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Abstract 

Investigation of new alterochromide-like natural products from Pseudoalteromonas luteoviolacea 

2ta16 and the Expression and purification of a serine protease HtrA protein from Faecalibacterium 

prausnitzii 

 To mimic the native environment of P. luteoviolacea 2ta16 and to potentially turn on silent gene 

clusters, including an alterochromide-like cluster, cotton scaffolds were added to the culture media. 

Modification of culturing conditions such as time, temperature, and culture size, along with the addition 

of cotton scaffolds, appears to produce significant changes in culture phenotype, and with UPLC-PDA-

MS analysis, differences in metabolite production are also observed. Supplementation of the cultures with 

coumaric acid, a key molecule involved in the biosynthesis of alterochromides, was also investigated. 

New metabolites with distinctive UV absorbance have been observed, and efforts are ongoing to isolate, 

purify, and characterize these peaks using HPLC, high-resolution mass spectrometry and NMR analysis.  

 

Emerging data has begun to show the bidirectional interactions between the gut, the microbiome, 

and the brain. Decreased levels of Faecalibacterium prausnitzii (F. prausnitzii) in the gut have been 

associated with irritable bowel disease, irritable bowel syndrome, Crohn’s disease, and ulcerative colitis. 

It appears that secretory products of F. prausnitzii act on protease-activated receptor-4 (PAR-4) on gut 

neurons; PAR-4 activation is anti-nociceptive. 

Genomic analysis of F. prausnitzii revealed several possible serine proteases encoded in the 

genome. Two of the encoded serine proteases appear to be the most plausible proteins responsible for the 

observed anti-nociceptive effects. One serine protease is hypothesized to be membrane-bound, while the 

other is a high temperature requirement A (HtrA) serine protease. Since previous studies examined the 

supernatant of commensal bacteria, it was postulated that the serine protease would not be membrane-

bound and the HtrA serine protease was investigated. To determine what role the serine protease HtrA 

might play in the gut, the protein was cloned and heterologously expressed in Escherichia coli.  



iii 

 

Co-Authorship 

Lorena Ucciferri initiated this project, along with the guidance of Dr. Avena Ross, and was 

involved in all experimental development. Research presented in this thesis was performed by Lorena 

Ucciferri. The phenotype and metabolite changes brought on by the addition of cotton scaffolds to P. 

luteoviolacea 2ta16 cultures was first discovered by a PhD candidate in the Ross Lab, Marshall 

Timmermans. Dr. Jiaxi Wang obtained all High-Resolution Mass Spectrometry data measured on the 

ThermoFisher Scientific Orbitrap Velos Pro instrument. 



iv 

 

Acknowledgements 

I would like to thank my supervisor, Dr. Avena Ross, for giving me the opportunity to complete 

my Master’s degree, and for providing me with support, guidance, and encouragement throughout my 

time in the lab. You are truly my role model, and a great example of a successful woman in science. I 

would also like to thank the rest of my thesis committee, Dr. David Zechel and Dr. Cathleen Crudden, for 

their advice and taking the time to read through my work. I would like to thank Queen’s University and 

the Department of Chemistry for providing me with an excellent environment to complete my masters, 

and for providing excellent research facilities.  

 

I would like to send a big thank you to the rest of the Ross Lab members, both past and present. 

Without your support, guidance, and patience, my experience at Queen’s would have been much 

different. I would like to particularly thank Katherine Picott and Ella deKemp, for teaching me molecular 

biology techniques, and always being around to answer my not-so-intelligent questions. I would also like 

to thank them for not only being great lab mates, but for also becoming great friends. It has been a true 

pleasure working in the Ross Lab, and I will take the skills I learned with me in my next adventures.  

 

I also need to thank my parents. Thank you for encouraging me to move away from home to 

pursue my interests, for helping me move, and for always being there when I felt discouraged. You 

provided me with the courage to make the big move. I would lastly like to thank Jeff for keeping me sane 

throughout this whole process.  

  



v 

 

Statement of Originality 

I hereby state that the contents of this thesis are the author’s original work. Any ideas, techniques, 

and/or data from the work of others, published or unpublished, are recognized and fully attributed 

to the original source in agreement with standard referencing conventions. 

 

(Lorena Ucciferri) 

 

(August 2019) 



vi 

 

Table of Contents 

Abstract .................................................................................................................................................. ii 

Co-Authorship ....................................................................................................................................... iii 

Acknowledgements ................................................................................................................................ iv 
Statement of Originality .......................................................................................................................... v 

List of Figures ........................................................................................................................................ ix 

List of Schemes ..................................................................................................................................... xii 
List of Tables ....................................................................................................................................... xiii 

List of Abbreviations ............................................................................................................................ xiv 

Chapter 1 Investigation of Natural Products from Pseudoalteromonas luteoviolacea: Introduction .......... 1 
1.1 Natural Products ............................................................................................................................ 1 
1.2 Pitfalls in Natural Product Discovery ............................................................................................. 3 

1.2.1 Silent Gene Clusters ................................................................................................................ 4 
1.3 Advances in Genome Mining ......................................................................................................... 4 

1.4 Current Methods in Silent Biosynthetic Gene Cluster Activation .................................................... 7 
1.4.1 Pleiotropic Cultivation Approaches ......................................................................................... 8 

1.4.1.1 One Strain Many Compounds ......................................................................................... 10 

1.4.1.2 High-Throughput Elicitor Screening ............................................................................... 14 
1.5 Pseudoalteromonas Genus ........................................................................................................... 16 

1.5.1 Pseudoalteromonas luteoviolacea ......................................................................................... 17 
1.6 Alterochromides .......................................................................................................................... 20 

1.7 Thesis Objectives ........................................................................................................................ 25 
Chapter 2 Experimental ......................................................................................................................... 26 

2.1 Materials ..................................................................................................................................... 26 

2.2 Equipment ................................................................................................................................... 26 

2.2.1 Ultra-Performance Liquid Chromatography-Photodiode Array-Mass Spectrometry ............... 26 

2.2.2 High-Performance Liquid Chromatography-Photodiode Array .............................................. 26 

2.2.3 High-Resolution Mass Spectrometry ..................................................................................... 27 
2.2.4 Matrix Assisted Laser Desorption/Ionization ......................................................................... 27 

2.3 General Methods ......................................................................................................................... 27 

2.3.1 P. luteoviolacea 2ta16 Culturing Conditions ......................................................................... 27 

2.3.2 Extraction ............................................................................................................................. 28 
2.3.3 UPLC-PDA-MS.................................................................................................................... 29 



vii 

 

2.3.4 HPLC-PDA .......................................................................................................................... 29 

2.3.5 HRMS and MS/MS ............................................................................................................... 30 
2.3.6 MALDI................................................................................................................................. 30 

Chapter 3 Results and Discussion .......................................................................................................... 31 

3.1 Phenotype Differences ................................................................................................................. 31 
3.2 Metabolite Differences ................................................................................................................ 32 

3.3 Novel Molecule Isolation, Purification, and Identification ............................................................ 43 

3.4 Genome Mining of P. luteoviolacea 2ta16 ................................................................................... 50 
Chapter 4 Conclusion and Future Work ................................................................................................. 54 

Chapter 5 The Expression and Purification of a Serine Protease HtrA Protein from Faecalibacterium 

prausnitzii: Introduction ........................................................................................................................ 56 
5.1 The Gut-Brain Connection ........................................................................................................... 56 

5.2 Visceral Pain and Proteases ......................................................................................................... 58 
5.3 Serine Proteases ........................................................................................................................... 60 
5.4 Faecalibacterium prausnitzii ....................................................................................................... 64 

5.5 Making the Connection Between F. prausnitzii, Serine Proteases HtrA and Pain .......................... 65 
5.6 Thesis Objectives ........................................................................................................................ 68 

Chapter 6 Experimental ......................................................................................................................... 69 

6.1 Materials ..................................................................................................................................... 69 
6.2 General Methods ......................................................................................................................... 72 

6.2.1 Bacterial Cultivation ............................................................................................................. 72 
6.2.2 Expression Vector Construction ............................................................................................ 72 

6.2.2.1 Protein Gene Amplification ............................................................................................ 73 

6.2.2.2 Vector Linearization ....................................................................................................... 75 
6.2.2.3 Gibson Assembly ........................................................................................................... 75 

6.2.3 Protein Expression ................................................................................................................ 76 

6.2.4 Protein Purification ............................................................................................................... 78 

6.2.4.1 Cell Lysis ....................................................................................................................... 78 

6.2.4.2 Gravity Nickel Column Chromatography ....................................................................... 78 

6.2.4.3 DEAE Anion Exchange Chromatography ....................................................................... 79 
6.3 Enzyme Construct Specific Methods ............................................................................................ 79 

6.3.1 pET28a-SPHtrA Construct and Expression ............................................................................ 79 

6.3.2 pET28a-cat.SPHtrA Construct and Expression ...................................................................... 80 
6.3.3 pQI-MBP-cat.SPHtrA Construct ........................................................................................... 81 



viii 

 

6.3.4 pET28a-Cterm-cat.SPHtrA Construct.................................................................................... 82 

Chapter 7 Results and Discussion .......................................................................................................... 84 
7.1 Construction of pET28a-SPHtrA .................................................................................................. 84 

7.1.1 Expression Tests of pET28a-SPHtrA ..................................................................................... 85 

7.2 Construction of pET28a-cat.SPHtrA ............................................................................................ 89 
7.2.1 Expression and Purification of pET28a-cat.SPHtrA ............................................................... 91 

7.3 Construction of pQI-MBP-cat.SPHtrA ......................................................................................... 97 

7.4 Construction of pET28a-Cterm-cat.SPHtrA ................................................................................. 98 
Chapter 8 Conclusion and Future Work ............................................................................................... 100 

References .......................................................................................................................................... 102 

Appendix A Project 1 .......................................................................................................................... 119 
Appendix B  Project 2 ......................................................................................................................... 128 

 



ix 

 

List of Figures 

Figure 1. Examples of natural products used as anticancer drugs.............................................................. 1 

Figure 2. Novel secondary products discovered by genetic approaches for activating silent BGCs. .......... 8 

Figure 3. Pleiotropic approaches for BGC activation. ............................................................................ 10 
Figure 4. Six new metabolites isolated from P. quadriseptata. ............................................................... 11 

Figure 5. SEM images of cotton fibers without bacteria present (left) and cotton fibers with P. 

luteoviolacea present. ............................................................................................................................ 13 
Figure 6. Structures of the ARC compounds which stimulated production of actinorhodin. .................... 14 

Figure 7. Four out of the nine antibiotic elicitors discovered to activate the mal gene cluster in 

Burkholderia thailandensis. ................................................................................................................... 15 
Figure 8. Chemical structures of antibiotic molecules produced by P. luteoviolacea 2ta16. .................... 18 
Figure 9. Structures of holomycin (27) and pseudomonic acid analogues (28-30); two separate antibiotic 

classes that combine to form the more active thiomarinol hybrid. .......................................................... 19 
Figure 10. Structures of alterochromide A-like molecules and alterochromide B-like molecules. ........... 21 

Figure 11. Comparison of the alterochromide gene cluster found in P. piscicida JCM 20779 to the 

alterochromide-like gene cluster found in P. luteoviolacea 2ta16. .......................................................... 22 
Figure 12. Phenotypic differences observed between a) non-cotton containing, b) cotton containing, and 

c) cotton containing supplemented with coumaric acid P. luteoviolacea cultures.................................... 31 
Figure 13. Structure of p-coumaric acid; a precursor in alterochromide biosynthesis. ............................. 32 
Figure 14. Select chromatograms demonstrating the difference in metabolite profile produced by varying 

culturing conditions. .............................................................................................................................. 33 

Figure 15. Typical bacterial growth curve. ............................................................................................. 34 
Figure 16. Standard P. luteoviolacea PDA chromatogram...................................................................... 35 
Figure 17. PDA chromatograms demonstrating differences in metabolite production of P.  luteoviolacea.

 ............................................................................................................................................................. 36 

Figure 18. PDA chromatograms of P. luteoviolacea grown with five cotton balls. ................................. 37 

Figure 19. PDA chromatograms of culturing conditions with coumaric acid. ......................................... 39 

Figure 20. PDA chromatogram of culturing condition grown at 25 ºC for 1 day. .................................... 40 
Figure 21. PDA chromatogram of culturing condition grown at 25 ºC with coumaric acid and three cotton 

balls. ..................................................................................................................................................... 41 

Figure 22. PDA chromatograms of culturing condition grown at 25 ºC for three days with coumaric acid.

 ............................................................................................................................................................. 42 



x 

 

Figure 23. PDA chromatograms of 1 L cultures. .................................................................................... 43 

Figure 24. Mass spectrum and absorbance spectrum of the peak at 14.2 min. ......................................... 45 
Figure 25. PDA spectrum for the peak observed at 5.9 min. ................................................................... 46 

Figure 26. MALDI spectrum of the peak at 5.9 min showing chlorine isotope pattern. ........................... 46 

Figure 27. HPLC chromatogram displaying the four peaks that were collected and analyzed. ................ 47 
Figure 28. PDA chromatogram of HPLC-PDA purified fraction 2. ........................................................ 48 

Figure 29. PDA chromatogram of HPLC-PDA purified fraction 4. ........................................................ 49 

Figure 30. Simple representation of the gut-brain axis. .......................................................................... 56 
Figure 31. Simple representation of DRG neurons. ................................................................................ 59 

Figure 32. PAR signaling pathway. ....................................................................................................... 60 

Figure 33. Domain structure of HtrAs in Gram-negative bacteria. .......................................................... 64 
Figure 34. Summary of the experiments performed by Sessenwein et al.. .............................................. 67 

Figure 35. Vector map of the pET28a-SPHtrA construct. ....................................................................... 80 
Figure 36. Vector map of the pET28a-cat.SPHtrA construct. ................................................................. 81 
Figure 37. Vector map of the pQI-MBP-cat.SPHtrA construct. .............................................................. 82 

Figure 38. Vector map of the pET28a-Cterm-cat.SPHtrA construct. ...................................................... 83 
Figure 39. PCR screening and analytical restriction digest of pET28a-SPHTRA. .................................... 85 

Figure 40. SDS-PAGE of two colonies at two different time points. ...................................................... 86 

Figure 41. Phyre2 summary for the SPHtrA gene. .................................................................................. 87 
Figure 42. Secondary structure and disorder prediction from Phyre2. ..................................................... 88 

Figure 43. Schematic representation of the removal of the transmembrane helix. ................................... 89 
Figure 44. PCR amplification of pET28a-cat.SPHtrA and PCR amplification to install correct overhangs 

for Gibson Assembly. ............................................................................................................................ 89 

Figure 45. PCR screening and restriction digest check of pET28a-cat.SPHtrA. ...................................... 90 
Figure 46. SDS-PAGE of varied IPTG concentrations for pET28a-cat.SPHtrA expression. .................... 92 

Figure 47. SDS-PAGE of various EtOH concentrations, and glucose for pET28a-cat.SPHtrA expression.

