards. The chosen column 

was equilibrated with Analytical SEC Buffer (25 mM Tris, 150 mM NaCl, pH=8.5). The protein sample 

was made up to 1 mg/mL using Tris Buffer and injected into the column. Special care was taken to 

ensure no air entered the column or FPLC system during injection. The elution of the protein was 

signalled by an increase in 280nm absorbance at a specific elution volume.  

5.3.4 DNA Gel Electrophoresis  

DNA Gel electrophoresis was conducted to confirm the successful PCR had taken place. Firstly, 100 

mL of 1% agarose gel solution was liquified by gentle heating, and Midori Green DNA Stain (2-4 μL) 

was added. The resulting mixture was cast in a gel tray with the addition of an appropriate comb. The 

gel was placed in an electrophoresis tank and immersed in TAE buffer (containing Tris base, Acetic 

acid and EDTA). A mixture of PCR product sample and 5x DNA Loading Buffer Blue (1:1, 4 μL, 

Bioline) was added to each well, and HyperLadder 1 KB (4 μL, 43 Bioline) was added to each analysis 

row. Electrophoresis was performed at 200 V for 15-25 minutes and DNA bands were detected on the 

resulting gel via a UV-transilluminator (Essential, UVITEQ Cambridge).  

 

5.3.5 Plasmid Ligation 

Once PCR products had been confirmed to contain DNA region of interest and subsequently purified, 

they were ready to ligate into appropriate vector. 
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For ligation into pOPINF plasmid, DNA fragments were added to pre-linearised pOPINF vector 

according to the following reaction conditions; 3 µL of DNA, 4 µL dH20, 1 µL linearised pOPINF 

vector, 1 µL Takura 5x Infusion HD Enzyme Premix. The reaction was left until complete (20 minutes, 

50 ˚C).  

Ligation into pre-linearised pET28a vector was conducted using the following reaction conditions; 2 

µL of DNA, 2 µL of cut pET28a, 1 µL of Takura 5x Infusion HD Enzyme Premix. This was incubated 

at 50 ˚C for 20 minutes prior to transformation into NEB 5α cells, pre-culture and mini-prep protocol 

followed by Gene Sequencing (GeneWiz).  

 

5.4 Protein Expression and Purification Details  

Plasmids for the growth of MupD, MupE, MmpD_DH1 were ligated into a pOPINF vector 

(carbenicillin resistance). MmpF was ligated into pET28a vector (kanamycin resistance). 

Cells were induced with 250 µM IPTG once OD600 reached 0.7-1 to ensure sufficient expression of 

protein. Cell growth was conducted at 37°C followed by induction at 16°C for 16 hours. 

5.5 Polymerase Chain Reaction 

The primers used in this project were designed in house and synthesised by Sigma Aldrich 

(Supplementary Information). Primer stock solutions (100 μM) were prepared using Tris Buffer and 

working solutions (25 μM) were prepared by further dilution in distilled water. PCR reactions were 

conducted using either Q5 polymerase or KAPA polymerase.  

All PCR reactions were performed using a peqSTAR 96x Universal Gradient and 200 μL PCR tubes. 

To confirm PCR had been successful, PCR product was analysed by 1% agarose gel electrophoresis. 

PCR reactions were initially conducted on a 50 μL scale over a range of temperatures (48-66 °C) and 

successful temperature recorded. PCR was then repeated at a single successful temperature. For each 

specific gene fragment, PCR was conducted under the following conditions (with the polymerase shown 

in brackets). 

5.5.1 MmpF (KAPA): 

1) Initial denaturation at 95 °C for 3 mins; 2) Denaturation at 98 °C for 20 s; 3) 60 °C for 15 seconds 4) 

Extension at 72 °C for 2 mins 30 s. Step 2-4 were repeated 25 times prior to a final extension at 72 °C 

for 10 mins. 
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5.5.2 MupD and MupE (KAPA): 

1) Initial denaturation at 95 °C for 3 mins; 2) Denaturation at 98 °C for 20 s; 3) 60 °C for 15 seconds 4) 

Extension at 72 °C for 1 minute. Step 2-4 were repeated 35 times prior to a final extension at 72 °C for 

10 mins. 

The successful PCR DNA fragments were ligated into pre-linearised plasmid as per the conditions 

listed; Cut plasmid 5 μL, 5x T7 infusion enzyme 1 μL, PCR Product 3 μL, 10x buffer 1 μL.  

