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Abstract 

Prodiginines and tambjamines are two classes of pigmented natural products that display 

structural variety and hold many useful bioactivities, making them a desirable target for 

pharmaceutical agents1. Enzymes PigC and TamQ are responsible for the final step in prodiginine 

and tambjamine biosynthesis respectively, involving the coupling of a product specific 

intermediate to the shared intermediate 4-methoxy-2,2’-bipyrrole-5-carbaldehyde2. Previous 

investigations have focused solely on PigC and have not successfully purified the enzyme, inciting 

the use of crude cell lysate to test enzyme activity3,4. The objectives of this research were to directly 

compare the kinetic characteristics and substrate selectivity of PigC and TamQ. PigC was cloned 

from Pseudoalteromonas rubra, a known producer of several prodiginine analogues5,6. TamQ was 

cloned from Pseudoalteromonas citrea, which is predicted to produce tambjamine YP1 based on 

genomic mining. PigC and TamQ were successfully heterologously expressed and purified, and 

enzymatic activities of both PigC and TamQ were reconstituted with their native and pseudo-native 

substrates. The true kinetic parameters of two substrates for PigC were determined, allowing for 

prediction of the reaction sequence and a proposed Ter Bi Ping Pong enzyme system. PigC also 

demonstrated some substrate flexibility by accepting a synthetic halogenated analogue in addition 

to its natural substrate 2-methyl-3-amyl-pyrrole (MAP). Apparent kinetic values for TamQ were 

obtained using a close analogue of its native substrate. Additionally, the enzyme could accept and 

turnover the PigC substrate MAP, though, the structure of the reaction product has yet to be 

determined. Three other biosynthetic enzymes involved in tambjamine YP1 (TamA, TamT, and 

TamH) construction were cloned from P. citrea and expressed for future functionality studies. 

Lastly, a novel cyclized variant of tambjamine YP1 was isolated from P. citrea. The complete 

structure of this compound was determined by NMR and X-ray crystallography analysis.  
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Introduction 

Natural products are compounds that are produced by organisms in nature, and they offer 

a promising source for new drug designs. Many of these compounds have extensive bioactivities, 

which play important roles in the chemical defense system the producing organism uses to survive 

in different environments7. Bacteria often have secondary metabolites with unique structures 

evolved to give them potent biological activities making them excellent scaffolds for development 

of pharmaceutical agents8. Natural product metabolites from bacteria are encoded in biosynthetic 

gene clusters, where all of the genes related to producing a single compound are localized together 

on the genome9. Bacterial genomes have become more accessible than ever, leading to the 

development of bioinformatics tools, such as antiSMASH, to mine for secondary metabolites10. 

The ease of identifying biosynthetic gene clusters from bacterial genomes make these organisms 

a hot spot for discovering novel molecules. Marine bacteria, such as the genus Pseudoalteromonas, 

are a rich source of bioactive natural products and are valuable in natural product discovery11,12.  

Among these useful molecules from Pseudoalteromonas are two classes of pigmented 

alkaloids - prodiginines and tambjamines5,13,14. Prodiginines and tambjamines are structurally 

similar with a bipyrrole core, shown in Figure 1-115,16. Both compound families consist of a 

diverse range of structural variants2,17. Due to their extended conjugation, each are easily 

distinguishable by colour; prodiginines are red and tambjamines are yellow16,18. Compounds in 

each of these classes have exhibited many bioactivities, such as anti-cancer, antimalarial, and 

antibiotic activities1,17,19. Both prodiginines and tambjamines have been reported to intercalate 

deoxyribonucleic acid (DNA), and coordinate either metal ions or anions depending on the pH20–

22. These traits allow the molecules to perform functions such anion transmembrane transport and  
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Figure 1-1 General structures of (A) prodiginines and (B) tambjamines. 
 

oxidative DNA cleavage, resulting in cell apoptosis20–22. Prodiginines and tambjamines have 

gained attention as scaffolds for potential drug designs due to their bioactive capabilities, however 

their mechanism of action is not fully understood preventing their current use as therapeutics19,23. 

Synthetic chemists are attempting to reduce toxicity of tambjamines and prodiginines while 

maintaining the medicinal value by constructing new derivatives23,24. 

A diverse range of these tambjamines and prodiginines are already made in nature by 

bacteria, including Pseudoalteromonas sp.14,25. There are three known species of 

Pseudoalteromonas that produce either prodiginine- or tambjamine- type molecules. A variety of 

prodiginine analogues have been identified from Pseudoalteromonas rubra ATCC 29570 and 

Pseudoalteromonas denitrificans6,21,25. Tambjamine YP1 was previously isolated from 

Pseudoalteromonas tunicata and linked to its biosynthetic gene cluster through gene-inactivation 

experiments6,14. The biosynthetic pathways of prodiginines and tambjamines follow comparable 

pathways, where two key intermediates are constructed and coupled together. The first, 4-

methoxy-2,2’-bipyrrole-5-carbaldehyde (MBC), is the origin of the bipyrrole core common 

throughout all prodiginine and tambjamine pathways26. The second is a pathway specific 

intermediate that is variable depending on the final product27,28. The final biosynthetic step is the 

condensation of MBC with this variable intermediate26,29.  
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An essential enzyme conserved in each biosynthetic pathway is the terminal condensation 

enzyme, PigC for prodiginine pathways and TamQ for tambjamine pathways28,30. These enzymes 

are responsible for catalyzing the condensation reaction and determine the final product by 

selecting the appropriate substrate to couple to MBC28,30. To date, there have only been studies of 

limited scope on PigC, using crude cell lysate and performing mutagenesis to evaluate its 

activity3,31. The specific function of TamQ and other tambjamine specific biosynthetic enzymes 

identified in the tambjamine YP1 pathway have not been previously studied28. They have only 

been linked to the production of tambjamine YP1 through domain-homology and gene knockouts 

resulting in loss of pigmentation28. 

The scope of this thesis is focused on the characterization of PigC and TamQ, and three 

other tambjamine YP1 specific biosynthetic enzymes. The goal of this research is to gain insight 

into the enzymatic activity of the previously unpurified PigC and unstudied TamQ. This research 

will determine whether the condensation activity of these enzymes is restricted to their native 

substrates, or if they are able to accept a range of substrates for condensation with MBC, allowing 

for chemoenzymatic production of novel prodiginine and tambjamine analogues. Using the 

biosynthetic genes from Pseudoalteromonas sp., both PigC and TamQ enzymes will be expressed 

and purified for further analysis to determine their substrate scope. The kinetic parameters for the 

substrates of each enzyme will also be investigated to help establish a reaction sequence. 

Additionally, three biosynthetic enzymes specific to the tambjamine analogue in 

Pseudoalteromonas citrea will be cloned and expressed for future functional characterization. The 

tambjamine analogue produced by P. citrea, currently unreported, will be isolated and identified 

through structural analysis for the description of a novel tambjamine variant. 
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Literature Review 

2.1  Pseudoalteromonas sp. 

The genus Pseudoalteromonas is composed of Gram-negative, gamma-Proteobacteria 

found almost exclusively in marine environments, and is often isolated associated with higher 

marine organisms32,33. There is an incredible amount of biochemical diversity within the genus, 

including between strains of a particular species34. The genus is split into two categories: 

pigmented and non-pigmented, with the former commonly displaying more potential for 

production of bioactive secondary metabolites12,34. Common bioactivities observed include: 

antifouling, antibacterial, and antifungal12,34. These bioactivities are strongly associated with 

symbiotic relationships between Pseudoalteromonads and their host organisms, making it likely 

that the biological function of these activities is for host protection13. P. tunicata is a model 

example, being a strong biofilm former that was isolated from the marine tunicate Ciona 

intestinalis35. P. tunicata boasts a wealth of different bioactivities that give them a competitive 

edge in colonizing host surfaces36,37. Notably P. tunicata produces two pigmented compounds that 

are coloured yellow and purple, giving the bacterium a green appearance when expressed 

together35. The yellow compound was deemed responsible for giving P. tunicata its antifouling 

capabilities that it is well known for38. In 2005, the pigments were both isolated and identified as 

the purple antibiotic, violacein, and a novel tambjamine analogue, tambjamine YP114. 

P. tunicata is to date the only Pseudoalteromonad that has been identified as a tambjamine 

producer, however there are two Pseudoalteromonas species that are known to produce the closely 

related class of compounds, the prodiginines. Ten different prodiginine analogues have been 
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isolated and identified from P. rubra ATCC 29570 (also documented as DSM 6842), including 

prodigiosin, cycloprodigiosin, and 2-(p-hydroxybenzyl)prodigiosin5,6. Cycloprodigiosin has also 

been isolated from Pseudoalteromonas denitrificans21. The large variety of pigmented organisms 

in the Pseudoalteromonas genus and horizontal gene transfer between species make it likely to 

find more derivatives of these molecules produced by other Pseudoalteromonads. One of these 

potential Pseudoalteromonas strains that has yet to be studied in detail is P. citrea. A biosynthetic 

gene cluster with high sequence similarity to the tambjamine YP1 cluster in P. tunicata was found 

in the genome of P. citrea DSM 8771 using the bioinformatics tool antiSMASH10. Furthermore, 

P. citrea has a lemon-yellow pigmentation typical of tambjamine production, and displays many 

of the same bioactivities as P. tunicata such as antifouling and antifungal39,40. The combination of 

these characteristics with the unidentified biosynthetic gene cluster make it probable that P. citrea 

also produces a tambjamine-type compound.  

2.2 Prodiginines 

Beginning in ancient texts from 332 B.C.E., accounts of “bloody bread” have emerged 

repeatedly throughout history, often seen as religious symbolism or supernatural acts41. This 

“bloody bread” was likely due to the presence of Serratia marcescens, a pathogenic, gram-negative 

bacterium that commonly grows on starchy foodstuff41. S. marcescens produces a red-pigmented 

tripyrrole compound, prodigiosin, which is the first described member of the prodiginine alkaloid 

family41,42. Prodigiosin (Figure 2-1) was first extracted from S. marcescens (originally named 

Bacillus prodigiosus) in 1902 by Kroft, but its structure was not determined until 1960 after the 

two key intermediates MBC and 2-methyl-3-amyl-pyrrole (MAP) (Figure 2-1) were extracted 

from mutant strains of S. marcescens18. Wasserman et al. completed a semi-synthesis by coupling 

together MBC and MAP from mutant bacterial extracts, and then compared the chromatographic 
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characteristics of the product to those from bacterial extracts15. In the same year, Rapoport and 

Holden were able to synthesize prodigiosin and verify the structure through its ultraviolet-visible 

(UV-Vis) absorption spectrum43. Since prodigiosin’s identification, more Proteobacteria including 

additional Serratia sp., Hahella chejuensis, Pseudomonas magnesiorubra, Vibrio 

psychroerythreus, and P. rubra have displayed production of the compound2,5. 

 
 

Figure 2-1 Structure of MBC, MAP, and prodigiosin. Structures and ring notation of 
intermediates 4-methoxy-2,2’-bipyrrole-5-carbaldehyde (MBC), 2-methyl-3-amyl-pyrrole 
(MAP), and their product prodigiosin.  

 
After the discovery of prodigiosin, many other prodiginine analogues were uncovered, 

most notably a variety from the Streptomyces genus. In 1966, the structure, shown in Figure 2-2, 

of undecylprodigiosin, isolated from Streptomyces longisporus ruber, was determined through 

total synthesis44. Undecylprodigiosin production has been observed by a handful of other 

Actinobacteria including Streptomyces coelicolor A3(2), Streptoverticillium rubrireticuli, 

Actinomadura madurae, and Saccharopolyspora sp.2. Based on current observations, only bacteria 

of the phylum Proteobacteria produce prodigiosin, and only Actinobacteria produce 

undecylprodigiosin27. Undecylprodigiosin and prodigiosin are often treated as separate subclasses 

of prodiginines, as they have distinctive characteristics both structurally and biosynthetically. 

Several analogues of both prodigiosin and undecylprodigiosin have also been identified, these 

analogues are often detected along with the parent compound.  
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Figure 2-2 Prodiginine analogues. Structure of undecylprodigiosin and its cyclized variants, and 
prodigiosin analogues found in P. rubra6,27.  
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ethylcyclononylprodiginine, and methylcyclodecylprodiginine isolated from Actinomadura sp., 
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discovered in P. rubra and has since been found in P. denitrificans and Vibrio gazogenes2,5,21. P. 
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rubra itself, produces a wide range of prodigiosin variants, including different alkyl chains lengths 

in place of the amyl substituent and hydroxybenzylation of ring A (Figure 2-2)6. The wide 

assortment of prodiginines produced by P. rubra allow for some interesting perspectives on the 

stringencies of the prodiginine biosyntheses, and how they might be manipulated. Furthermore, 

the structural implications may have significant effects on each derivative’s resulting bioactivity. 

2.3 Tambjamines 

 Tambjamines are yellow-pigmented alkaloids with a conserved bipyrrole core and a 

functionalized imine moiety16. Additionally, bromination of ring A on the bipyrrole has been 

observed in some cases16. The imine functionalization is often an amino acid side chain, but fatty-

alkyl chains have also been observed16,48. The alkaloids were originally detected from marine 

invertebrate nudibranchs and bryozoans, and are believed to be part of the organisms’ defensive 

mechanisms16,49. Tambjamines A-D (Figure 2-3), were the first to be identified in four 

ecologically related organisms: nudibranchs Roboastra tigris, Tambje eliora, and Tambje abdere, 

and bryozoan Sessibugula translucens16. R. tigris is a predator of both T. eliora and T. abdere, 

which in turn are predators of S. translucens16. The tambjamines identified were all present in each 

of the organisms, but were only associated with R. tigris and T. eliora due to consumption of high 

concentrations of the tambjamines from their prey: T. abdere and S. translucens16. Subsequently, 

tambjamines E and F were isolated from another nudibranch prey, Atapozoa sp., and tambjamine 

K was isolated from nudibranch Tambja ceutae (Figure 2-3)49,50.  

Although, almost all known tambjamines have come from marine invertebrates, it is 

suspected that they are actually produced by unidentified microbial symbionts49. The spread of 

these symbionts may explain how the compound is transferred from prey to predator16. There are 

only two tambjamines to date that have been isolated from bacteria. The first, found in 
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Streptomyces sp. BA18591, was tambjamine BE-18591 (Figure 2-3) which has a long alkyl chain 

moiety48. The other is tambjamine YP1 (Figure 2-3), isolated from P. tunicata, which has the same 

alkyl chain as tambjamine BE-18591 but is unsaturated with a cis double bond14.  

 
 

Figure 2-3 Structures of naturally produced tambjamines14,16,48–50. 

 
The natural tambjamines have proven to have useful bioactivities, most notably anti-

fouling and anti-cancer properties, resulting in the production of a large library of synthetic 

tambjamines to alter structural and consequently pharmaceutical characteristics23,24. 
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nitrogen atoms, the maxima can change drastically depending on the solvent and protonation state, 

as well as the molecular conformation3.  

The high conjugation make the main body of the compounds rigid and planar. The 

bipyrrole core has a fixed conformation, however the C ring pyrrole of prodiginines and the imine 

of tambjamines can hold two conformations by rotation around the methylene/imine bond52. 

Rotation around this bond yields the 𝛼	(E) and 𝛽 (Z) rotamers as depicted in Figure 2-452. The 

rotamers have distinct chemical properties due to their particular pKa’s, the 𝛼 form of prodigiosin 

is easily protonated with a pKa of ~8.23 in 1:1 water/acetonitrile, whereas the 𝛽 form has a pKa of 

5.452. The disparity between the pKa’s is caused by intramolecular hydrogen bonding interactions, 

as shown in Figure 2-43. The population of each rotamer is pH dependent, and they can be 

interconverted by changing the nitrogen protonation state53.  

 
 

Figure 2-4 Two rotamers of prodiginines and tambjamines. The 𝛼 rotamer is in its acid form, 
and the 𝛽 rotamer is in its conjugate base form, figure adapted from 3. 
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When the 𝛽 rotamer is fully protonated, it is able to coordinate to and hydrogen bond with 

anions, such as Cl-, HCO3
-, and HCO2

54,55. When in a highly basic environment and all the nitrogen 

atoms are deprotonated, the compounds can coordinate metal cations such as Cu2+ and Zn2+ 56. 

These coordinated complexes are quite stable and often cause dimerization of the participating 

prodiginine or tambjamine compounds55. The coordination abilities of these compounds, as well 

as their structural planarity play very important roles in their bioactivity. The functionalization of 

the compound can also effect the favoured rotamer; introducing high steric strain or bulk in the 𝛼 

rotamer shifts the interconversion equilibrium towards the more active 𝛽 form27. This rational 

explains the evolutionary advantage of cyclized prodiginine analogues; the ring structure provides 

some steric bulk causing the 𝛽 form to be favoured and promoting ion coordination27. 

2.5 Prodiginine and Tambjamine Bioactivities 

 Both prodiginines and tambjamines are highly bioactive classes of compounds, exhibiting 

antibacterial, antifungal, antimalarial, and tumour-suppressant activities1. The potency and 

limitations of these bioactivities have been studied extensively using both natural and synthetic 

analogues24,57,58. Specific features of the bipyrrole core are predicted to be the source of the 

biological effects observed. For example, the planar aromatic system allows for DNA intercalation 

through π-π stacking, and the amines can coordinate a range of metal cations and anions22,59. 

Interestingly, these compounds display a variety of mechanisms of action that can vary depending 

on the target organism. 

 It has been observed that different prodiginine analogues exhibit antibiotic effects towards 

unique collections of organisms, and that their mechanism of action differs against Gram-positive 

and Gram-negative strains60–62. When Gram-positive Bacillus subtillis was treated with 

prodigiosin, autolysins were released and the cell wall integrity was lost, causing apoptosis62. 



 12 

Conversely, prodigiosin did not affect the membrane of Gram-negative Escherichia coli, but acted 

as a bacteriostatic, subduing the cell growth61. Many tambjamine derivatives have also been 

described as antibiotic and antifungal, but the tambjamine mechanism of action has yet to be 

studied with respect to Gram-positive versus Gram-negative organisms17. Though, it was noted 

that the tambjamine analogues with A-ring bromination display greater antibiotic potency than 

their non-halogenated counterparts17.  

In eukaryotic cells, the means of prodiginine- and tambjamine-induced apoptosis are 

attributed mainly to the ability of the pyrrole and amine moieties to coordinate both anions and 

metal cations, depending on the compound’s protonation state59,63. Both tambjamines and 

prodiginines are proficient transmembrane Cl-/H+ symporters, leading to acidification of the 

cytosol and apoptosis59,63. A second mechanism for apoptosis involves the compound entering the 

cell nucleus where it can intercalate and oxidatively cleave DNA22,64. When both tambjamines and 

prodiginines are in presence the of Cu2+ they form dimeric coordination complexes with the metal 

cation57,64. These complexes intercalate the DNA and utilize endogenous hydrogen peroxide for 

oxidative cleavage, damaging the DNA and resulting in apoptosis57,64. Tambjamines only cause a 

single-strand break due to its pKa relative to prodigiosin, which causes a double-strand break57,64. 

The higher pKa of tambjamines causes them to be in the fully protonated state and decreases the 

population available for Cu2+ coordination57,64. These apoptotic effects are very desirable in 

chemotherapeutic agents; however, tambjamines are not especially selective towards cancerous 

cells and exhibit cytotoxicity17,57. Prodiginines do trigger apoptosis selectively in cancerous cells, 

yet the mechanism of action is not fully understood63,65. Currently, prodiginines and tambjamines 

have limited pharmaceutical use17,57. There is only one synthetic prodiginine analogue, obatoclax 

66, that has undergone several phase I and phase II clinical trials as an anti-cancer agent66–68. 
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Obatoclax specifically targets the oncogenic BCL-2 pathway, which when uninhibited will prevent 

apoptosis in cancerous cells66. The current clinical progress of obatoclax demonstrates that there 

is merit in studying these molecule’s mechanism of action and investigating new analogues. 

 
 

Figure 2-5 Structure of Obatoclax68. 

 

2.6 Prodiginine and Tambjamine Biosynthesis 
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that have been studied thus far are the pig, red, and tam pathways, which build prodigiosin, 

undecylprodigiosin, and tambjamine YP1 respectively26,29,69,70.   

2.6.2 Identification of the red, pig, and tam Clusters 

 The expression of the prodiginine and tambjamine clusters (red from S. coelicolor, pig 

from Serratia sp., and tam from P. tunicata) allowed for many functional studies leading to the 

annotation of the biosynthetic pathways of prodiginine and tambjamine type molecules. 

 The red pathway was originally cloned and heterologously expressed as an unannotated 

segment of chromosomal DNA from S. coelicolor A3(2)71. The organization of the red cluster in 

S. coelicolor A3(2) was elucidated in 2001 by Cerdeño et al., who sequenced the S. coelicolor 

A3(2) genome and identified 23 genes involved in undecylprodigiosin synthesis29. The 

organization of these genes can be seen in Figure 2-629. Most genes in the pathway were annotated 

by domain homology with proteins found in databases, however, five were identified through 

mutagenesis and feeding experiments29.  

  The pig cluster was cloned from Serratia sp. and annotated in 2004 by Harris et al., which 

allowed for comparison of the pig and red clusters69. The gene functions for both clusters are 

specified in Table 2-169. The pig cluster only encodes 14 functional genes (Figure 2-6), 12 of 

which are conserved in the red pathway69. Through functional studies of these conserved genes, 

the biosynthesis of the common intermediate MBC was deduced29,69. The pig and red clusters have 

since been extensively studied, and many of the enzymes involved have been characterized. 

 Tambjamine YP1, encoded by the tam pathway in P. tunicata, is the only tambjamine 

compound to date to be linked to its biosynthetic gene cluster28. Burke et al. cloned the tam cluster 

from P. tunicata into E. coli by constructing a fosmid vector library; the cluster is proposed to 

contain 19 open reading frames (ORFs) (Figure 2-6)28. Each of the ORFs were confirmed to be 
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involved in tambjamine YP1 production by testing knockouts of each gene for loss of pigmentation 

and antifungal activity, both of which signified the loss of tambjamine production28. Furthermore, 

these ORFs were annotated with putative functions predicted by NCBI’s BLAST tool, and 

alignment to known MBC biosynthetic enzyme genes in the pig and red clusters from Serratia sp. 

and Streptomyces sp. (Table 2-1)28,72. 

 

Figure 2-6 Biosynthetic gene clusters for the pig, red, and tam pathways. Gene functions noted 
in the legend are depicted by gene colour. Figure adapted from 28,29,69. 

 
Table 2-1 All gene products and functions involved in each of the pig, red, and tam 
pathways2,28–30,72–76. 
 

Pig Proteins Red Proteins Tam Proteins Putative Function Biosynthetic 
Pathway 

PigA RedW TamG L-prolyl-PCP dehydrogenase MBC 
PigB - - Amine oxidase MAP 
PigC RedH TamQ Condensation enzyme Final coupling 
PigD - - No assigned function MAP 
PigE - - Aminotransferase MAP 
PigF RedI TamP SAM dependent O-methyl transferase MBC 
PigG RedO TamB Peptidyl-carrier protein  MBC 
PigH RedN TamD Aminotransferase MBC 
PigI RedM TamE L-prolyl-AMP ligase MBC 
PigJ RedX TamF 𝛽-ketoacyl synthase MBC 
PigK RedY TamR No assigned function - 
PigL RedU TamS Phosphopantetheinyl transferase MBC 
PigM RedV TamJ Oxidase/dehydrogenase MBC 
PigN RedF - Unknown MBC 
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Pig Proteins Red Proteins Tam Proteins Putative Function Biosynthetic 
Pathway 

PRUB680 - - Di-iron oxygenase Cyclization 
- RedD - Transcriptional regulator - 

- RedG TamC Rieske oxygenase Cyclization 
- RedK - Oxidoreductase 2-UP 
- RedL - Type I polyketide synthase 2-UP 
- RedP - 𝛽-ketoacyl-ACP synthase 2-UP 
- RedQ - Acyl-carrier protein 2-UP 
- RedR - 𝛽-ketoacyl-ACP synthase 2-UP 

 RedZ - Transcriptional regulator - 

- - TamA Adenylation and acyl-carrier protein DDEA 
- - TamH Thioester reductase and aminotransferase DDEA 
- - TamK Outer membrane lipoprotein sorting 

protein 
- 

- - TamI Permease - 
- - TamM Permease - 
- - TamN ATP transporter, ATP-binding protein - 
- - TamO Hypothetical protein - 
- - TamT Dehydrogenase DDEA 

PCP/ACP = peptide/acyl carrier protein, SAM= S-adenosyl-methionine,  
ATP/AMP = adenosine 5’-triphosphate/monophosphate  

2.6.3 MBC Identification and Biosynthesis 

 MBC was first proposed as an intermediate in 1956 by Santer and Vogel, who studied two 

white variants of S. marcescens that could not produce prodigiosin18. Santer and Vogel found when 

the two variants were co-cultured one of the strains developed red pigmentation18. Isolation of an 

excreted compound that had accumulated from one S. marcescens variant and began cross-feeding 

with the other established the compound’s role in restoring pigmentation, and elemental analysis 

gave the chemical composition of MBC18. An earlier proposal by Wrede and Rothhaas already 

established a tripyrrolic structure for prodigiosin, and had determined MAP as a monopyrrole 

precurser15. Successive experiments by Santer and Vogel using the MBC producing mutant S. 

marcescens demonstrated that the addition of a dimethylated monopyrrole caused a decrease in 

excreted MBC and an increase in red pigmentation77. This result confirmed the role of MBC as a 
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prodigiosin precursor and suggested a coupling of the two pyrrolic compounds as the final 

biosynthetic step to produce the tripyrrole77. Wasserman, McKeon, and Santer confirmed the 

structure of prodigiosin through synthetically coupling isolated precursors MBC and MAP15. This 

coupling step was found to be enzyme catalyzed by Williams et al., who demonstrated loss of 

pigmentation when S. marcescens cells were exposed to temperatures greater than 35 ºC77. In 1973, 

Wasserman et al studied the building blocks of prodigiosin by feeding S. marcescens 13C labelled 

substrates and measuring 13C enrichment of the resulting prodigiosin product by 13C-nuclear 

magnetic resonance (NMR) spectroscopy78. These experiments established the units for individual 

synthesis of both MBC and MAP, further confirming the bifurcated biosynthetic route to 

prodigiosin78. MBC was deduced to be constructed by proline, acetate, serine, and methionine78.  