 ............................................................................................................................................................. 93 

Figure 48. SDS-PAGE of time and temperature expression trials of the putative pET28a-cat.SPHtrA. ... 94 

Figure 49. SDS-PAGE of DEAE anion exchange purification of pET28a-cat.SPHtrA. ........................... 96 

Figure 50. PCR screening and restriction digest of pQI-MBP-cat.SPHtrA. ............................................. 98 
Figure 51. PCR screening and restriction digest of pET28a-Cterm-cat.SPHtrA. ..................................... 99 

Figure 52. PDA chromatograms for P. luteoviolacea (100 mL, two days, 30 ºC, three cotton balls). .... 119 

Figure 53. PDA chromatograms of culturing conditions with coumaric acid grown for two days. ......... 120 
Figure 54. PDA chromatograms of culturing conditions with coumaric acid and no cotton balls. ......... 121 



xi 

 

Figure 55. PDA chromatograms of culturing conditions grown at 25 ºC for 2 days. ............................. 122 

Figure 56. PDA chromatograms of culturing condition at 25 ºC grown for one day with coumaric acid.123 
Figure 57. Full MALDI spectrum of the purified fraction 2. ................................................................. 124 

Figure 58. Purified fraction 1 PDA chromatogram. .............................................................................. 124 

Figure 59. TIC of purified fraction 3. ................................................................................................... 125 
Figure 60. HRMS of fraction 4. Molecule of interest is in the red box. ................................................. 125 

Figure 61. MS/MS spectrum of fraction 2. ........................................................................................... 126 

Figure 62. MS/MS spectrum of fraction 4. ........................................................................................... 127 
Figure 63. Absorbance chromatogram of the DEAE anion exchange column used to purify the assumed 

cat.SPHtrA. ......................................................................................................................................... 128 

Figure 64. SDS-PAGE of expression tests for pET28a-SPHtrA. ........................................................... 128 
Figure 65. SDS-PAGE of initial purification attempt using a gravity nickel column. ............................ 129 

Figure 66. SDS-PAGE of protein purification with various imidazole concentrations........................... 129 
 



xii 

 

List of Schemes 

Scheme 1. Proposed alterochromide biosynthesis. ................................................................................. 24 

Scheme 2. Bromination by Bmp2 and Bmp5. ........................................................................................ 51 

Scheme 3. General serine protease mechanism. ..................................................................................... 62 
 



xiii 

 

List of Tables 

Table 1. antiSMASH analysis of the P. luteoviolacea 2ta16 genome. ..................................................... 20 

Table 2. P. luteoviolacea culturing conditions. ...................................................................................... 28 

Table 3. Significant alignment results from protein BLASTs of known halogenases against the P. 

luteoviolacea 2ta16 genome. ................................................................................................................. 53 

Table 4. Primer sequences used in plasmid cloning and used for gene amplification in vector screening. 70 

Table 5. Synthetic gene block. ............................................................................................................... 70 
Table 6. Buffers used in protein imaging, purification, and storage. ....................................................... 72 

Table 7. Q5® PCR reaction mixture. ..................................................................................................... 73 

Table 8. Phusion® PCR reaction mixture. ............................................................................................. 74 
Table 9. General PCR thermal cycler program. ...................................................................................... 74 
Table 10. Conditions tested to determine optimal protein expression parameters. ................................... 77 

 



xiv 

 

List of Abbreviations 

6xHis Hexahistidine 

antiSMASH Antibiotic and Secondary Metabolite Analysis Shell 

ARC Antibiotic Remodeling Compounds 

AU Absorbance Units 

bp (kbp) Base Pair (kilobase pair) 

BGC Biosynthetic Gene Cluster 

BLAST  Basic Local Alignment Search Tool 

cAMP Cyclic Adenosine Monophosphate 

CHCA 𝛼-cyano-4-hydroxycinnamic acid  

CNS Central Nervous System 

C-terminal Carboxy-terminal 

CV Column Volume 

DEAE Diethylaminoethyl  

DMSO Dimethyl Sulfoxide 

DNA Deoxyribonucleic Acid 

dNTP Deoxynucleotide Triphosphate 

DRG Dorsal Root Ganglia 

DTT Dithiothreitol 

E. coli Escherichia coli 

ESI Electrospray Ionization 

EtOAc Ethyl Acetate 

EtOH Ethanol 

ExPASy Expert Protein Analysis System 



xv 

 

FPLC Fast Protein Liquid Chromatography 

F. prausnitzii Faecalibacterium prausnitzii 

GBA Gut-Brain Axis 

GF Germ-Free 

GI Gastrointestinal 

GlcNAc N-acetyl-D-glucosamine 

HEPES 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid 

HiTES High-Throughput Elicitor Screening 

HPLC High-Performance Liquid Chromatography 

HtrA High Temperature Requirement A 

IBS Irritable Bowel Syndrome 

IPTG Isopropyl-𝛽-D-1-thiogalactopyranoside 

LB Lennox Broth 

M2216 Difco Marine Media 2216 

MALDI Matrix Assisted Laser Desoprtion/Ionization 

MBP Maltose Binding Protein 

MeCN Acetonitrile 

MeOH Methanol 

MRSA Methicillin-Resistant Staphylococcus aureus 

MS (MS/MS) Mass Spectrometry (Tandem Mass Spectrometry) 

NCBI National Center for Biotechnology Information 

NRP Non-Ribosomal Peptides 

NRPS Non-Ribosomal Peptide Synthetase 

N-terminal Amino-terminal 

NMR Nuclear Magnetic Resonance 



xvi 

 

OD600 Optical Density at 600 nm 

OSMAC One Strain Many Compounds 

PAGE Polyacrylamide Gel Electrophoresis 

PAR Proteinase-Activated Receptor 

PCR Polymerase Chain Reaction 

PDA Photodiode Array 

Phyre2 Protein Homology/analogy Recognition Engine v2.0 

PK Polyketide 

PKS Polyketide Synthase 

r.t. Retention Time 

RiPPs Ribosomal and Post-translationally modified Peptides  

rpm Rotations per Minute 

SDS Sodium Dodecyl Sulfate 

SEM Scanning Electron Microscope 

TAL Tyrosine Ammonia Lyase  

TFA Trifluoroacetic Acid 

TIC Total Ion Current/Chromatogram 

UPLC Ultra-Performance Liquid Chromatography 

UV Ultraviolet 

 

 



 

1 

 

OH

HO

OH

O

O

O

OH

OH

OH
O

O O

NH2
OH

H

OH

O

O

OH

NHO

HO

O O
O

OH

OH
OO

O O

Resveratrol (1) Taxol (3)Doxorubicin (2)

Chapter 1 

Investigation of Natural Products from Pseudoalteromonas 

luteoviolacea: Introduction 

1.1 Natural Products 

Natural products (NPs), also known as secondary metabolites, are compounds produced 

by organisms that are not essential to the survival of the organism. Secondary metabolites are 

used by organisms for functions such as protection, signaling processes, and communication with 

other organisms.1 The value of NPs is extremely evident in small molecule drugs, particularly in 

the anticancer field (Figure 1).2 In the past 74 years, approximately 49 % of the small molecule 

drugs approved for cancer treatment are NPs or are derived directly from NPs.3 The structural and 

chemical diversity offered by NPs is unmatched by synthetic libraries, yet NPs remain largely 

undiscovered and underrepresented in current small molecule libraries.  

 

 

 

Figure 1. Examples of natural products used as anticancer drugs. 

Throughout history, humans have used NPs for medicinal purposes.4 Long before their 

biological activities were fully understand, people were taking advantage of NPs; many herbs and 

formulations are still in use today.4 One well known and still used example is willow bark. 

Willow bark has been traditionally used to reduce fevers and pain and contains salicin, a 

precursor molecule to salicylic acid.4 Salicin is hydrolyzed in the small intestine to salicylic 

alcohol, and then oxidized by intestinal bacteria to the active salicylic acid.4 A more recent 



 

2 

 

example of a natural product that has been around for a long time is artemisinin. Artemisinin is a 

traditional Chinese herb isolated from the plant, Artemisia annua.5 Artemisinin and its derivatives 

was discovered in the 1970s by a group of Chinese scientists, and the main use of these 

compounds is for the treatment of malaria.5 In 2015, the Nobel Prize for Medicine was awarded 

to Tu Youyou for her discoveries of artemisinins and for their use against fighting malaria.6 NP-

derived drugs played a massive role in expanding human life expectancy by treating infections, 

surgical wounds, cancer, and other ailments that would have been life threatening.3,7,8 Many NPs 

were discovered between the 1950-1960s; this time was termed the “Golden Era of NP 

Discovery”.9 As the structures of many NPs were determined, synthetic analogues were generated 

which allowed for the modification of the molecules to enhance their characteristics such as 

bioactivity, solubility, and stability. New libraries consisting of synthetic small molecules were 

created and quickly overtook NP libraries in both size and diversity. Pharmaceutical companies 

abandoned efforts into NP discovery and turned to screening synthetic analogs instead.9,10 Many 

NP libraries consisted of partially pure extracts which were incompatible with synthetically 

produced products, and the high-throughput screening methods that pharmaceutical companies 

began to use.9 To add to the decline of NP discovery and further push pharmaceutical companies 

away from NPs, the rates of molecule rediscovery among NPs was extremely high as the easy and 

obvious NP targets were already discovered. Despite the decline of new NP discovery efforts, as 

of 2014 it is estimated that 60% of drugs available on the market are natural products or natural 

product derived.3 The need for new antibiotics is also increasing rapidly due to the rise of 

multidrug-resistant infections, such as tuberculosis, gonorrhea, and pneumonia.11 Thanks to the 

advances in genomic mining and genetic engineering, NP research is back on the rise and we are 

entering a “New Golden Age”.9 

Bacteria are among the organisms that often have secondary metabolites with unique 

structures, making them excellent candidates for useful and novel NP discovery.7 Secondary 
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metabolites from bacteria are encoded in biosynthetic gene clusters (BGCs). A BGC is defined as 

a group of two or more genes, localized in the genome, that encode a biosynthetic pathway for the 

production of a particular compound.12 The field of NP research has been evolving rapidly due to 

the increased knowledge about gene clusters and the ability to match BGCs to their product 

molecules.  

1.2 Pitfalls in Natural Product Discovery 

Despite many of the recent advances in NP discovery, the field is burdened with many 

challenges, including the presence of silent gene clusters, high rates of rediscovery, and 

molecules being produced in low yields, below current detection limits.8 The difficulties the NP 

discovery field faces can be broadly broken up into two categories: the pharmaceutical 

environment and requirements and the technical limitations involved in NP discovery.13 The great 

success that pharmaceutical companies possess has created an immense pressure to discover 

“blockbuster” drugs; a few drugs making up the bulk of the profit.13 Unfortunately, due to the 

reasons discussed below, NPs are not desirable candidates for high through-put screening for drug 

activities. Pharmaceutical companies turned their attention away from NP discovery and to 

screening synthetic libraries as they are easier to identify and to scale up production.13 Bacterial 

cultures contain complex mixtures of primary and secondary metabolites that are often difficult to 

fully characterize. Many novel metabolites may be hidden by known metabolites, or simply 

overlooked in the complex mixtures.7 Bacteria are also highly sensitive and are often difficult to 

culture under normal laboratory conditions. Changes in temperature, pH, culturing time, 

availability of nutrients and signaling molecules, and exposure to light, may all affect the 

production of secondary metabolites by the organism; as each element influences metabolite 

production in subtle ways.14,15 The complex relationship between microbes and their environment 

makes sense when you begin to think about how microbes typically grow in their natural 

environments. Microbes interact with their environment and other species, and rarely ever grow 
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in isolation. The full biosynthetic potential of microbes is often not seen under normal laboratory 

conditions and many organisms produce far fewer secondary metabolites than their genomes 

predict.13,20 The advances in genomic mining have also shed light on this issue – many organisms 

possess silent or cryptic BGCs that may produce novel molecules with valuable antibiotic 

activities. 

1.2.1 Silent Gene Clusters 

Under normal laboratory conditions, many of the activating signals for 

transcription/translation of BGCs are absent, resulting in the down-regulation of many BGCs.16 

Two main levels of control for gene regulation exist in bacteria, due to the fact that genes tend to 

cluster together. One level of control is cluster-situated regulators (CSRs) that activate or repress 

a specific BGC.17 The other level of control is global regulators that transmit to a range of BGCs 

and other metabolic pathways by responding to environmental signals.15 Despite knowing the two 

main levels of control for BGCs, the relationship between environmental triggers and the 

activation of silent BGCs is still largely unknown. Recently, a lot of research effort has gone into 

developing techniques that are capable of activating silent BGCs and tapping into the wealth of 

potential antibiotics.  