5.5.3 MmpD_DH1 (Q5) 

1) Initial denaturation at 98 °C for 30 s; 2) Denaturation at 98 °C for 5-10 s; 3) Temp range (55 – 72 

°C) for 15 seconds 4) Extension at 72 °C for 45 s. Step 2-4 were repeated 35 times prior to a final 

extension at 72 °C for 2 mins. All temperatures were found to produce a band on the PCR gel.  

5.5.4 PCR Mutagenesis to produce MmpFC183A (KAPA) 

5% DMSO was added to PCR mixture. Template DNA used was MmpF_pET28a. 

1) Initial denaturation at 95 °C for 3 mins; 2) Denaturation at 98 °C for 20 s; 3) 60 °C for 15 seconds 4) 

Extension at 72 °C for 6 mins 30 s. Step 2-4 were repeated 25 times prior to a final extension at 72 °C 

for 10 mins. 

 

5.6 Protein Expression and Purification Details  

In this report, all proteins discussed herein contain a polyhistidine tag unless removal was specified. All 

the protocols described were conducted in a sterile environment to minimise cross-contamination. 

Standard protein expression protocol has been outlined previously. Specifics of protein expression and 

purification for each protein are described here: 

5.6.1 Expression of mAcpD  

Transformation was conducted with 25 μL BL21 (NEB) high-efficiency cells. Pre-culture was left 

overnight with stirring at 37°C. Growth was conducted on 1.6L scale using LB media within non-

baffled flasks; cells were grown at 37°C 200 RPM until required OD600 reached. At this point, cells 

were induced with 250 μM IPTG and temperature dropped to 16°C. Cells were left shaking for 16 hours 

after which time the cells were harvested.  

5.6.2 Expression of MupN  

Transformation was conducted with 20 μL BL21 (Novagen) high-efficiency cells. Pre-culture was left 

overnight with stirring at 37°C. Growth was conducted on 2L scale using LB media within non-baffled 
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flasks; cells were grown at 37°C, 200 RPM until required OD600 reached. At this point, cells were 

induced with 250 μM IPTG and temperature dropped to 16°C. Cells were left shaking for 16 hours after 

which time the cells were harvested.  

5.6.3 Expression of mAcpD_T  

Transformation was conducted with 20 μL BL21 (Novagen) high-efficiency cells. Pre-culture was left 

overnight with stirring at 37°C. Growth was conducted on 2L scale using LB media within non-baffled 

flasks; cells were grown at 37°C, 200 RPM until required OD600 reached. At this point, cells were 

induced with 250 μM IPTG and temperature dropped to 16°C. Cells were left shaking for 16 hours after 

which time the cells were harvested.  

5.6.4 Expression of mAcpB  

Transformation conducted with 100 μL Agilent ArcticExpress (DE3) Competent Cells. Protocol as 

described in ‘Arctic growth protocol’ section. 

5.6.5 Expression of mAcpA  

Transformation conducted with 100 μL Agilent ArcticExpress (DE3) Competent Cells.  

5.6.6 Expression of MupD  

Transformation conducted with 100 μL Agilent ArcticExpress (DE3) Competent Cells.  

5.6.7 Expression of MupE  

Transformation conducted with 100 μL Agilent ArcticExpress (DE3) Competent Cells.  

5.6.8 Expression of MmpF  

Transformation was conducted with 20 μL BL21 (Novagen) high-efficiency cells. Pre-culture was left 

overnight with stirring at 37°C. Growth was conducted on 1.4L scale using LB media with 100mL LB 

per non-baffled flask. The cells were grown at 37°C, 200 RPM until required OD600 reached. At this 

point, cells were induced with 250 μM IPTG and temperature dropped to 16°C. Cells were left shaking 

for 16 hours after which time the cells were harvested.  