 Using cross-feeding experiments, similar to those used to uncover the presence of MBC, 

the biosynthetic scheme of MBC was elucidated in Serratia sp.30. Following the identification of 

the pig pathway, a collection of Serratia knockout mutants were obtained and the intermediates 

accumulated in each mutant strain were identified by liquid chromatography-mass spectrometry 

(LC-MS)30. Intermediates 4-hydroxy-2,2’-bipyrrole-5-methanol (HBM), and 4-hydroxy-2,2’-

bipyrrole-5-carbaldehyde (HBC) (Figure 2-7), are the only intermediates that are not enzyme-

bound, allowing for isolation and characterization to provide important information on the enzyme 

functions and order30. Monitoring for both the biosynthetic products and free intermediates, co-

culturing and cross-feeding experiments identified the succession of enzymes in the MBC 

biosynthetic scheme (Figure 2-7)30. Proline is first tethered to a peptide carrier protein (PCP) and 

oxidized to form the first pyrrole ring30. It is subsequently passed on to a ketosynthase (KS), which 

catalyzes a Claisen Condensation with an acyl carrier protein (ACP) tethered malonate unit 

(Figure 2-7)30. The growing product is released by coupling of a decarboxylated serine, and an 
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intramolecular cyclization to form HBM, which is then oxidized into HBC (Figure 2-7)30. HBC 

is finally methylated at the 4-hydroxy position to produce MBC, ready for coupling with MAP30. 

 
 

Figure 2-7 Biosynthesis of MBC. The total biosynthetic scheme for MBC, with key intermediates 
and enzymes from the pig (green), red (red), and tam (blue) pathways annotated28,30,74. Co-
enzymes shown are flavin adenine dinucleotide (FAD), pyridoxal 5’-phosphate (PLP), flavin 
mononucleotide (FMN), and nicotinamide adenine dinucleotide (phosphate) (NAD(P)). 
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of the pig and red pathways, and due to the strong homology of the enzymes, the biosynthetic 

scheme is presumed to be the same28. 

2.6.4 pig and red Pathways 

 The knockout experiments carried out by Williamson et al. identified a role for all but two 

of the biosynthetic enzymes in the pig pathway from Serratia sp.30. Of the identified enzymes, 

three are responsible for building the prodigiosin specific intermediate MAP30. The proposed steps, 

seen in Figure 2-8, involve decarboxylation of pyruvate and coupling to a 2-octenal, which is 

tethered via a thioester bond to either an ACP or Coenzyme A (CoA)30. Then subsequent 

thioreduction to release the intermediate for transamination and cyclization, which is followed by 

oxidation into the monopyrrole30. The only prodiginine biosynthetic enzymes with structural data 

available are PigG, and PigE79,80. PigG, an acyl carrier protein involved in MBC biosynthesis, was 

crystallized with a maltose binding protein (MBP) tag79. The aminotransferase PigE has a partial 

crystal structure describing its pyridoxal 5’-phosphate (PLP)-binding domain, but no information 

was obtained on the thioreductase domain80. Only a partial crystal structure was collected due to 

degradation of the protein during crystallization80.  

Interestingly, the proposed pathway for 2-UP formation in the related red pathway is very 

different despite having similar products. Cerdeño et al. deduced 2-UP to be assembled by an 

iterative KS29. The growing chain is released by a glycyl transfer causing cyclization to form the 

pyrrolinone intermediate, with a final reduction to complete the pyrrole (Figure 2-8)29. 

Even though both the pig and red pathways form prodiginine products, the large divergence 

between the two monopyrrole biosyntheses led to them being described separately, further 

delineating the distinction of the two prodiginine subclasses. Variations of both these pathways  
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Figure 2-8 Prodiginine biosynthesis in pig and red pathways. (A) Biosynthetic scheme of MAP 
in pig pathway, and terminal condensation reaction to form prodigiosin. (B) Biosynthetic scheme 
of 2-UP in red pathway, subsequent coupling with MBC to form undecylprodigiosin, and 
cyclization into streptorubin B. ThDP is thiamine diphosphate6,27,29,81,82. 
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have been observed in several species of bacteria, some of which may involve slightly different 

monopyrrole substituents, or additional tailoring enzymes6,81. One commonly detected alteration 

is a cyclization of the alkyl chain on either prodigiosin or undecylprodigiosin type compounds6,81. 

Undecylprodigiosin is cyclized by a Rieske non-heme iron dependent oxygenase, RedG, forming 

streptorubin B (Figure 2-8)81. A similar cyclization of prodigiosin to cycloprodigiosin was 

described in P. rubra, however this reaction is done by an unrelated di-iron oxygenase suggesting 

that the two cyclic variants arose through convergent evolution83. Both cyclization steps occur 

after the primary linear prodiginine compound is synthesized81,83. 

2.6.5 tam Pathway 

 In the tam pathway, there are four genes with putative functions that are not involved in 

MBC construction or product transport28. One of these genes, tamC, is annotated as an oxidase 

enzyme with homology (34% identity) to RedG, the enzyme responsible for cyclization of 

streptorubin B in the red pathway28,72,81. TamC likely has a similar function in the tam pathway, 

however there have been no documented structures of cyclized tambjamine compounds to date. 

The other three unique genes encode enzymes TamA, TamT, and TamH, believed to be involved 

in constructing the DDEA intermediate as depicted in Figure 2-928,76. 

  TamA is composed of two functional domains; an adenylation domain and an ACP76 . The 

adenylation domain selects and adenylates the fatty acid substrate76. The acyl-adenylate is then 

tethered onto the 4-phosphopantethiene arm of the activated ACP domain for subsequent 

modifications76. Marchetti et al. demonstrated that the adenylation domain was able to accept a 

range of fatty acid chain lengths, from C6-C13, but had a strong preference for the C12, lauric 

acid76. Accordingly, the only tambjamine product observed in P. tunicata is the C12 chain length28. 
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The source of lauric acid in the tam biosynthetic pathway is unknown, but believed to be from the 

organism’s endogenous fatty acid pool76.  

 
 
Figure 2-9 Tambjamine YP1 proposed biosynthesis in tam pathway. Formation of DDEA 
coupling with MBC to produce tambjamine YP128. Pyrophoshate (PPi) is released in the first step. 

 
TamT is annotated as a flavin adenine dinucleotide (FAD)-dependent acyl-CoA 

dehydrogenase, and is suspected to introduce the ∆cis3 double bond to the tethered alkyl chain28. 

The reaction catalyzed by TamT has not been studied thus far, however there are many examples 

of acyl-CoA dehydrogenases in the primary metabolism of fatty acids. The two known routes to 

the ∆cis3 product both involve forming the ∆trans2 enoyl first, which then undergoes a ∆trans2-

∆cis3 isomerization84. The first known pathway involves dehydration of the hydroxylated alkyl 

chain by fatty acid synthase FabZ, giving the ∆trans2 enoyl, which is then processed by the 

isomerase FabM giving the final cis product84. The second pathway has the same steps, but occurs 

in one bifunctional enzyme FabA84. It is unclear whether TamT is mono-functional, like FabZ, or 

bifunctional, like FabA. TamT itself does not have any homology to known isomerase enzymes to 

confirm this activity, however there are also no putative isomerases present in the tam cluster28.  
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TamH is predicted to have two enzyme active sites: a thioreductase and aminotransferase 

site28. TamH is proposed to use nicotinamide adenine dinucleotide (NADH) to reduce the acyl-

thioester bound to TamA, releasing the free fatty-aldehyde28. It is then expected that TamH uses 

PLP to transfer an amino group from an donor amino acid to the alkyl-aldehyde forming the final 

alkyl amine (Figure 2-9)28. The closest equivalent to TamH in prodiginine biosynthesis is PigE, 

which also catalyzes both a thioreduction and a PLP-dependent transamination in MAP 

biosynthesis80.  

After lauric acid is completely tailored by TamT and TamH, DDEA is released for coupling 

with MBC and the final product, tambjamine YP1, is complete (Figure 2-9)28. 

2.6.6 Condensation Reaction 

 The final step of prodiginine and tambjamine biosynthesis is the enzyme catalyzed 

condensation reaction. The reaction involves coupling a primary amine, or monopyrrole with the 

aldehyde of MBC28,77. This will create a bond with either the amine, forming an imine, or the 5-

position of the monopyrrole, forming a C-C bond28,77. Both bonds formed are in conjugation with 

the bipyrrole aromatic system (Figure 2-8 and Figure 2-9)28,77. The mutagenesis and cross-feeding 

experiments performed by Williamson et al. determined PigC to be the terminal condensation 

enzyme in the pig pathway from Serratia sp.30. The condensation enzymes, RedH and TamQ, in 

the red and tam pathways were identified through sequence alignment with PigC (Table 2-1)28,85. 

2.7 Condensation Enzyme Characterization 

2.7.1 Homologous Protein Domains 

 The condensation enzymes from the three prominent prodiginine and tambjamine 

biosynthetic gene clusters: PigC, RedH, and TamQ, all maintain a high level of sequence identity 
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(~38-45 %) between each other72. These enzymes are all predicted to have three encoded 

functional domains3,85. Of the three domains identified, two have high homology with the 

adenosine 5’-triphosphate (ATP)-binding domain and the phosphoryl transfer domain from both 

phosphoenolpyruvate synthase (PEPS) and pyruvate phosphate dikinase (PPDK) enzymes3,72,85. 

The remaining functional domain is predicted to bind the substrate MBC30. 

 PEPS and PPDK are both phosphotransferase enzymes, which cleave pyrophosphate (PPi) 

off ATP to release adenosine 5’-monophosphate (AMP)86. The phosphoryl groups of PPi are 

transferred onto inorganic phosphate (Pi) and pyruvate, forming PPi and phosphoenolpyruvate 

(PEP)86. These enzymes function as homodimers and are dependent on divalent metal ions, such 

as Mg2+ 86. Crystallization of these enzymes by Herzberg et al. revealed that the domain structure 

consists of two substrate binding sites for ATP and pyruvate/PEP, and a swiveling phosphoryl 

transfer domain, which rotates between the two substrate binding domains86. This phosphoryl 

transfer domain contains a catalytic histidine residue, which carries the PPi between domains86. 

 Due to the well characterized nature of PEPS and PPDK, many of the functional studies of 

the prodiginine condensation enzymes have been based on their homology to these 

phosphotransferase enzymes.  

2.7.2 Predicted Enzymatic Mechanism 

 All functional studies to date have been performed on PigC, and because of the high 

sequence identity between the condensation enzymes the observed cofactors and mechanistic 

characteristics of PigC have been assumed for RedH and TamQ. Chawrai et al. cloned pigC from 

Serratia sp. ATCC 39006, and expressed PigC heterologously in E. coli with β-D-1-

thiogalactopyranoside (IPTG) induction3. However, they were unable to purify the protein while 

preserving the activity and consequently performed experiments with the insoluble fraction of the 
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cell lysate3. In their study from 2012, Chawrai et al. demonstrated that PigC was ATP and Mg2+ 

dependent, and adenosine 5’-diphosphate (ADP) was formed as a byproduct3. Kinetic studies using 

approximately 375 nM of unpurified protein yielded apparent values of KM = 4 ± 1µM, Vmax = 

0.089 ± 0.005 AU/min, and kcat = 5.9 ± 0.3 min-1 3. These values are underestimates of the true 

kinetic parameters of PigC as the exact quantity of enzyme used was unknown3. It was also 

observed that at high concentrations of MAP, the production of prodigiosin by PigC was inhibited3. 

Lastly, Chawrai et al. performed site directed mutagenesis studies, involving supplementing the 

pigC knockout strain, Serratia 29006 pigC∆, with mutated forms of the pigC gene3. These mutant 

forms included an H840A mutation to test for a catalytic histidine residue akin to the PEPS and 

PPDK phosphoryl-transfer domains, as well as mutants E281A and R295A, both thought to play 

roles in ATP binding3,87. These studies did indeed show the necessity of each of these residues, 

His-840, Glue-281, and Arg-295, in PigC’s catalytic function3,87.  

 These results lead to the predicted mechanism of action of PigC based on the known 

mechanism of PEPS and PPDK. This mechanism, shown in Figure 2-10, involves the transfer of 

Pi from ATP to the aldehyde of MBC through the formation of a phospho-histidine intermediate3. 

This phosphorylation activates MBC for subsequent attack by the second substrate, MAP, in an 

SN2 fashion3. Aromaticity is restored as Pi leaves and the final product is formed3. 
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Figure 2-10 Proposed mechanism for PigC. Proposed mechanism for PigC catalyzed 
condensation of MBC and MAP to produce prodigiosin. Figure adapted from 3,27. 

 

2.7.3 Substrate Selection 

 The substrate tolerance of both PigC and RedH have been tested in vivo with synthetic 

MBC analogues31,85. These analogues included different aromatic systems in place of ring A on 

MBC, such as phenyl rings and heterocycles31,85. Through in vivo feeding experiments it was found 

that both enzymes could accept all heterocyclic MBC analogues tested, and had limited turnover 

with the benzyl MBC analogues31,85. This substrate selection suggests that the condensation 
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reaction is more efficient with a lone pair donating atom present on ring A31,85. PigC’s substrate 

flexibility for MAP has been tested in vitro using the crude cell lysate of E. coli heterologously 

expressing PigC3,4,87. The MAP analogues tested had varying alkyl chain length, as well as an N-

methylated variant, and the thiophene and furan counterparts3,4. These results showed a necessity 

for the methyl on position 2 of MAP, but PigC could tolerate alkyl chains from 1-10 carbons in 

length at position 34. Furthermore, PigC was able to accept the N-methylated MAP analogue with 

little effect on activity, but could not tolerate other heterocycles in place of the pyrrole3. The results 

of these substrate selectivity tests offer useful information on potential interactions between the 

condensation enzymes and their substrates. However, because these experiments were done either 

in vivo or in vitro using cell lysates there are many confounding variables introduced, such as 

substrate accessibility. Further scrutiny of PigC’s substrate tolerance needs to be done using pure 

enzyme and a larger variety of MAP analogues.  

2.8 Thesis Objectives 

This thesis aims to advance the knowledge of prodiginine and tambjamine biosynthesis by 

obtaining pure and active PigC and TamQ for functional characterization and substrate scope 

analysis. These two condensation enzymes have yet to be directly compared and such analysis will 

certainly provide valuable information on their mechanism and nature. In this work, the 

purification of both PigC and TamQ allow for kinetic analysis and evaluation of their enzymatic 

systems. Additionally, only one tambjamine specific biosynthetic enzyme, TamA, has been 

previously studied76. Preliminary work for characterizing two more enzymes, TamT and TamH, 

was also initiated. Finally, this work will add to the knowledge of structural diversity of the 

tambjamine and prodiginine families observed in nature through characterization of a novel 

tambjamine compound isolated from P. citrea.  
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Experimental 

3.1 Materials 

Pseudoalteromonas citrea DSM 8771 and Pseudoalteromonas rubra DSM 6842 were 

purchased from The Leibniz Institute-DSMZ German Collection of Microorganisms and Cell 

Cultures (Braunschweig, Germany). Lennox broth (LB) was purchased from Bio Basic Canada 

Inc. Kanamycin, carbenicillin and IPTG were purchased from BioShop, and made into stock 

concentrations of 50 mg/mL, 100 mg/mL, and 1 M respectively. Primers (Table 3-1 and Table 

3-2) were purchased from Eurofins Genomics (Louisville, Kentucky, USA) and used at a 

concentration of 10 µM. Synthesized genes (Table 3-3) were purchased from Integrated DNA 

Technologies (San Diego, California, USA). All restriction endonucleases, Q5® High-Fidelity 2X 

Master Mix, Gibson Assembly® Master Mix, Monarch® PCR & DNA Cleanup Kit, Amylose resin, 

and 10-beta Competent E. coli were purchased from New England Biolabs. QIAprep® Spin 

Miniprep Kit and QIAquick® Gel Extraction Kit were obtained from Qiagen. Expression vectors 

pET-28a and pQI-MBP3, and E. coli BL21 (DE3) were obtained from the Zechel Lab (Department 

of Chemistry, Queen’s University). Expression vector pET-32a was acquired from the Smith Lab 

(Department of Biomedical and Molecular Sciences, Queen’s University). Ni Sepharose High-

Performance resin was purchased from GE Healthcare LifeSciences. Monopyrrole substrates 

(Figure 3-1) for enzyme assays were synthesized by Julie Deichert (Department of Chemistry, 

Queen’s University). GeneRuler 1 kb DNA Ladder, FisherbrandTM EZ-RunTM Prestained Rec 

Protein Ladder and Unstained Protein Molecular Weight Marker were purchased from 

ThermoFisher Scientific. Instant Ocean Aquarium sea salt mixture was purchased from Amazon. 
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Sanger Sequencing was done with Eurofins Genomics Tube Sequencing Service. All other 

reagents were purchased from Sigma-Aldrich or Fisher Scientific and used as received. All media 

and buffer preparations were made using deionized and Milli-Q water respectively. 

Table 3-1 Primer sequences used in plasmid cloning. Sequences complimentary to cloning 
plasmid backbone are bold and underlined, exogenous stop codons are in red. 
 

Primer Sequence (5’-3’) Direction 
pPIGCcterm-F GTTTAACTTTAAGAAGGAGATATACATCATGAGCCAA 

TCACTCGTCGT 
Forward 

pPIGCcterm-R TGGTGGTGGTGGTGGTGTTCCCGCTGAATGATCACTG Reverse 
pPIGCcterm-R2 TCAGTGGTGGTGGTGGTGGTGTTCCCGCTGAATGATCACTG Reverse 
pTAMQpet32-F CGACGACGACGACAAGGCAATGACAGTTAACTCTCTGGCTATTG Forward 
pTAMQpet32-R AGCTTGTCGACGGAGCTCAATCTTCCTTATTTACAATTAT 

TAGACCTTTGTG 
Reverse 

pTAMQpet32-F2 TACCGACGACGACGACAAGGCAATGACAGTTAACTCTCTGGCT 
ATTG 

Forward 

pTamT-MBPga-F CGACGACGACAAAGCCATGACTGACTTAAACCACAA Forward 
pTamT-MBPga-R GGAGTCCAAGCTCAGCTAATTAATTGTTTACACTCAGCAT 

CTTACTGT 
Reverse 

pQIMBP-bb-F TAATTAGCTGAGCTTGGACTCCTG Forward 
pQIMBP-bb-R CATGGCTTTGTCGTCGTC Reverse 

 
Table 3-2 Primers used for gene amplification in vector screening. 
 

Primer Sequence (5’-3’) Direction Amplified Gene 
pRTCE-F CTTTTCTCGTATGGACACCGG Forward pigC 
pRTCE-R TCTGCCTCAAATCGCTCAAATAC Reverse pigC 
pCTCE-F GCC GTA CCG CCT GCT TTA CAA AAT G Forward tamQ 
pCTCE-R GGA GAT GCT TAC TTT TAT CGC CCA ACC Reverse tamQ 
pTamHgblock-F CAGACTGGATCTGACGACGA Forward tamH 
pTamHgblock-R TGAGCTTGGACTCCTGTTGATA Reverse tamH 
pTamA-ACP-F GTGTTCAACAATGGCTGATCTATCAAG Forward tamA 
pTamA-ACP-R CCG TAA AGC ACT AAA TCG GAA CC Reverse tamA 
    

Table 3-3 Synthetic gene blocks used for cloning. Sequences complimentary to plasmid 
backbone are underlined and bold, inserted linker bases are in blue, and the exogenous stop codon 
is in red. Non-highlighted sections of the gene are unchanged from the P. citrea genome sequence. 
 

Gene block 5’ and 3’ End Sequences (5’-3’) 
TamH-GA CAGACTGGATCTGACGACGACGACGACAAGGCAATGCA….…..CTAGCTAAT

TAGCTGAGCTTGGACTCCTGTTGATA 
TamA-ACP-GA GACAGCAAATGGGTCGCGATATGGG………CATGCTAAGCGGCCGCACTCGA

GCACCA 
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Figure 3-1 Substrates tested with PigC and TamQ. 2-methyl-3-amyl-pyrrole (1) and 2-methyl-
3-amyl-4-bromo-pyrrole (2) were synthesized by Julie Deichert. Dodecylamine (3), imidazole (4), 
benzimidazole (5), indole (6), and 3-methyl indole (7) were acquired from Sigma-Aldrich.   

 
Table 3-4 Buffers used in protein imaging, purification, and storage. Buffers used with PigC, 
TamQ, TamH, TamT, and TamA. All buffers were filtered and degassed before use except the 
sodium dodecyl sulfate (SDS) loading buffer. 
 

Buffer Composition 
SDS Buffers 
     5x SDS Loading Buffer 225 mM Tris-HCl, 0.05% brilliant blue, 5% SDS, 50% glycerol, 0.25 M 

DTT, pH 6.8 
Lysis Buffers  
     Lysis Buffer A 50 mM Potassium phosphate, 150 mM NaCl, 20 mM imidazole, 7 M urea, 

pH 8.0 
     Lysis Buffer B 50 mM HEPES, 150 mM NaCl, 40 mM imidazole, pH 7.5 
     TamH Lysis Buffer 20 mM Tris-HCl, 200 mM NaCl, 1 mM EDTA, pH 7.4 
Elution Buffers 
     Ni2+ Elution Buffer A 50 mM Potassium phosphate, 150 mM NaCl, 250 mM imidazole, 7 M urea, 

pH 8.0 
     Ni2+ Elution Buffer B 50 mM HEPES, 150 mM NaCl, 250 mM imidazole, pH 7.5 
     Amylose Elution Buffer 20 mM Tris-HCl, 200 mM NaCl, 1 mM EDTA, 10 mM maltose, pH 7.4 
Storage Buffers 
     PigC Storage Buffer 50 mM HEPES, 150 mM NaCl, 10 mM MgCl2, 1 mM DTT, pH 7.0 
     TamQ Storage Buffer 50 mM HEPES, 150 mM NaCl, 10 mM MgCl2, pH 7.0 
     TamH Storage Buffer 100 mM Potassium phosphate, pH 7.0 
Assay Buffers 
     Assay Buffer A 50 mM HEPES, 150 mM NaCl, 10 mM MgCl2, pH 7.00 
DTT = dithiothreitol, HEPES = 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 
EDTA = ethylenediaminetetraacetic acid 
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3.2 Equipment 

3.2.1 HPLC-PDA and UPLC-PDA-MS Purification and Analysis 

Semi-preparative high-performance liquid chromatography (HPLC) was performed on a 

Waters Alliance HPLC System with a 2998 Photodiode Array (PDA) detector. Analyte separation 

was achieved using either the XBridge® BEH Shield RP18 Column, or the XBridge® BEH C8 

OBDTM Prep Column. Chromatographic data were monitored and analyzed with Empower® 3 

Software.  