1.3 Advances in Genome Mining 

Recent advances in genome mining and the development of bioinformatics tools such as 

Antibiotics and Secondary Metabolite Analysis Shell (antiSMASH), Basic Local Alignment 

Search Tool (BLAST), and Expert Protein Analysis System (ExPASy), has allowed for the 

identification of thousands of biosynthetic gene clusters, and the rapid mining of many novel 

secondary metabolites.12,18–20 The rapid evolution of genome sequencing has revolutionized the 

field of natural product discovery.21 Beginning in the 1970’s and 1980’s, the first biosynthetic 

genes were discovered in Streptomyces, and some BGCs were connected to known molecules.22,23 
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Based on genetic information, molecules were predicted and isolated – leading to the classical 

idea of genomic mining.21  

The mining of enzymes involved in secondary metabolite biosynthesis represents the 

most classical version of genomic mining. Simply, a sequence encoding a “reference” enzyme is 

used to identify homologous/related sequences in the organism of interest.21 Despite the large 

diversity of secondary metabolites, molecule families are often produced by related core 

biosynthetic enzymes that contain high amino acid sequence similarity.21 There are several 

classes of secondary metabolites that possess conserved biosynthetic machineries including: 

polyketides (PKs) which are produced by polyketide synthases (PKS), non-ribosomal peptides 

(NRPs) which are produced by non-ribosomal peptide synthetases (NRPS), ribosomally 

synthesized and post-translationally modified peptides (RiPPs), and terpenoids. Despite the 

usefulness of classical genome mining, it is limited to known biosynthetic families and can only 

provide information on known homologous enzymes. Another challenge arises when looking at 

the genomes of less investigated organisms. The most well-studied bacterial genome is that of the 

Streptomyces, first sequenced and studied in the 70s and 80s.21 Less studied bacteria may have 

incomplete genomic information, or genomic information of lower quality which makes it 

difficult to match known homologous enzymes to the genome sequence.  

Classical genome mining can be expanded to comparative genome mining which does 

not focus solely on whole or known genes, but can use partial or incomplete gene clusters.21 An 

example of software that is extremely useful for comparative genome mining is antiSMASH. 

antiSMASH allows for the user to submit a genome, partial or complete, and then compares it to 

the entire National Center for Biotechnology Information (NCBI) GenBank database, resulting in 

a prediction of annotated BGCs.24 Another software that can be used for comparative genome 

mining is ClusterFinder. ClusterFinder identifies BGCs by using a two-state Hidden Markov-

Model; one state corresponds to BGCs, and the second state corresponds to the rest of the 
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genome.25 ClusterFinder is probabilistic in nature and can predict gene clusters even when the 

interpretation of the results is difficult or the BGC is unknown, resulting in lower confidence 

predictions.24  

Secondary metabolite gene clusters are often modular in nature, and may be randomly 

shuffled and swapped in order for organisms to evolve and develop defence systems.26 BGCs can 

be altered through mutation, through intragenic rearrangement, or through module duplication, to 

result in the creation of new molecules.26 This is the logic behind phylogeny-based genomic 

mining; comparing multiple bacterial genomes to detect gene clusters, track the evolution of gene 

clusters, and identify potentially novel secondary metabolites.27 The phylogenetic trees of 

biosynthetic genes are then used as guides to help determine which BGC should be analyzed in-

depth. If an unknown sequence forms an outlier in a phylogenetic tree, it might encode novel 

NPs; in contrast, if an unknown sequence forms a tight clade with known sequences, then its gene 

cluster will closely relate to known BGCs and may not be worth investigating further.27 An 

example of a bioinformatic tool that can be used for this type of genomic mining is Natural 

Product Domain Seeker (NaPDoS).21 NaPDoS automatically detects ketosynthase domains and 

condensation domains in NRPS and PKS gene clusters and compiles a phylogenetic tree to detect 

novel secondary metabolites.21 Phylogeny-based genome mining is advantageous because it can 

quickly screen a large number of microbial genomes with a single gene, and it can detect novel or 

unusual enzyme families.21,27  

The different types of genomic mining techniques discussed above represent an overview 

of the general approaches used, but are in no way a comprehensive review of all of the current 

techniques. There are multiple bioinformatic tools available to researchers for the detection, 

dereplication, and prioritization of BGCs.21  
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1.4 Current Methods in Silent Biosynthetic Gene Cluster Activation  

Induction of silent BGCs can be achieved through either genetic modifications or through 

modification of the culturing conditions. The current techniques used to activate silent BGCs are 

typically divided into two categories: pleiotropic approaches and pathway-specific approaches, 

both of which can be applied to the modification of culturing techniques and genetic 

modifications.16 Both pleiotropic and pathway-specific approaches have methods that 

successfully identified novel metabolites through the induction of silent BGCs. The two 

categories, pleiotropic and pathway-specific, will be briefly discussed, and examples will be 

provided for both approaches. It is important to touch on these topics because many of these 

techniques where considered or applied to the project described in this thesis to potentially 

activate the BGC of interest. 

Genetic approaches are not the focus of this research project, however it is a useful and 

valid technique for silent BGC activation and will be briefly discussed here. Genetic approaches 

require a high degree of knowledge about the BGC of interest and the regulatory machinery for 

that organism, therefore it is difficult to employ genetic strategies for unknown BGCs, or silent 

BGCs.28 Genetic pleiotropic approaches typically involve introducing mutations in RNA 

polymerase, global transcription regulators, and ribosomal proteins to induce nonspecific BGC 

activation.16 An example of a genetic pleiotropic approach is demonstrated by Gessner et al..29 

The group supplemented several Streptomyces strains with a functional bldA gene, a gene 

responsible for the expression of adpA which regulates antibiotic production, and discovered two 

new compounds (4 and 5) (Figure 2).29 Genetic pathway-specific approaches involve the 

manipulation of pathway-specific regulators, heterologous expression (expression of the entire 

BGC in a heterologous host), and refactoring (replacing the natural BGC promotors with readily 

inducible promotors).16 An interesting example of the genetic pathway-specific approach was 

demonstrated by Olano et al..30 Olano and coworkers inserted a strong promotor in front of each 
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gene in a BGC from Streptomyces albus J1074; this approach lead to the discovery of two new 

alteramide derivatives, 6-epialteramides A (6) and B (7) (Figure 2).30 

Pathway-specific approaches typically require that information is known about the 

pathway, and about the regulators that control the pathway. This means that these types of 

approaches are lower-throughput when compared to pleiotropic approaches. Examples of 

methods involving pathway specific approaches includes: manipulation of pathway-specific 

regulatory genes, refactoring, and heterologous expression.30–33 These techniques have led to the 

discovery of novel metabolites such as the stambomycins, gaudimycins D and E, and 

avermitilol.33–35 Pathway-specific approaches were not considered for the purpose of this research 

project because not very much is known about the BGC of interest; therefore pleiotropic 

approaches were a better fit. 

 

 

 

 

 

 

 

 

1.4.1 Pleiotropic Cultivation Approaches  

Pleiotropic approaches are non-specific and influence the expression of more than one 

BGC; the term pleiotropic means to have more than one effect. This approach is particularly 

Figure 2. Novel secondary products discovered by genetic approaches for activating silent 

BGCs. 
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useful when little or no information is available about the regulation of the BGCs of interest. 

Another advantage of the pleiotropic approach is that it enables high-throughput screening and 

can be applied to many strains. Pleiotropic cultivation approaches include a number of strategies 

such as: high-throughput elicitor screening (HiTES), one strain many compounds (OSMAC), 

small molecule elicitors, co-culturing, and scaffolds (Figure 3).16,36–39 The first two strategies will 

be discussed in more detail in the following sections. The motivation behind the co-culturing 

strategy arose due to an organism’s native environment where there are many intra- and 

interspecies interactions. The interactions between potential competitors could alter the 

production of secondary metabolites. Metal ions are also often employed as elicitors of silent 

BGCs. Some examples of the use of metal ion elicitors include: using Co2+ to stimulate 

production of several novel polyketides from the marine fungus Penicillium sp. BB1122, using 

Ni2+ to activate a silent BGC in the marine Streptomyces strain NA-ZhouS1 which led to the 

isolation of two new compounds, as well as using the rare earth metal lanthanum.40–42 N-acetyl-D-

glucosamine (GlcNAc), a component of peptidoglycan in bacterial cell walls and chitin in fungal 

cell walls, is a sugar elicitor that has also been shown to alter secondary metabolite production in 

a number of actinomycetes.43,44 The review in the following sections is in no way comprehensive; 

there are many methods, both pleiotropic and genetic, that will not be discussed including quorum 

sensing biomolecules, engineering of the transcription and translational machinery, epigenetic 

modifications and the manipulation of global regulators.16,36 
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1.4.1.1 One Strain Many Compounds 

The term “one strain many compounds” was first coined in 2002 by Zeeck and co-

workers.45 Simply, OSMAC means that one strain has the ability to produce many compounds 

when grown under different conditions. Changing culturing conditions has proven successful for 

a variety of strains, and several new classes of molecules were discovered using this method. 

Zeeck and co-workers demonstrated that by changing simple parameters such as temperature, 

shape of the flask, salinity, and aeration, Aspergillus ochraceus produced 15 metabolites; 

typically A. ochraceus is known to only produce aspinonene.45 Other groups such as Martin et al. 

were able to demonstrate how the phosphate concentration influences the production of secondary 

metabolites in Streptomyces.46 One example of OSMAC that is quite interesting and demonstrates 

the complex interactions between culturing conditions and metabolite production was performed 

by Paranagama et al. The authors were able to characterize six new metabolites (8-13) from the 

Figure 3. Pleiotropic approaches for BGC activation. 
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plant-associated fungi, Paraphaeosphaeria quadriseptata, simply by changing the water that was 

used to make the media from tap water to distilled water (Figure 4).47  

 

 

 

 

 

 

 

 

Figure 4. Six new metabolites isolated from P. quadriseptata. Including Cytosporones F-I (8-

11), quadriseption A (12), and 5’-hydroxymonocillin III (13).47 

 

Changing the temperature is another proven technique for inducing metabolite changes in 

several bacteria, including Pseudoalteromonas sp. SM9913. Zeng et al. recently demonstrated 

that heat stress caused the typically non-pigmented SM9913 to produce a brown pigment at 

elevated temperatures, which they associated with the induction of melA.48 The melA gene 

encodes for the biosynthesis of homogentistic acid, which can undergo auto-oxidation to produce 

pyomelanin (structure still unknown).48 Another example of how small temperature changes can 

affect metabolite production was demonstrated by Alonso et al..49 Alonso and coworkers 

investigated the production of lactobionic acid from Pseudomonas taetrolens by testing four 

different growth temperatures (26 ºC, 28 ºC, 30 ºC, and 32 ºC).49 The authors found that at 28ºC 

P. taetrolens demonstrated optimal performance; however, optimal lactobionic acid occurred at 

30ºC.49  

A more recent approach, demonstrated by the Ross lab, involve the addition of cotton 

scaffolds to the culture media.37 A PhD candidate in the Ross Lab, Marshall Timmermans, 
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supplemented the culture media with cotton balls to mimic the natural environment marine 

organisms are typically found in, in an attempt induce secondary metabolite production. 

Timmermans et al. was able to induce phenotype changes, along with chemotype changes, in 

three different Pseudoalteromonas strains including: Pseudoalteromonas rubra DSM-6842, 

Pseudoalteromonas piscicida JCM 20779, and Pseudoalteromonas luteoviolacea 2ta16, by 

simply adding cotton scaffolds to the liquid culture media.37 Phenotype differences were observed 

for all three strains between the cultures without cotton scaffolds and the cultures with cotton 

scaffolds.37 Scanning electron microscope (SEM) of the cotton fibers demonstrated the formation 

of clusters of microcolonies adhering to the cotton fibers of P. luteoviolacea cultures. (Figure 

5).37 The SEM images show P. luteoviolacea clearly adhering to the cotton fibers, and not 

breaking down the cotton fibers to use as a nutrient source. It is also important to note that the 

cultures with cotton scaffolds were grown with agitation and the production of violacein was 

observed. Previously, when cultures of P. luteoviolacea were grown with agitation, the 

production of violacein was halted; only when the culture was grown in a stationary manner did 

biofilm formation occur and violacein was produced.50  
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UPLC-PDA-MS experiments of all three strains demonstrated increased production of 

several known molecules: increased production of violacein and thiomarinol A for 

P. luteoviolacea 2ta16, increased production of alterochromides for P. piscicida JCM 20779, and 

increased production of prodigiosin for P. rubra DSM 6842.37 This study by Timmermans et al. 

is relatively small and was only applied to Pseudoalteromonas strains, but did demonstrate the 

importance of mimicking the organism’s natural environment as much as possible.  

 The “one strain many compounds” approach has been applied to many different microbes 

and has proven useful time and time again. The studies discussed above are only a brief snapshot 

of what is available in the literature. Two recent reviews which cover this approach and more in 

detail are written by Romano et al. and Tomm et al..28,51 This approach is beneficial because it 

requires little information about an organism’s genome and BGCs, and the techniques are cost-

effective. However, the OSMAC approach only works with culturable organisms, is very time 

consuming; finding the right conditions to trigger activation of NPs involves a lot of trial and 

error. Combining OSMAC with genome mining and high-throughput screening (discussed in the 

following section) will undoubtedly uncover novel BGCs.  

Figure 5. SEM images of cotton fibers without bacteria present (left) and cotton fibers with 

P. luteoviolacea present.  Imaged reproduced from: Timmermans, M.L., Picott, K.J., Ucciferri, 

L., Ross, A.C. MicrobiologyOpen 2018, DOI: 10.1002/mbo3.724 



 

14 

 

1.4.1.2 High-Throughput Elicitor Screening 

A high-throughput screening method is not practical for pleiotropic approaches. High-

throughput screening involves the screening of a large library of molecules for a desired 

interaction; positive hits are then examined for further testing. However, a high-throughput 

screening method would be extremely beneficial to screen for small molecule elicitors. High-

throughput elicitor screening (HiTES) was first demonstrated by Craney et al. in 2012.52 The 

authors screened a library of 30,569 small molecules for their ability to alter the pigmentation of 

Streptomyces coelicolor. A total of 112 primary hits were identified, and four molecules (ARC2 

(14), ARC3 (15), ARC4 (16), ARC5 (17)) (Figure 6) referred to as antibiotic remodeling 

compounds were chosen for further investigation based on their ability to stimulate production of 

the blue pigmented actinorhodin. ARC2 was found to decrease the yield of prodiginines, decrease 

the yield of daptomycin-like calcium-dependent antibiotic by approximately two-fold, and 

increase the production of the germicidins (A and B/C) by approximately three-fold. Based on 

this success, the authors moved on to test ARC2 as a small molecule elicitor in other bacteria. 