5.6.9 Expression of MmpF_C183A  

Transformation was conducted with 20 μL BL21 (Novagen) high-efficiency cells. Pre-culture was left 

overnight with stirring at 37°C. Growth was conducted on 1.4L scale using LB media with 100mL LB 

per non-baffled flask. The cells were grown at 37°C, 200 RPM until required OD600 reached. At this 

point, cells were induced with 250 μM IPTG and temperature dropped to 16°C. Cells were left shaking 

for 16 hours after which time the cells were harvested.  
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5.6.10 Expression of MmpB_KS  

Transformation was conducted with 20 μL T7 high-efficiency cells. Pre-culture was left overnight with 

stirring at 37°C. Growth was conducted on 1.6L scale using LB media with 200mL LB per non-baffled 

flask. The cells were grown at 37°C, 200 RPM until required OD600 reached. At this point, cells were 

induced with 250 μM IPTG and temperature dropped to 16°C. Cells were left shaking for 16 hours after 

which time the cells were harvested.  

5.6.11 Expression of MmpB_DH  

Transformation was conducted with 25 μL BL21 (NEB) high-efficiency cells. Pre-culture was left 

overnight with stirring at 37°C. Growth was conducted on 1.6L scale using LB media with 200mL LB 

per non-baffled flask. The cells were grown at 37°C, 200 RPM until required OD600 reached. At this 

point, cells were induced with 250 μM IPTG and temperature dropped to 16°C. Cells were left shaking 

for 16 hours after which time the cells were harvested.  

5.6.12 Expression of MmpD_DH1  

Transformation was conducted with 25 μL T7 high-efficiency cells. Pre-culture was left overnight with 

stirring at 37°C. Growth was conducted on 1.6L scale using LB media with 200mL LB per non-baffled 

flask. The cells were grown at 37°C, 200 RPM until required OD600 reached. At this point, cells were 

induced with 250 μM IPTG and temperature dropped to 16°C. Cells were left shaking for 16 hours after 

which time the cells were harvested 

 

5.7 Expression of Isotopically Enriched Protein: 

5.7.1 Expression of 15N-13C-mAcpD  

Transformation was conducted with 25 μL BL21 (Novagen) high-efficiency cells. Pre-culture using 

100mL LB media was left overnight at 37°C (200 RPM). The cells were pelleted (spun at 6000 RPM 

for 10 minutes), resuspended in M9 media (20 mL), pelleted again and resuspended in M9 (20 mL). 1 

mL of this preculture was added to 100mL of M9 Buffer in non-baffled flask (total volume of growth 

2L). 2 grams 13C-D-Glucose, 1 gram 15N-ammonium chloride, 1 ml MgSO4 (1M), 1 ml trace metal 

solution and 100 mg carbenicillin was added per 1L of M9 solution (solutions were sterile filtered prior 

to use). Flasks were incubated at 37°C with shaking (220 RPM) until OD600 of 0.7 was reached. At this 

point cells were induced with 1 mM IPTG per 100 ml flask. Cells where harvested after 16 hours.  
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5.7.2 Expression of 15N-mAcpD  

Transformation was conducted with 20 μL BL21 (Novagen) high-efficiency cells. Pre-culture using 

100mL LB media was left overnight with shaking at 37°C. 1 mL of preculture was added per 100 mL 

LB. Cells were grown at 37°C to an OD of 2 with a total volume of 2L. Once OD was reached, cells 

were pelleted (6000 RPM for 10 minutes), resuspended in M9 (400 ml), pelleted again and resuspended 

in M9 (50 mL). 10mL of the cell suspension was added to 100 mL M9 (total 5 flasks, pre-warmed to 

37°C). Per 100 mL M9 was added carbenicillin (100 mg/L), 100 μL MgSO4 (1M), 2.5 mL 50/52, 100 

μL trace metal solution and 15N-ammonium chloride (0.4 g). Flasks incubated at 37°C for 1 hour until 

temperature was dropped to 16°C and induced with 500 μM IPTG. Cells were left for 16 hours and 

harvested.  
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7 Supplementary Information  