Analytical ultra-performance liquid chromatography (UPLC) was performed on a Waters 

ACQUITY UPLC with a 2998 PDA Detector and an ACQUITY QDa Mass Detector with 

electrospray ionisation (ESI). Analyte separation was achieved using either the ACQUITY UPLC® 

BEH C18 1.7 µm, 2.1 x 50 mm column or the ACQUITY UPLC® CSHTM Phenyl-Hexyl 1.7 µm, 

2.1 x 50 mm column. Chromatographic data and mass spectra were processed with MassLynx 4.0 

Mass Spectrometry Software. 

3.2.2 High-Resolution Mass Spectrometry 

All high-resolution mass spectrometry (HRMS) and tandem mass spectrometry (MS/MS) 

was performed using the ThermoFisher Scientific Orbitrap Velos Pro instrument using Fourier-

Transform Mass Spectrometry (FTMS), ESI, and collision-induced dissociation (CID) for 

fragmentation. All spectra were analyzed on XcaliburTM 2.2 SPI software.  
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3.2.3 NMR Spectroscopy 

NMR spectra were acquired using each of the Bruker NEO-500 MHz, AVANCE-600 

MHz, or NEO 700 MHz instruments at Queen’s University. Spectra were analyzed using Bruker 

TopSpin 3.5 software.  

3.2.4 X-Ray Crystallography  

Diffraction data was collected on a Bruker AXS D8 Venture Duo diffractometer, and 

recorded with a Bruker AXS PHOTON II Charge-Integrating Pixel Array Detector. The data were 

collected and reduced using the APEX3 software package v2018.1-0 by Bruker AXS, and the 

structure was solved and refined using SHELXT-2014/5 and SHELXL-2017/188,89. 

3.3 General Methods 

3.3.1 Bacteria Cultivation 

All bacterial strains are stored as frozen stocks in 25% glycerol at -80 °C. P. citrea DSM 

8771 is grown using HKUST (composition in Table 3-5) media at room temperature, non-shaking. 

P. rubra DSM 6842 is grown using HKUST media at 30 °C and either 160 rotations per minute 

(rpm) or non-shaking. Both P. citrea and P. rubra are first streaked onto an HKUST agar plate 

from a frozen stock, and one colony is picked for subsequent cultivation of a 5-mL liquid HKUST 

overnight culture. The overnight of P. rubra is grown shaking at 160 rpm. The subsequent steps 

of cultivation vary depending on the culture’s intended fate. All E. coli strains are grown in LB 

media (Table 3-5) with the appropriate antibiotic concentration (50 mg/L kanamycin or 100 mg/L 

carbenicillin), at 37 °C and 160 rpm. All E. coli are inoculated as a 5-mL overnight culture from 

either a frozen stock or transformation plate colony. The subsequent steps of cultivation from the 

overnight cultures vary depending on the final culture’s intended fate. 
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Table 3-5 Culture media recipes. 
 

Culture Media Composition 
HKUST (agar) 5 g/L peptone, 3 g/L yeast extract, 35 g/L aquarium sea salt mixture (15 g/L agar) 
LB (agar) 20 g/L Lennox Broth (15 g/L agar) 

3.3.2 General Expression Vector Construction and Protein Expression 

All protein expression vectors were constructed through Gibson Assembly of the protein 

gene fragment into an empty expression vector. The genes were obtained by either purchase of the 

synthetic gene, or amplification from genomic DNA (gDNA) by polymerase chain reaction (PCR).  

3.3.2.1 gDNA Isolation 

gDNA was isolated from P. rubra and P. citrea for gene amplification. Overnight cultures 

of P. citrea and P. rubra (cultivation in section 3.3.1) were centrifuged for 3 min at 11 000 xg, 

room temperature. The cell pellet was resuspended in 500 µL lysozyme solution (Table 3-6) and 

incubated for 1 h at 37 ºC. The cell lysate was treated with 5 µL of 20 mg/mL Proteinase K solution 

and 150 µL 3.3% sodium dodecyl sulfate (SDS) solution, and incubated for 1 h at 37 ºC. Phenol 

chloroform was added in a 1:1 ratio to the lysate, shaken for 5 min and centrifuged for 5 min at 13 

000 xg, room temperature. The upper phase was recovered, the lower phase was discarded, and 

the process was repeated two more times. After the final repetition, the upper phase was mixed 

with an equal volume of isopropyl alcohol and centrifuged for 1 min at 13 000 xg, room 

temperature. The pellet was washed with ethanol, centrifuged again, and left to air dry for 1 min 

before being resuspended in 200 µL of TE buffer (Table 3-6). 

 
Table 3-6 Genomic DNA extraction solutions. 
 

Solution Composition 
Lysozyme Solution 50 mM Tris-HCl, 10% sucrose, 10 mM EDTA, 3 mg/mL lysozyme, pH 8.0 
TE Buffer 10 mM Tris-HCl, 1 mM EDTA, pH 8.0 
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3.3.2.2 Protein Gene Amplification 

 The gene sequences from P. citrea and P. rubra were determined through genome 

analysis using antiSMASH and NCBI BLAST bioinformatic tools10,72.  

 The genes were amplified from their respective organisms’ gDNA using primers with 

18-20 base pair (bp) 3’ extensions that are complimentary to the backbone of a linearized 

expression vector. Primers were designed using Geneious 8.1.7 software90. The final PCR reaction 

mixture (50 µL final volume) consisted of 1X Q5 Reaction Mixture, 1X Q5 High GC Enhancer, 

0.2 mM deoxynucleotide triphosphate (dNTP) mix, 0.5 µM forward and reverse primers, 1 unit/50 

µL reaction of Q5 High-Fidelity DNA polymerase, and 0.5-1 ng template gDNA. The PCR 

reaction was performed with the general program outlined in Table 3-7, using a Bio-Rad T100TM 

Thermal Cycler. PCR product was cleaned up with the Monarch® PCR & DNA Cleanup Kit. 

 
Table 3-7 General PCR thermal cycler program. 
 

Step Temperature (°C) Time  

1 Denature 98 30 s 
2 Denature 98 5 s 

3 Anneal Variablea 20 s 
4 Extend 72 Variableb 

Go to step 2, 30 times 
5 Extend 72 2 min 

6 Hold 10 ∞ 
a Optimized annealing temperature for individual primer set 
b Extension time dependent on PCR product size, 20-30 s/kb 

3.3.2.3 Vector Linearization 

 Empty expression vectors were linearized through restriction digestion with two 

restriction endonucleases, dependent on the site of gene insertion. The restriction digestion 

mixture, final volume of 50 µL, was composed of 1X CutSmart Buffer, 10 units of each restriction 
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enzyme, and 100-500 ng of plasmid DNA. The digestion mixture was incubated at the optimal 

temperature required by specific enzymes used for 1 h. Linearized vector was purified using the 

Monarch® PCR & DNA Cleanup Kit. 

3.3.2.4 Gibson Assembly and Colony Screening 

 The linearized vector was ligated with the complimentary extension regions of the 

amplified gene using a Gibson Assembly reaction to form the circularized expression vector. The 

Gibson Assembly reaction mixture contained 1X Gibson Assembly Master Mix, 50-100 ng linear 

vector, and three times molar excess of the gene insert, with a final volume of 20 µL. The reaction 

was incubated for 20 min at 50 ºC, then 2 µL of the reaction was used for electroporation 

transformation into E. coli 10-beta electrocompetent cells. The transformed cells were grown 

overnight on an LB agar plate with the appropriate antibiotic present to select for the circularized 

expression vector.  

 Eight colonies from a transformation plate were picked and grown in 5 mL overnight 

cultures, plasmid extractions were completed using the QIAprep Spin-Miniprep Kit®. Plasmids 

from each colony were tested for the gene insert using PCR amplification, following the same 

protocol as outlined above for gene amplification with a final reaction volume of 25 µL. Gene 

amplification was tested against gDNA as a positive control and was imaged using agarose gel 

electrophoresis. Positive hits for gene amplification were further analyzed using diagnostic 

restriction digestion. Plasmids that amplified the desired gene were cut using enzymes that would 

produce a distinct digestion fragment pattern to distinguish from the empty vector. Restriction 

digestion was carried out with the same protocol as stated for plasmid linearization, using the 

empty vector as a negative control. The digestion mixtures were separated and imaged using 



 36 

agarose gel electrophoresis. One plasmid that was positive in both the PCR and digestion analysis 

was selected and sent for Sanger Sequencing to confirm the sequence was correct and in frame.  

3.3.2.5 Protein Expression  

Each constructed expression vector was transformed into E. coli strains designed for 

protein over-expression, and an expression test was performed. To test for expression of the gene 

product from each expression vector, the transformed E. coli was grown as an overnight 5 mL 

culture. Four 25 mL LB cultures with antibiotic were inoculated using 250 µL of the overnight 

culture each, these were then grown at 37 ºC, 160 rpm until they reached an optical density at 600 

nm (O.D.600) between 0.4-0.8. Once the proper O.D.600 was reached, three of the four cultures were 

induced with 1 M IPTG to a final concentration of 0.5 mM IPTG. The fourth culture was kept as 

a non-induced control. The non-induced control culture and one of the induced cultures were kept 

incubating at 37 ºC, the second induced culture was incubated at 30 ºC, and the third induced 

culture was incubated at 15 ºC. Aliquots of 20 µL of each culture were taken at time points of 2 h, 

6 h, and 18-24 h. The aliquots were treated with 5 µL of 5x SDS loading buffer (Table 3-4), and 

incubated at 95 ºC for 5 min. The prepared samples were imaged using SDS- polyacrylamide gel 

electrophoresis (PAGE), and the relative production of the expected gene product was compared 

between the incubation temperatures and times of the induced cultures. 

Large-scale expression was carried out for protein purifications. A 1 L culture was 

inoculated using 1 mL of an overnight starter culture (see 3.3.1 for cultivation steps). This culture 

was incubated at 37 ºC, 160 rpm until it reached an O.D.600 of 0.4-0.8, when the O.D. was achieved 

the culture was put on ice for 30 min. The 1 L culture was then induced with 1 M IPTG to reach 

the desired concentration, and the culture was left to incubate using the optimal temperature and 

time. 
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3.3.2.6 Cell Lysis 

After induction and incubation, the large-scale expression cultures were harvested by 

centrifugation at 15 000 xg and 4 ºC for 10 min. The supernatant was discarded and the pellet was 

resuspended in 10-15 mL lysis buffer per 1 g of cell mass. One tablet of Roche’s cOmpleteTM, 

ethylenediaminetetraacetic acid (EDTA)-free protease inhibitor cocktail was crushed and 

dissolved into the cell suspension. The cells were lysed by emulsification with two cycles through 

a high-pressure (15 000 psi) homogenizer (Emulsiflex, model C5, Avestin, Ottawa, ON). The 

lysate was pelleted by centrifugation at 29 000 xg, 4 ºC for 30 min. The supernatant was collected 

and filtered through a 0.45 µm syringe-filter to remove particulates for chromatography.  

3.3.2.7 Size Exclusion Chromatography 

Analytical size exclusion was performed using a 25-mL column, preparative size exclusion 

was performed with an 80-mL column, both with SephacrylTM S-200 High Resolution resin (GE 

Healthcare), on an ÄKTA Fast-Protein Liquid Chromatography (FPLC) system. The sample was 

loaded onto the column using a 50 µL sample injection loop for the analytical column, and 1 mL 

for the preparative column, the appropriate storage buffer was used as the running buffer for 

enzymes PigC and Trx-TamQ respectively. The flow rate was set to 0.5 mL/min and 1.5 column 

volumes (CVs) were used to elute all protein from the column. The analytical column elution 

volume was fit into a standard curve prepared using the Gel Filtration Markers Kit for Protein 

Molecular Weights 12, 000-200, 000 Da (Sigma-Aldrich).  

3.3.2.8 Protein Storage 

Protein purified by chromatography underwent buffer exchange and concentration into the 

appropriate storage buffer, using Amicon Ultra-15 Centrifugal Filter Units with a 30 kDa filter 
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cut-off. The concentrated protein was quantified using the absorbance at 280 nm measured using 

the Varian Cary 300 Bio UV-Vis Spectrometer, monitored with Cary WinUV software. The 

absorbance value was converted into concentration using the molar extinction coefficient (𝜀) 

predicted by the ExPASy ProtParam tool91. The protein was diluted with the appropriate storage 

buffer to desired concentration and transferred to microcentrifuge tubes in 200 µL aliquots. The 

tubes were then flash-frozen with liquid nitrogen and stored at -80 ºC.  

3.4 Enzyme Specific Methods 

3.4.1 PigC  

3.4.1.1 pET28a-pigC Construction 

The pigC gene (GenBank accession NZ_AHCD00000000) was amplified from P. rubra 

gDNA using primers pPIGCcterm-F and pPIGCcterm-R2 (Table 3-1) following the previously 

stated PCR protocol (3.3.2.2). The optimal annealing temperature for the primer set was 

determined to be 59 ºC by a gradient PCR testing annealing temperatures from 53-63 ºC. The 

extension time used was 1 min. The PCR product was separated from non-specific amplification 

products through agarose gel electrophoresis, and was extracted from the gel using the QIAquick® 

Gel Extraction Kit. The amplified pigC product was assembled into pET-28a linearized with NcoI 

and XhoI (incubation at 37 ºC) following protocols outlined in sections 3.3.2.3 and 3.3.2.4. The 

resulting expression vector pET28a-pigC, encoding the expression of PigC with a Carboxy (C)-

terminal hexahistidine (6xHis) tag, was selected for using LB with kanamycin. Analytical PCR 

was performed with the same conditions as pigC amplification, using P. rubra gDNA as a positive 

control. The diagnostic digestion was carried out using NcoI. Sanger sequencing using pET 

upstream and T7 terminator universal primers, and intra-gene primers pRTC-F and pRTC-R (Table 
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3-2) confirmed the sequence of pET28a-pigC. The expression vector was transformed into E. coli 

BL21(DE3), one colony was picked and stored as a frozen stock.  

3.4.1.2 Expression and Purification 

Solubility of PigC was optimized by testing various induction conditions. Three cultures 

of E. coli BL21 (DE3) pET28a-pigC were inoculated into 25 mL LB and kanamycin media with 

250 µL of an overnight culture. The cultures were grown to an O.D.600 of 0.4-0.8, cooled on ice 

for 15 min, and induced with varying final concentrations of IPTG. One culture was inoculated 

into media with 1% glucose and induced with 0.5 mM IPTG. The second culture was inoculated 

with 3% ethanol in the media, and induced with 0.5 mM IPTG. The final culture was induced with 

a final concentration of 0.2 mM IPTG. All three cultures were incubated overnight at 15 ºC, after 

18 h of incubation the cultures were centrifuged for 10 min at 15 000 xg and 4 ºC. The cell pellets 

were resuspended in Lysis Buffer B (Table 3-4) and sonicated on ice using a Fisher Scientific 

Sonic Dismembrator Model 100 with pulses at a strength of 7 for 15 s and 10 s of rest, repeated 8 

times. Aliquots (20 µL) of each culture lysate were taken, the lysates were then centrifuged at 29 

000 xg and 4 ºC for 30 min, 20 µL aliquots of the supernatant were taken from each lysate. All 

aliquots of the full lysates and the soluble fractions were separated and imaged using SDS-PAGE 

and compared for each expression condition. 

The large-scale expression and lysis of E. coli BL21(DE3) pET28a-pigC was completed 

following the protocol laid out in sections 3.3.2.5 and 3.3.2.6. The 1 L culture was inoculated into 

LB and kanamycin media with 1% glucose, and induced at a final concentration of 0.5 mM IPTG. 

The culture was incubated at 15 ºC and 160 rpm for 18 hr, and the harvested cells were resuspended 

in Lysis Buffer B. 
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PigC was purified from the cell lysate using nickel-affinity chromatography on a 

Pharmacia Biotech FPLC System. The clarified cell lysate was loaded onto a packed 5 mL column 

of Ni Sepharose High-Performance resin, pre-equilibrated with Lysis Buffer B, and the flow-

through was collected. The fully bound Ni2+ resin was washed with 20 CVs of Lysis Buffer B at a 

flow rate of 5 mL/min. Protein was eluted from the column using a 20-min gradient from 100% 

Lysis Buffer B to 100% Ni2+ Elution Buffer B (Table 3-4) and a final wash with Ni2+ Elution 

Buffer B for 5 min, at a flow rate of 5 mL/min. Fractions were collected every minute, and every 

other fraction between fractions 8-24 were separated and imaged on an SDS-PAGE along with the 

cell lysate, load, and flow-through.  

Fractions containing PigC were stored using the procedure described in section 3.3.2.8. 

The pooled fractions were concentrated in PigC Storage Buffer without dithiothreitol (DTT) 

(Table 3-4), the concentration was calculated using the 𝜀 = 115 740 M-1 cm-1, and DTT was added 

to a final concentration of 1 mM before being aliquoted and flash-frozen. 

3.4.1.3 Substrate Assays 

All substrate assays were carried out in 2 mL glass vials with a final volume of 200 µL in 

Assay Buffer A (Table 3-4) and 10% dimethyl sulfoxide (DMSO) final concentration. Stock 

solutions of each substrate were prepared at a concentration of 4 mM, ATP was dissolved in the 

assay buffer, MBC in DMSO, and the substrate under investigation in either assay buffer or DMSO 

depending on its specific solubility. Each substrate was present in the reaction at a final 

concentration of 200 µM. PigC was added to the reaction to a final concentration of 5 µM, all 

reactions were done paired with an enzyme free negative control. The reactions were incubated at 

30 ºC and 150 rpm for 1 h. The reactions were stopped with the addition of 800 µL of ethyl acetate 

(EtOAc), the stopped reaction was vortexed to ensure complete extraction of the products. The 
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EtOAc fraction was removed, concentrated in vacuo, and resuspended in 50 µL HPLC-grade 

methanol (MeOH). Each reaction was analyzed by UPLC-PDA-MS using a 12-min gradient from 

70:20:10 to 0:90:10 H2O/MeOH/1% (v/v) formic acid, with MS analysis in ESI+ mode scanning 

from 100-800 m/z units. The structures of all substrates tested with PigC are shown in Figure 3-1. 

For analysis of ATP consumption as a substrate for PigC, 30 µM of PigC was used in 150 

µL reactions. All substrates were added to a concentration of 200 µM; ATP, MBC, and MAP were 

tested individually and in paired combinations. The reactions were incubated at 30 ºC and 150 rpm 

for 1 h, and stopped with 50 µL MeOH. The precipitated protein was pelleted by centrifugation at 

21 000 xg for 5 min, room temperature. The supernatant was analyzed by UPLC-PDA-MS on the 

ACQUITY UPLC® CSHTM Phenyl-Hexyl column. The LC method used was 2 min 90:0:10 

H2O/MeOH/1% (v/v) formic acid, 4 min 85:5:10 H2O/MeOH/1% (v/v) formic acid, 4 min 

80:10:10 H2O/MeOH/1% (v/v) formic acid, a 3-min gradient to 0:90:10 H2O/MeOH/1% (v/v) 

formic acid and held for a 2-min wash. Mass spectral analysis was done in ESI- mode scanning 

from 100-800 m/z units. 

3.4.1.4 Kinetic Analysis 

The 𝜀 at 535 nm of prodigiosin was determined in the enzyme assay conditions; 10% 

DMSO in Assay Buffer A. Prodigiosin, HPLC-purified from P. rubra, was solubilized in the PigC 

assay conditions at concentrations of 10 µM, 50 µM, 100 µM, and 250 µM. The absorbance 

reading at 535 nm was measured in a quartz cuvette for each solution and plotted against the 

prodigiosin concentration, the calculated slope of the linear regression is 𝜀'(' for prodigiosin.    
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All kinetic assays for PigC were performed in CorningTM flat-bottom clear polystyrene 96-

well plates at a final volume of 200 µL per reaction. Absorbance measurements were done using 

Molecular Devices Spectramax® M2e microplate reader, with SoftMax® Pro 5 Software.  

The path-length of the reactions was calculated using water. The absorbance values of 200 

µL aliquots of water in two wells were measured at 977 and 900 nm. The absorbance at 900 nm 

was subtracted from the value at 977 nm for baseline correction and the difference was divided by 

the 𝜀)**	of water (0.18 cm-1)92. The average between the two wells was used as the path-length for 

all the kinetic reactions.  

Stock solutions of each substrate were prepared; 4 mM ATP stock in the assay buffer, and 

4 mM, 2 mM, and 0.1 mM stocks of MAP and MBC in DMSO. Reactions in wells 1-8 of a single 

row on the 96-well plate were set up with ATP and MAP at constant concentrations, and increasing 

concentrations of MBC (0, 0.5, 2.5, 5, 10 ,50 ,100, and 200 µM). DMSO was supplemented when 

necessary to ensure a final concentration of 10%. The reactions were adjusted to a final a volume 

of 150 µL with Assay Buffer A. Well 9 was set up as an enzyme free control with 50 µM each of 

MAP and MBC, and 200 µM ATP, while 10 was left empty as a baseline. All reaction wells were 

mixed using a pipette to fully homogenize the DMSO in the buffer. The plate was pre-heated at 30 

ºC for 2 min while the enzyme was prepared. Aliquots of stored PigC were defrosted on ice and 

diluted to 4 µM in PigC Storage Buffer, 50 µL of the diluted PigC were pipetted into wells 1-8 

simultaneously using a multi-channel pipette, resulting in a final enzyme concentration of 1 µM. 

The plate was inserted into the microplate reader and acquisition was started for the kinetic assay. 

The assay was carried out at 30 ºC for 5 min, monitoring the absorbance at 535 nm in each well. 

Readings were taken every 15 s, with 2 s of mixing in between each reading. The assay was 

repeated using different held concentrations of MAP, each assay condition was done in triplicate. 
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Trials with reading errors were taken out of the data set, and measurements with high variability 

were done with four replicates. 

The raw data collected was transferred to MATLAB® R2018a (The MathWorks Inc., 

Natick, Massachusetts, USA) to determine the initial linear velocity of each reaction, which was 

then plotted versus substrate concentration, this plot was fit with non-linear regressions for 

determination of the kinetic parameters. 

3.4.2 TamQ  

3.4.2.1 pET32a-tamQ Construction 

The tamQ gene (GenBank accession NZ_AHBZ00000000) was amplified from P. citrea 

gDNA using primers pTAMQpet32-F2 and pTAMQpet32-R (Table 3-1) following the previously 

stated PCR protocol (3.3.2.2) The annealing temperature for primer set was determined to be 63 

ºC by gradient PCR testing annealing temperatures from 55-65 ºC. The extension time used was 1 

min 20 s. The amplified tamQ product was assembled into pET-32a linearized with NcoI and 

EcoRI (incubation at 37 ºC), following protocols outlined in sections 3.3.2.3 and 3.3.2.4. The 

resulting expression vector pET32a-tamQ, encoding for the expression of TamQ with an amino 

(N)-terminal 6xHis and thioredoxin (Trx) tag, was selected for using LB with carbenicillin. 

Analytical PCR was performed with the same conditions as tamQ amplification, using P. citrea 

gDNA as a positive control. The restriction digestion was carried out using HindIII. Sanger 

sequencing using pET upstream and T7 terminator universal primers, and intra-gene primers 

pCTC-F and pCTC-R (Table 3-2) confirmed the sequence of pET32a-tamQ. The expression vector 

was transformed into E. coli BL21(DE3), one colony was picked and stored as a frozen stock.  
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3.4.2.2 Expression and Purification 

The expression of the fusion protein, Trx-TamQ from E. coli BL21(DE3) pET32a-tamQ, 

was optimized and achieved following the protocols in section 3.3.2.5. The large-scale expression 

was inoculated into 1 L LB media with carbenicillin, induced with a final concentration of 0.5 mM 

IPTG, and incubated at 15 ºC and 160 rpm for 18 h. The culture was harvested according to the 

steps specified in section 3.3.2.6, with cell pellet resuspension in Lysis Buffer B (Table 3-5).   

Trx-TamQ was purified from the cell lysate using nickel-affinity chromatography on the 

Pharmacia Biotech FPLC System, using the same protocol used for PigC purification (3.4.1.2). 

Fractions containing Trx-TamQ were stored using the procedure described in section 3.3.2.8. The 

pooled fractions were concentrated in TamQ Storage Buffer (Table 3-4), the concentration was 

calculated using the 𝜀 = 142 670 M-1cm-1. 