Three novel metabolites were identified in two other bacteria using ARC as an elicitor; meaning 

that ARC2 was able to turn on silent BGCs. Other groups then went on to create derivatives of 

ARC2, called Cl-ARC, which was applied to 50 strains of Streptomyces resulting in the induction 

of a total of 216 cryptic metabolites.53 

 

 

 

 

 

Figure 6. Structures of the ARC compounds which stimulated production of actinorhodin. 
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The method used by Craney et al. relied on phenotypic changes of the cultures for initial 

identification of a positive hit. This method has its drawbacks, as it can only be applied to strains 

that display coloured phenotypes. The key components involved in the HiTES approach include: 

the choice of organism, read-out, and small molecule library to be screened.39 By changing the 

read-out from phenotypic changes to a more general approach, HiTES becomes suitable for a 

wider variety of organisms. Seyedsayamdost and co-workers targeted LacZ and green fluorescent 

protein (GFP) as a reporter system because metabolic pathways in bacteria are typically regulated 

at the transcriptional level.38 Fluorescence or LacZ activity would signal a positive hit and that the 

targeted BGC was activated. One drawback from this read-out technique is that the silent BGC 

must be chosen beforehand and specifically targeted. To proof their concept, the team decided to 

focus on a mal cluster in Burkholderia thailandensis; this cluster is a producer of the virulence 

factor malleilactone.54 The authors were able to find nine different elicitors of the mal cluster, all 

of which are clinical antibiotics: trimethoprim (18), piperacillin (19), ceftazidime (20), 

cefotaxime (21), and five members of the fluoroquinolone family (Figure 7). Interestingly, 

subinhibitory levels induced the mal cluster while high concentrations of these antibiotics killed 

B. thailandensis. This example is one of several which highlights the ability of antibiotics to act 

as inducers of silent BGCs at subinhibitory levels.38,55 

 

 

 

 

 

 

Figure 7. Four out of the nine antibiotic elicitors discovered to activate the mal gene cluster 

in Burkholderia thailandensis. 
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HiTES is a versatile, powerful technique and has proven to be able to identify small 

molecule elicitors, which led to the discovery of many previously unknown metabolites. The 

main drawback associated with the phenotypic approach as it does not provide any insight into 

which BGC is being induced nor how the cluster is activated.39 As mentioned above, the 

drawback associated with a reporter specific read-out is that the gene cluster must be known 

beforehand. Although HiTES is still a relatively new technique, it is rapidly gaining popularity 

among many researchers and industry.  

1.5 Pseudoalteromonas Genus  

Marine bacteria represent an emerging and promising source of new natural products 

because marine bacteria are less investigated when compared to terrestrial bacteria; despite 70 % 

of the earth being covered in ocean, containing millions of diverse microrganisms.28 One marine 

genus in particular, Pseudoalteromonas, contains a plethora of medicinally relevant 

molecules.56,57 Pseudoalteromonas is a genus of Gram-negative marine bacteria, with 41 species, 

and over 3772 different strains.58 Pseudoalteromonas are aerobic, heterotrophic, 𝛾-Proteobacteria 

that can be divided into two subgroups: pigmented and non-pigmented.59 The pigmented species 

are associated with the production of bioactive natural products.56 Bioactivities of certain natural 

products produced by this genus includes: antifouling, antibacterial, and antifungal.60,56 

Pseudoalteromonads are typically found in marine environments, often forming symbiotic 

relationships with host organisms and prevent the settlement of algae, invertebrate larvae, 

bacteria, and fungi.61 The strong relationship between Pseudoalteromonads and their host 

organisms suggest the primary purpose of the bioactive secondary metabolites produced are for 

host organism protection.61 Pseudoalteromonads commonly form biofilms and produce a large 

range of bioactive secondary metabolites such as violacein (22), thiomarinol (23-25), indolmycin, 

and pentabromopseudilin (26).37 One well-studied member of the Pseudoalteromonas genus, 
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P. tunicata, is an excellent biofilm former; preventing the attachment of several eukaryotic and 

prokaryotic fouling agents.61 P. tunicata is one of two Pseudoalteromonads known to produce 

tambjamines; the other being P. citrea.62 Tambjamines are yellow pigmented compounds that 

have been reported to intercalate deoxyribonucleic acid (DNA), and coordinate metal ions or 

anions, depending on the pH.63,64 To date, 18 Pseudoalteromonas families have been found to 

produces bioactive molecules, including halogenated alkaloids.58 Strains such as P. peptidolytica, 

P. flavipulchra, P. phenolica, and P. luteoviolacea are known to produce brominated alkaloids.58 

For this project, the Pseudoalteromonad of interest is P. luteoviolacea 2ta16, a slightly less well 

studied member of the Pseudoalteromonas genus.  

1.5.1 Pseudoalteromonas luteoviolacea 

P. luteoviolacea 2ta16 is a Pseudoalteromonad that produces antibacterial and antifouling 

secondary metabolites, as well as three pigmented antibiotics: a purple-pigmented violacein (22), 

yellow-pigmented thiomarinol and thiomarinol derivatives (23-25), and green-pigmented 

pentabromopseudilin (26) (Figure 8).61,65,66 Violacein is produced by several different organisms 

such as, Chromobacterium violaceum, Janthinobacterium lividum DSM 1522, and several other 

Pseudoalteromonas strains.67 The biological activities of violacein have been studied in-depth, 

and violacein was found to demonstrate antibacterial activity, antifungal activity, antitumoral 

activity, antiparasitary activity, antiviral activity, antioxidant activity, and antinociceptive 

activity.67 Violacein has also gained interested in various industries such as the textile and 

cosmetic industry as a dye, and the agricultural industry as a pesticide.67 
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Figure 8. Chemical structures of antibiotic molecules produced by P. luteoviolacea 2ta16. 

 

Thiomarinol, produced by several Pseudoalteromonas spp., is a potent antibiotic. 

Thiomarinol displays antibiotic activities against both Gram-positive and Gram-negative bacteria, 

including methicillin-resistant Staphylococcus aureus (MRSA).68 Thiomarinol and its derivatives 

are unusual because they combine two separate antibiotic classes into one single molecule. 

Thiomarinol is composed of a holomycin (27) core which is found in dithiolopyrrolones, and 

pseudomonic acid (28-30) found in the antibiotic, mupirocin (Figure 9).69 Interestingly, the two 

constituents of thiomarinol are less active than the hybrid, against many drug resistant 

pathogens.69 The gene cluster responsible for the production of thiomarinol was sequenced in 

Pseudoalteromonas spp. SANK73390, and is composed of a PKS portion and an NRPS portion.69 
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Figure 9. Structures of holomycin (27) and pseudomonic acid analogues (28-30); two 

separate antibiotic classes that combine to form the more active thiomarinol hybrid. 

 

P. luteoviolacea 2ta16 was first isolated from a coral specimen, Montastrea anularis, 

from the Florida Keys.70 Bioinformatic analysis of the P. luteoviolacea genome using 

antiSMASH identified 13 putative BGCs (Table 1), suggesting that there are several metabolites 

yet to be discovered from this species. Out of the 13 putative BGCs identified by antiSMASH, 

only six clusters are similar to known clusters, with the highest similarity score of 80 % for the 

indole cluster matching for violacein (22). It is important to note that antiSMASH predictions are 

not always accurate and may change as the bioinformatic tool gets updated or more information is 

uncovered about the organism’s genome. P. luteoviolacea is a known producer of 

pentabromopseudilin (26) and thiomarinol A (23), however, these BGCs are not annotated in the 

latest version of antiSMASH.  
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Table 1. antiSMASH analysis of the P. luteoviolacea 2ta16 genome. 

Type of Pathway 
Number of 

Clusters 

Most Similar Known Cluster 

(Similarity) 

RiPP 2 N/A 

NRPS 3 N/A 

PKS 0 N/A 

NRPS/PKS Hybrid 4 N-tetradecanoyl tyrosine (6%), Kalimantacin 

A (10%), bromoalterochromides (42%), 

griseobactin (17%) 

Lanthipeptide 1 N/A 

Homoserine Lactone 1 N/A 

Indole 1 Violacein (80%) 

Aryl Polyene Cluster 1 APE Vf (10%) 

Other  0 N/A 

 

1.6 Alterochromides 

Genomic mining has identified several species of Pseudoalteromonas bacteria that 

contain a BGC known to produce a group of lipopeptides, exemplified by bromoalterochromide 

A and its analogues (31-36) (Figure 10). Alterochromides possess cytotoxic and antibacterial 

properties, as well as an unusual brominated moiety.71 Within the alterochromide family, 

structures can vary by length of the lipid moiety (C-15 or C-17), degree of halogenation on the 

phenolic residue (zero, one, or two bromine atoms), and by the identity of the amino acid residue 

at position 5 (isoleucine, leucine, or valine).71 
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Figure 10. Structures of alterochromide A-like molecules and alterochromide B-like 

molecules. Variable halogenation patterns are shown in red. The D-alloisoleucine residue shown 

in blue can be replaced by either D-leucine or D-valine to produce further analogues. 

 

One BGC found in P. luteoviolacea displays approximately 42% similarity to a known 

BGC found in Pseudoalteromonas piscicida JCM 20779 with many of the predicted genes having 

the same proposed functions (Figure 11).72 The characterized BGC in P. piscicida encodes a 

family of molecules known as the alterochromides, producing various analogs such as brominated 

and dibrominated compounds. Because of the high degree of similarity between the BGCs in both 

P. luteoviolacea and P. piscicida, we hypothesized that P. luteoviolacea is also capable of 

producing alterochromides analogs. However, one of the major differences between the two 

BGCs is that, in P. luteoviolacea, the BGC is missing a gene encoding a halogenase enzyme. 

Therefore, any alterochromide produced by P. luteoviolacea would likely be non-halogenated. 
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 Genomic analysis using antiSMASH predicted an approximately 34 kb alt BGC in 

P. piscicida encoding for alterochromides.73 Ross et al. cloned the entire alt pathway using a 

targeted capture approach and heterologously expressed the gene cluster in E. coli.71 Based on 

targeted knockouts of the cloned alt gene cluster, a biosynthetic pathway has been proposed for 

alterochromide biosynthesis (Scheme 1). The alt gene cluster contains all genes necessary for a 

nearly complete fatty acid biosynthetic pathway, only missing an enoyl reductase enzyme which 

accounts for the unsaturated lipid chain in alterochromides.71 AltA, a proposed tyrosine ammonia 

lyase (TAL), catalyzes the formation of coumaric acid from tyrosine.71,74 Interestingly, all 

alterochromide production was halted in an ∆altA knockout strain; however, complementing the 

mutant strain with coumaric acid restored alterochromide production.71 Coumaric acid is tethered 

to the acyl carrier protein AltB for sequential processing by AltD (catalyzes a condensation 

reaction with malonyl-CoA), AltH (catalyzes reduction), and AltG (catalyzes dehydration).74 The 

fatty acid is transferred to the NRPS where the peptide portion of alterochromides is synthesized 

by AltK, AltL, and AltM.71,74 The peptide portion of alterochromides undergoes cyclization by 

the thioesterase domain of AltM. Deletion of the halogenase gene, altN, results in the loss of the 

Figure 11. Comparison of the alterochromide gene cluster found in P. piscicida JCM 20779 

to the alterochromide-like gene cluster found in P. luteoviolacea 2ta16. 
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production of brominated alterochromides, while non-brominated alterochromides were still 

produced.71 AltN displayed specificity for bromide only, despite the abundance of chloride 

present in the media.71 Further studies into the biosynthetic mechanism of alterochromides still 

needs to occur, including in vitro experiments of the individual enzymatic reactions that produce 

these unusual lipopeptides along with the halogenation mechanism.  
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Scheme 1. Proposed alterochromide biosynthesis.  A = adenylation domain, C = condensation 

domain, T = thiolation domain, E = epimerization domain, TE = thioesterase domain. 
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1.7 Thesis Objectives 

Genomic mining of P. luteoviolacea has identified several gene clusters without 

characterized metabolites, meaning that this strain has great potential for novel natural product 

discovery. The gene cluster of particular interest to us is the alterochromide-like gene cluster. By 

manipulating culturing conditions, phenotype and chemotype differences can be observed in 

P. luteoviolacea cultures.37 We aim to turn on gene clusters not previously expressed under 

normal laboratory conditions and identify uncharacterized metabolites. The aim of this thesis 

specifically is to turn on the previously silent alterochromide-like gene cluster, and characterize 

new alterochromide-like analogues. Once new metabolites have been identified, they will be 

isolated and purified via High-Performance Liquid Chromatography (HPLC), and characterized 

using Tandem Mass Spectrometry (MS/MS) and Nuclear Magnetic Resonance (NMR) 

experiments. The bioactivities of these new metabolites can then be assessed. The isolation and 

purification of these new metabolites will add to the library of natural products produced from 

marine bacteria.  
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Chapter 2 

Experimental 

2.1 Materials 

Pseudoalteromonas luteoviolacea 2ta16 was gifted by Bradley Moore (Scripps Institution 

of Oceanography, UC San Diego, California). Difco Marine Media 2216 (M2216) was purchased 

from VWR. p-coumaric acid was purchased from Sigma Aldrich. All other reagents were 

purchased from either Sigma Aldrich or Fisher Scientific. 

2.2 Equipment 

2.2.1 Ultra-Performance Liquid Chromatography-Photodiode Array-Mass Spectrometry 

Ultra-Performance Liquid Chromatography (UPLC) was performed on a Waters Acquity 

UPLC with a 2998 Photodiode Array (PDA) Detector coupled to a Waters Acquity single 

quadrupole mass spectrometer. Analysis was achieved using three columns: a Waters UPLC BEH 

C18 column (1.7 µm particle size, 2.1 x 100 mm), a Waters UPLC CSH Phenyl-Hexyl column 

(1.7 µm particle size, 2.1 x 50 mm), and Cortecs® UPLC® T3 column (1.6 µm particle size, 2.1 x 

100 mm). Chromatographic data and mass spectra were processed with MassLynx 4.0 Mass 

Spectrometry Software.  