7.1 Protein sequences 
 

Gene_Plasmid  Sequence 

mAcpD_ 

pET151_D 

MHHHHHHGKPIPNPLLGLDSTENLYFQGIDPFTLNHQVMDQVFDQVEHQ

IAQVLGAKGGPLVAVEIDSRFSDLGLSSLDLATLISNLEAVYGTDPFADAV

AITSIVTVADLARAYAQQGVPGPSPDPLDAQLRDLRQL 

mAcpD_T_ 

pET151_D 

MHHHHHHGKPIPNPLLGLDSTENLYFQGIDPFTMLNHQVMDQVFDQVEH

QIAQVLGAKGGPLVAVEIDSRFSDLGLSSLDLATLISNLEAVYGTDPFADA

VAITSIVTVADLCRAYAQQGVPGP 

mAcpA_pOPINF MAHHHHHHSSGLEVLFQGPMNPERRNMYMEEIYTFVVSTLASSCKVQP

GDIEPTTNLFADLGIDSVDFLDAVFCIEKHYDIRIPVGQWMSAVNEGNAAM

TDYFVMEHFVAQIAARAAASA 

mAcp3a_ 

pET151_D 

MHHHHHHGKPIPNPLLGLDSTENLYFQGIDPFTMAPLAAKAAPVVPVADD

ECAQFLRQSLAAMLYCEPGQIRDGSRFLELGLDSVIAAQWIREINKHYQL

KIPADGIYTYPVFKAFTQWVGTQLQ 

MupD_pOPINF MAHHHHHHSSGLEVLFQGPMRRQVVVTGGGRGIGASISTALVQAGFVVL

IVGHRGISAGVALCEELDARYGAGSARWVGCDLGDALAVEGLCRSLEAE

DIYGLVHCAGVSQDSLAAVADLDTARHMMQVNFWAFVQLYQALVRPMS

MRRAGRILCIGSVAADFGMKGNALYASSKAALRGFVRSSMTEVASRAITI

NCIEPGFIETALLDRYAEQRSAIDRRIPAGRYGSPEEVAGLAAFLFSEAGS

YINGQHLTVDGGLSRSMAG 

MmpF_pET28a MGSSHHHHHHSSGLVPRGSHMASMTGGQQMGRGSEFVSQALESHLG

DLAVVGLACRFPGAPDQRVFWENLRQGRESIVDLDDQQLSAAGVTREQ

WSEPGYIRRSPVLEGIEWFDARFFGVSAREAILLDPQHRLLLEVGYEALE

DAGHVKAAQAGVTGVYACMGGITTSYLHQFGDRLDPLHHETASLVHQG

NDKDFLATRLSFKLNLTGPSMTVQTACSSSLVALHLACNALRLGEVDTAL

VGAAAIRIPHHTGYPLGQSPLLSRDGRCCPFSSDASGTLFGSGVASVIVR

RHADAIRDGDHVYALIKSSHVNNDGAMKIGYTATSVPGQAKAMVRAITLA

RANARQISYVECHGTATSLGDPLEIKALEKAFRLDTQDHGFCAIGSVKSNI

GHLEQAAGIASLIKVALMLKHDTLVPSLNFTTPNPRIDFEHSPFRVSQDTR

VWSQALEQPADTARLAAINCLGIGGTNVFSVLQSVAPALVRGTDAAVDVP

ICLSAATREQLRQYLLRFAHFVRDSGPIDRLALAHTINISRSAHRERFAGVL

KAGIDVDRFFEEAAHSVLDAPATFTPRLVYYLCEQPQHLDDASRQAWLA

APRYQRMADDYAECLGRLSSTPQTVEAAARCAELAFEVALYQQLVRWG

MVFEAVIDRGYGHWINRCLQLGCGASSALDASPEWLSAFVQEGQGAAQ

LASPGWPDSAQVAVLVVSRQAWAVTVPSSGRCVHLAEEMLTFADVERF

ACDVVQAGISFDWLDYYRLVKAQKLSLPTYPFARQRYWPVED 
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MmpF_C183A_ 

pET28a 

MGSSHHHHHHSSGLVPRGSHMASMTGGQQMGRGSEFVSQALESHLG

DLAVVGLACRFPGAPDQRVFWENLRQGRESIVDLDDQQLSAAGVTREQ

WSEPGYIRRSPVLEGIEWFDARFFGVSAREAILLDPQHRLLLEVGYEALE