3.4.2.3 Substrate Assays 

Trx-TamQ substrate assays were carried out as described in section 3.4.1.3, using Assay 

Buffer A and 5 µM of purified Trx-TamQ in the reaction mixture. The reactions were carried out 

for 1 h at 22 ºC, non-shaking. The substrate reactions were stopped with 200 µL of MeOH and 

clarified by centrifugation at 21 000 xg for 5 min, room temperature. The Trx-TamQ catalyzed 

reactions were not optimized for the most suitable conditions. The reaction was performed with 

dodecylamine (DDA), MAP, imidazole, benzimidazole, indole, and 3-methyl indole. 

3.4.2.4 Kinetic Assays 

All kinetic assays for Trx-TamQ were performed in CorningTM flat-bottom clear 

polystyrene 96-well plates at a final volume of 200 µL per reaction. Absorbance measurements 
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were done using Molecular Devices Spectramax® M2e microplate reader, with SoftMax® Pro 5 

Software.  

Stock solutions of each substrate were prepared; 4 mM and 0.1 mM DDA, and 4 mM ATP 

stocks in the assay buffer, and 4 mM, 2 mM and 0.1 mM stocks of MBC in DMSO. Reactions in 

wells 1-8 of a single row on the 96-well plate were set up with final concentrations of 200 µM 

ATP and 100 µM DDA, and varying MBC concentrations (0, 0.5, 2.5, 5, 10 ,50 ,100, and 200 

µM). DMSO was supplemented when necessary to ensure a final concentration of 10%. The 

reactions were adjusted to a final a volume of 150 µL with Assay Buffer A. Well 9 was set up as 

an enzyme free control with 100 µM each of DDA and MBC, and 200 µM ATP. All reaction wells 

were mixed using a pipette to fully homogenize the DMSO in the buffer. The plate was pre-heated 

at 24 ºC for 2 min while the enzyme was prepared. Aliquots of stored Trx-TamQ were defrosted 

on ice and diluted to 7 µM in Assay Buffer A, 50 µL of the diluted Trx-TamQ were pipetted into 

wells 1-8 simultaneously using a multi-channel pipette, resulting in a final enzyme concentration 

of 1.75 µM. The plate was inserted into the microplate reader and acquisition was started for the 

kinetic assay. The assay was carried out at 24 ºC for 5 min, monitoring the absorbance at 405 nm 

in each well. Readings were taken every 15 s, with 2 s of mixing in between each reading. The 

assay was repeated using a constant concentration of 100 µM MBC and varying the concentration 

of DDA in each well (0, 0.5, 2.5, 5, 10, 50 ,100, and 200 µM), each assay condition was done in 

triplicate.  

The raw data collected was transferred to MATLAB® R2018a (The MathWorks Inc., 

Natick, Massachusetts, USA) to determine the initial linear velocity of each reaction, which was 

plotted against the substrate concentration, this plot was fit with non-linear regressions for 

determination of the kinetic parameters. 
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3.4.2.5 Iso-Prodigiosin Production and Purification 

The condensation of MBC and MAP catalyzed by Trx-TamQ done in substrate testing was 

scaled up for purification of the iso-prodigiosin product. MBC (6.2 mg) and MAP (5.0 mg) were 

dissolved into 15 mL DMSO, ATP (19.2 mg) was dissolved in 10 mL Assay Buffer A, these were 

all mixed in a 400-mL beaker and topped up to 140 mL with Assay Buffer A. Trx-TamQ, freshly 

purified from 2 L of E. coli by nickel-affinity chromatography, was concentrated in Assay Buffer 

A to a final volume of 10 mL, and concentration of 14.3 µM. The 10 mL of Trx-TamQ was 

combined with the reaction mixture, for a final enzyme concentration of 0.953 µM. The reaction 

was incubated at 22 ºC, 100 rpm for ~36 h. The reaction was loaded onto a 15 mL HyperSepTM 

C18 cartridge (Thermo ScientificTM) pre-equilibrated with water, and washed with 3 CVs of 50% 

MeOH, 2 CVs 75% MeOH, and 2 CVs 90% MeOH. The column-bound compounds were eluted 

first with 5 CVs of 100% MeOH, then with 3 CVs of MeOH acidified to pH 2 with HCl. The 

collected eluents were concentrated in vacuo and analyzed by UPLC-PDA-MS. 

3.4.3 TamT, TamH, and TamA  

The construction of pQI-MBP3-tamH and pET28a-tamA, and expression and purification of 

MBP-TamH were performed by Ella Dekemp, an undergraduate summer student under the 

supervision and direction of the author. 

3.4.3.1 pQI-MBP3-tamT Construction 

The tamT gene (GenBank accession WP_010362053) was amplified from P. citrea gDNA 

using primers pTamT-MBPga-F and pTamT-MBPga-R (Table 3-1) following the previously stated 

PCR protocol (3.3.2.2) The annealing temperature for primer set was determined to be 56 ºC by 

gradient PCR testing annealing temperatures from 52-62 ºC. The extension time used was 1 min. 
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The amplified tamT product was assembled into the linear backbone pQI-MBP3 amplified through 

PCR, following the protocol outlined in section 3.3.2.4. The backbone of pQI-MBP3 was amplified 

using primers pQIMBP-bb-F and pQIMBP-bb-R (Table 3-1) following the previously stated PCR 

protocol (3.3.2.2). The annealing temperature used, determined by a gradient PCR from 56-66 ºC, 

was 56 ºC, and the elongation time was 2 min. The assembled expression vector pQI-MBP3-tamT 

encodes for the expression of TamT with an N-terminal 6xHis tag and MBP solubility tag. The 

complete vector was selected for using LB with carbenicillin. Analytical PCR was performed with 

the same conditions as tamT amplification, using P. citrea gDNA as a positive control. The 

restriction digestion was carried out using HindIII and SacI. Sanger sequencing using primers 

pTamT-MBPga-F and pTamT-MBPga-R confirmed the sequence of pQI-MBP3-tamT. The vector 

was transformed into E. coli BL21, one colony was picked and stored as a frozen stock. 

3.4.3.2 pQI-MBP3-tamH Construction 

The tamH gene (GenBank accession number WP_010362064) was purchased as a gBlock 

from Integrated DNA Technologies. The gBlock, TamH-GA, was designed with 3’ and 5’ overlap 

regions complimentary to linearized pQI-MBP3 for Gibson Assembly. TamH-GA was assembled 

into pQI-MBP3 linearized with NcoI and HindIII (incubation at 37 ºC), following protocols 

outlined in sections 3.3.2.3 and 3.3.2.4. The assembled expression vector pQI-MBP3-tamH 

encodes for the expression of TamH with an N-terminal 6xHis tag and MBP solubility tag. The 

complete vector was selected for using LB with carbenicillin. Analytical PCR was performed using 

primers pTamHgblock-F and pTamHgblock-R with an annealing temperature of 56 ºC and 

elongation time of 2 min. P. citrea gDNA was used as a negative control as the primers annealed 

to overhang regions of TamH-GA. The diagnostic restriction digestion was carried out using 
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EcoRI, and confirmed the construction of pQI-MBP3-tamH. The expression vector was 

transformed into E. coli BL21, one colony was picked and stored as a frozen stock.  

3.4.3.3 pET28a-tamA Construction 

The tamA gene (GenBank accession number WP_010362071) was purchased as a gBlock 

from Integrated DNA Technologies. The gBlock, TamA-ACP-GA, was designed with 3’ and 5’ 

overlap regions complimentary to linearized pET-28a for Gibson Assembly. TamA-ACP-GA was 

assembled into pET-28a linearized with BamHI and HindIII (incubation at 37 ºC), following 

protocols outlined in sections 3.3.2.3 and 3.3.2.4. The assembled expression vector pET28a-tamA 

encodes for the expression of TamA with an N-terminal 6xHis tag. The complete vector was 

selected for using LB with kanamycin. Analytical PCR was performed using primers pTamA-ACP-

F and pTamA-ACP-R with an annealing temperature of 62 ºC and elongation time of 1 min. Empty 

pET-28a was used as a negative control as one primer annealed internally TamA-GA, and the other 

to the vector backbone. The diagnostic restriction digestion was carried out using NcoI and KpnI 

(37 ºC incubation), and confirmed the construction of pET28a-tamA. The expression vector was 

transformed into E. coli BL21(DE3), one colony was picked and stored as a frozen stock. 

3.4.3.4 Expression of MBP-TamT, MBP-TamH, and TamA 

Using the expression protocol in 3.3.2.5, the optimal conditions for MBP-TamT expression 

from E. coli BL21 pQI-MBP3-tamT were induction with 0.2 mM IPTG, and incubation at 15 ºC 

and 160 rpm for 18 h. The optimized conditions for MBP-TamH expression from E. coli BL21 

pQI-MBP3-tamH were inoculation into media with 1% glucose, induction with 0.5 mM IPTG, and 

incubation at 15 ºC and 160 rpm for 18 h. Expression of TamA from E. coli BL21(DE3) pET28a-

tamA was not completed. 
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3.3.5.5 MBP-TamH Purification 

 E. coli BL21 pQI-MBP3-tamH was lysed using methods stated in section 3.3.2.6, using 

TamH Lysis Buffer to resuspend the cell pellet. The fusion protein, MBP-TamH, was purified 

using a 7-mL gravity column with amylose resin, that was pre-equilibrated with 20 CVs of the 

TamH Lysis Buffer. The lysate was loaded onto the column, the flow-through was collected, and 

the bound protein was washed with 20 CVs of TamH Lysis Buffer. MBP-TamH was eluted from 

the column using 5 CVs of TamH Elution Buffer. The collected eluent was concentrated, 

exchanged into TamH Storage Buffer, quantified using 𝜀 = 134 650 M-1cm-1, and flash frozen for 

storage.  

3.4.4 Compound Isolation and Identification  

3.4.4.1 Prodiginine Isolation and Identification from P. rubra 

Cultivation of P. rubra was done following conditions outlined in section 3.3.1. A 1 L 

culture of P. rubra was inoculated using 1 mL of an overnight culture, and grown for 4 days non-

shaking. The cells were harvested by centrifugation at 20 000 xg for 30 min, room temperature. 

The supernatant was discarded and the pellet was resuspended in 250 mL 2:3 acetone/diethyl ether 

(Et2O). This was let to sit for 30 min before subsequent gravity filtration and concentration in 

vacuo. The crude extract was then dissolved in a minimal volume (~2 mL) 80% MeOH in water 

and loaded onto a water-equilibrated 15 mL HyperSepTM C18 cartridge (Thermo ScientificTM) for 

desalting and partial purification of the sample. The sample was washed with 10 CVs of water and 

eluted with 10 CVs of 100% MeOH and 5 CVs of HCl acidified MeOH (pH 2). The eluted fractions 

were dried in vacuo and stored at -20 ºC. 
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 The P. rubra extracts were analyzed by UPLC-PDA-MS on the ACQUITY UPLC® BEH 

C18 column. A 20-min gradient from 20:70:10 H2O/MeOH/1% (v/v) formic acid to 90:10 

MeOH/1% (v/v) formic acid, with a flow rate of 0.3 mL/min, was used to separate prodiginine 

analogues in the crude extract. The analytes were detected by PDA detection between 210-600 

nm, and MS detection in ESI+ mode with a cone voltage of 35 V scanning from 100-800 m/z units. 

Fragmentation MS/MS data was collected by Dr. Jiaxi Wang, using the Velos Pro Orbitrap 

instrument with ESI and CID. 

 Prodigiosin was isolated from the crude mixture by HPLC using a 50-min 20:70:10 to 

0:90:10 H2O/MeOH/1% (v/v) formic acid gradient on a XBridgeTM Prep C18 5 µm OBDTM 19 x 

150 mm column. Fractions were collected based on absorbance at 535 nm, and identified by 

UPLC-PDA-MS analysis. 

3.4.4.2 Tambjamine isolation from P. citrea 

 
A 50 mL overnight liquid culture of P. citrea was grown from an overnight culture (growth 

conditions from 3.3.1). A lawn of P. citrea was grown on four 33 x 23 cm casserole dishes 

containing 200 mL HKUST agar each. The cultures were propagated by spreading 5 mL of the 

overnight culture across the agar dishes. These were grown overnight at room temperature, after 

~24 h of growth, the cells were scraped off the agar into a 400-mL beaker. The cell mass was 

extracted with a total of 500 mL EtOAc per 1.5 g cell mass, using two successive aliquots of 250 

mL soaking the cells for 30 min each, then concentrated in vacuo. The crude material was 

resuspended in ~2 mL of EtOAc and applied onto a silica flash-chromatography column (~30 g 

silica) pre-equilibrated with hexanes. The sample was washed with 5 CVs of hexanes, then eluted 

with a step gradient of hexanes/EtOAc starting at 90:10, and increasing the ratio of EtOAc by 10% 
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every CV until a 60:40 ratio was reached. The yellow pigment was monitored and collected, with 

most eluting after 3 CVs of 60:40 (hexanes/EtOAc). The column was washed with 100% EtOAc 

to clear any remaining yellow pigment from the silica. All yellow fractions were pooled and 

concentrated in vacuo.  

The silica purified fractions were resuspended in 1-2 mL of HPLC-grade MeOH, and 

filtered through a 0.45 µm filter if clarifying was necessary. Using the Alliance HPLC, the yellow 

compound was purified through successive injections of 150 µL onto the XBridge® BEH OBS C8 

preparative column. The optimized purification method began with a 2-min wash at a ratio of 

30:60:10 H2O/MeOH/1% (v/v) formic acid, followed by a 13-min gradient up to 5:85:10 

H2O/MeOH/1% (v/v) formic acid, ending with a 1-min ramp up to and subsequent 3-min wash 

with 90:10 MeOH/1% (v/v) formic acid. Absorbance monitoring at 420 nm and 250 nm was used 

to detect the desired compound. A peak with a retention time (r.t.) of 7.5 min was collected using 

a 5% peak threshold at 420 nm, theses fractions were dried in vacuo, and stored at -20 ºC.  

3.4.4.3 Tambjamine NMR and MS Characterization 

The tambjamine NMR sample was resuspended in 5 mL chloroform and dried in vacuo 

three times, and then lyophilized for 48 h to get rid of residual solvent. All NMR spectra were 

observed in 700 µL chloroform-d. The purified tambjamine NMR spectra were often contaminated 

with an unidentified fatty acid that co-purified with the molecule, presumably by hydrogen-

bonding and hydrophobic interactions. To separate out the contamination, a liquid-liquid 

extraction was carried out using 15 mL MeOH acidified to pH 2 with HCl and 5 mL hexanes. The 

sample and solvents were vortexed for efficient mixing, the MeOH fraction was collected and 

concentrated in vacuo, the subsequent NMR spectra were free of interfering signals. One 

dimensional (1-D) 1H and 13C NMR, and two-dimensional (2-D) 1H-1H Correlated Spectroscopy 
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(COSY), 1H-1H Total Correlated Spectroscopy (TOCSY), 1H-1H Nuclear Overhauser Effect 

Spectroscopy (NOESY), 1H-13C Heteronuclear Single Quantum Coherence (HSQC), and 1H-13C 

Heteronuclear Multiple Bond Coherence (HMBC) experiments were performed. All experiments 

were performed either on the Bruker NEO-500 by the author, or on the AVANCE-600 and NEO-

700 by Dr. Françoise Sauriol, all the data collected were used in assignment of 1H and 13C signals 

to the structure.    

Samples for HRMS analysis were prepared in MeOH. All HRMS data were collected by 

Dr. Jiaxi Wang using FTMS-ESI. 

3.4.4.4 Tambjamine Crystallization and X-Ray Crystallography 

The purified tambjamine (0.5 mg) was crystallized through slow evaporation in vacuo 

using a solvent system of 70:20:10 MeOH/H2O/1% (v/v) formic acid. The dried sample was left 

to rest at -20 ºC for 14 days. 

A crystal was mounted onto a MicromountTM aperture (MiTeGen - Microtechnologies for 

Structural Genomics; USA) using paratone 8277 oil (Exxon). The mounted crystal was put under 

a nitrogen gas stream at -93.16 ºC produced by the Oxford Cryostream 800. Diffraction data were 

collected, compiled, and reduced, and the crystal structure was solved and refined by Dr. Gabriele 

Schatte. Thermal ellipsoid images were produced by the author using Mercury 3.10.2 software by 

the Cambridge Crystallographic Data Centre93.
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Results  

4.1 Prodiginine Isolation from Pseudoalteromonas rubra 

All prodiginine compounds produced by P. rubra were isolated for identification using 

literature mass ions and fragmentation data. This characterization was done as a proof that the 

PigC enzyme from P. rubra was functional, and to provide extraction protocols and compound 

standards for later experiments. 

P. rubra only displayed red pigmentation when grown non-shaking. When grown in a 

shaking incubator it appeared yellow in colour. When the large-scale liquid culture was harvested 

by centrifugation, the majority of the red pigmentation formed a layer on top of the cell pellet and 

minimal pigmentation remained in the supernatant. The acetone/Et2O extract from the pellet was 

highly pigmented red, however not all of the pigmentation could be removed from the pellet. The 

potential prodiginines extracted only dissolved in polar organic solvents, such as MeOH or 

acetone. The crude extract was desalted and semi-purified on a C18 cartridge. The pigmented 

molecules adhered to the column with high affinity and did not elute until 100% MeOH was 

applied, some pigmentation remained bound until acidified MeOH was applied. The isolated, 

partially purified, mixture was a dark red solid. The UV-Vis absorbance spectrum revealed a 

maximum at 535 nm. This extract from P. rubra was analyzed by UPLC-PDA-MS and the total 

ion current (TIC) chromatogram showed four well resolved peaks at r.t 5.65, 6.03, 6.85 and 7.85 

min (Figure A-1). Each of these peaks had absorbance maxima at 535 nm. The molecular ions 

present, and their relative abundance, at each r.t. were 5.65 min: m/z = 376.4 (100%) and 398.3 

(50%), 6.03 min: m/z = 310.3 (55%) and 322.2 (100%), 6.85 min: m/z = 324.3 (100%) and 336.3 
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(7%), and 7.85 min: m/z = 338.3 (100%) (spectra in Figure A-2). The masses at 376.4 and 398.3 

m/z correspond to an unknown compound and a suspected sodium adduct ([M+Na]+). The masses 

at m/z = 310.3, 322.2, 324.3, and 338.3 match prodiginine analogues 4”-(n-butyl)prodigiosin, 

cycloprodigiosin, prodigiosin, and 4”-(n-hexyl)prodigiosin respectively, all previously 

documented from P. rubra6.  

The compounds with identified m/z values were further analyzed using FTMS ESI+-

MS/MS to determine the fragmentation patterns of each molecular ion identified by UPLC-PDA-

MS. The analysis of this extract on FTMS ESI+ showed molecular ions in the 300-400 mass range 

at m/z (relative abundance) of: 310.192 (10%), 322.193 (18%), 324.208 (100%), 336.209 (8 %), 

and 338.224 (46%) (Figure A-3). Listed in Table 4-1 are the original molecular ion peaks from 

FTMS and their fragmentation peaks seen in MS/MS. The full fragmentation spectra can be seen 

in Figure A-4, Figure A-5, Figure A-6, Figure A-7 and, Figure A-8. The mass at m/z = 336.209 

is not a known prodiginine analogue, though it displays similar fragmentation to the known 

prodiginines and shares a fragment ion with cycloprodigiosin ([M+H]+ = 322.193). It would be 

reasonable to suggest that this unknown mass is another cyclized prodigiosin variant based on the 

observed fragmentation. 

 
Table 4-1 Fragment ions of the observed molecular ions in the P. rubra prodiginine extract. 
 

Parent ion ([M+H]+, m/z) Fragment ions (m/z, relative abundance) 
310.192 295.169 (100%), 278.167 (7%), 252.115 (22%) 
322.193 307.169 (100%), 290.166 (19%), 175.087 (8%) 
324.208 309.185 (100%), 292.182 (8%), 252.114 (24%) 
336.209 321.185 (100%), 307.169 (17%), 304.182 (18%), 292.146 (27%), 175.087 (14%), 

161.121 (8%) 
338.224 323.201 (94%), 306.199 (7%), 252.115 (24%) 
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4.2 PigC  

PigC was cloned from P. rubra, and heterologous expression and purification were 

performed to obtain pure protein for substrate and kinetic assays. This was done to achieve more 

reliable results than those previously recorded in the literature using partially purified cell lysate 

for characterization3. In-depth kinetic assays were performed with PigC to propose a model for the 

enzymatic system at play and to interrogate the current predicted mechanism. Non-native 

substrates were tested in the condensation reaction to probe the substrate specificity of PigC. 

Previous PigC substrate investigations focused on alkyl chain length and modification of MBC4,31, 

in these experiments alternate nitrogenous heterocycles and a halogenated substrate are tested.  

Initial attempts to express PigC involved cloning the pigC gene into pET-28a with an N-

terminal 6xHis tag. This construct did yield soluble protein, however the N-terminal 6xHis tag 

appeared to be shielded by PigC preventing the protein from binding to a nickel-affinity column. 

Purification was achieved using Lysis Buffer A and Ni2+ Elution Buffer A with 7 M urea to 

denature the protein and expose the 6xHis tag. Subsequent attempts to renature the urea-treated 

protein were unsuccessful and no catalytic activity was observed. The expression vector pET28a-

pigC with a C-terminal 6xHis tag was then designed to prevent the internalization of the tag. 

4.2.1 Construction of pET28a-pigC 

The Gibson Assembly of pET28a-pigC was successfully completed using 50.6 ng 

linearized pET-28a and 98.9 ng of the PCR amplified pigC. The transformation into E. coli 10-

beta cells yielded ~25 colonies. Eight colonies selected and screened by PCR using primers 

pPIGCcterm-F and pPIGCcterm-R2 for amplification of the pigC gene (2695 bp); P. rubra gDNA 

was used as a positive control. The only positive PCR hit came from clone 3 (Figure 4-1(A)), this 

vector was then analyzed by restriction digestion with NcoI. One fragment at 6112 bp was expected 
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for the empty pET-28a vector, and two fragments at 6112 and 1771 bp were expected for the 

positive pET28a-pigC. Digestion of clone 3 resulted in three fragments at 6112, 1192, and 583 bp 

(Figure 4-1(B)) Sanger sequencing of this vector revealed a single base pair change at position 

1080 of the pigC gene from a T (expected from NCBI genome) to a C (observed from amplified 

gene), which introduced a third NcoI cut site within the gene. With this change, the observed 

fragmentation pattern matches the expected. This error could have been due to either bad genome 

data or a PCR mutation. It is important to note however that the resulting gene product has the 

same amino acid sequence as predicted.   

 
 

Figure 4-1 PCR screening and analytical restriction digestion of pET28a-pigC. (A) PCR 
amplification of pigC (2695 bp) from P. rubra gDNA (+ is positive control) and pET28a-pigC 
transformation colonies 1-3. (B) NcoI digestion of pET-28a (- is negative control, expected 
fragment of 6112 bp) and pET28a-pigC colony 3 (expected band sizes after Sanger sequencing = 
6112, 1192, and 583 bp). The ladder used is GeneRuler 1kb DNA Ladder (L).  

 
 Sanger sequencing also confirmed that the inserted gene was correct and in frame with the 

C-terminal 6xHis tag. The verified pET28a-pigC was transformed into E. coli BL21 (DE3) 

resulting in >100 colonies; one was picked and stored for use in PigC expression. 

4.2.2 Expression and Purification 

The initial attempt to express PigC by induction with 0.5 mM IPTG and an 18 h incubation 

at 15 ºC and 160 rpm resulted in overexpression of PigC, however, the protein had limited 
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solubility. Subsequent expression with 1% glucose added into the growth media upon inoculation 

greatly increased the amount of soluble protein.  

The expression of PigC was scaled up to a 1 L culture of E. coli, which was lysed and then 

purified using nickel-affinity chromatography. PigC eluted from the 5 mL Ni Sepharose column 

in fractions 8-20. The highest concentration of PigC was present in fractions 10-16, but the highest 

purity of PigC was in fractions 17-20 (Figure 4-2).  

 
 

Figure 4-2 SDS-PAGE of Ni2+-affinity purification of PigC. (L) EZ-run pre-stained protein 
ladder, (A) full cell lysate, (B) soluble lysate fraction loaded onto Ni Sepharose column, (C) flow-
through off the column, and elution fractions containing purified PigC (98.8 kDa), stained with 
Coomassie Brilliant Blue.  