2.2.2 High-Performance Liquid Chromatography-Photodiode Array 

High-Performance Liquid Chromatography (HPLC) was performed on a Waters Alliance 

HPLC System with a 2998 PDA Detector. Separation was achieved using either an XBridge® 

BEH Shield RP18 SemiPrep Column (5 µm particle size, 10 x 150 mm), or an XBridge® BEH 

C8 OBDTM Prep Column (5 µm particle size, 10 x 150 mm). Data was monitored with 

Empower® 3 Software.  
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2.2.3 High-Resolution Mass Spectrometry 

High-resolution mass spectrometry (HRMS) and tandem mass spectrometry (MS/MS) 

was performed using a ThermoFisher Scientific Orbitrap Velos Pro instrument using Fourier 

transform mass spectrometry (FTMS), electrospray ionization (ESI), and collision-induced 

dissociation (CID) for fragmentation data. Spectra were analyzed using Xcalibur™ 2.2 SPI 

software. 

2.2.4 Matrix Assisted Laser Desorption/Ionization 

Matrix assisted laser desorption/ionization (MALDI) was performing using a Bruker 

AutoFlex Speed MALDI instrument.  

2.3 General Methods 

2.3.1 P. luteoviolacea 2ta16 Culturing Conditions 

P. luteoviolacea was stored as a frozen stock in 25% glycerol at -80 ºC. P. luteoviolacea 

was streaked radially onto agar plates composed of M2216 media with 2% (w/v) agar and 

incubated overnight at 30°C. M2216 media was chosen because it mimics the mineral 

composition of sea water, as well as containing peptone and yeast extract for additional nutrient 

sources. Individual colonies of P. luteoviolacea were picked and used to inoculate 5, 10, and 

15 mL starter cultures of liquid M2216. All liquid cultures were incubated overnight (~ 18 hours), 

in the dark, at 30°C with shaking at 160 rpm. Aliquots of the starter liquid cultures were used to 

inoculate various sizes of fresh M2216 cultures either with or without sterile cotton balls. Cotton 

balls were autoclaved prior to the addition to culture media. Various conditions were modified to 

turn on/increase the production of the putative alterochromide gene cluster, such as culture 

volume, temperature, and amount of cotton balls added (Table 2). P. luteoviolacea was cultured 

in either 250 mL Erlenmeyer flasks or 2800 mL Fernbach flasks, and incubated in a shake flask 



 

28 

 

incubator in the dark, shaking at 160 rpm. p-coumaric acid (1 mM) was added to the large scale 

cultures upon inoculation of the starter culture.  

 

Table 2. P. luteoviolacea culturing conditions. 

Condition 
Number 

Volume 
(mL) 

Number of 
Days 

Growing 

Growing 
Temperature 

(˚C) 

Cotton 
Balls 

Extra Addition to 
Media (1 mM) 

1 100 1 30 3 - 

2 100 2 30 3 - 

3 100 3 30 3 - 

4 100 1 30 5 - 

5 100 2 30 5 - 

6 100 1 30 3 p-coumaric acid 

7 100 2 30 3 p-coumaric acid 

8 100 3 30 3 p-coumaric acid 

9 100 1 30 0 p-coumaric acid 

10 100 2 30 0 p-coumaric acid 

11 100 3 30 0 p-coumaric acid 

12 1000 1 30 30 - 

13 1000 2 30 30 p-coumaric acid 

14 100 1 25 3 - 

15 100 2 25 3 - 

16 100 3 25 3 - 

17 100 1 25 3 p-coumaric acid 

18 100 2 25 3 p-coumaric acid 

19 100 3 25 3 p-coumaric acid 

20 100 3 25 0 p-coumaric acid 

 

2.3.2 Extraction 

After incubation, the cotton balls were removed from the cultures and excess media was 

expelled. The cell cultures were centrifuged at 16,000 rpm for approximately 10-20 min 
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(depending on culture size), and the supernatant was separated from the cell pellet. Liquid-liquid 

extractions were performed with the supernatants with a 1:1 volume ratio of ethyl acetate (three 

washes). The organic extracts were concentrated in vacuo and stored in the dark at -20 ˚C until 

analysis. The cell pellet and cotton balls of select samples were also extracted by washing with 

MeOH, and subsequently concentrated in vacuo. Exposure to light was minimized as much as 

possible throughout the extraction process as the metabolite of interest was believed to be light 

sensitive.  

2.3.3 UPLC-PDA-MS 

Crude extracts were re-dissolved in 1 mL HPLC-grade MeOH and analyzed as follows. 

The sample was injected onto the column on UPLC (with PDA monitoring from 200 – 700 nm) 

coupled to a Waters mass spectrometer (C18 column = positive scanning mode between 100 – 

2000 m/z units, Phenyl-Hexyl column = negative scanning mode between 100 – 2000 m/z units, 

T3 column = positive scanning mode between 100 – 2000 m/z units). The UPLC method with the 

C18 column and T3 column contained a linear gradient from 65:25:10 H2O:MeOH:1% (v/v) 

formic acid to 0:90:10 H2O:MeOH:1% (v/v) formic acid over the course of 30 min. The UPLC-

method with the phenyl-hexyl column contained a linear gradient from 80:10:10 H2O:MeCN:1% 

(v/v) formic acid to 0:90:10 H2O:MeCN:1% (v/v) formic acid over the course of 30 min. The 

phenyl-hexyl column was used for analysis in ESI- mode, and the T3 column was used to obtain 

better molecule separation as this column is longer than the C18 column. 

2.3.4 HPLC-PDA 

Crude extracts were re-dissolved in 1 mL HPLC-grade MeOH and analyzed on one of 

two columns. The sample was injected onto the RP18 SemiPrep column with PDA monitoring 

from 200 – 700 nm. The HPLC method with the C18 column contained a linear gradient from 

65:25:10 H2O:MeOH:1% (v/v) formic acid to 0:90:10 H2O:MeOH:1% (v/v) formic acid over the 
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course of 38 min. Or, the sample was injected onto the C8 OBDTM Prep column with PDA 

monitoring from 200 – 700 nm. The HPLC method with the C8 column contained a linear 

gradient from 65:25:10 H2O:MeOH:1% (v/v) formic acid to 15:75:10 H2O:MeOH:1% (v/v) 

formic acid over the course of 26 min. 

2.3.5 HRMS and MS/MS 

Purified HPLC-PDA extracts were re-dissolved in 100 µL HPLC-grade MeOH. All 

HRMS and MS/MS data was collected by Dr. Jiaxi Wang using FTMS-ESI+.  

2.3.6 MALDI 

Purified HPLC-PDA extracts were re-dissolved in 20 µL HPLC-grade MeOH. MALDI 

matrix was prepared fresh by dissolving 1 mg 𝛼-cyano-4-hydroxycinnamic acid (CHCA) in a 

100 µL of 50% MeCN and 0.1% trifluoroacetic acid (TFA). 5 µL of MALDI matrix was mixed 

with 5 µL of purified extract and 1 µL of mixture was spotted onto the MALDI plate. Spot was 

left to dry for approximately 15 min, and then analyzed on the MALDI in ESI+ mode, scanning 

between 100 – 2000 m/z units.  
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Chapter 3 

Results and Discussion 

3.1 Phenotype Differences 

Pseudoalteromonas species often form epibiotic relationships with other organisms such 

as marine sponges and corals.75 P. luteoviolacea is challenging to culture in a laboratory setting, 

due to the lack of chemical metabolites produced by partner organisms and lack of physical 

scaffolds. Initial efforts to isolate alterochromide analogues from P. luteoviolacea proved 

unsuccessful, likely due to non-expression of the alterochromide-like gene cluster under normal 

laboratory settings. Following the idea of Timmermans et al., the addition of cotton scaffolds was 

used as a strategy to induce expression of the apparently silent alterochromide BGC. Clear 

phenotype differences can be observed between the various culturing conditions, with/without 

cotton balls and the addition of p-coumaric acid, suggesting that different metabolites are being 

produced (Figure 12).  

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Phenotypic differences observed between a) non-cotton containing, b) cotton 

containing, and c) cotton containing supplemented with coumaric acid P. luteoviolacea 

cultures. 

a) b) c)
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In the liquid media cultures without cotton scaffolds, P. luteoviolacea displays a yellow, 

media colored phenotype that is typical for most bacterial laboratory cultures. However, upon the 

addition of cotton scaffolds, we can distinctly see a purple phenotype. The purple phenotype is 

associated with increased production of the purple-pigmented antibiotic, violacein and biofilm 

formation.  

As previously mentioned in the alterochromide biosynthesis, coumaric acid (Figure 13) 

is a crucial precursor for the production of alterochromides. 

Supplementation of the culture media with p-coumaric acid also 

resulted in visible phenotype differences of the liquid culture. The 

addition of p-coumaric acid abolished the purple phenotype, and 

caused a green phenotype to appear. Currently, it is unknown as to 

what is causing the phenotype change; perhaps the addition of p-

coumaric acid is down-regulating the production of violacein, 

thereby decreasing the purple phenotype.  

3.2 Metabolite Differences 

The promising changes in phenotype differences of the liquid cultures suggested that 

changes in gene expression were also occurring. UPLC-PDA-MS analysis was used to monitor 

and detect any changes in metabolite production following the protocol outlined in 2.3.3. Various 

culturing conditions were tried to stimulate metabolite production such as variations in 

temperature, culture growth time, culture size, presence of cotton scaffolds, and the addition of p-

coumaric acid (Table 2). As can be seen in Figure 14, a representative summary figure, several 

new peaks appear and the relative absorbance changes when culturing conditions are varied. The 

culturing conditions that produced significant changes in metabolite production will be discussed 

in this section, and each culturing condition will be examined in more detail. For each of the 

various culturing conditions, the bacterial supernatant was extracted and analyzed. Additionally, 

HO

OH

O

p-coumaric acid (37)

Figure 13. Structure of p-

coumaric acid; a precursor 

in alterochromide 

biosynthesis. 
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for some culturing conditions, the cell pellet and cotton balls were also extracted and analyzed via 

UPLC-PDA-MS. Because some molecules did not ionize and are not visible in the total ion 

chromatogram, the PDA chromatograms (monitoring between 200-700 nm) will be presented 

below; many molecules with bioactivities absorb in this range. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Culture growth time and culture size can effect metabolite production as well as the 

addition of cotton scaffolds. Culture growth time is important because most cultures under 

laboratory conditions will follow the bacterial growth curve. The bacterial growth curve consists 

A 

B 

C 

D 

E 

Figure 14. Select chromatograms demonstrating the difference in metabolite profile 

produced by varying culturing conditions.  A) 100 mL culture grown for one day with three 

cotton balls, B) 100 mL culture grown for one day with five cotton balls, C) 100 mL culture grown 

for three days with three cotton balls and coumaric acid (1 mM), D) 100 mL culture grown for 

three days with three cotton balls at 25 ºC, and E) 1 L culture, solid phase extraction, grown for 

two days with 30 cotton balls. The known compound, thiomarinol A, is marked with an asterisk 

(*). 

* 

* 
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of four stages: 1) lag phase – when the bacteria adjust to the new media, 2) exponential phase – 

bacterial cells divide regularly, 3) stationary phase – bacteria stop dividing, and 4) death phase – 

viable bacteria population declines (Figure 15). Bacterial growth is limited by three factors 

including: nutrient availability, production and accumulation of inhibitory metabolites, and 

exhaustion of space. The beginning of the stationary phase can be caused by any one of the three 

factors mentioned above. However, the stationary phase is where the majority of secondary 

metabolites are produced since secondary metabolites are not essential to the survival of the 

organism. Therefore, the amount of time the bacteria grow for, and the size of the bacterial 

culture can affect secondary metabolite production.  

 

 

 

 

 

 

 

The first condition examined was the culture growth time. P. luteoviolacea does not 

require a long growth time, hence why it was grown for periods of: one day, two days, three days. 

Varying the culture growth time was a variable used for several different conditions, as it is very 

easy to control. 100 mL was the typical culture size used for most conditions and for all of the 

chromatograms, the blue graph represents a standard (P. luteoviolacea supernatant grown without 

cotton balls for one day at 30 ºC) (Figure 16). The standard contains relatively low abundances of 

metabolites; therefore when it is stacked with the other chromatograms all containing the same 

Figure 15. Typical bacterial growth curve. 1) Lag phase, 2) exponential phase, 3) stationary 

phase, and 4) death phase. 
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scale, it appears as if the standard is just a flat line. The thiomarinol A peak will be marked in all 

figures with an asterisk. 

 

 

For P. luteoviolacea grown at 30 ºC with three cotton balls, the supernatant, cell pellet, 

and cotton balls were extracted for both one day and two day cultures. Figure 17 demonstrates 

differences in metabolite production between the supernatant, cell pellet, and cotton ball extracts. 

The cell pellet does not contain many metabolites, while the supernatant and cotton ball extracts 

contain some metabolites, at varying relative abundances. The relative amount of thiomarinol A 

(23) varies between the supernatant, cell pellet, cotton balls, and the culture supernatant extracted 

after three days. The supernatant, cell pellet, and cotton balls were extracted for the same 

Figure 16. Standard P. luteoviolacea PDA chromatogram. 
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conditions except after growing for two days, resulting in very many metabolites being present in 

this condition (Figure 52).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Next, the effect of the amount of cotton scaffold in the media was examined. Perhaps if 

the bacterium had more surface area for biofilm formation, then more metabolites would be 

produced. Only the supernatant of these cultures were extracted. Figure 18 demonstrates that the 

amount of cotton scaffold does influence metabolite production. A new peak appears in the 

* 

Figure 17. PDA chromatograms demonstrating differences in metabolite production of P.  

luteoviolacea.  A) 100 mL culture grown for one day at 30 ºC without cotton balls (standard), B) 

100 mL culture grown for one day at 30 ºC with three cotton balls (supernatant), C) 100 mL culture 

grown for one day at 30 ºC with three cotton balls (cell pellet), D) 100 mL culture grown for one 

day at 30 ºC with three cotton balls (cotton balls), and E) 100 mL culture grown for three days at 

30 ºC with three cotton balls (supernatant). The known compound, thiomarinol A, is marked with 

an asterisk (*). 