DAGHVKAAQAGVTGVYACMGGITTSYLHQFGDRLDPLHHETASLVHQG

NDKDFLATRLSFKLNLTGPSMTVQTAASSSLVALHLACNALRLGEVDTAL

VGAAAIRIPHHTGYPLGQSPLLSRDGRCCPFSSDASGTLFGSGVASVIVR

RHADAIRDGDHVYALIKSSHVNNDGAMKIGYTATSVPGQAKAMVRAITLA

RANARQISYVECHGTATSLGDPLEIKALEKAFRLDTQDHGFCAIGSVKSNI

GHLEQAAGIASLIKVALMLKHDTLVPSLNFTTPNPRIDFEHSPFRVSQDTR

VWSQALEQPADTARLAAINCLGIGGTNVFSVLQSVAPALVRGTDAAVDVP

ICLSAATREQLRQYLLRFAHFVRDSGPIDRLALAHTINISRSAHRERFAGVL

KAGIDVDRFFEEAAHSVLDAPATFTPRLVYYLCEQPQHLDDASRQAWLA

APRYQRMADDYAECLGRLSSTPQTVEAAARCAELAFEVALYQQLVRWG

MVFEAVIDRGYGHWINRCLQLGCGASSALDASPEWLSAFVQEGQGAAQ

LASPGWPDSAQVAVLVVSRQAWAVTVPSSGRCVHLAEEMLTFADVERF

ACDVVQAGISFDWLDYYRLVKAQKLSLPTYPFARQRYWPVED 

MupD_pOPINF MAHHHHHHSSGLEVLFQGPMRRQVVVTGGGRGIGASISTALVQAGFVVL

IVGHRGISAGVALCEELDARYGAGSARWVGCDLGDALAVEGLCRSLEAE

DIYGLVHCAGVSQDSLAAVADLDTARHMMQVNFWAFVQLYQALVRPMS

MRRAGRILCIGSVAADFGMKGNALYASSKAALRGFVRSSMTEVASRAITI

NCIEPGFIETALLDRYAEQRSAIDRRIPAGRYGSPEEVAGLAAFLFSEAGS

YINGQHLTVDGGLSRSMAG 

mAcpB_pOPINF AHHHHHHSSGLEVLFQGPMEINVAQQTVSESIRELKLPGWETASIETETH

LQGELGIDSLHKLILLTRLQERSNFQFAQLNNEAYKFDTVGDLVNLLVAHG 

MupE_pOPINF MAHHHHHHSSGLEVLFQGPMRALQLVDKQRLALRELVLPARPAPGHAR

VRMAFMTLNHLDLFGYRGMAFARRTLPVTVGAEGAGFVQDVGPGSDPE

LIGQAMAIYPSVFCGCCPACLAGRENLCADSPGVMGFHCDGVAAEYVDV

PLRMLVPIPAGVPMDMAACAPVTFATVHHMLIDNARLMSGETLLVHAGG

SGIGSIAIRLARHLGVTVFATVGRADKVERARALGAEYVIDYREERFLRVIR

EQTARRGVDVVFEHVGADTWEQSLLSLARGGRLVICGSTTGVEAPTNLM

HLFNQQIHIHGSFGAPLSGLRDALALIQQGVLPVIDCVMPVAGFESGLQRL

RERDVFGKIVLQF 

MmpB_KS_ 

pET151_D 

MHHHHHHGKPIPNPLLGLDSTENLYFQGIDPFTDIAIIGLAGRYPQAENIEE

LWENLKLGRDCITTVPSQRWDHDAIYDPSKGVSGKTYSKWGGFLRGVD

EFDPRFFNISPREAEIMDPQERLFLQCAYHVLEDAGYTRQSLSAKGRVGV

YVGVQYTEYTAFSTAQTLVAALPASIANRVSFFCDFRGPSLTLDSMCSSS

LTTIHLACQSLRSGESEYAIAGGVNVSIHPNKYLLHAQGRFASSVGCCKTF

GQGGDGYVPAEGVGAVLLKPLPQAIADGDRIHAVIKGSSINHGGRATGFT

VPKSSAQAVAVRSALHQAGLASSDLSYIEAHGTGTALGDLIEIEGLRTVFE

ADGFEPQTCAIGSIKSNIGHCESAAGIAGLTKVLLQLKHRQLVPSLHSTQL
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NRNIDFAGSPFHVQQTLEPWLPKGAADAVQPRRAGISSFGAGGSNAHLV