 
The results of this purification were replicable and yielded ~10-30 mg of protein per litre 

of culture. Attempts to purify PigC further by preparative size exclusion chromatography resulted 

in ~80% loss of protein due to potential hydrophobic interactions with the resin, thus all protein 

assays were done using the less pure nickel-affinity purified fractions. Analytical size exclusion of 

purified PigC resulted in a peak at an elution volume of 7.99 mL (Figure B-2), which corresponds 

to 240 kDa on the standard curve (Figure B-1). The observed mass is a slightly over double the 

predicted mass (98.8 kDa), suggesting a dimeric state. 
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4.2.3 Substrate Assays 

Once PigC was purified, the activity was tested at 30 ºC with its native substrates MBC, 

MAP, and ATP all at a concentration of 200 µM in Assay Buffer A, see reaction scheme in Figure 

4-3. To compare the activity of the purified PigC with literature values, the reaction was set up 

with the optimized conditions as determined by Chawrai et al.3. The reaction mixture changed 

colour from colourless to pink after approximately 1 min, the pigment intensified for the next 9 

min of the reaction and there was no noticeable change for the rest of the incubation time. The 

pink product was fully soluble in the reaction solvent and was easily extracted into EtOAc for 

UPLC-PDA-MS analysis. The TIC chromatogram of the reaction revealed three peaks at r.t. 6.3, 

8.5, and 9.4 min (Figure 4-4). The peak at 6.3 min corresponds to MBC (m/z = 191.1, 𝜆,-. = 364 

nm), and 9.4 min is the expected product prodigiosin (m/z = 324.3, 𝜆,-.	= 535nm). The peak at 

8.5 min is an unknown compound related with an m/z of 376.4 and adducts at [M+Na]+ (m/z = 

398.5), [M+ CH3OH +H]+ (m/z = 408.6), [2M+Na]+ (m/z = 773.8) (spectrum in Figure B-3), and 

a 𝜆,-. = 223 nm. This unknown compound has continued to appear in all condensation reactions 

of PigC, however the peak intensity is inconsistent and unpredictable. For example, in Figure B-4 

the same reaction of PigC with MBC, MAP, and ATP has a TIC with negligible production of the 

unknown compound. Furthermore, a compound with the same m/z and 𝜆,-. was observed from 

acetone/Et2O P. rubra culture extracts (Figure A-1 and Figure A-2 (A)). 

 
 

Figure 4-3 PigC catalyzed condensation of MBC with MAP to form prodigiosin. 
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Figure 4-4 TIC chromatogram of PigC substrate assay with MAP. UPLC-PDA-MS analysis 
of the PigC catalyzed ATP-dependent condensation of MBC with MAP (blue), and the enzyme 
free negative control (black). 

 
 After successful reconstitution of PigC activity with its native substrates, the promiscuity 

of PigC was probed with highly diverse substrates. Using the same reaction conditions as 

previously stated, a variety of compounds were fed to PigC in place of MAP to act as MBC 

condensation partners. All compounds tested can be found in Figure 3-1. The majority of the 

tested compounds did not appear to be substrates for PigC, the only non-native substrate that PigC 

accepted was 2-methyl-3-amyl-4-bromo-pyrrole (4-Br-MAP), with reaction scheme shown in 

Figure 4-5. In this case, a colour change was observed ~2 min into the reaction. After an hour of 

incubation, the pigment was fully extracted into the EtOAc and analysis by UPLC-PDA-MS 

revealed three peaks at r.t. 6.6, 8.7, and 10.5 min (Figure 4-6). The compound at 6.6 min was 

identified as MBC and the compound at 8.7 min was the unknown compound with m/z = 376.3. 

The unknown compound was also present in large quantities in the enzyme free negative control. 

The final peak at 10.5 min had an m/z of 402.4 with a bromine isotope peak at m/z = 404.4, and 

the 𝜆,-.was 534 nm. The observed mass matches the expected product from the condensation of 
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MBC and MAP, and the absorbance spectrum is very similar to that of prodigiosin with a slight 

shift in 𝜆,-..  

 
 

Figure 4-5 PigC catalyzed condensation of MBC with Br-MAP to form Br-prodigiosin. 

 
 

Figure 4-6 TIC chromatogram of PigC substrate assay with 4-Br-MAP. UPLC-PDA-MS 
analysis of the PigC catalyzed ATP-dependent condensation of MBC with 4-Br-MAP (blue), and 
enzyme free negative control (black).  

4.2.4 Kinetics Assays 

A full kinetic analysis of PigC probing its two native substrates, MBC and MAP, was 

carried out to improve upon the on literature kinetic experiments, and to investigate the potential 

PigC reaction scheme.  

For kinetic experiments, two 200 µL aliquots of water were used as standards for 

determining the path-length for the 96-well plates by taking advantage of the distinctive 

absorbance water has at 977 nm. The 𝜀)**	for water is known (0.18 cm-1), and when corrected for 
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the meniscus using absorbance baseline at 900 nm the absorbance at 977 nm can be converted to 

path-length using the Beer-Lambert law (𝐴 = 𝜀𝑐𝑙)92. The two aliquots of water gave absorbance 

readings of Absorbance900 = 0.051 and 0.051, and Absorbance977 = 0.163 and 0.161, respectively. 

Between the two trials, the average path-length calculated was 0.616 cm for 200 µL in the plate 

well, which was used for subsequent kinetic assays to calculate the concentration of the product. 

In order to obtain the 𝜀'(' of prodigiosin, to relate the kinetic absorbance readings to the 

concentration of the product, prodigiosin extracted from P. rubra and purified by HPLC was used 

to produce a standard curve. Single absorbance measurements were taken at 535 nm in a 1 cm 

cuvette, using concentrations of 10 µM, 50 µM, 100 µM, 250 µM, 500 µM, and 1 mM prodigiosin 

in PigC assay conditions (Assay Buffer A and 10% DMSO). The data at concentrations 500 µM 

and 1 mM were taken out of the final fit due to precipitation of the prodigiosin skewing the 

absorbance reading. The absorbance readings were plotted against the prodigiosin concentration 

to obtain the standard curve (Figure 4-7); the y = 1.89x was the linear fit (adjusted to a y-intercept 

of 0), with an R2 = 0.99. The slope of the curve was used as the 𝜀 of prodigiosin in the PigC assay 

conditions at 535 nm, therefore 𝜀'(' = 1.89 mM-1 cm-1.    

 
 

Figure 4-7 Prodigiosin standard curve. Standard curve of the absorbance of prodigiosin at 535 
nm, a path-length of 1 cm, taken in Assay Buffer A and 10% DMSO, y = 1.89x, R2 = 0.99. 
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 The progression of prodigiosin production by PigC was followed by monitoring the 

increasing absorbance at 535 nm at varying concentrations of the substrate MBC, with the other 

two substrates MAP and ATP being held at constant concentrations. The initial velocity of each 

reaction was measured from the slope of the absorbance change in the first 60-90 s of the reaction 

where the change is linear. The initial velocity plotted against the concentration of MBC displayed 

a Michaelis-Menten-type curve. The initial velocity in absorbance units (AU)/s was converted to 

µMprodigiosin /s using the measured path-length of 0.616 cm and extinction coefficient of 1.89 mM-

1cm-1, this was further modified by dividing by the enzyme concentration (1 µM) to give a final 

unit of s-1 (Equation 1). This calculation enables the measurement of kcat to be derived from the 

curve fit. 

Equation 1  
𝑽𝒐
𝑬 𝑻

𝒔8𝟏 =
𝑽𝒐

𝝁𝑴
𝒔

𝑬 𝑻	(𝝁𝑴)
= 𝟏𝟖𝟗𝟎	𝝁𝑴A𝟏𝒄𝒎A𝟏 𝟎.𝟔𝟏𝟔	𝒄𝒎

𝑽𝒐(
𝑨𝑼
𝒔 ) 𝑬 𝑻	(𝝁𝑴)

 

The triplicate data were fitted by the Michaelis-Menten equation to obtain the apparent 

kinetic parameters. This was repeated using different fixed values of MAP, and all curves were 

plotted together (Figure 4-8). Data collected at 5 µM and 50 µM MAP were taken with four 

replicates due to high variance in one replicate. 
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Figure 4-8 Michaelis-Menten plots of MBC as a substrate for PigC. Michaelis-Menten plots 
to examine the kinetic parameters of MBC as a substrate of PigC at varying concentrations of 
MAP. All data points were measured in triplicate, except for data points taken at 5 and 50 µM 
MAP, that were analyzed with four replicates. Error bars represent the variance within replicates. 

 The curves at each MAP concentration could be fit to the Michaelis-Menton curve within 

reason, allowing measurement of the apparent kinetic parameters KM and kcat, and the subsequent 

calculation of kcat/KM (Table 4-2). The measured KM values of MBC increased with the increased 

concentration of MAP, the kcat remained fairly consistent at various MAP concentrations.  

 
Table 4-2 Apparent kinetic parameters for MBC as a substrate to PigC. Parameters calculated 
from the non-linear fits of MBC Michaelis-Menten plots using the 95% confidence range as error. 
 

[MAP] (µM) KM (µM) Vmax (µM/s) kcat (s-1) kcat/KM (µM-1s-1) 
2.5 0.7 ± 0.2 0.31 ± 0.01 0.31 ± 0.01 0.4 ± 0.1 
5 1.0 ± 0.2 0.41 ± 0.01 0.41 ± 0.01 0.42 ± 0.07 
10 1.1 ± 0.2 0.38 ± 0.01 0.38 ± 0.01 0.35 ± 0.08 
50 1.3 ± 0.3 0.31 ± 0.01 0.31 ± 0.01 0.24 ± 0.06 
100 4 ± 1 0.36 ± 0.02 0.36 ± 0.02 0.09 ± 0.02 
200 8 ± 1 0.36 ± 0.01 0.36 ± 0.01 0.044 ± 0.006 
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 To image how the reaction velocity responded to MAP, the initial velocity values used in 

the MBC analysis were replotted against the concentration of MAP. Curves for each concentration 

of MBC measured were plotted together for visualization (Figure 4-9).  

 
 

Figure 4-9 Michaelis-Menten plots of MAP as a substrate of PigC. Michaelis-Menten plots to 
examine the kinetic parameters of MAP as a substrate of PigC at varying concentrations of MBC. 
All data points were measured in triplicate, except for data points taken at 5 and 50 µM MAP, 
which were performed with four replicates. Error bars represent the variance within replicates. 

 
The data trend has a shape resembling an inhibition curve, with more pronounced inhibition 

at low concentrations of MBC, indicating substrate inhibition by MAP, which was also observed 

in the previous kinetic analysis of PigC3,94. Due to this apparent substrate inhibition, the curves 

were fit using Equation 2. 

Equation 295           𝑽𝑶 = 	
𝑽𝒎𝒂𝒙[𝑴𝑨𝑷]

𝑲𝑴	O	 𝑴𝑨𝑷 	O	[𝑴𝑨𝑷]
𝟐

𝑲𝒊
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The apparent MAP kinetic parameters were generated for the data sets at each MBC 

concentration (Table 4-3). However, there is a large error associated with each of the KM and Ki 

values measured due to the complexity of the fit. The apparent KM and kcat values for PigC and 

MAP appear to be consistent with varying concentrations of MBC. The apparent Ki increases 

drastically as the concentration of MBC increases. 

Table 4-3 Apparent kinetic parameters for MAP as a substrate to PigC. Parameters calculated 
from the non-linear fits of MAP Michaelis-Menten plots using the 95% confidence range as error. 
 

[MBC] (µM) KM (µM) KI (µM) Vmax (µM/s) kcat (s-1) kcat/KM (µM-1s-1) 
0.5 0.6 ± 0.7 50 ± 20 0.17 ± 0.03 0.17 ± 0.03 0.3 ± 0.3 
2.5 0.7 ± 0.5 80 ± 20 0.32 ± 0.04 0.32 ± 0.04 0.5 ± 0.4 
5 0.8 ± 0.6 90 ± 30 0.39 ± 0.05 0.39 ± 0.05 0.5 ± 0.4 
10 0.9 ± 0.8 160 ± 80 0.40 ± 0.06 0.40 ± 0.06 0.5 ± 0.4 
50 0.4 ± 0.6 400 ± 300 0.40 ± 0.05 0.40 ± 0.05 1 ± 1 
100 0.2 ± 0.6 1000 ± 1000 0.38 ± 0.05 0.38 ± 0.05 2 ± 5 
200 0.4 ± 0.5 1000 ± 2000 0.39 ± 0.03 0.39 ± 0.03 1 ± 1 

 

 To analyze the mode of the evident substrate inhibition by MAP, Lineweaver-Burk double-

reciprocal linear replots were produced for each MBC and MAP. The reciprocal plots produced 

from MBC as a substrate of PigC displayed parallel lines at low concentrations of MAP (Figure 

4-10 (A)). At high concentrations of MAP, the slope of the linear fit increased with MAP 

concentration but the y-intercept remained unchanging (Figure 4-10 (B)). The parallel slopes of 

the reciprocal plots are characteristic of a Ping Pong system, however, as the MAP concentration 

increases the reciprocal pattern represents competitive substrate inhibition94. The double-

reciprocal plots (Figure B-5) of MAP as a substrate of PigC similarly exhibits MAP’s activity as 

an inhibitor at low MBC concentrations. 
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Figure 4-10 Double-reciprocal kinetic replots of MBC as a substrate of PigC. Lineweaver-
Burk double-reciprocal replots of MBC kinetics with PigC at (A) 2.5 and 5 µM MAP, and (B) 10, 
50, 100, and 200 µM MAP. All linear regressions were fit to kinetic data collected in triplicate, 
apart from data points taken at 5 and 50 µM MAP, which were analyzed with four replicates. 

 
 The slopes (KM/Vmax) of each MBC double reciprocal plot were plotted against constant 

concentrations of MAP. This replot allows for the determination of the Ki of MAP as it equates to 

the negative x-intercept94. The slope values were calculated using the KM and Vmax values 

determined from the non-linear fits of the MBC kinetic data (Table 4-2). The replot can be found 

in Figure B-6, the linear regression has the equation y = 0.105x + 1.25, R2 = 0.98. This equation 

gives an x-intercept of x = -11.9, and therefore a Ki of 11.9 µM. 

(A) 

(B) 
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 To obtain the true kinetic parameters for MBC and MAP, the data for each substrate must 

be fit taking into account the influence of the other substrate. Thus, the kinetic data for MBC as a 

substrate for PigC was fitted with Equation 3 at each concentration of MAP, and likewise the data 

for MAP as a substrate for PigC was fitted with Equation 4 at each MBC concentration. These 

equations give the global fit for a bi-reactant Ping Pong system with competitive substrate 

inhibition94. The parameter values from each global fit were obtained and averaged for each varied 

substrate, the standard deviation is given as the error however each individually calculated 

parameter had a 95% confidence window associated with it. Both MBC and MAP fits provided 

values for kcat, KM_MBC, KM_MAP, and Ki; however due to the complexity of the fit using the MAP 

kinetic data, these values had a much larger error associated with them. For this reason, the 

reported values and those that will be discussed later are taken from the MBC global fit (Table 

4-4), the MAP global fit parameters can be seen in Table B-1. 

Equation 394      𝑽𝑶 =
𝑽𝒎𝒂𝒙[𝑴𝑩𝑪]

𝑲𝑴𝑴𝑩𝑪 𝟏O	 𝑴𝑨𝑷𝑲𝒊
O 𝑴𝑩𝑪 𝟏O

𝑲𝑴𝑴𝑨𝑷
𝑴𝑨𝑷

 

Equation 494      𝑽𝑶 =
𝑽𝒎𝒂𝒙[𝑴𝑨𝑷]

𝑲𝑴𝑴𝑨𝑷O 𝑴𝑨𝑷 𝟏O
𝑲𝑴𝑴𝑩𝑪
[𝑴𝑩𝑪] 	 𝟏O

[𝑴𝑨𝑷]
𝑲𝒊

 

Table 4-4 True kinetic parameters for MBC and MAP from global fit of MBC as a substrate 
of PigC. Average kinetic parameters calculated from global fit of MBC kinetic data, standard 
deviation of each parameter is taken as the error. 
 

kcat (s-1) KM_MBC (µM) KM_MAP (µM) Ki (µM) kcat/KM_MBC 
(µM-1s-1) 

kcat/KM_MAP 
(µM-1s-1) 

0.38 ± 0.05 0.6 ± 0.1 0.6 ± 0.1 13 ± 6 0.7 ± 0.2 0.6 ± 0.2 
 
 
 Throughout the kinetics measurements of both MBC and MAP, the third substrate ATP 

was held constant and its contributions to the true kinetic parameters of MBC and MAP were not 

accounted for. To attain apparent kinetic parameters for ATP as a substrate for PigC, the 
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progression of prodigiosin was monitored at 535 nm using ATP concentrations ranging from 10-

800 µM, with MBC and MAP being held at 50 µM. Plotting the initial velocity divided by the 

concentration of PigC (1 µM) against the concentration of ATP resulted in a Michaelis-Menten 

curve (Figure 4-11). 

 
 

Figure 4-11 Michaelis-Menten plot of ATP as a substrate for PigC. All data points were 
collected in triplicate, error bars indicate variance within the replicates. 

 
 Curve fitting the triplicate data to the Michaelis-Menten equation produced the apparent 

KM and kcat values for ATP as a substrate for PigC, which allowed for the calculation of kcat/KM 

(Table 4-5). 

 
Table 4-5 Apparent kinetic parameters measured for ATP as a substrate for PigC. Parameters 
calculated from non-linear fit of ATP Michaelis-Menten plot using the 95% confidence range as 
error. 
 

KM (µM) Vmax (µM/s) kcat (s-1) kcat/KM (µM-1s-1) 
38 ± 8 0.34 ± 0.02 0.34 ± 0.02 0.009 ± 0.002 
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 To obtain information on the binding order of the substrates to PigC without doing a full 

kinetic analysis on ATP with various MBC and MAP concentrations, substrate tests were done. 

The production of ADP was assessed with different combinations of substrates to determine 

whether MBC binding was necessary for ATP turnover. PigC (30 µM) was incubated in the 

reaction conditions (Assay Buffer A and 10% DMSO, 1 h at 30 ºC, 150 rpm) with 200 µM ATP 

and 200 µM MBC, and with each substrate on their own with enzyme and alone as enzyme free 

controls. After incubation, the reaction was stopped with MeOH. Each reaction as well as the 

negative controls were analyzed by UPLC-PDA. The PDA chromatogram at 254 nm, characteristic 

for nucleotides, revealed two prominent peaks at r.t. 0.98 and 1.64 min in the PigC reaction 

containing just ATP, and ATP with MBC together (Figure 4-12). Both peaks had absorbance 

maxima at 258 nm, which is typical of adenosine nucleotides. The peak at 0.98 min is not present 

in the enzyme free ATP control, or the PigC and MBC reaction, the peak at 1.64 min appears in 

low levels in the ATP only enzyme-free negative control. The peak at 1.64 min is predicted to be 

ADP. Its presence in the enzyme free control could be due to spontaneous hydrolysis of ATP. 

Thus, it appears that the enzyme can turn over ATP without the presence of MBC, suggesting that 

they bind in a Ping Pong manner. Conclusive mass spectra were not able to be measured for these 

peaks preventing the unequivocal identification of the corresponding compounds.  
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Figure 4-12 Absorbance chromatogram at 254 nm of PigC reactions with ATP. UPLC-PDA 
chromatograms at 254 nm for the reactions of PigC with just ATP and MBC respectively, PigC 
with ATP and MBC together, and the enzyme free control ATP reaction. 

 

4.3 TamQ 

Given the kinetic and substrate selectivity results from PigC, comparison with TamQ could 

provide more information on the nature of the condensation enzyme family and how they diverge 

from each other. To date there have been no functional studies on TamQ, warranting the cloning, 

expression, and purification of the enzyme for substrate and kinetic assays. These tests will explore 

the kinetic parameters and substrate flexibility of TamQ in a comparable fashion to PigC. 

Similar to PigC, the first attempts for expressing TamQ involved cloning the tamQ gene into 

pET-28a with an N-terminal 6xHis tag. The expressed protein not only appeared to internalize the 

6xHis tag, but also had limited solubility resulting in low yield. Minimal protein was obtained even 

when treated with 7 M urea in Lysis Buffer A and Ni2+ Elution Buffer A to denature the protein 

for purification. The expression vector pET32a-tamQ, with a Trx tag in front of the N-terminal 

6xHis tag, was then designed to promote solubility and prevent tag internalization. 
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4.3.1 Construction of pET32a-tamQ 

The Gibson Assembly of pET32a-tamQ was successfully completed using 51 ng linearized 

pET-32a and 85.7 ng of the PCR amplified tamQ. The transformation into E. coli 10-beta cells 

yielded ~20 colonies. Eight colonies were picked off the transformation plate and screened by PCR 

for amplification of the tamQ gene (2735 bp) using primers pTAMQpet32-F and pTAMQpet32-R, 

and P. citrea gDNA as a positive control. The observed amplicon size for all 8 clones matched 

that of the predicted, indicating a successful construction of pET32a-tamQ (Figure 4-13 (A)). 

Clones 3, 5, and 6 were chosen for analysis by restriction digestion by HindIII as they showed very 

intense PCR amplification bands. The negative control empty pET-32a vector had a single 

expected fragment at 5900 bp, and pET32a-tamQ had expected bands at 6977, 1254 and 352 bp. 

Digestion of clones 3, 5, and 6 all yielded the expected fragmentation pattern for pET32a-tamQ 

(Figure 4-13 (B)).  

 
 

Figure 4-13 PCR screening and analytical digestion of pET32a-tamQ. (A) PCR amplification 
of tamQ (2735 bp) from P. citrea gDNA (+ is positive control) and pET32a-tamQ transformation 
colonies 1-8. (B) HindIII digestion of pET-32a (- is negative control, expected fragment of 5900 
bp) and pET32a-tamQ colonies 3, 5, and 6 (expected fragments = 6977, 1254 and 352 bp). The 
ladder used is GeneRuler 1kb DNA Ladder (L). 
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Sanger sequencing confirmed that tamQ was inserted into pET-32a in frame with the 6xHis 

and Trx N-terminal tags, and the exogenous stop codon was present and in-frame. Clone 5 of 

pET32a-tamQ was transformed into E. coli BL21(DE3) and stored as a frozen stock for Trx-TamQ 

expression.  

4.3.2 Expression and Purification 

The expression of Trx-TamQ was successfully carried out using 0.5 mM IPTG for 

induction, with subsequent incubation at 15 ºC and 160 rpm for 18 h. Trx-TamQ was highly soluble 

in Lysis Buffer B used for purification. The expression of Trx-TamQ was scaled up to a 1 L culture 

of E. coli, which was lysed and then purified using nickel-affinity chromatography. Trx-TamQ 

eluted from the 5-mL Ni Sepharose column with 100% Ni2+ Elution Buffer B in fractions 12-24. 

The highest purity of Trx-TamQ was found in fractions 16-24, (Figure 4-14), these were pooled 

together and stored in TamQ Storage Buffer. Much of the protein was still present in the flow-

through so to optimize yield the flow-through was re-loaded onto the Ni Sepharose column and 

purified again. Figure 4-14 displays the elution fractions from the purification of the flow-through 

from the original Ni Sepharose purification with Trx-TamQ lysate, the initial purification from 

crude lysate is shown in Figure B-7.  
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Figure 4-14 SDS-PAGE of Ni2+-affinity chromatography purification of Trx-TamQ flow-
through. (L) EZ-run pre-stained protein ladder, (A) full cell lysate, (B) soluble lysate fraction 
loaded onto Ni Sepharose column, (C) flow-through off the column, and elution fractions off of 
the Ni2+ column containing Trx-TamQ (117.5 kDa). The eluent shown is purified from the flow-
through re-loaded onto the Ni2+ resin. Gel was stained with Coomassie Brilliant Blue. 

 
The results of this purification were replicable and yielded ~10-30 mg of protein per litre 

of culture. Efforts to purify Trx-TamQ further by size exclusion chromatography resulted in a 

substantial loss of protein. Furthermore, attempts to cleave the N-terminal 6xHis and Trx tags 

using enterokinase protease lead to precipitation of TamQ. Consequently, the fully tagged Trx-

TamQ purified using only nickel-affinity chromatography was used for protein assays. Analytical 

size exclusion of purified Trx-TamQ resulted in a peak at an elution volume of 7.96 mL (Figure 

B-8), which corresponds to 247 kDa on the standard curve (Figure B-1). This observed mass is 

approximately twice that of the predicted monomer (117.5 kDa), implying TamQ is a homodimer 

in solution. 