A 

B 

C 

D 

E 

* 
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chromatograms with five cotton balls at 13.6 min that is not present in the standard culture. Also, 

the relative abundance of the other metabolites changes in the presence of five cotton balls.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Coumaric acid was added to the culture media because it is a precursor in the 

alterochromide biosynthesis. It was thought that adding a precursor of the desired molecule, 

would facilitate the production of an alterochromide analog. Coumaric acid was added to 100 mL 

cultures, at the start of cultivation, grown for one day, two days, and three days, at 30 ºC with 

three cotton balls and zero cotton balls. For the conditions of one-day and two-days growth, the 

cell pellet and cotton balls were extracted as well as the supernatant. Unfortunately, the addition 

Figure 18. PDA chromatograms of P. luteoviolacea grown with five cotton balls. A) 100 mL 

culture grown for one day at 30 ºC without cotton balls (standard), B) 100 mL culture grown for 

one day at 30 ºC with five cotton balls (supernatant), and C) 100 mL culture grown for two days 

at 30 ºC with five cotton balls (supernatant). The known compound, thiomarinol A, is marked 

with an asterisk (*). 

A 

B 

C 

* 
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of coumaric acid decreased the relative abundance of several peaks that are seen in the standard. 

In Figure 19, the cell pellet contains very few metabolites, while the cotton balls only contain one 

large peak at approximately 14.9 min. The supernatant of the one-day culture also does not 

contain many metabolites, while the three-day culture contains more. Both the one-day and three-

days supernatant chromatograms contain a new peak at approximately 9.6 min that is not present 

in the standard. Interestingly, all extracts with coumaric acid contain a very large peak very early 

on in the chromatograms. The peak at roughly 4.3 min does not ionize in the MS, and has an 

absorbance of 310 nm. Therefore, I believe that this is one of the peaks of interest that will be 

discussed in the next section (3.3). For the condition grown for two days, very little metabolite 

production is seen again (Figure 53). When coumaric acid was added to P. luteoviolacea cultures 

grown without cotton balls, the large peak early in the chromatograms is present again, but very 

little other metabolite production is observed (Figure 54); only the supernatant was examined for 

the cultures grown without cotton balls.  
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The same conditions just described were also tested at 25 ºC instead of 30 ºC. 

P. luteoviolacea is a marine bacterium, which is why I decided to try a lower culturing 

temperature. The cell pellet and cotton balls were extracted for the cultures grown for one day and 

two days, while the supernatant was extracted for the cultures grown for one day, two days, and 

three days. As can be seen in Figure 20, very small numbers of different metabolites can be seen 

in the cell pellet, and the large peak present early in the chromatograms seen in the last figure is 

no longer there. There is however, a fairly large peak present in the cotton ball extract and three-

Figure 19. PDA chromatograms of culturing conditions with coumaric acid. A) 100 mL 

culture grown for one day at 30 ºC without cotton balls (standard), B) 100 mL culture grown for 

one day at 30 ºC with three cotton balls and coumaric acid (supernatant), C) 100 mL culture 

grown for one day at 30 ºC with three cotton balls and coumaric acid (cell pellet), D) 100 mL 

culture grown for one day at 30 ºC with three cotton balls and coumaric acid (cotton balls), and E) 

100 mL culture grown for three days at 30 ºC with three cotton balls and coumaric acid 

(supernatant). The known compound, thiomarinol A, is marked with an asterisk (*). 

A 

B 

C 

D 

E 

* 
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day supernatant extract at around 14.9 min. After two days of growing, with the same conditions, 

the peak at approximately 4.3 min began to appear again (Figure 55).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Coumaric acid was also added to the cultures grown at 25 ºC with three cotton balls and 

zero cotton balls. In the cultures grown for one day and two days, not very many metabolites can 

be seen in the chromatograms. However, the large peak at around 4.3 min is present again in 

these cultures (Figure 21).  

 

Figure 20. PDA chromatogram of culturing condition grown at 25 ºC for 1 day. A) 100 mL 

culture grown for one day at 30 ºC without cotton balls (standard), B) 100 mL culture grown for 

one day at 30 ºC with three cotton balls (supernatant), C) 100 mL culture grown for one day at 30 

ºC with three cotton balls (cell pellet), D) 100 mL culture grown for one day at 30 ºC with three 

cotton balls (cotton balls), and E) 100 mL culture grown for three days at 30 ºC with three cotton 

balls (supernatant). The known compound, thiomarinol A, is marked with an asterisk (*). 
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D 

E 

* 

* 
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 For a three-day culture at 25 ºC with coumaric acid, a culture with three cotton balls and a 

culture with zero cotton balls were extracted. The three-day culture displays significantly more 

metabolites compared to the two or one day cultures grown at 25 ºC with coumaric acid (Figure 

22). A new peak appearing just before 14 min is also very prominent in these two conditions, and 

is not present in the standard. This peak could be a promising target for novel metabolite 

isolation. It has a mass of 583 m/z (ESI+), and an absorbance of 220 nm. It is likely not an 

alterochromide analog, but may be some other bioactive molecule.  

Figure 21. PDA chromatogram of culturing condition grown at 25 ºC with coumaric acid 

and three cotton balls. A) 100 mL culture grown for one day at 30 ºC without cotton balls 

(standard), B) 100 mL culture grown for two days at 25 ºC with three cotton balls and coumaric 

acid (supernatant), C) 100 mL culture grown for two days at 25 ºC with three cotton balls and 

coumaric acid (cell pellet), and D) 100 mL culture grown for two days at 25 ºC with three cotton 

balls and coumaric acid (cotton balls). The known compound, thiomarinol A, is marked with an 

asterisk (*). 
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 Lastly, the culture size was also increased. Growing P. luteoviolacea on a larger scale 

would be beneficial for metabolite isolation. A 1 L culture was grown with 30 cotton balls with 

coumaric acid and another without coumaric acid, both at 30 ºC (Figure 23). The larger-scale 

cultures contain a great number of metabolites, and do not display many distinct peaks. In 

particular, the 1 L culture grown for two days with coumaric acid, does not display a very clear 

absorbance chromatogram as many of the peaks are co-eluting. This would make it much more 

difficult to isolate compounds from these cultures and to discern what is present in each peak.  

 

Figure 22. PDA chromatograms of culturing condition grown at 25 ºC for three days with 

coumaric acid.  A) 100 mL culture grown for one day at 30 ºC without cotton balls (standard), 

B) 100 mL culture grown for three days at 30 ºC with zero cotton balls and coumaric acid 

(supernatant), and C) 100 mL culture grown for three days at 30 ºC with three cotton balls and 

coumaric acid (supernatant). The known compound, thiomarinol A, is marked with an asterisk 

(*). 

A 

B 

C * 
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3.3 Novel Molecule Isolation, Purification, and Identification 

Initially, efforts were directed into isolation and purification of a molecule with a 

retention time of 16.9 min, seen in several various culturing conditions. The relative absorbance 

of this molecule increased substantially in the presence of cotton scaffolds. The molecule of 

interested was detected on the UPLC-PDA-MS using the C18 column and conditions described in 

section 2.3.3. The molecule displayed an absorbance of 390 nm and had a molecular ion with a 

mass of 641 m/z (ESI+). This molecule was believed to be the putative alterochromide because it 

had the characteristic UV absorbance of 390 nm and fell into a reasonable mass range (600 – 950 

m/z).71 Purification of the molecule was achieved on the HPLC-PDA following the method 

described in 2.3.4, and approximately 0.7 mg of pure compound was obtained from 4 L. A 

* 

C 

B 

A 

Figure 23. PDA chromatograms of 1 L cultures.  A) 100 mL culture grown for one day at 30 

ºC without cotton balls (standard), B) 1 L culture grown for one day at 30 ºC with 30 cotton 

balls (supernatant), and C) 1 L culture grown for two days at 30 ºC with 30 cotton balls and 

coumaric acid (supernatant). The known compound, thiomarinol A, is marked with an asterisk 

(*). 

* 
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portion of this pure compound was dissolved in 100 µL HPLC-grade MeOH and submitted for 

high-resolution mass spectrometry and fragmentation to begin the process of structure 

elucidation. Unfortunately, upon receiving and analyzing the fragmentation datum, it became 

clear that this molecule was already a known molecule; thiomarinol A. Thiomarinol A 

(C30H44N2O9S2) matched the predicted molecular formula, absorbance, and mass, of the molecule 

of interest.65 Therefore, further efforts into obtaining information about this peak were halted due 

to a relatively firm belief that the molecule of interest is indeed thiomarinol and new peaks where 

investigated.  

Analysis of new peaks in the PDA chromatograms lead to the pursuit of two new putative 

alterochromide molecule leads based off of their absorbance of 310 nm. The two new molecules 

of interest can be seen in Figure 14 at retention times of 5.9 min and 14.2 min. The peak at 

14.2 min has an m/z of 615.31 (C18 column, ESI+), and absorbance maxima at 210 nm and 

310 nm (Figure 24). This peak is a great candidate to be a potential alterochromide analog 

because it fits into the expected mass range and also has an absorbance in the 300 – 400 nm 

range. The production of this peak was increased in culturing conditions that contained a larger 

number of cotton balls, that were grown for a longer period of time, and that were a larger culture 

volume. The reason that the retention times differ between this section and the last is because of 

the column used on the UPLC. For analyzing the culturing conditions, a C18 column was used, 

but for testing the purified fractions, a T3 column was used; a T3 column is a trifunctional C18 

alkyl phase and promotes the retention of polar compounds. 
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 The peak at 5.9 min was not ionizing on the UPLC-PDA-MS in both ESI+ and ESI- 

modes. The cone voltage was adjusted (both increased and decreased) on multiple occasions over 

a period of several weeks in attempt to see a mass spectrum for this peak. However, that did not 

cause ionization but the absorbance spectrum could be analyzed (Figure 25). To determine the 

m/z for this peak, MALDI was used. A crude extract was semi-purified on the HPLC-PDA and a 

peak with absorbance at 310 nm was collected. The sample was prepared according to section 

2.3.6, and the m/z was determined to be 467.19 (ESI+) (Figure 57). The mass of this molecule is 

below the expected mass range for the alterochromides, therefore it is likely not an 

alterochromide analog. However, this molecule is intriguing because it displays the typical 

chlorine isotope pattern of [M+3H]+ with an intensity ratio of 3:1 (Figure 26). Chlorinated 

natural products are of great interest, which is why the purification of this peak was carried out. 

The production of this peak was present in smaller scale cultures grown for only one day; when 

culture incubation time was increased, relative production of this molecule decreased. 

 

 

 

Figure 24. Mass spectrum and absorbance spectrum of the peak at 14.2 min. 
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Figure 25. PDA spectrum for the peak observed at 5.9 min. 

310 nm 
210 nm 

Figure 26. MALDI spectrum of the peak at 5.9 min showing chlorine isotope pattern. 
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The purification of these two peaks was carried out using HPLC. Various solvent 

systems, solvent gradients, sample injection volumes, and semi-preparative columns were tested 

to achieve adequate separation because there were two co-eluting peaks. Solvent gradients 

beginning from 25% to 90% organic eluent, testing both MeOH and acetonitrile (MeCN) were 

tried. The best separation was achieved with the C8 semi-preparative column with a linear 

gradient of 65:35:10 H2O:MeOH:1% (v/v) formic acid to 0:75:10 H2O:MeOH:1% (v/v) formic 

acid over the course of 26 min. Monitoring the 310 nm channel, four peaks were present at 

retention times of 10.5 min, 11.4 min, 11.9 min, and 15.5 min (Figure 27). These four peaks were 

collected individually and then checked on the UPLC-PDA-MS using the T3 column (2.3.4). 

Using the UPLC-PDA-MS, the relative purity of the fractions was checked.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fraction 1 appeared to contain one main large different peak in both the total ion 

chromatogram (TIC) and the PDA chromatogram but also contained several contaminations later 

Figure 27. HPLC chromatogram displaying the four peaks that were collected and 

analyzed. 
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on in the spectra (Figure 58), therefore this fraction was not pure and did not contain either 

molecules of interest (467 m/z or 615 m/z). Fraction 2 did not have any peaks in the TIC; 

however, in the PDA chromatogram, there was a large peak with an absorbance of 310 nm 

(Figure 28). Because the 467 m/z molecule did not ionize previously in the UPLC-PDA-MS, it 

was assumed that fraction 2 contained this molecule based on a similar retention time. The PDA 

chromatogram contains no other significant peaks, therefore purification of this molecule was 

successful.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

 Fraction 3 contained two peaks in the TIC with retention times of 14.2 min and 19.7 min; 

however both of these peaks had no absorbance in the PDA (Figure 59). The peak at 14.2 min 

contained a molecule with a mass of 461 m/z, while the 19.7 min peak contained a molecule with 

a mass of 535 m/z. In the PDA of fraction 3, there was one large peak (r.t. of 7.6 min) and several 

smaller ones. The large peak had no corresponding peak in the TIC so the mass is unknown, but 

the absorbance maxima for that molecule are 310 nm and 299 nm. This could potentially be an 

alterochromide analogue based on the absorbances, however, the fraction was not pure so the 

Figure 28. PDA chromatogram of HPLC-PDA purified fraction 2. 
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other two molecules were pursued first. Fraction 4 contained one peak in the TIC with a retention 

time of 13.2 min. This peak has a mass of 615 m/z and an absorbance maximum of 310 nm, and is 

therefore the other molecule of interest. The retention time of this peak is shifted slightly because 

the T3 column was used; instead of the C8 column. When looking at the PDA chromatogram, 

there is only one large peak, indicating that this molecule was also successfully purified (Figure 

29).  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

 Fraction 2 and fraction 4 were submitted for HRMS and MS/MS at Queen’s University 

by Dr. Jiaxi Wang. The HRMS for fraction 2 was not as clean as it was expected to be when 

looking at the UPLC-PDA-MS chromatograms and another sample will need to be submitted. 

According to the primary HRMS datum, fraction 2 is not chlorinated like we previously thought it 

was. It does not display the typical chlorine isotope pattern; this information was discovered after 

performing the genome analysis and will be looked into further to fully confirm the presence of a 

chlorine. However, the fragmentation data received for both fractions will be instrumental in 

Figure 29. PDA chromatogram of HPLC-PDA purified fraction 4. 
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determining the molecular structure of these compounds. Fraction 2 displays major 

fragmentations from the parent ion of 60.02 m/z, 120.04 m/z, 162.05 m/z, and 180.06 m/z (Figure 

61). The HRMS for fraction 4 can be seen in Figure 60, and the top predicted molecular formula 

from the Xcalibur™ 2.2 SPI software is C23H5O13N9. Fraction 4 displays major fragmentations 

from the parent ion of 18.01 m/z (H20), 234.15 m/z, and 326.18 m/z (Figure 62). More analysis of 

the fragmentation data needs to be performed to determine if any of the fragments correspond to 

an amino acid. Because alterochromides possess both a lipid moiety and an NRPS-PKS hybrid 

moiety, we should expect to see some fragments corresponding to amino acids. This information 

would be crucial for determining the structure that makes up these two compounds and 

determining if either of them are in fact an alterochromide analogue.  