VEEYSLQAQAHTHVPTLPSDVLIVLSARTHERLQAVAALLLGRLEQTPLAC

DLAGLHDLAYTLQVGREALDARAAFTAQSVQVLKERLVALADGAQHPDV

LIGQALKPVRLRAGETAVPVQSPAMDDNQAVMRHWVSGGQVEWAQLY

QGFQPARISLPLYPFVRERAWVP  

MmpB_DH_pET151

_D 

MHHHHHHGKPIPNPLLGLDSTENLYFQGIDPFTPGDGPHPLLSRQITAGD

SQQFEVQFCGDEFFLDHHRVNGRKVLPGVVYLEMALAALSRVSGQADL

ALNSILWVRPFECFNDPVTLTLAVEQARKGSGWEFEFFAWLTREPGGEP

VRQVYCRGQASVPAEPAPLAHLDVNALAALAQGAASTTEFYRHFAAVGI

EYGPGHQGLHALRGGAEQVLGHVRLPDFLKPGDEFRLHPCLLDSALQAA

MGFTTGSESSQGPQVPFSLEQLTLGRSRRTPAWVRLTAHTSGGGRGSF

AFDVEVFDAQGEPCVHLHGLRSRVMARAPAPP 

MmpD_DH_pOPIN

F 

MAHHHHHHSSGLEVLFQGPRLQRHDPSIGDHVIADQHRVAGAVTLAVAA

RAWGALPAGGWCASQVAWLQALDVPLQGALLRVSLRPASAGATDFEVR

LEGLVHPLCSGTLAPGQTDEVRRDVHALRRAHPDAWLTREVLYEQLRNV

GMAYGSTYRVLQDSHLQGDQSLLALVVVPAGAADDLPFSPAAVDAAFQA

AVLLAIRQSGEQARLGFSVGQLQLSAPLPERYWVHVSAATTGAQQCRFN

IEWIAEDGRVCATAKDFVLKAAPVQQEQ 

Table S 1: The sequences of proteins expressed during this project.  
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7.2 PCR Primers 
 

Primer  Sequence 

MmpF_FOR_pET28a TGGGTCGCGGATCCGAATTCGTGAGCCAGGCCCTAGAG 

MmpF_REV_pET28a CAAGCTTGTCGACGGAGCTCTCAGTCTTCAACTGGCCAAT 

MupD_FOR_pOPINF AAGTTCTGTTTCAGGGCCCGATGCGTAGGCAGGTAGTCGT 

MupD_REV_pOPINF ATGGTCTAGAAAGCTTTACTAGCCGGCCATGCTG 

MupE_FOR_pOPINF AAGTTCTGTTTCAGGGCCCGATGCGGGCGCTTCAA 

MupE_REV_pOPINF ATGGTCTAGAAAGCTTTATTAGAATTGCAATACGATCCTGC

C 

mAcpB_FOR_pOPINF AAGTTCTGTTTCAGGGCCCGATGGAAATCAACGTGGCG 

mAcpB_REV_pOPINF ATGGTCTAGAAAGCTTTACTAGCCATGCGCTACCAG 

MmpF_C183A_FOR GTGCAGACCGCGGCGTCAAGTTCGCTG 

MmpF_C183A_REV CAGCGAACTTGACGCCGCGGTCTGCAC 

MmpF_C183A_FOR2 ACCGTGCAGACCGCGGCGTCAAGTTCGCTG 

MmpF_C183A_REV2 CAGCGAACTTGACGCCGCGGTCTGCACGGT 

MmpD_DH1_For_pOPINF AAGTTCTGTTTCAGGGCCCGCGCCTGCAACGGCATGAC 

MmpD_DH1_Rev_pOPINF ATGGTCTAGAAAGCTTTATTATTGCTCTTGTTGGACTGGGG

C 

Table S 2: PCR Primers designed and used during this project (NOTE: 5’ to 3’)  
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7.3 mAcpD-MmpF HSQC Peak Weakening 
 

 

Figure S 1: The peak broadening observed in the mAcpD:MmpF, 1:4 HSQC NMR titration. Shown in blue are the 

peaks from 15N-apo-mAcpD control. In red are the shifts after addition of MmpF. Many interacting peaks appear 

weaker. Conversely, residues from the C-terminal extension of mAcpD are not weakened implying no interaction. 
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7.4 Analytical SEC Calibration Curves 
 

 

Figure S 2: Calibration curves for analytical SEC columns. Calibrants are as follows; AP = Aprotinin, RA = 

Ribonuclease A, CA = Carbonic Anhydrase, OV = Ovalbumin, CO = Conalbumin, CC = Cytochrome C, BSA = 

Bovine Serum Albumin, BA = β-amylase, TG=Thyroglobulin. 