4.3.3 Substrate Assays 

The activity of Trx-TamQ was tested with DDA, as the native substrate containing the 

beta-gamma cis-alkene was not available, MBC, and ATP all at a concentration of 200 µM. The 

expected condensation product is tambjamine BE-18591, the reaction scheme is shown in Figure 

4-15. The result of the reaction was visible after about 1 min as a yellow precipitate formed in the 
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reaction mixture. The precipitate accumulated for the first 10 min of the reaction, no noticeable 

change occurred for the rest of the incubation time. If the reaction was incubated while shaking at 

150 rpm the precipitate aggregated together, but when the incubation was non-shaking the 

precipitate was dispersed in solution. The yellow product was not soluble in EtOAc, but was 

solubilized with a minimum ratio of 2:1 MeOH/reaction solvent. The MeOH-stopped reaction was 

analyzed by UPLC-PDA-MS. The TIC chromatogram of the reaction revealed four peaks at r.t. 

6.7, 8.8, 9.8, and 10.8 min (Figure 4-16). Peaks at 6.7, 8.8, and 9.8 min corresponded to MBC 

(m/z = 191.1, 𝜆,-.	= 364 nm), the unknown compound previously observed in the PigC assays 

(m/z = 376.4, 𝜆,-.	= 223 nm), and DDA (m/z = 186.4, 𝜆,-.	= 223 nm) respectively. The 

compound at r.t. 10.8 min has an m/z of 358.3 and 𝜆,-. at 405 nm, which matches the known 

values for the predicted product tambjamine BE-1859196. 

 
 

Figure 4-15 TamQ catalyzed condensation of MBC with DDA to form tambjamine BE-
18591. 

NH
N
H

O Me
O

MBC
[M+H]+= 191.08

DDA
[M+H]+= 186.22

NH

N

O Me

HN

Tambjamine BE-18591
[M+H]+= 358.29

TamQ
ATP, Mg2+H2N C12H25 C12H25



 75 

 
 

Figure 4-16 TIC chromatogram of TamQ activity assay with DDA. UPLC-PDA-MS analysis 
of Trx-TamQ catalyzed ATP-dependent condensation of MBC with DDA (blue), and enzyme free 
negative control (black). 

 
To test the substrate tolerance of Trx-TamQ, the same panel of substrates used to test PigC 

in Figure 3-1 were used as MBC condensation partners in place of DDA, with the exception of 4-

Br-MAP, which was not tested with Trx-TamQ. The only tested substrate that was accepted by 

Trx-TamQ was MAP, the native substrate for PigC. The potential scheme for this reaction is shown 

in Figure 4-17.The production of pigment during the reaction of Trx-TamQ and MAP was not 

evident until ~5 min into the incubation when a faint pink colour developed. The product was 

readily extracted into EtOAc and then analyzed by UPLC-PDA-MS. The TIC chromatogram 

contained three prominent peaks at 6.3, 8.5, and 9.4 min (Figure 4-18). The peaks at r.t. 6.3 and 

8.5 min correspond to MBC and the unknown compound at m/z = 376.4 respectively. The peak at 

r.t 9.4 min has an m/z of 324.3 matching that of prodigiosin, however the 𝜆,-. is 529 nm, which 

is shifted from prodigiosin’s 𝜆,-. at 535 nm. To confirm if the product is prodigiosin or an isomer 

of prodigiosin as shown in Figure 4-17, a large-scale purification was undertaken to identify the 

product structure. 
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Figure 4-17 TamQ catalyzed condensation of MBC with MAP to form prodigiosin or iso-
prodigiosin. 

 
 

Figure 4-18 TIC chromatogram of TamQ substrate assay with MAP. UPLC-PDA-MS 
analysis of Trx-TamQ ATP-dependent catalyzed condensation of MBC with MAP (blue), and 
enzyme free negative control (black). 
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onto a C18 cartridge and washed with water. The red pigment bound to the column and did not 

elute until 100% MeOH was used. A fraction was collected until no more pigment was present in 

the eluent, however there was still a dark red pigment bound to the column. This pigment did not 

migrate off the column until MeOH acidified to pH 2 with HCl was used. Both fractions were 

collected, there was 4.9 mg collected in the MeOH fraction and 2.9 mg collected in the acidified 

MeOH fraction. Each fraction was suspended in 1 mL MeOH and analyzed by UPLC-PDA-MS. 

The MeOH fraction was bright pink and the acidified MeOH fraction was a red-brown colour. The 

MeOH fraction had MBC (r.t. 6.7 min) and the desired product (r.t. 9.7 min) present, while the 

acidified MeOH fraction had several compounds present including MBC, but not the desired 

product (Figure B-9). The absorbance spectra of each fraction were also measured after a 1:100 

dilution (Figure B-10). The absorbance maxima of the acidified MeOH extraction were at 400 and 

490 nm, due to the high absorbance in the visible region, the unexpected compounds are most 

likely due to non-specific condensation reactions with MBC or other isomers of prodigiosin. The 

reaction product has yet to be purified for confirmation of the atom connectivity by NMR. 

4.3.5 Kinetic Assays 

Apparent kinetic analyses of Trx-TamQ and its substrates were completed to look at the 

binding parameters of each substrate in comparison to each other, as well as in comparison to the 

apparent parameters of PigC. Kinetic parameters for DDA and MBC as substrates for Trx-TamQ 

were measured by monitoring the production of tambjamine BE-18591 with an increase in 

absorbance at 405 nm. This was done by using a concentration range from 0.5-200 µM of either 

DDA or MBC, while holding the other substrate constant at 100 µM, and ATP at 200 µM. The 

absorbance curves of each reaction were used to obtain the initial velocity of the reaction. The 𝜀 

of the product was not determined, consequently the velocity reported was measured in AU/s, and 
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modified with the Trx-TamQ concentration (1.75 µM). The analysis of each substrate of Trx-

TamQ produced Michaelis-Menten-type curves, the MBC kinetic curve is in Figure 4-19 and the 

DDA kinetic curve is in Figure 4-20. Data at 200 µM DDA were removed as the product 

precipitated skewing the absorbance readings. Additionally, one data point at each 0.5 µM and 2.5 

µM DDA were taken out of the data analysis as a linear rate could not be obtained from either 

absorbance curve, all other data were in triplicates. 

 
 

Figure 4-19 Michaelis-Menten plot of MBC as a substrate for Trx-TamQ. The absorbance 
readings were taken at 405 nm. All data points were taken in triplicate, with the variance 
represented by error bars. 

 
 

Figure 4-20 Michaelis-Menten plot for DDA as a substrate for Trx-TamQ. The absorbance 
readings were taken at 405 nm. All data points were collected in triplicate except for 0.5 and 2.5 
µM DDA, which each had a data point removed. The error bars represent variance of the replicates. 
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 The velocity data were fit using the Michaelis-Menten equation to measure the apparent 

KM and Vmax values of both DDA and MBC as substrates of Trx-TamQ, shown in Table 4-6. As 

the AU could not be converted to product concentration, the rate Vmax/[E]T was calculated in place 

of kcat and an activity value Vmax/[E]T∙KM was calculated in place of a kcat/KM value. The rate and 

activity are adjusted with the enzyme concentration to allow for direct comparison of the values 

between DDA and MBC. The Vmax/[E]T measured for both substrates remained consistent, whereas 

the KM of DDA was much lower than MBC. 

Table 4-6 Apparent kinetic parameters measured for MBC and DDA as substrates for Trx-
TamQ. Parameters calculated from non-linear fit of MBC and DDA Michaelis-Menten plot using 
the 95% confidence range as error. 
 

Substrate KM (µM) Vmax (x 10-4 AU/s) Vmax/[E]T  
(x 10-4 AU/µM·s) 

Vmax/[E]T∙KM 
(x 10-4 AU/µM2·s) 

MBC 12 ± 4 6.6 ± 0.5 3.8 ± 0.3 0.3 ± 0.1 
DDA 1.4 ± 0.6 6.0 ± 0.4 3.4 ± 0.2 2 ± 1 

 

4.4 TamT, TamH, and TamA 

There have been limited attempts in current literature to interrogate tambjamine 

biosynthesis, and several enzymes, TamT and TamH, in tambjamine YP1 biosynthesis have 

unusual putative functions28,76. The cloning, expression, and purification of TamA, TamT, and 

TamH was carried out as preliminary work for future characterization of the function of these 

enzymes and their roles in tambjamine production. Ella Dekemp, an undergraduate summer 

student at Queen’s University, completed the construction of pQI-MBP-tamH and pET28a-tamA 

vectors, and optimized MBP-TamH expression and purification.  
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4.4.1 Construction of pQI-MBP3-tamT and Expression of TamT 

The Gibson Assembly of pQI-MBP3-tamT was successfully completed using 53.1 ng 

amplified pQI-MBP3 and 35.4 ng of the PCR amplified tamT. The transformation into E. coli 10-

beta cells yielded ~100 colonies. Eight colonies were picked off the transformation plate and 

screened by PCR for amplification of the tamT gene (1322 bp) with primers pTamT-MBPga-F and 

pTamT-MBPga-R, using P. citrea gDNA as a positive control. Colonies 3-6 of the eight picked 

were identified as positive hits based on the PCR amplification (Figure 4-21 (A)). Vector 3 was 

cut with HindIII and SacI, the negative control empty pQI-MBP3 vector had an expected fragment 

at 5461 bp, and it was expected that pQI-MBP3-tamT would have bands at 5228 and 1212 bp. 

Digestion of clone 3 yielded the expected fragment pattern (Figure 4-21 (B)). Sanger sequencing 

confirmed that tamT was inserted into pQI-MBP3 in frame with the N-term 6xHis and MBP tags. 

Clone 3 of pQI-MBP3-tamT was transformed into E. coli BL21 and stored as a frozen stock for 

MBP-TamT expression.  

 
 
Figure 4-21 PCR screening and analytical digest of pQI-MBP3-tamT. (A) PCR amplification 
of tamT (1322 bp) from P. citrea gDNA (+ is positive control) and pQI-MBP3-tamT 
transformation colonies 1-6. (B) HindIII and SacI digestion of pQI-MBP3 (expected fragment of 
5461 bp) and pQI-MBP3-tamT colony 3 (expected fragments = 5228 and 1212 bp). The ladder 
used is GeneRuler 1kb DNA Ladder (L). 

 
The expression of MBP-TamT was successfully carried out using 0.2 mM IPTG for 

induction, and subsequent incubation at 15 ºC and 160 rpm for 18 h. MBP-TamT had limited 

solubility in Lysis Buffer B and the lower IPTG concentration gave the highest yield of soluble 
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protein. A 1 L expression was carried out and lysed with sonication to attempt nickel-affinity 

chromatography. The resulting elution fractions did contain the desired mass at 90.4 kDa, however 

they were not sufficiently concentrated or pure to use for subsequent assays (Figure B-11). No 

further attempts were made to solubilize and purify MBP-TamT.  

4.4.2 Construction of pQI-MBP3-tamH, Expression, and Purification of TamH 

The Gibson Assembly of pQI-MBP3-tamH was successfully completed using 60 ng 

linearized pQI-MBP3 and 106 ng of the TamH-GA gBlock. The transformation into E. coli 10-beta 

cells yielded ~100 colonies. Eight colonies were picked off the transformation plate and screened 

by PCR for amplification of TamH-GA (2880 bp) with primers pTamHgblock-F and 

pTamHgblock-R. P. citrea gDNA was used as a negative control as the primers annealed to the 

gBlock overhangs complimenting the vector backbone. Colonies 1-8 seemed to show 

amplification of the expected band, however PCR optimization proved challenging without a 

positive control, so restriction digestion analysis was the primary method used for screening. 

Clones 1 and 2 were cut with EcoRI, the empty pQI-MBP3 vector was used as a negative control 

and was expected to yield a single fragment at 5461 bp. The constructed pQI-MBP3-tamH had 

three expected bands at 5686, 1267, and 1018 bp. Digestion of clones 1 and 2 both yielded the 

expected digestion pattern of pQI-MBP3-tamH (Figure 4-22), clone 1 was transformed into E. 

coli BL21 and stored as a frozen stock for MBP-TamH expression.  
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Figure 4-22 Analytical digest of pQI-MBP3-tamH. EcoRI digestion of pQI-MBP3 (- is negative 
control, expected fragment of 5461 bp) and pQI-MBP3-tamH colonies 1 and 2 (expected fragments 
= 5686, 1267 and 1018 bp). The ladder used is GeneRuler 1kb DNA Ladder (L). 

 
The expression of MBP-TamH was completed using 1% glucose in the growth media with 

induction by 0.5 mM IPTG and incubation at 15 ºC and 160 rpm for 18 h. MBP-TamH was 

moderately soluble in TamH Lysis Buffer (Table 3-4). A large-scale expression of MBP-TamH 

was carried out using a 1 L culture, after lysis by sonication majority of the protein was present in 

the insoluble lysate pellet. The protein that was in the soluble fraction was successfully purified 

using a 7-mL amylose gravity column (Figure 4-23). However, yields of MBP-TamH were very 

low. All elution fractions determined to contain MBP-TamH were pooled and concentrated, 

yielding a total of ~4 mg per 1 L of culture. This purification result was replicable. Thus far, no 

attempts have been made to assay the activity of MBP-TamH. 

 
 

Figure 4-23 SDS-PAGE of amylose-affinity purification of MBP-TamH. (L) Unstained Protein 
Molecular Weight Marker. (A) Soluble cell lysate, (B) insoluble lysate pellet, (C) flow-through 
from amylose column, and elution fractions 1-5 containing MBP-TamH (146.6 kDa), stained with 
Coomassie Brilliant Blue. 
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4.4.3 Construction of pET28a-tamA 

The Gibson Assembly of pET28a-tamA was successfully completed using 60 ng linearized 

pET-28a and 73.5 ng of the TamA-GA gBlock. The transformation into E. coli 10-beta cells yielded 

~30 colonies. Three colonies were picked off the transformation plate and screened by restriction 

digestion analysis with NcoI and KpnI, as the PCR was not optimized prior to screening it was 

used as a second check. The digested empty pET-28a vector used as a negative control, was 

expected to produce a single fragment at 5369 bp, and pET28a-tamA two bands at 5451 and 1968 

bp. Digestion of clone 3 yielded the expected digestion pattern (Figure 4-24 (B)). Clone 3 was 

further analyzed by PCR analysis using primers pTamA-ACP-F and pTamA-ACP-R, that amplified 

a 660 bp region extended across the junction between the TamA-GA gene and the vector backbone. 

The negative control used was empty pET-28a as only one primer is able to anneal the backbone, 

so there should be no amplification. Clone 3 successfully gave amplification with a band of the 

appropriate size observed in the gel (Figure 4-24 (A)). Clone 3 of pET28a-tamA was transformed 

into E. coli BL21(DE3) and stored as a frozen stock for TamA expression.  

 

 
 

Figure 4-24 PCR check and analytical digest of pET28a-tamA. (A) PCR amplification of 660 
bp region from within the tamA gene extending into part of the pET-28a backbone, using empty 
pET-28a as a negative control (-) and pET28a-tamA transformation colony 3. (B) NcoI and KpnI 
digestion of pET-28a (expected fragment of 5369 bp) and pET28a-tamA colonies 1-3 (expected 
fragments = 5451 and 1968 bp). The ladder used is GeneRuler 1kb DNA Ladder (L). 

 
The expression of TamA has yet to be optimized, however, expression of TamA was 

observed in a test culture induced with 0.5 mM IPTG and incubated for 18 h at 15 ºC, 160 rpm.   
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4.5 Tambjamine Isolation and Structure Determination 

All the tambjamine biosynthetic enzymes were cloned from the tam pathway in P. citrea, 

however this organism has not been proven to be a tambjamine producer. Tambjamine isolation 

from P. citrea was carried out to confirm production of tambjamine YP1, however, the compound 

isolated was actually an analogue of this compound. The tambjamine obtained was structurally 

characterized because the mass measured did not match any known tambjamine compound, 

suggesting the isolated tambjamine was a novel analogue. There have only been two tambjamines 

isolated from bacteria, both of which contain linear alkyl chain moieties14,96.  

4.5.1 Tambjamine Extraction and Purification from Pseudoalteromonas citrea 

Initial attempts to extract the tambjamine compound from P. citrea were done from 1 L 

liquid cultures in HKUST media grown at room temperature, without shaking. Several methods of 

extraction were used including MeOH and acetone/Et2O extractions from the cell pellet, solid 

phase extraction using Amberlite® XAD4 resin, and EtOAc liquid-liquid extraction from the whole 

culture. A putative tambjamine was identified from P. citrea after an EtOAc liquid-liquid 

extraction from culture that had been treated with ammonium hydroxide to pH 10. This extract 

was then desalted on a C18 cartridge and eluted with acidified MeOH. This extraction yielded a 

small amount of yellow oil with a 𝜆,-. of 420 nm, analysis by FTMS showed an abundant 

molecular ion at m/z = 354.255. This molecular ion corresponds to a formula of C22H32ON3 (calc. 

354.254, Δ	= 3.74 part per million (ppm)), and was identified as the putative tambjamine. This 

compound was not observed in P. citrea liquid culture extracts following the initial results, 

however, when P. citrea is grown on HKUST agar it appears lemon-yellow. For that reason, an 

EtOAc extraction was attempted from the plated cell mass. The alternate growth condition did 
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indeed recover production of the putative tambjamine as revealed through UPLC-PDA-MS 

analysis showing the expected mass and absorbance profile.  

Large-scale extraction of solid-support P. citrea cultures was used and proved to be the 

most consistent method to obtain the putative tambjamine for purification. After full purification, 

the final yield was 0.03% purified tambjamine (0.1 mg) from the dry bacterial cell mass (386 mg 

after lyophilisation). The putative tambjamine was purified as a solid bright yellow compound that 

was insoluble in H2O, but fully soluble in MeOH, EtOAc, and chloroform. 

4.5.2 Tambjamine NMR 

A collection of NMR spectra was acquired to determine the structure of the putative 

tambjamine. The first tambjamine sample (~5 mg) was dissolved in deuterated chloroform and 

NMR experiments were performed by Dr. Françoise Sauriol in a 700 MHz and 600 MHz field. 

Spectra for 1-D 1H (Figure C-1) and 13C (Figure C-2), and 2-D COSY, NOESY (Figure C-3), 

TOCSY, HSQC, and HMBC (Figure C-4) were acquired using this sample. Based on the obtained 

spectra, a cyclized tambjamine YP1 analogue was proposed as the structure (Figure 4-25 (A)). 

However, an unknown fatty acid impurity was identified in this sample with signals overlapping 

with the tambjamine aliphatic proton signals, making integration and full analysis difficult. To 

separate the tambjamine from the impurity the sample was dissolved in HCl-acidified MeOH (pH 

2) to fully protonate both analytes. The uncharged fatty acid was extracted from the MeOH with 

hexanes, resulting in a cleaner 1H NMR spectrum acquired in a 500 MHz field (Figure C-5). 

However, this extraction also resulted in the minor loss of sample and signal intensity. This 

purified tambjamine sample was also used to acquire 13C (Figure C-6) and COSY (Figure C-7) 

NMR spectra. Many of the 13C signals were not intense enough to distinguish from the background 

noise. 
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 In an attempt to get more information to assign atoms to their chemical shifts the 

tambjamine sample was used to acquire more 2-D spectra, unfortunately during transfer of the 

sample another impurity was introduced. This impure sample was used to acquire TOCSY (Figure 

C-8) and HSQC (Figure C-9) spectra in a 500 MHz field. Using all the compiled NMR data, key 

2-D interactions were identified (Figure 4-25 (B)) and almost all proton and carbon atoms were 

assigned to their chemical shift (Table 4-7). The J-coupling values of neighbouring protons were 

calculated if possible, however, most signals in the 1H NMR were too broad to calculate J-coupling 

constants. The protons and carbons between atoms 13-17 could not be resolved or distinguished 

from each other due to overlapping and broad peaks in the 1H NMR, though even in the literature 

values for tambjamine YP1 these values were indistinguishable14. Quaternary carbon atoms at 

positions 5’ and 2’ were not detected in the 13C experiments nor observed in any 2-D experiment 

and therefore could not be linked to their chemical shifts. The literature values for the linear 

tambjamine YP1 are also shown in Table 4-7 for comparison to experimental values. There was 

no proton signal produced at the 5’-position, which gave support for the cyclization occurring on 

the pyrrole ring. At position 19 there is a large downfield shift in both the carbon and proton signals 

when compared to the literature values for tambjamine YP1. These shifts reflect the deshielding 

effect of the pyrrole ring in the cyclized variant.  
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Figure 4-25 Structure of cyclic tambjamine YP1 determined by NMR. (A) Cyclic tambjamine 
YP1 with numbering corresponding to signals in Table 4-7. (B) Atomic correlations observed in 
2D NMR. 
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Table 4-7 1H NMR and 13C NMR signals for isolated cyclic tambjamine YP1 compared to 
literature values for tambjamine YP1. All experimental 𝛅𝐇values were measured in a 500 MHz 
field, all 𝛅𝐂 values were measured in a 700 MHz field by 13C, HSQC, and HMBC NMR 
experiments performed by Dr. Françoise Sauriol. Tambjamine YP1 values taken from 14. 
 

 Cyclized Tambjamine YP1 Tambjamine YP1 

Position δZ a (ppm, J in Hz) δ[ b (ppm) δZ (ppm) δ[ (ppm) 
1’ (NH)     
2’ - c - 123.5 
3’ 6.63, s 113.5 6.70 113.0 
4’ 5.99, s 109.7 6.25 110.5 
5’ - c 7.06 124.1 
1 (NH)     
2 - 142.06 - 143.4 
3 5.87, s 90.4 5.95 91.6 
4 - 162.95 - 163.9 
OMe 3.92, s 58.5 3.90 58.8 
5 - 110.1 - 111.3 
6 7.14, d (14.77) 140.1 7.29 141.1 
7 (NH) 9.29, brd    
8 3.54, br 51.4 3.46 51.2 
9 2.50, br 27.82 2.46 28.8 
10 5.22, dt (10.89, 7.70) 123.2 5.35 124.1 
11 5.55, dt (10.89, 7.20) 137.1 5.55 134.5 
12 2.06, m (7.20)  27.4 2.01 27.8 
13 1.22, br 

28.6-31.8e 

1.21-1.70f 26.5-27.7f 

14 

0.85-1.29d 15 
16 
17 
18 1.82, bm 27.7 
19 2.75, brt (6.10) 27.2 0.86 14.5 
Data collected in a a500 MHz field and a b700 MHz field 
c Values not determined experimentally, only discrepancy between the experimental and 
literature data quality 
Value ranges for positions d14-17, e13-17, and f13-18 
br = broad, s = singlet, d = doublet, t = triplet, m = multiplet 

 

4.5.3 Tambjamine Crystal Structure 

The HPLC-purified cyclized tambjamine YP1 (0.5 mg) was successfully crystallized 

through evaporation in vacuo using 70% MeOH (v/v) and 0.1% (v/v) formic acid in water as the 

solvent system. X-ray quality crystals were observed after two weeks of rest at -20 ºC. Three 
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crystals were formed that appeared plate-like and yellow in colour. The crystal used to obtain 

diffraction data had approximate dimensions of 0.186 ́  0.128 ́  0.090 mm. Data were successfully 

collected by diffraction using Mo Ka radiation, 𝜆	= 0.71073 Å. The structure was solved and 

refined using the SHELXL-2017/1 software to an unweighted residual R1 = 6.41% for I > 

2s(I), and the residual of wR2 = 17.95% for all data. The goodness-of-fit (GooF) of the refined 

model was 1.018. All refinement parameters can be found in Table C-1. 

The unit cell was determined to be triclinic, with a point group of P1; all unit cell constants 

are stated in Table C-1. The unit cell consisted of two cyclic tambjamine YP1 molecules with the 

aromatic systems sandwiching the alkyl rings (Figure C-10).The asymmetric unit was a fully 

protonated cationic cyclic tambjamine YP1, with hydrogen bonding interactions to a molecule of 

formate and formic acid (Figure 4-26). The formic acid molecule was omitted from the thermal 

ellipsoid drawing for clarity; the full asymmetric unit can be seen in Figure C-11.   

The observed X-ray structure of the isolated tambjamine is in agreement with the NMR-

predicted structure. Key measurements to note in the structure are the interatomic distances of C5’- 

C19 and C10-C11, as well as the C9-C10-C11-C12 torsional angle. The distance between C5’ and 

C19 is 1.502 ± 0.004 Å, which is approximately the length of a typical carbon-carbon single bond. 

The distance between C10 and C11 is 1.325 ± 0.004 Å, indicative of a carbon-carbon double bond. 