Unfortunately, due to time restraints, only small amounts (less than 0.5 mg) of each 

molecule of interest were purified and structures for these compounds have not yet been 

elucidated. Searching the MarinLit database (a database of marine natural products literature) 

revealed no known compounds with either of the two masses and absorbances, indicating that 

these molecules may be novel marine natural products. However, a reliable purification protocol 

has been established and will make obtaining more material of each purified fraction much easier.  

3.4 Genome Mining of P. luteoviolacea 2ta16 

The discovery of a chlorinated natural product produced by P. luteoviolacea prompted 

further investigation of the organism’s genome (GenBank accession number GCA_000495575.1) 

for a gene that could be responsible for halogenation. One major disadvantage of genome mining 

the P. luteoviolacea genome is that the genome itself is low quality, and genome mining software 

such as antiSMASH can miss annotations due to this. For example, P. luteoviolacea is a known 

producer of pentabromopseudilin and contains two halogenases, Bmp2 and Bmp5.76 Bmp2 is 

homologous to flavin-dependent halogenases and catalyzes the tribromination of the pyrrole 

substrate (38) while Bmp5 decarboxylates and dibrominates a phenol (40) (Scheme 2).76 The 
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pentabromopseudilin pathway is not annotated in antiSMASH version 5.0.0. Thiomarinol A is 

another known molecule produced by P. luteoviolacea and is also not annotated in antiSMASH 

version 5.0.0. This highlights the inconsistency and challenges associated with reliance on 

genome mining software, and makes primary research slightly more difficult.  

 

 

 

 

 

 

 

The search for a new putative halogenase involved using NCBI protein BLAST. Known 

halogenases were blasted against the P. luteoviolacea genome and any proteins with significant 

alignments were taken into consideration for being a potential halogenase (Table 3). The 

information about the known halogenases were obtained from a review on enzymatic 

halogenation written by Agarwal et al..77 Many of the known halogenases that displayed 

significant alignments fall into the category of flavin-dependent halogenases. Several of the 

vanadium-dependent haloperoxidases, S-adenosyl methionine-dependent halogenases, and 

nonheme iron-dependent halogenases outlined in the review by Agarwal and coworkers were also 

blasted against P. luteoviolacea but produced no significant alignments.  

Of the eight known halogenases that were blasted against P. luteoviolacea, seven unique 

protein sequences demonstrated significant alignments. There were several repeats among the 

known halogenases, displaying different query covers and percent identities. Out of the seven P. 

luteoviolacea alignments, two of these can be matched to the known halogenases already 

characterized in P. luteoviolacea, Bmp2 and Bmp5. This leaves five putative proteins that could 

Scheme 2. Bromination by Bmp2 and Bmp5. 
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be producing halogenated secondary metabolites. Furthermore, each putative halogenating protein 

was examined to see if any BGC is nearby in the genome. Unfortunately, no obvious BGC was 

found at this time.  

Typically, flavin-dependent halogenases contain an active site lysine residue that aids in 

halogenation of the substrate; this active site lysine is conserved among flavin-dependent 

halogenases.77 Using the bioinformatic tool, Clustal Omega, multiple sequence alignments were 

performed to determine if the possible halogenases in P. luteoviolacea contain the same active 

site lysine residue as the known halogenase. The known halogenases used were: Bmp2 (K74), 

Bmp5 (K74), AltN (K73), PrnA (K79), RebH (K79), PyrH (K75), Mpy16 (K72), PltA (K73), and 

CndH (K76). Any putative halogenase from P. luteoviolacea which contains the same active site 

lysine residue as its similar known halogenase counterpart has been marked with an asterisks in 

Table 3. The point of this search was to gain more insight into the putative halogenases as most 

flavin-dependent halogenases contain this conserved active site lysine residue.  
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Table 3. Significant alignment results from protein BLASTs of known halogenases against 

the P. luteoviolacea 2ta16 genome.  Positive hits that contain the same active site lysine residue 

as the known halogenase are marked with an asterisk (*).  

 
Accession Number 

of Positive Hits 
Known Halogenases / Organism Query Cover Percent Identity 

ESP90845.1* 

Bmp2 / P. luteoviolacea 2ta16 99% 89.6% 

AltN / P. piscicida JCM20779 81% 28.0% 

Mpy16 / Steptomyces sp. CNQ-418 94% 28.3% 

PltA / Pseudomonas fluorescens 89% 28.5% 

ESP90848.1 Bmp5 / P. luteoviolacea 2ta16 100% 88.0% 

ESP91772.1 

AltN / P. piscicida JCM20779 82% 24.7% 

Mpy16 / Steptomyces sp. CNQ-418 74% 25.8% 

PltA / Pseudomonas fluorescens 75% 24.9% 

CndH / Chondromyces crocatus 72% 23.0% 

ESP92126.1* 

PrnA / Pseudomonas fluorescens 96% 33.2% 

RebH / Lechevalieria 

aerocolonigenes 
98% 31.1% 

PyrH / Streptomyces rugosporus 98% 34.3% 

Mpy16 / Steptomyces sp. CNQ-418 73% 22.0% 

ESP90890.1* 

PrnA / Pseudomonas fluorescens 95% 33.4% 

RebH / Lechevalieria 

aerocolonigenes 
98% 31.0% 

PyrH / Streptomyces rugosporus 84% 34.5% 

ESP93354.1 Mpy16 / Steptomyces sp. CNQ-418 75% 23.3% 
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Chapter 4 

Conclusion and Future Work 

The initial goal of this research was to discover an alterochromide-like natural product 

from the marine bacterium P. luteoviolacea 2ta16, based on genome mining and the discovery of 

a putative alterochromide-like biosynthetic gene cluster. However, due to the likelihood that the 

BGC of interest was silent and not expressed under normal laboratory conditions, the project 

focused on manipulation of culturing conditions to turn on the silent gene cluster.  

In conclusion, many different culturing conditions were tested in an effort to turn on the 

silent putative alterochromide-like gene cluster present in P. luteoviolacea 2ta16. Conditions such 

as culture size, incubation time, growth temperature, and the presence of cotton scaffolds were 

tried. Promisingly, several of these conditions changed the secondary metabolite production 

profile of P. luteoviolacea. The addition of cotton scaffolds, a novel culturing technique 

developed in the Ross lab, increased the production of the known antibiotic thiomarinol A and 

induced the production of several new peaks.  

Initially, isolation and purification efforts were directed into obtaining a peak that fit into 

the alterochromide category. Once more information about this molecule was gathered, it became 

clear that it was thiomarinol A, and not a novel natural product. Efforts were then shifted to the 

isolation and purification of two smaller peaks that had an absorbance of 310 nm, and could 

potentially be an alterochromide analog. One molecule of interest has a mass of 467 m/z, too 

small to be an alterochromide, however, it initially displayed a chlorine isotope pattern in the 

mass spectrum and is therefore quite interesting. Upon receiving HRMS data which seems to 

contradict the initial thought of a chlorinated metabolite, more probing needs to be conducted. 

The other molecule of interest has a mass of 615 m/z and could potentially be an alterochromide 
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analog. An HPLC-PDA protocol was developed to isolate and purify these compounds. Due to 

time restraints, there are still several things to be finished for this project.  

Immediate future work involves collecting more pure material of compounds 467 m/z and 

615 m/z so that NMR spectra can be obtained and structure elucidation can take place. Deeper 

analysis of the HRMS and MS/MS spectra needs to be performed on both compounds to observe 

any fragmentation patterns that will aid in structure elucidation. Once structures are determined, 

linking these structures to a biosynthetic pathway is crucial to advancing our understanding of 

bacterial secondary metabolites. The presence of a chlorine isotope pattern is very intriguing, and 

opens up many questions and demands further exploration of the P. luteoviolacea genome. 

Antimicrobial assays and bioactivities of the molecules will also be examined.  

Information gained from this research project will lead to a deeper understanding of silent 

biosynthetic gene clusters and the regulation of biosynthetic pathways that produce medicinally 

relevant natural product molecules. It highlights the importance of symbiotic relationships and 

mimicking the organism’s natural environment for exploitation of an organism’s full biosynthetic 

potential.   
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Chapter 5 

The Expression and Purification of a Serine Protease HtrA Protein from 

Faecalibacterium prausnitzii: Introduction 

5.1 The Gut-Brain Connection 

Recently, emerging data has begun to demonstrate the bidirectional connection between the 

microbiome, gut, and brain of an organism. Advances in molecular biology techniques have given 

researchers insight into the development, composition, and interactions of the microbiome with 

the host organism. The gut-brain axis (GBA) communicates directly between the central nervous 

system (CNS) and enteric nervous system, allowing the cognitive and emotional centers of the 

brain to link with the peripheral intestinal functions (Figure 30).78 The GBA consists of the CNS, 

the spinal cord, the autonomic nervous system, 

the enteric nervous system, and the 

hypothalamic pituitary axis.78 The CNS is 

composed of the brain and spinal cord; the 

enteric system is composed of a network of 

neurons that control the function of the 

gastrointestinal tract. The autonomic nervous 

systems transfers “afferent” signals from the 

lumen of the gut and enteric nervous system to 

the CNS, and transfers “efferent” signals in the 

opposite direction from the CNS to the 

intestinal wall.78 The hypothalamic pituitary 

axis is part of the limbic system, which is 

composed of the thalamus, hypothalamus, 
Figure 30. Simple representation 

of the gut-brain axis. 

Microbial Diversity and Relative 

Abundance 

Afferent 

Neurons  

Efferent 

Neurons  

Enteric 

Neurons  

Central Nervous System (CNS) 

Enteric Nervous 

System  



 

57 

 

amygdala, and hippocampus and is predominantly involved in emotions, memory, and stress 

responses.79,80 Due to the various components that make up the GBA, intestinal functional 

effector cells such as: epithelial cells, smooth muscle cells, enteric neurons, and immune cells, are 

influenced by both neural and hormonal communications.78 The intestinal functional effector cells 

are also influenced by the gut microbiota, and it has been proposed that gut microbiota can 

influence many factors such as immune function, pain modulation, hypothalamic pituitary axis, 

and enteric nervous system activity.78,81–84 

Microbiota composition varies depending on the region of the gastrointestinal (GI) tract. 

In the proximal small intestine, Gram-positive facultative anaerobic bacteria predominate and in 

the distal small intestine, Gram-negative anaerobic bacteria predominate.85 Interestingly, although 

every person has a distinct microbiota profile, the relative abundance and distribution along the 

intestinal tract is similar among healthy individuals.78 The dominant phyla present in the GI 

include Firmicutes, and Bacteroides, which represent approximately three-fourths of the human 

microbiome.78,86  

The first experimental evidence of the human microbiome influencing the GBA was 

observed over 20 years.78 Patients with hepatic encephalopathy (neuropsychiatric abnormalities as 

a result of liver failure) were administered oral antibiotics and showed dramatic improvement.87 

There is mounting evidence to support the role of the microbiota in various gastrointestinal 

disorders such as irritable bowel syndrome (IBS). Patients with IBS have altered microbiota 

compositions, lacking both population stability and diversity.78 However, the exact role of the 

microbiome remains unknown; are IBS symptoms caused by alteration in brain signaling from 

the small intestine or are the symptoms due to the disruption of the microbiota?81 In an effort to 

gain further insight into the interaction between the microbiota and the GBA, many studies have 

been carried out with germ-free (GF) animals, and the effect of probiotics, antibiotics, and 

infections have on the GBA-microbiota relationship. There is also evidence suggesting that the 



 

58 

 

microbiota can be considered an endocrine “organ” because it has been found to produce 

substances such as neurotransmitters, and short chain fatty acids; both of which are capable of 

directly acting on nerve circuits.88–91  

5.2 Visceral Pain and Proteases 

The perception of visceral pain occurs through neurons that connect the gut to the brain 

via the spinal cord. The first neurons, primary afferent neurons, in this chain from the gut to the 

brain have cell bodies in dorsal root ganglia (DRG); their sensory axons project into the gut and 

synapse into the spinal cord (Figure 31).85,92 Nociceptors are a subpopulation of these neurons 

that detect noxious stimuli and activate pain circuits in the brain.85 There are several mechanisms 

underlying the activation of nociceptors including: (a) sensitization of the primary afferent 

neurons in the viscera, (b) hyperexcitability of the DRG, (c) dysregulation of the pathways that 

modulate nociceptive spinal transmission, and (d) changes in central pain perception.85 Recently, 

as more research is conducted on the connection between the gut microbiome and the brain, 

evidence has begun to emerge on how bacteria modulate nociceptive processes. DRG neurons 

express microbial pattern recognition proteins such as toll-like receptors.93 Moreover, 

Staphylococcus aureus excretes a toxin that directly excites DRG neurons through the production 

of N-formylated peptides that form cation-permeable pores in DRG neuronal membranes.94 

Rather than a consequence of the immune response, secretion products of S. aureus directly 

effecting DRG neurons suggests that bacteria and their secretory products can directly effect 

DRG neurons.95 One of the mechanisms through which pain is perceived occurs when the visceral 

afferent neurons (neurons present on the internal organs of the body) become hypersensitive.96 

There are several diseases that cause hypersensitive visceral afferent neurons such as functional 

bowel syndromes or diseases associated with inflammation such as inflammatory bowel 

syndrome.96 Therefore, microbial secretory products impacting DRG neuron excitability may be a 

potential therapeutic strategy for combating one of the pain perception mechanisms.   
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Proteases are important modulators of visceral pain.96,97 Proteases are secreted by many 

cell types, including mast cells and neutrophils.98 Proteases can act on the protease-activated 

receptor (PARs) family of G-protein coupled receptors that are activated through proteolytic 

cleavage of their N-terminal domain (Figure 32).96 G-protein coupled receptors are the largest 

and most diverse group of transmembrane proteins, and are composed of seven transmembrane 

alpha helical domains with portions present on both inside and outside of a cell.99 G-protein 

coupled receptors are responsible for mediating many cellular responses to hormones, 

neurotransmitters, vision, olfaction, and taste; making G-protein coupled receptors a good target 

for nociception modulation.99 The new N-terminus of the PAR behaves as a tethered ligand that 

binds and activates the G-protein coupled receptor.100 The effect of receptor signaling depends on 

both the PAR subtype and the specific amino acids which are hydrolyzed.98 PARs are present on 

afferent neurons and participate in the transmission and/or inhibition of nociceptive signals. To 

date, four PARs have been identified and cloned (PAR1, PAR2, PAR3, and PAR4).  