The torsional angle of C9-C10-C11-C12 around the C10-C11 double bond is 1.3 ± 0.4 °. The small 

torsional angle means that the two alkene substituents are in the same plane confirming the cis 

conformation of the double bond; the stereochemistry of the cis-alkene can be clearly seen in 

Figure 4-26 (D). Additional observations can be made about the tambjamine X-ray structure from 

the top and side views (Figure 4-26 (B/C)). The macrocycle resides below the aromatic system, 



 90 

and forms a linear shape to give an overall rectangular topography. The full unit cell (Figure C-10) 

displays how the ring systems can interlock with each-other allowing for rigid crystal packing. 

 

 

 
 

Figure 4-26 X-ray structure of cyclic tambjamine YP1. (A) Molecular structure of cyclic 
tambjamine YP1 showing hydrogen bonding interactions with formate, formic acid molecule 
omitted for clarity. (B) Top and (C) side view of cyclic tambjamine YP1 structure. (D) Close-up 
of carbon positions C10 and C11 displaying cis-double bond. Thermal ellipsoids are drawn to 30% 
probability level.  

(A) 

(D) 

(C) (B) 
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Discussion 

The initial goals set out this research were to develop an increased understanding of the 

condensation enzyme family involved in prodiginine and tambjamine biosynthesis. To do this, two 

condensation enzymes, PigC and TamQ from P. rubra and P. citrea, were probed for their 

function, kinetics, and substrate selectivity. This work improved upon previous studies focused on 

PigC by using purified enzyme, and gave the first reports of TamQ characterization. As part of 

this project, the tambjamine and prodiginine analogues produced from the native organisms P. 

citrea and P. rubra were isolated and identified leading to the discovery of a novel tambjamine 

analogue. This research has generated many intriguing results, which have in turn increased the 

breadth of questions to be investigated in the field.  

5.1 Prodiginine Isolation 

P. rubra DSM 6842 has previously been reported to produce ten prodiginine analogues6. In 

the experimental extraction from P. rubra, four of these analogues were observed; prodigiosin, 

cycloprodigiosin, 4’-(n-butyl)prodigiosin, and 4’-(n-hexyl)prodigiosin. The molecular ion and 

fragmentation patterns of these molecules were used to confirm their identity to the literature 

molecules (Figure 5-1). The identification of these known prodiginine molecules validates the 

extraction process used for prodiginine isolation, and confirms that the pigC gene is functional in 

the native organism. 
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Figure 5-1 The molecular and fragmentation ions matched to known prodiginine molecules 
found in the P. rubra extract. The observed molecular ions and fragmentation ions from 
FTMS/MS data rationalized on the literature structures of known prodiginine analogues. (A) 4’-
(n-butyl)prodigiosin, (B) cycloprodigiosin, (C) prodigiosin and (D) 4’-(n-hexyl)prodigiosin. Full 
MS/MS spectra in Figure A-4, Figure A-5, Figure A-6, and Figure A-7. 

 
A molecular ion at m/z = 336.207 observed with similar r.t. as the other prodiginine 

analogues could not be matched to a known prodiginine compound. However, the MS/MS data 

showed two fragmentation ions, [M-OCH3]+ and [M-CH3+H]+, common between prodiginine 

compounds. A structure with the rationalization of the fragmentation pattern is proposed in Figure 

5-2. This molecule is predicted to be a cyclized analogue of 4”-(n-hexyl)prodigiosin.  

 
 

Figure 5-2 The proposed novel prodiginine molecule with predicted fragmentation sites. The 
predicted prodiginine with a chemical formula of C21H26N3O and molecular ion at m/z = 336.208, 
as seen in the FTMS spectrum from the P. rubra extract. Observed fragmentation ions are mapped 
onto the predicted structure. 
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All linear chain prodiginine analogues have a common fragment ion at m/z = 252.114 

correlating to the loss of the alkyl chain; this is not present in the fragmentation pattern of the novel 

molecule supporting the predicted cyclic structure. The fragment at m/z = 307.169 may be formed 

by a retro-ene bond cleavage through intramolecular deprotonation of the terminal methyl, 

instigating cleavage of the C-C bond and releasing a C2H4 fragment97. The fragmentation data 

justifies the predicted 4”-(n-hexyl)prodigiosin. However, more rigorous structure analysis, such as 

NMR, is necessary to confirm the structure. 

5.2 PigC 

The suite of prodiginines produced by P. rubra exhibit much of the structural diversity found 

in the compound family. This diversity suggests that PigC can accept a variety of substrates, and 

be manipulated to produce novel prodiginine analogues. However, there is not a lot known about 

PigC, so increased knowledge in its mechanism could direct future substrate analyses. Previous 

attempts to purify PigC by other research groups were not successful in obtaining soluble protein, 

leading to the enzyme assays being performed with partially-purified lysates3,4,87. In this work, 

PigC has been cloned with a C-terminal 6xHis tag and expressed with 1% glucose in the growth 

media resulting in the production and successful purification of soluble protein. The purified 

protein is not 100% clean, so the enzyme concentration used in assays is not precise. Additional 

purification steps, such as hydrophobic interaction or ion-affinity chromatography, could be 

implemented to obtain PigC with complete purity. The chromatogram produced by analytical size 

exclusion of PigC showed an elution volume at 7.99 mL, which gives an apparent mass at 240 kDa 

on the standard curve (Figure B-1 and Figure B-2). This apparent mass is slightly more than twice 

that of the calculated PigC monomer (98 788 Da), implying that PigC exists in solution as a 
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homodimer. This quaternary structure agrees with the literature for the homologous PEPS and 

PPDK proteins, that were each crystallized as homodimers86.  

The purified PigC was active, as was evident by the production of prodigiosin when fed with 

its native substrates MBC, MAP, and ATP. In Figure 4-4, the level of MBC (r.t. 6.3 min) does not 

noticeably change between the enzyme free control and the PigC catalyzed reaction, while the 

absorbance at 535 nm had plateaued. The incomplete consumption of the substrate when the 

reaction has come to completion suggests that the enzyme may have a finite turn-over number 

before it becomes inactive. A potential reason for this is to control the production of prodigiosin 

in the native organism. 

PigC could not accept most potential exogenous substrates tested, except for the halogenated 

MAP analogue, 4-Br-MAP. UPLC-PDA-MS analysis of the reaction confirmed that PigC 

catalyzed the formation of a brominated variant of prodigiosin (Figure 4-6). Chemically, the 

bromine should not change the outcome of the condensation reaction as it is electron donating by 

resonance and stabilizes the positive charge formed during the reaction when the 5-position on the 

pyrrole acts as the nucleophile to attack MBC. However, bromine is also slightly electron 

withdrawing through induction, destabilizing the positive charge formed. These two chemical 

characteristics most likely do not have as much of an impact on the reaction as the steric effect of 

bromine. Bromine is a large atom, thus it is surprising that the PigC active site is able to tolerate 

the increased size, though it appears to stall the reaction quite a bit leading to less product. This 

result is interesting, as it opens the possibility of MAP analogues substituted with other 

functionalities in the same position to be accepted by PigC. Substituting functionalities and 

comparing different chemical characteristics may give information on the chemistry that is 

occurring during the reaction. For example, comparing halogenated MAP variants could give 
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information on how the destabilizing inductive effect from more electronegative atoms changes 

the rate of the reaction. Additionally, the production of a halogenated prodiginine is also intriguing 

with respect to bioactivity. A study looking at tambjamine bioactivity against pathogenic microbes 

and cancer cells lines showed that the brominated variants of tambjamine compounds were more 

potent than their non-brominated counterparts17. 

 Another important aspect of the enzyme reaction chemistry is the kinetic parameters of 

PigC with its different substrates. The kinetic analysis of MBC as a substrate of PigC produced a 

collection of Michaelis-Menten curves at different concentrations of MAP as shown in Figure 4-8. 

As the concentration of MAP increases, the MBC kinetic curve visually shows an increase in KM 

and changes in kcat as the plateau lowers. The apparent kinetic parameters calculated from these 

curves in Table 4-2 show a clear trend of KM increasing with the concentration of MAP, though 

the calculated kcat remains consistent at all concentrations of MAP. The resulting catalytic 

efficiency (kcat/KM) for PigC using MBC decreases at higher concentrations of MAP, meaning that 

MAP effects PigC’s ability to select MBC as a substrate. This observation suggests that MAP may 

inhibit the condensation reaction at high levels by blocking MBC from binding. The experimental 

apparent kinetic parameters agree with previously reported values; Chawrai et al. also presented a 

KM of 4 ± 1 µM for MBC when 100 µM MAP and 200 µM ATP were used3. The kcat cannot be 

compared with the literature value reported since their experiments were done with crude cell 

lysate so protein concentration could not be calculated3. 

When our data were replotted as Vo/[E]T versus [MAP] in Figure 4-9, the inhibition pattern 

was evident as the curves did not fit the ideal Michaelis-Menten model. This same pattern was also 

observed in the previous literature3. At low concentrations of MBC, the initial velocity of the 

reaction hits a maximum at approximately 5 µM MAP and then continues to decrease as the 
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concentration of MAP increases. This inhibition curve begins to level off into a normal Michaelis-

Menten-type curve at high concentrations of MBC. The apparent kinetic parameters calculated 

from Equation 2 in Table 4-3 show steady KM and kcat values, apart from the kcat at 0.5 µM MBC 

which was much lower than the other values. The KI values for MAP increased with the 

concentration of MBC, meaning that the apparent inhibitory effect is decreasing. The larger the 

apparent KI is, the less of an effect it will have on the Vo calculated by Equation 2. This is 

characteristic of competitive inhibitors, when the native substrate is in excess it outcompetes the 

inhibitor. In this case, MBC is outcompeting the inhibitory effect of MAP. The error on the KM 

and KI values for MAP are very large due to the nature of the curve model. The calculated catalytic 

efficiency of MAP remains constant within the error of the values. 

 Double-reciprocal Lineweaver-Burk replots of the velocity were constructed to visualize 

the type of substrate inhibition pattern MAP produces. At the low concentrations of MAP shown 

in Figure 4-10 (A), the linear fits are parallel to each other and show a pattern indicative of a Ping 

Pong enzyme system94. Conversely, at higher MAP concentrations the linear fit slopes increase 

whereas the y-intercept is unchanging (Figure 4-10 (B)). This linear-regression pattern suggests 

competitive substrate inhibition occurring at high MAP concentrations. This inhibition model can 

be justified structurally as both MBC and MAP have very similar chemical structures and as such 

MAP can most likely sit in the MBC binding-site of PigC preventing MBC from binding and 

reacting. The replot of the linear regression slopes against the concentration of MAP (Figure B-6) 

resulted in a calculated KI of 11.9 µM, which is a reasonable value as the inhibitory effect of MAP 

is first visible at 10 µM MAP.  

 The true kinetic parameters of MBC and MAP as substrates of PigC were calculated with 

global velocity equations, ATP was held constant and not accounted for in the model. The 
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equations used (Equation 3 and Equation 4) were based on a Ping Pong system with competitive 

substrate inhibition94. The true values calculated from the curve-fit model were a kcat of 0.38 ± 

0.05 (s-1), KM values of 0.6 ± 0.1 µM for both MBC and MAP, giving kcat/KM values of 0.7 ± 0.2 

µM-1s-1 and 0.6 ± 0.2 µM-1s-1 for MBC and MAP respectively (Table 4-4). The KI calculated was 

13 ± 6 µM, which agrees with the KI calculated from the linear replot. The KM and Ki values show 

that PigC has a similar affinity for both MBC and MAP, however MAP is able to outcompete 

MBC for its binding pocket to cause inhibition. The inhibition of MAP is observed when the 

concentration of MAP is approximately the KI.  

 Full kinetic analysis of ATP was not done for PigC. Instead, only the apparent kinetic 

values were obtained when both MAP and MBC were at 50 µM, and ATP was varied from 10-

800 µM. ATP as a substrate of PigC gave a Michaelis-Menten-type curve seen in Figure 4-11, 

and the apparent kinetic parameters, found in Table 4-5, were extracted from the non-linear fit. 

The kcat value measured was 0.34 ± 0.02 (s-1), which is consistent with the true value measured 

from MBC and MAP. The KM measured for ATP was 38 ± 8 µM and the kcat/KM was 0.009 ± 0.002 

µM-1s-1. These values indicate that PigC does not have a strong binding affinity or selectivity for 

ATP, thus ATP must be in large excess for product turnover. In the study done by Chawrai et al. 

the kinetic curve for ATP showed a similar inhibition curve to MAP, which was not seen in the 

experimental data presented here3. The inhibition may have been observed previously due to the 

use of cell lysate as the enzyme source. Since many enzymes use ATP as a substrate, there could 

have background reactions occurring with ATP causing interference in PigC’s activity, such as 

product inhibition by ADP.  

One of the more important kinetic parameters measured is the kcat/KM, which represents the 

energy barrier between the free enzyme and substrates, and the enzyme-bound transition state. 
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Thus, if multiple substrates bind the enzyme to form one transition state they will possess the same 

kcat/KM. The experimentally determined kcat/KM values of MBC and MAP are practically 

equivalent, whereas the kcat/KM of ATP is about 100-fold lower. This implies that the kcat/KM values 

of MBC and MAP most likely represent the energy barrier of the same irreversible reaction step, 

and the kcat/KM for ATP is due to a separate step. This may indicate that MBC and MAP bind PigC 

at the same time and then react together to form one transition state, rather than MBC binding with 

ATP to react before MAP is introduced. However, the kcat/KM is specific to the first irreversible 

reaction, so it is still possible that MBC binds before ATP is released but does not irreversibly 

react until MAP binds.  

 Using the information obtained through kinetic analysis of each substrate, and the 

previously proposed reaction mechanism for PigC (Figure 2-10), there are two potential models 

for the PigC reaction sequence3. Both models are Ter Bi Ping Pong systems, meaning that there 

are three substrates (ATP, MBC, and MAP), and two products (ADP and prodigiosin)94. The first 

model is termed a Bi Uni Uni Uni Ping Pong system, depicted in Figure 5-3 (A)94, In this model 

two substrates (ATP and MBC) bind first, then ADP is released, and finally MAP binds to form 

the product prodigiosin. In this case, substrate inhibition would occur by MAP binding to the 

PigC/ATP complex competing with MBC. The second system is termed Uni Uni Bi Uni Ping 

Pong, depicted in in Figure 5-3 (B)94 and in this model, ATP binds first and then ADP is released 

before MBC binds. Once MBC and then MAP bind, prodigiosin is ultimately formed and released. 

The substrate inhibition would occur from MAP binding the phospho-enzyme species formed once 

ADP is released. 
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Figure 5-3 Potential PigC reaction sequence models. (A) Bi Uni Uni Uni Ping Pong system 
with inhibition through MAP binding PigC/ATP complex. (B) Uni Uni Bi Uni Ping Pong system 
with inhibition through MAP binding phosphorylated PigC complex. ‘-P’ refers to 
phosphorylation and prodigiosin (PG) is the product. Models adapted from 94.  

 
 These two reaction sequences cannot be distinguished using just the kinetic data available, 

therefore attempts were made to determine which substrates were necessary to produce ADP in 

the reaction mixture. When PigC was incubated with ATP alone, or with both ATP and MBC two 

peaks (r.t. 0.98 and 1.64 min) were observed with absorbance at 254 nm (Figure 4-12). There is a 

small peak with r.t. 1.64 min in the enzyme-free control containing only ATP in reaction 

conditions, this peak becomes much more prominent with enzyme present. This peak could be due 

to ADP production by spontaneous ATP hydrolysis in the enzyme-free control, and enzyme 

catalyzed hydrolysis when PigC is present. The peak at 0.98 min could also be ADP in a different 

charge state. Though no mass spectral data could be obtained to confirm the identity of ATP and 

ADP in the reaction mixtures, neither peak discussed are present in the PigC and MBC incubation 

ruling out the possibility of them being an artifact of the enzyme. The absorbance maximum for 

(A) 

(B) 
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each observed peak is at 258 nm, typical of adenosine nucleotides98. Given this observation, it 

appears that ADP is formed when only PigC and ATP are present in the reaction. Thus, the most 

convincing reaction sequence for PigC is the Uni Uni Bi Uni Ping Pong system (Figure 5-3 (B)). 

Collecting mass data or other evidence for ADP production is necessary to support this reaction 

model. Additionally, this model is based off the reaction mechanism proposed by Chawrai et al., 

which remains unconfirmed3. Kinetic experiments with various intermediate analogues could 

provide more information on the functional groups necessary for the chemistry occurring. 

Another possible source of mechanistic information is the unknown compound that is 

consistently present in the PigC condensation reactions. The compound has an r.t. of 8.5 min, and 

an m/z = 376.4 with a distinctive adduct pattern in the mass spectrum (Figure 4-4 and Figure 

B-3). Initially, this compound was predicted to be a side-reaction of MBC self-condensing in place 

of MAP. The condensation of two MBC with the same attachment as MBC-MAP in prodigiosin 

would give a mass of ~363.4 ruling out this possible structure. It is also interesting that the 

absorption spectrum of this unknown compound only has a maximum at 223 nm, whereas both 

MBC and MAP have maxima within the visible spectrum, suggesting that the conjugation must be 

interrupted somehow. A second potential explanation for the generation of this compound is as a 

reaction intermediate before the formation of prodigiosin, where aromaticity is temporarily lost. 

Intriguingly, not only is this compound observed in the in vitro enzyme assays, but it was also 

observed in extracts from P. rubra (Figure A-2). The presence of this compound in vivo indicates 

that it is not just an artifact of the assay conditions, but is also produced by the native organism. 

This unknown compound was also present in all TamQ substrate assays, suggesting that it is related 

to MBC reactivity. It is also notable that the unknown compound seems to be more abundant when 

the MBC condensation partner is not the native substrate, for example the TamQ catalyzed reaction 
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with MAP showed a much higher production of this compound than the reaction with DDA 

(Figure 4-15 and Figure 4-17). As this compound is present in both PigC and TamQ catalyzed 

reactions, it is likely a modification of MBC and ATP, the only common substrates between the 

two enzymes. To determine whether this compound is a side-product or an intermediate more 

experiments need to be done to test what conditions alter its production and ultimately, getting 

structural information by NMR is likely needed to help solve the compound’s role.  

5.3 TamQ 

In the literature, there have been no attempts to express and study the activity of TamQ since 

its first description by Burke et al28. Cloning TamQ with a solubilizing Trx tag proved to be very 

effective at producing soluble protein in substantial quantities (Figure B-7). The protein used for 

assays was not 100% pure, and so the enzyme concentration is not completely precise. Trx-TamQ 

could most likely be purified further by the more selective Co2+-affinity chromatography, or by 

additional chromatography steps. The chromatogram produced by analytical size exclusion of Trx-

TamQ gave an elution volume of 7.96 mL, giving an apparent mass of 247 kDa on the standard 

curve (Figure B-8). This apparent mass is almost exactly twice that of the monomer (117 471 Da) 

implying that Trx-TamQ exists in solution as a homodimer. This agrees with the predicted state of 

PigC from its size exclusion analysis, and the structural data for the homologous PEPS and 

PPDK86.  

The activity of the purified Trx-TamQ was tested with the non-native substrate, DDA, as the 

unsaturated substrate, DDEA, is not commercially available. The UPLC-PDA-MS analysis 

showed overwhelming production of BE-18591 (r.t. 10.8 min) in Figure 4-16. There is also a 

noticeable decrease in both substrates MBC and DDA, which was not seen in the PigC reactions. 

This difference in substrate consumption may be due to the structure of the substrates; MAP causes 
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substrate inhibition because it is structurally similar to MBC, whereas DDA does not resemble 

MBC at all making it unlikely that it competes for binding. The acceptance of DDA as a substrate 

also means that the cis-alkene in DDEA is not necessary for substrate selection.  

 Kinetic analysis of DDA and MBC as substrates of Trx-TamQ both produced curves that 

could use the Michaelis-Menten equation to extract apparent kinetic parameters recorded in Table 

4-6. The observed rates (Vmax/[E]T) were consistent for both substrates, with values of 3.8 ± 0.3 x 

10-4 AU/µM·s and 3.4 ± 0.2 x 10-4 AU/µM·s for MBC and DDA respectively. The apparent KM 

and Vmax/[E]T·KM of MBC were 12 ± 4 µM and 0.3 ± 0.1 x 10-4 AU/µM2·s. The apparent KM and 

Vmax/[E]T·KM of DDA were 1.4 ± 0.6 µM and 2 ± 1 x 10-4 AU/µM2·s. Comparing these parameters 

between the two substrates, TamQ has a stronger affinity for DDA as the apparent KM value is 

almost 10-fold lower than that of MBC. It is also notable that the kinetic curve of DDA does not 

display any substrate inhibition, as was predicted. 

 Interestingly, TamQ has a strong affinity for DDA yet it is able to accept a completely 

different substrate, MAP. In the substrate test with MAP, Trx-TamQ was surprisingly able to 

convert it to product (Figure 4-18). It is not clear, however, whether this product is prodigiosin as 

is produced by PigC and MAP, or an isomer of prodigiosin. It is more likely that the iso-prodigiosin 

is being formed (Figure 4-17), as TamQ forms a C-N bond in its conventional condensation 

reaction, whereas PigC forms a C-C bond. The two compounds are indistinguishable by MS 

analysis, but may display changes is UV-Vis absorption, like that observed in the reaction product. 

For indisputable characterization of the product a 1H NMR spectrum needs to be obtained. The 

only difference between the two NMR spectra will be the presence of the pyrrole proton signal on 

5-position of the iso-prodigiosin C-ring. A large-scale Trx-TamQ catalyzed condensation of MBC 

and MAP was employed to collect enough material for NMR, though the reaction product has yet 
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to be completely purified for analysis. The production of either prodigiosin or iso-prodigiosin both 

come with interesting implications. If prodigiosin were formed, this means that TamQ is able to 

change its innate chemistry to form new connectivity. Whereas, if iso-prodigiosin is formed then 

two similar enzymes are able to take the same substrates and form two different products. 

Furthermore, the biological activity of iso-prodigiosin is likely very different from any of the 

known prodiginine or tambjamine compounds due to its loss of a free amine for ion coordination. 

The large-scale reaction of TamQ with MAP also produced unknown compounds with absorbance 

maxima at 400 and 490 nm, which may be produced by unexpected side-reactions of TamQ or by 

acid catalysis from the acidified methanol elution solvent.  

 Since TamQ was capable of accepting MAP as a substrate, a handful of nitrogen-containing 

heterocycles were also tested as potential substrates. There was no observable enzymatic turnover 

using these compounds, which may mean that the alkyl chains present in both DDA and MAP 

provide binding interactions necessary for catalysis. Additional amine substrates need to be tested 

to determine the extent of TamQ’s substrate promiscuity, but this enzyme has shown promise for 

production of novel tambjamine analogues. TamQ would also make an excellent candidate for X-

ray crystallography as it is highly expressed and soluble (Figure B-7). A crystal structure would 

give important information on the active sites of all prodiginine and tambjamine condensation 

enzymes and could provide support to the proposed enzyme mechanism. To date, there is no 

structural data on this family of condensation enzymes, thus a crystal structure would be a 

significant contribution to their characterization. 

5.4 Tambjamine Biosynthetic Enzymes 

To further explore the tambjamine biosynthetic pathway, all three tambjamine biosynthetic 

enzymes involved in the production of DDEA: TamT, TamH, and TamA, have been successfully 
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cloned and have shown some degree of expression. The expression and purification of MBP-TamT 

and TamA need to be further optimized to obtain enzyme in a quality suitable for activity assays. 

In the case of MBP-TamT, a potential method to increase solubility may be to include 1% glucose 

in the growth media during expression, as was used for MBP-TamH and PigC expression.  

MBP-TamH has been successfully purified by amylose-affinity chromatography, and is 

ready to be tested for activity. The full activity assays will involve the thioester cleavage of ACP-

bound lauric acid to form the aldehyde intermediate, and subsequent PLP-dependent amino-

transfer to produce the final DDA product, as seen in Figure 2-9. This full assay cannot be tested 

until TamA is fully purified as the initial substrate is ACP-tethered, and TamH most likely needs 

the protein-protein interaction to function. A potential test for just the TamH transamination 

activity could be to feed the enzyme the putative lauric aldehyde intermediate with PLP and 

different amino acids and to monitor for production of DDA by UPLC-PDA-MS. However, it is 

possible this assay may not work if TamH is unable to accept the free aldehyde but rather needs to 

transfer it from one active site to another during the full reduction-transamination reaction 

sequence. Once all three tambjamine enzymes have been purified their roles in tambjamine 

production can be fully characterized. At that point, a one-pot reaction with all three enzymes and 

Trx-TamQ could be completed to form tambjamine YP1 demonstrating the full tambjamine 

biosynthesis in vitro starting from a simple fatty acid and MBC. 

5.5 Cyclic Tambjamine YP1 Structure Determination 

All tambjamine biosynthetic enzymes previously discussed are found in the tam cluster in 

P. tunicata, which encodes for production of tambjamine YP1, a homologous cluster was found in 

P. citrea DSM 8771 through genome mining10,28. Attempts to isolate this putative tambjamine 

from P. citrea led to the discovery of a compound with a molecular ion of 354.255, and absorption 
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spectrum with a maximum at 420 nm. Conversely, tambjamine YP1 has an [M+H]+ at 356.27014. 

Burke et al reported observing the mass of a potential cyclized variant of tambjamine YP1 when 

isolating the linear counterpart from P. tunicata, however, this was a passing comment only and 

to date there has been no structural evidence to support this observation28. Cyclization of 

tambjamine YP1 would provide justification for the two-mass unit difference seen in the P. citrea 

extract. Further evidence in support of this proposed cyclized variant is the presence of the ORF, 

tamC, in the tam biosynthetic gene cluster, which encodes for a putative oxidase10. When 

compared to other oxidase enzymes TamC holds high similarity to RedG, a Rieske oxygenase 

responsible for cyclization in streptorubin B formation (Figure 2-8)72,81. Given the high likelihood 

that the observed mass from P. citrea is a cyclized tambjamine analogue, large-scale purification 

for structural analysis was pursued.  

Purification of the tambjamine from P. citrea proved to be challenging as the compound is 

produced in very small quantities and tends to co-purify with contaminating fatty acids. The final 

calculated yield of the purified tambjamine, a bright yellow solid, was 0.03% of the dry cell mass. 

However, a considerable amount of product was lost through transfer and multiple purification 

rounds so this yield is an underestimate of the actual production level from P. citrea.  

Once enough material was isolated a series of NMR spectra were obtained and analyzed to 

determine the structure, particularly the potential connectivity involved in the cyclization. Several 

key pieces of data led to the identification of the cyclization points. First was the absence of the 

pyrrole proton on the 5’-position, which has a distinctive chemical shift at 7.06 ppm as listed in 

the tambjamine YP1 literature data (Table 4-7)14. Another important observation was an NOE 

correlation between the 4’ proton and a CH2 (Figure C-3), which was determined to be C19, as 

no terminal methyl signals were observed in the 1H spectrum. Thus, the cyclic tambjamine YP1 
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structure was proposed with the terminal methyl of the alkyl chain forming a tether to the 5’ pyrrole 

position (Figure 4-25 (A)). The proton and carbon signals were assigned to the hypothesized 

structure with the help of the observed 2-D interactions (Figure 4-25 (B)) and the assigned 

chemical shifts are almost all within 1 ppm of the literature values of the linear tambjamine YP1 

(Table 4-7). There are large differences between the 13C chemical shifts of the alkene carbons C10 

and C11 compared to the literature values, this could be due to increased steric strain introduced 

by the tail cyclization. The C19 substitution degree has increased from primary to secondary in the 

cyclized variant, accordingly the chemical shifts for both 1H and 13C have shifted downfield. The 

13C shift values for the 5’ and 2’-positions could not be measured since the product was too dilute 

and quaternary carbons have innately weaker signals. All NMR signals and interactions measured 

were successfully rationalized with the proposed structure. 

The cyclic tambjamine structure was further validated by X-ray crystallography. The 

favourable hydrogen bonding interactions of formate with the protonated nitrogenous core most 

likely rigidified the tambjamine molecules, allowing the aromatic systems to stack together and 

form crystals of X-ray quality. The refined structure had residuals of R1 = 6.41% for [I > 2s(I)]  

and wR2 = 17.95% for all data (Table C-1). These residual values reflect how well the calculated 

structure fits the data. Both values R1 and wR2 are in the range for an acceptable structure solution 

for the data. The wR2 is larger than 2x R1 which is slightly problematic and may limit the accuracy 

of specific structural values such as absolute bond length or angle. The GooF of the model is 1.018 

(Table C-1). The GooF tends towards 1 as the calculated solution is a better fit for the data. The 

observed GooF reflects a good structural model for the data.  

The crystal structure, shown in Figure 4-26, clearly shows the macrocyclization point, 

confirming the structure proposed based on NMR data. The interatomic distance between C5’and 
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C19 is 1.502 ± 0.004 Å, approximately the length of a C-C single bond. The interatomic distance 

between the C10 and C11 atoms is 1.325 ± 0.004 Å, a typical length for a C-C double bond. It is 

also evident that C10 and C11 are connected through a cis double bond (Figure 4-26 (D)). The 

torsional angle between C9-C10-C11-C12 is 1.3 ± 0.4 °, meaning that the 𝛽-carbons C9 and C12 

are eclipsing each other and are therefore on the same face of the alkene. These structural features 

confirm a cis-double bond conformation. The agreement between NMR and X-ray data gives 

definitive evidence of a cyclic tambjamine YP1 variant being produced by P. citrea. 

To date, there have been no reported structures of cyclic tambjamine compounds. 

Furthermore, of the cyclized prodiginine compounds reported only three have the same A-ring 

connectivity as the cyclic tambjamine YP1, these are: cyclononylprodiginine (Figure 2-2), 

ethylcyclononylprodiginine, and methylcyclodecylprodiginine isolated from Actinomadura sp.47. 

This cyclization of the structure has interesting implications on the conformation of the 

compounds. As discussed in 2.4, prodiginines and tambjamines can exist in two rotamers (𝛼 and 

𝛽) and tethering the alkyl chain to the A-ring of the bipyrrole core will introduce steric strain 

causing the molecule to be held in the 𝛽 rotamer. This conformation is more active due to its 

tendency to coordinate different ions such as Cl- or Cu2+, both of which play important roles in 

tambjamine and prodiginine bioactivity20,57. Additionally, the change in three-dimensional shape 

may affect the compounds’ interactions with cellular targets such as DNA. 

Interestingly, both the linear and cyclized tambjamine YP1 were detected in P. tunicata14, 

but only the cyclic tambjamine YP1 was observed in P. citrea. This discrepancy suggests that P. 

tunicata has lower gene expression or a less active cyclization enzyme, which leads to the question 

of which variant is more advantageous to the organism. Further biological studies will need to be 
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performed to compare the two analogues, and provide basis, if any, for further exploring cyclized 

tambjamine and prodiginine variants as pharmaceutical agents.   
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Conclusions and Future Directions 

The research presented in this thesis describes the first successful expression and 

purification of the prodiginine condensation enzyme PigC, which previously had only been tested 

using crude cell lysate3,4,87.  

Purifying PigC has also allowed for the measurement of the true kinetic parameters for 

substrates MBC and MAP, demonstrating the similar selectivity PigC has for each substrate and 

the inhibitory effect MAP possesses as it outcompetes MBC. The complete kinetic analysis of 

PigC also identified a viable reaction sequence using the Uni Uni Bi Uni Ping Pong system model, 

which supports the current proposed reaction mechanism3,94. Finally, PigC demonstrated 

flexibility in its substrate selectivity by accepting brominated MAP as a substrate to produce a 

brominated prodigiosin analogue. Measuring the kinetic parameters of 4-Br-MAP with PigC 

would also contribute information on bromine’s effect on the reactivity of MAP.  

PigC needs to be further analyzed with substrates holding substituents of various steric 

bulk and chemical functionalities to understand the extent of substrate flexibility and give further 

insight into the necessary interactions needed in the binding pocket for catalysis to occur. 

Furthermore, structural information of PigC by X-ray crystallography would provide a complete 

image of the binding sites for understanding in both substrate interactions and potential reaction 

mechanisms. Investigation of purified PigC also led to the detection of an unknown compound 

with an [M+H]+ at 376.4 m/z units present in both PigC and TamQ catalyzed condensation 

reactions. Structural data of this compound will undoubtedly provide more information on the 

condensation reaction mechanism for both PigC and TamQ.  
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The condensation enzyme counterpart in tambjamine biosynthesis, the previously 

unstudied TamQ, was also cloned and purified from P. citrea. Catalytic activity of TamQ was 

successfully achieved using DDA as a substrate, which differs from the native substrate by a single 

double bond. Apparent kinetic parameters have been measured for DDA and MBC as substrates 

of TamQ, which demonstrated TamQ has a stronger affinity for DDA than for MBC, and no 

substrate inhibition by DDA was observed unlike in the case of MAP and PigC. To calculate the 

kcat and catalytic efficiency of TamQ for these substrates, the extinction coefficient of tambjamine 

BE-18591 must be measured. For a comparison of the true substrate kinetic parameters, an in-

depth kinetic analysis of each substrate at various concentrations of the other two substrates for a 

global kinetic fit is imperative. A reaction sequence for TamQ could be extracted from such an 

analysis, and compared against the proposed reaction sequence for PigC. Additionally, assaying 

the native substrate DDEA will give a more accurate representation of the in vivo reaction. 

In testing the substrate scope of TamQ, MAP was identified as a substrate for the coupling 

reaction with MBC. Although the structure of the product remains to be determined, there is no 

question that it will be immensely different than the native product of TamQ. In light of these 

results, TamQ shows promise for being a viable route to produce novel tambjamine analogues in 

vitro; the extent of promiscuity needs to be determined by testing a range of amines with TamQ. 

Furthermore, X-ray crystallography of TamQ would give valuable structural information on the 

active sites of the condensation enzymes to potentially help with understanding the wide substrate 

scope, and revealing any structural differences between PigC and TamQ. A better understanding 

of the structures and mechanisms of these enzymes will allow for more meaningful experiments 

when looking for substrates that may lead to production of novel compounds. 
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Three other biosynthetic enzymes in the tam pathway: TamA, TamT, and TamH, were also 

cloned from P. citrea and expressed in the research presented here. Optimization for higher 

expression of both TamA and MBP-TamT needs to be completed before adequate purification is 

possible. TamA is likely necessary for use in both TamT and TamH activity assays as the TamA 

ACP domain covalently tethers the predicted substrates. These enzyme assays will provide 

clarification and verification of the proposed bi-functionality of the enzymatic mechanism for each 

TamT and TamH.  

The final project discussed in this thesis involved the isolation of a novel cyclic tambjamine 

YP1 analogue from P. citrea. The structure of this compound has been confirmed both by NMR 

and X-ray crystallographic data. A natural progression of this project would involve assessing the 

effect of the cyclization on the bioactivity of the compound by comparing the cyclic variant with 

the linear tambjamine YP1. Interesting characteristics to look at would be the change in ion 

coordination strength, DNA intercalation, and cell permeability. Also, investigating the putative 

oxidase enzyme, TamC, predicted to catalyze the macrocyclization would contribute more 

information about the difficult reaction to that already known from the study of RedG, the 

homologous Rieske cyclase involved in streptorubin B biosynthesis81. 

The study of prodiginine and tambjamine biosynthesis is invaluable not only because of 

the curious chemistry behind the enzymatic mechanisms, but because of the potential to utilize the 

enzymes to create novel compounds that have medicinal promise.  
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APPENDIX A  Prodiginine Identification 

 
 

Figure A-1 Full TIC chromatogram of P. rubra cell pellet extract. P. rubra cell pellet extract 
after C18 cartridge clean-up, analyzed by UPLC-PDA-MS. Peaks containing prodiginine analogues 
present in peaks with r.t. 5.64, 6.03, 6.85 and 7.85 min. 

 
 

Figure A-2 Mass spectra of compounds of interest from P. rubra cell pellet extract. Data from 
the P. rubra cell pellet extraction collected by UPLC-PDA-MS. Mass spectra correlate with peaks 
that eluted with r.t. of (A) 5.64 min, (B) 6.03 min, (C) 6.85 min, and (D) 7.85 min. Each spectrum 
is zoomed into the region where the most abundant peaks were found.  
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Figure A-3 FTMS ESI+ of P. rubra extract. Acetone/Et2O extract from P. rubra cell pellet after 
C18 cartridge cleanup. FTMS spectrum zoomed in to an m/z range of 270-370; all peaks of interest 
have labelled high resolution molecular ion masses. 

 
 

Figure A-4 MS/MS of 4”-(n-butyl)prodigiosin. Fragmentation of 4”-(n-butyl)prodigiosin, 
molecular ion [M+H]+ = 310.193, with fragment masses mapped to the structure. Fragmentation 
data from the FTMS/MS of the P. rubra prodiginine extract.  

C:\Xcalibur\...\ARob20170327-P UBRA 3/28/2017 12:10:45 PM ARob20170327-P UBRA

ARob20170327-P UBRA #253-259 RT: 3.47-3.55 AV: 7 NL: 3.25E7
T: FTMS + p ESI Full ms [150.00-2000.00]

270 280 290 300 310 320 330 340 350 360 370 380 390 400 410 420
m/z

0

10

20

30

40

50

60

70

80

90

100

R
el

at
iv

e 
Ab

un
da

nc
e

324.20802
C 20 H26 O N3 = 324.20704

3.02192 ppm

338.22370
C 21 H28 O N3 = 338.22269

2.97447 ppm

310.19242
C 19 H24 O N3 = 310.19139

3.31643 ppm

354.12872
C 27 H16 N = 354.12773

2.80831 ppm

415.30413308.06816 382.08698271.05855 281.05195 391.09236

310.19242

324.20802

338.22370

354.12872

Re
la
tiv
e
A
bu
nd
an
ce

322.19313

336.20875

m/z

C:\Xcalibur\...\ARob20170327-P UBRA 3/28/2017 12:10:45 PM ARob20170327-P UBRA

ARob20170327-P UBRA #253-259 RT: 3.47-3.55 AV: 7 NL: 3.25E7
T: FTMS + p ESI Full ms [150.00-2000.00]

270 280 290 300 310 320 330 340 350 360 370 380 390 400 410 420
m/z

0

10

20

30

40

50

60

70

80

90

100

R
el

at
iv

e 
A

bu
nd

an
ce

324.20802
C 20 H26 O N3 = 324.20704

3.02192 ppm

338.22370
C 21 H28 O N3 = 338.22269

2.97447 ppm

310.19242
C 19 H24 O N3 = 310.19139

3.31643 ppm

354.12872
C 27 H16 N = 354.12773

2.80831 ppm

415.30413308.06816 382.08698271.05855 281.05195 391.09236



 A-122 

 
 

Figure A-5 MS/MS of cycloprodigiosin. Fragmentation of cycloprodigiosin, molecular ion 
[M+H]+ = 322.192, with fragment masses mapped to the structure. Fragmentation data from the 
FTMS/MS of the P. rubra prodiginine extract. 

 
 

Figure A-6 MS/MS of prodigiosin. Fragmentation of prodigiosin, molecular ion [M+H]+ = 
324.208, with fragment masses mapped to the structure. Fragmentation data from the FTMS/MS 
of the P. rubra prodiginine extract. 
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Figure A-7 MS/MS of 4”-(n-hexyl)prodigiosin. Fragmentation of 4”-(n-hexyl)prodigiosin, 
molecular ion [M+H]+ = 338.225, with fragment masses mapped to the structure. Fragmentation 
data from the FTMS/MS of the P. rubra prodiginine extract. 

 
 

Figure A-8 MS/MS of potential prodiginine. Fragmentation of unknown compound, molecular 
ion [M+H]+ = 336.209. Fragmentation data from the FTMS/MS of the P. rubra prodiginine extract. 
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APPENDIX B  Enzyme Analysis 

 
 

Figure B-1 Analytical size exclusion standard curve. Standard curve for 25-mL SephacrylTM S-
200 high resolution resin analytical size exclusion, with an equation of y = 2874.7e-2.275x, R2 = 
0.97. The curve was made using blue dextran (2000 kDa) as the void volume (7.33 mL), and 
standards 𝜷-amylase (200 kDa), alcohol dehydrogenase (150 kDa), albumin (66 kDa), carbonic 
anhydrase (29 kDa), and cytochrome C (12 kDa). Blue circle is experimental Ve/Vo of Trx-TamQ, 
red triangle is experimental Ve/Vo of PigC. 

 

 
Figure B-2 Analytical size exclusion chromatogram of purified PigC. Analysis of PigC by size 
exclusion on a 25-mL SephacrylTM S-200 High Resolution resin column, elution volume observed 
at 7.99 mL.  
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Figure B-3 Mass spectrum of unknown compound in PigC reactions with m/z = 376.4 and 
adduct ions.  

 

 
 

Figure B-4 TIC chromatogram of PigC substrate assay with MAP with minimal production 
of peak at 8.8 min. UPLC-PDA-MS analysis of PigC catalyzed ATP-dependent condensation of 
MBC with MAP (blue), and enzyme free negative control (black). 
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Figure B-5 Reciprocal kinetic replots of MAP as a substrate of PigC. Lineweaver-Burk double-
reciprocal replots of MBC kinetics with PigC at different concentrations of MBC. All replots were 
fit to kinetic data done in triplicate, with the exception of data points at 5 and 50 µM MAP, which 
were done with four replicates. Error bars represent variance between the replicates. 

 
 

Figure B-6 Replot of slope1/MBC vs [MAP] to obtain the Ki of MAP. Linear regression: y = 
0.1054x + 1.253, R2 = 0.98. Slope values calculated by dividing MBC parameters KM/Vmax, values 
measured from non-linear curve fits. Each point is taken in triplicate, the error bars represent the 
variance between replicates. 
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Table B-1 True kinetic parameters of MBC and MAP from global fit of MAP as a substrate 
of PigC. Average kinetic parameters calculated from global fit of MBC kinetic data, standard 
deviation of each parameter is taken as the error. 
 

kcat (s-1) KM_MBC (µM) KM_MAP (µM) Ki (µM) kcat/KM_MBC 
(µM-1s-1) 

kcat/KM_MAP 
(µM-1s-1) 

0.45 ± 0.07 0.6 ± 0.2 0.6 ± 0.3 8 ± 2 0.7 ± 0.5 0.7 ± 0.3 
 
 

 

Figure B-7 SDS-PAGE of Trx-TamQ lysate purification by Ni2+-affinity chromatography. 
(L) Unstained Protein Molecular Weight Marker. (A) Total cell lysate, (B) clarified lysate load, 
(C) flow-through from Ni2+-Sepharose column, and every other elution fraction spanning fractions 
8-20 containing Trx-TamQ (117.5 kDa), stained with Coomassie Brilliant Blue. 
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Figure B-8 Analytical size exclusion chromatogram of purified Trx-TamQ. Analysis of Trx-
TamQ by size exclusion on a-25 mL SephacrylTM S-200 High Resolution resin column, elution 
volume observed at 7.96 mL. 

 

 
 

Figure B-9 TIC chromatograms of extraction fractions from large scale TamQ and MAP 
reaction. UPLC-MS TIC chromatogram of methanol and acidified methanol (amplified 5x) 
fractions from C18 column cleanup of the large scale TamQ and MAP reaction. 
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Figure B-10 Absorbance spectra of elution fractions from large scale TamQ and MAP 
reaction. Full absorbance spectrum of MeOH and acidified MeOH fractions from C18 column 
cleanup of the large scale TamQ and MAP reaction, measured in MeOH (pH 6). 

 
 

 

 
Figure B-11 SDS-PAGE of MBP-TamT lysate purification by Ni2+ affinity chromatography. 
(L) Unstained Protein Molecular Weight Marker. (A) Total cell lysate, (B) clarified lysate load, 
(C) flow-through from Ni2+-Sepharose column, and every other fraction from 5-9 and 13-17, 
containing MBP-TamT (90.4 kDa), stained with Coomassie Brilliant Blue.  
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APPENDIX C  Cyclic Tambjamine Structure 

 

Figure C-1 1H NMR spectrum of cyclized tambjamine YP1 with impurities. Collected in a 
700 MHz field, solvent is labelled. 

 

 

Figure C-2 13C NMR spectrum of cyclized tambjamine YP1 with impurities. Collected in a 
700 MHz field., solvent is labelled. 

CDCl3 

CDCl3 
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Figure C-3 1H-1H NOESY NMR spectrum of cyclized tambjamine YP1. Collected in a 500 
MHz field, with a mixing time of 1 s, solvents are labelled. 

 

 
 

Figure C-4 1H-13C HMBC NMR spectrum of cyclized tambjamine YP1 with impurities. 
Collected in a 600 MHz field, solvent is labelled. 
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Figure C-5 1H NMR spectrum of cyclized tambjamine YP1. Collected in a 500 MHz field. 
Solvents and internal standard trimethylsilane (TMS) are labelled. 
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Figure C-6 13C NMR spectrum of cyclized tambjamine YP1. Collected in 500 MHz field. 
Solvents and internal standard trimethylsilane (TMS) are labelled. 

 

 
Figure C-7 1H-1H COSY NMR spectrum of cyclized tambjamine YP1. Collected in a 500 MHz 
field, solvents are labelled. 
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Figure C-8 1H-1H TOCSY NMR spectrum of cyclized tambjamine YP1 with unknown 
impurity. Collected in a 500 MHz field, solvents are labelled.  

 

Figure C-9 1H-13C HSQC NMR spectrum of cyclized tambjamine YP1 with unknown 
impurity. Collected in a 500 MHz field. 
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Table C-1 Crystal data and structure refinement for cyclic tambjamine YP1. All data were 
collected and summarized by Dr. Gabriele Schatte. 
 

Crystal Data 

Empirical formula  C24H35N3O5 

Formula weight  445.55 

Crystal Color, Habit yellow, plate-like 

Crystal dimensions (mm) 0.186 ´ 0.128 ´ 0.090 

Crystal system  triclinic 

Space group  P1 [2] 

Unit cell parameters  
a (Å) 9.8155(5) 
b (Å) 11.1719(5) 
c (Å) 11.1821(5) 
a (°) 91.5571(16) 
b (°) 95.2218(16) 
g (°) 101.2158(17) 
V (Å3) 1196.53(10) 
Zb 2 
F(000) 480 
Density (rcalcd) 1.237 Mg/m3 
Absorption coefficient (µ) 0.087 mm-1 

Data Collection and Refinement Conditions 
Diffractometer Bruker AXS D8 Venture Duo diffractometer 
Radiation monochromated Mo Ka (	𝜆	= 0.71073 Å) 
Temperature  -93(2) °C [180(2) K] 
Scan type j- and w-scans (1.5º/frame, 15 s exposure/frame, 9 sets) 

Theta range for data collection 2.533 to 26.396° 

Completeness to theta = 25.242° 99.9%  

Reflections collected 38405 

Index ranges -12 £ h £ 12, -13 £ k £ 13, -13 £ l £ 13 

Independent reflections [Fo
2 ³ -3s(Fo

2)] 4891 [Rint = 0.0736] 

Observed reflections [Fo
2 > 2s(Fo

2)] 3437 

Absorption correction method multi-scan [SADABS] 

Anomalous Dispersion For all non-hydrogen atoms 

Structure solution method Direct methods (SHELXT-2014) 

Refinement method Full-matrix least-squares on F2  

(SHELXL-2017/1)i 

Function Minimized Sw(|Fo|2-|kFc|2)2 (k: overall scale factor) 
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Weighing scheme, w 

 w = [s(Fo
2) + (a P)2 + (b P)]-1 

w = [s(Fo
2) + (0.0723 P)2 + 1.2456 P]-1 

P-factor [Max(Fo
2,0) + 2 Fc

2]/3 
Data / restraints / parameters 4891 [Fo

2 ³ -3s(Fo
2)] / 5 / 305 

Reflection (observed)/parameter ratio 11:1 
Reflection (data)/parameter ratio 16:1 
Goodness-of-fit on F2 

 GooF = {S[w(Fo
2-Fc

2)2]/(n - p)}1/2 

 n: number of reflections, p: number of parameters 

1.018 

Final R indices  

R1 = [S||Fo|-|Fc||]/[S|Fo|] for [Fo
2 > 2s(Fo

2)] 0.0641 
wR2 = {[Sw(Fo

2-Fc
2)2]/[Sw(Fo

2)2]}1/2 [all data] 0.1795 
Max. Shift/Error in Final Cycle 0.000 

Largest difference peak and hole 0.833 and -0.603 e-/Å3  

Transmission factor (min) 0.7071 [SADABS] 
Transmission factor (max) 0.7454 [SADABS] 

 

 
 
Figure C-10 Unit cell of cyclic tambjamine YP1 X-ray structure. (A) View at origin of unit 
cell, (B) view on ab face of unit cell. Hydrogen atoms and formic acid molecule omitted for clarity. 
The edge colours refer to the a (blue), b (green), and c (red) coordinates. 

(B) (A) 
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Figure C-11 Full asymmetric unit of cyclic tambjamine YP1 crystal structure.  