 

 

Figure 31. Simple representation of DRG neurons.  
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PAR1 and PAR2 are the most studied receptors in this family. PAR1 is activated by 

several proteases such as thrombin, coagulation factor Xa, Granzyme A, Ginpain-R, and trypsin, 

and is inactivated by either Elastase or Cathepsin G.101 PAR2 is potentially activated by trypsin or 

mast cell tryptase, and has been shown to act as a pro-nociceptive mediator of visceral pain, 

causing pain and hypersensitivity.102 To date, very little is known about PAR3.96 PAR4 is 

thrombin activated, and has the opposite effect of PAR2.102 PAR2 activation has been associated 

with increased DRG neuron hyper-excitability and therefore causes activation of nociceptors; 

PAR2 increases visceral pain.103,104 In contrast, activation of PAR4 inhibits DRG neuron 

excitability and decreases visceral pain.103  

5.3 Serine Proteases 

Serine proteases are the most abundant and diverse group of proteolytic enzymes and are 

found in eukaryotes, prokaryotes, archaea, and viruses.105 Serine proteases comprise almost one 

third of proteases and are classified based on the nucleophilic serine residue in the active site.106 

When proteolysis occurs, the nucleophilic serine residue in the enzyme active site attacks the 

carbonyl moiety of a particular peptide bond in the peptide substrate (42) to form a tetrahedral 

intermediate (43) that collapses onto itself to form an acyl-enzyme intermediate (44), while 

Figure 32. PAR signaling pathway. Inactivated PAR undergoes proteolytic cleavage of the N-

terminal domain. The new N-terminus acts as a tethered ligand and then binds and activates itself. 
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simultaneously releasing the remainder of the peptide with a new N-terminus. The acyl-enzyme 

intermediate (45) is then deacylated by reaction with water via another tetrahedral intermediate 

(46) that collapses onto itself to release the carboxylic acid product and regenerate the active site 

serine alcohol (47) (Scheme 3).106 The key reactivity of a serine protease is due to the catalytic 

triad of histidine, serine, and aspartic acid, and the presence of an oxyanion hole in the enzyme 

active site.106 Hydrolytic cleavage occurs only when the catalytic triad residues align close to the 

substrate for electron transfer to occur.106 The oxyanion hole refers to the stabilization of a 

negative charge on the carbonyl oxygen in the tetrahedral reaction intermediate.106 The oxyanion 

hole is composed of a glycine and serine residue NH backbone which forms a pocket of positive 

charge that activates the carbonyl of the peptide bond, stabilizing the negative carbonyl oxygen.106 

Serine proteases are grouped into 13 different clans and 40 different families, containing various 

catalytic triads and dyads.105,106 The PA clan is the largest family of serine proteases, the most 

well-studied, and widely present in eurkaryotes.105 The PA clan contains trypsin/chymotrypsin-

like proteases which are crucial in many physiological processes such as hemostasis, digestion, 

apoptosis, reproduction, immune responses, and signal transduction.106  
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Scheme 3. General serine protease mechanism. 
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For this research project, the specific type of serine protease target is a high temperature 

requirement A (HtrA) protein. Serine protease HtrA proteins are present in both eukaryotes and 

prokaryotes, and display proteolytic activities against multiple targets.107 In Gram-negative 

bacteria, these proteins typically get transported into the periplasm and function for protein 

quality control by degrading unfolded, misfolded, or mislocalized proteins.107 Serine protease 

HtrAs are composed of one chymotrypsin-like serine protease domain and one or two PDZ 

domains (PDZ is an acronym derived from the names of the first protein where this domain was 

found) (Figure 33).107,108 PDZ domains are involved in substrate recognition and binding.109 The 

well-studied HtrAs, DegP, DegQ, and DegS from E. coli, all display a high degree of sequence 

similarity in their protease domains.108 Currently, only four human HtrAs have been identified 

(HtrA1, HtrA2, HtrA3, and HtrA4) with very little being known about the structures and functions 

of HtrA3, and HtrA4.108 The structures and functions of both HtrA1 and HtrA2 have been 

determined. HtrA1 has a variety of targets, mainly extracellular matrix proteins, and has been 

identified as a probable tumor suppressor.108 HtrA2 is involved in caspase-dependent and 

independent apoptosis.108  

 

 

 

 

 

 

 

 

 

 



 

64 

 

 

 

 

 

 

 

 

 

 

 

 

 

Despite the many studies performed on the plethora of HtrAs, there is still a long way to 

go to determine their exact functions, especially as new HtrAs are being discovered. HtrAs are 

starting to be considered as potential drug targets due to their variety of roles in physiological 

pathways, therefore, further studies on their exact mode of action of these proteins need to occur 

so that functional drug molecules can be designed.  

5.4 Faecalibacterium prausnitzii 

Faecalibacterium prausnitzii (F. prausnitzii) is one of the most abundant bacteria found 

in the gut, accounting for approximately 5% of the total bacteria found in the human 

microbiota.95,110 F. prausnitzii has recently gained popularity as an important gut microbe, leading 

to the characterization of its genome; it is described as a Gram-positive, low GC content, non-

spore forming, and non-motile firmicute.111 F. prausnitzii is extremely oxygen-sensitive and relies 

on the presence of several members of Clostridium coccoides and Bacteroidetes, likely for cross-

feeding.112 F. prausnitzii is the most important butyrate producer in the microbiome.111 Butyrate is 

SP Protease Domain 

Protease Domain 

PDZ1 PDZ2 

PDZ1 TMD 

Figure 33. Domain structure of HtrAs in Gram-negative bacteria. The first is an example of 

DegP and contains an N-terminal signal peptide (SP), a protease domain and two PDZ domains. 

The second is an example of DegS and contains a transmembrane domain (TMD), a protease 

domain, and one PDZ domain. Image adapted from: Wessler, S. et al.. Cell Commun Signal 2017, 

15:4 DOI 10.1186/s12964-017-0162-5 

DegP 
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crucial for host well-being because it is a main energy source for colonocytes, epithelial cells 

located in the colon, and has protective properties.112 Salicylic acid is another important anti-

inflammatory molecule produced by F. prausnitzii.111 Butyrate and salicylic acid modulate the 

inflammatory process by blocking the activation of nuclear factor kappa-light-chain enhancer of 

activated B cells (NK-𝜅B), a protein complex that controls transcription of DNA, which inhibits 

the production of interleukin 8.111 

F. prausnitzii has been the focus of several studies, investigating its anti-inflammatory 

properties. For example, studies on F. prausnitzii and its supernatant concluded that they reduce 

the severity of acute, chronic, and low grade inflammation in mouse models.112 There are 

numerous studies suggesting a relationship between low levels of F. prausnitzii in the gut and gut 

diseases.113–116 In ulcerative colitis cases, a lower abundance of F. prausnitzii was observed when 

compared to control patients.116 Furthermore, lower levels of F. prausnitzii has also been 

associated with type 2 diabetes.115  

F. prausnitzii has the potential to be good biomarker for some gut diseases, however, 

more research into this genus still needs to be done. Due to the complex relationship between the 

bacteria composing the microbiome, it is difficult to use only one single bacterium as a 

biomarker. The use of F. prausnitzii in probiotic formulas has also been investigated, but the 

extreme oxygen sensitivity of this bacterium makes formulation development challenging.  

5.5 Making the Connection Between F. prausnitzii, Serine Proteases HtrA and 

Pain 

A study from our collaborator Alan Lomax in the Gastrointestinal Diseases Research Unit 

at Queen’s University provided the inspiration and motivation for this research project. The 

Lomax group investigated the effects of a community of commensal gastrointestinal bacteria 

from a healthy donor on mouse DRG neurons (Figure 34).95 They began by incubating the 

commensal GI bacterial supernatant with DRG neurons overnight, and measuring the DRG 
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neuron rheobase; a measure of membrane potential. The commensal GI bacteria supernatant 

increased the rheobase in a concentration dependent manner, meaning that the DRG neuron 

excitability decreased. Upon heating the bacterial community supernatant to 100 °C for 20 min, 

incubating with DRG neurons overnight, all effects on DRG neuron excitability was abolished. 

Next, the group wanted to investigate what in the supernatant could be causing the changes in 

DRG neuron excitability. The commensal GI bacteria supernatant was pre-incubated for 2 h with 

a bacterial protease inhibitor mixture (P8465, purchased from Sigma) containing cysteine 

proteases, acid proteases, metalloproteases, aminopeptidases, and serine proteases inhibitors. This 

was then incubated overnight with the DRG neurons, and the rheobase was measured. The 

excitability of DRG neurons was not decreased when the supernatant was preincubated with a 

bacterial protease inhibitor mixture, suggesting that the active mediator is a protease. To narrow 

down which mediator it could be, each of the above mentioned inhibitor in the mixture was 

incubated individually with the supernatant. Interestingly, only the serine protease inhibitor FUT-

175 prevented the decrease of DRG neuron excitability, suggesting that the active mediator is a 

serine protease.  
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PARs are known to be present on DRG neurons and serine proteases are known to act on 

PARs, so a potential mode of action for the serine protease was investigated.117 The DRG neurons 

were preincubated separately with a PAR2 and PAR4 inhibitor for 2 h before the addition of the 

commensal GI bacteria supernatant. PAR2 inhibition did not abolish the effects of the supernatant. 

On the other hand, a PAR4 antagonist halted the decreased effect on DRG neuron excitability. 

This information suggests that a serine protease present in the commensal GI bacterial 

supernatant acts on PAR4 receptor. 

Figure 34. Summary of the experiments performed by Sessenwein et al..A) Bacterial 

supernatant was subjected to high temperatures for 20 min, incubated with DRG neurons 

overnight, and resulted in abolishing DRG neuron excitability, B) bacterial supernatant was 

subjected to a protease inhibitor mixture, incubated with DRG neurons overnight, and resulted in 

no decrease of neuron excitability, and C) bacterial supernatant was subjected to various individual 

proteases, incubated with DRG neurons overnight, and only the serine protease inhibitor resulted 

in a decrease in excitability.  

A 

B 

C 
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Naturally, the next steps involved testing individual strains to see which strain 

specifically could potentially be responsible for decreasing DRG neuron excitability. Two 

individual strains were tested, Bifidoacterium longum and F. prausnitzii, due to their various 

immune and nociceptive responses in vivo.118,119 Out of the two, F. prausnitzii was the only one 

that decreased DRG neuron excitability. When the supernatant from F. prausnitzii was 

preincubated with a serine protease inhibitor, no change in DRG excitability occurred. 

Additionally, growing the commensal GI bacteria without F. prausnitzii, demonstrated no change 

in DRG neuron excitability. Therefore, there is strong evidence suggesting that a serine protease 

produced by F. prausnitzii is responsible for the decrease in DRG neuron excitability, and may 

potentially be a useful analgesic therapeutic for GI diseases.  

Upon meeting with Alan Lomax, the first steps to begin this research project involved 

genome mining. Genomic mining of F. prausnitzii revealed that the organism contains 2,726 

genes in total, three of which encode for different serine proteases: a rhomboid family 

transmembrane serine protease, a Clp protease, and a serine protease HtrA. Transmembrane 

proteins are much harder to express and purify, therefore the decision was made to first pursue 

the serine protease HtrA for the putative serine protease that may be causing antinociceptive 

effects. Based on the studies performed on serine protease HtrAs and their multiple physiological 

targets, it seemed likely that this would be the correct protein.  

5.6 Thesis Objectives 

Based on the research discussed above, this thesis aims to heterologously express a serine 

protease, HtrA, produced by F. prausnitzii. Protein expression parameters will be examined, and 

optimized so that large-scale production and purification of the protein can occur. Expression and 

purification of the serine protease produced by F. prausnitzii will allow for thorough biochemical 

and functional characterization. The protein can then be used to test for anti-nociceptive effects 

on DRG neurons, and to further add to the research performed by Alan Lomax.  
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Chapter 6 

Experimental 

6.1 Materials 

Lennox broth (LB) was purchased from Bio Basic Canada Inc. Kanamycin, and IPTG 

were both purchased from BioShop, and made into stock concentrations of 50 mg/mL and 1 M, 

respectively. Primers (Table 4) were purchased from Eurofins Genomics (Louisville, Kentucky, 

USA), and used at a concentration of 10 µM. Synthesized genes (Table 5) were purchased from 

Integrated DNA Technologies (San Diego, California, USA). All restriction enzymes, Q5® High-

Fidelity DNA Polymerase, Phusion® High Fidelity DNA Polymerase, Gibson Assembly® 

Master Mix, Monarch® PCR & DNA Cleanup Kit, and 2-Log DNA Ladder were purchased from 

New England Biolabs. QIAprep® Spin Miniprep Kit was obtained from Qiagen. 10-beta 

Competent E. coli, BL21 (DE3) Competent E. coli, pET-28a expression vector, and pQI-MBP3 

expression vector was acquired from the Zechel Lab (Department of Chemistry, Queen’s 

University). GeneRuler 1 kb DNA Ladder, E-Z Run™ Prestained Rec Protein Ladder, and 

Unstained Protein Molecular Weight Marker were purchased from ThermoFisher Scientific. Ni 

Sepharose High-Performance resin was purchased from GE Healthcare LifeSciences. Sanger 

Sequencing was performed by Eurofins Genomics Tube Sequencing Services. All other reagents 

were purchased from Sigma-Aldrich or Fisher Scientific. All media was prepared using deionized 

water, while all buffers were prepared using Milli-Q water. 
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Table 4. Primer sequences used in plasmid cloning and used for gene amplification in vector 

screening.  Sequences complimentary to plasmid backbone are underlined and bold. Start codons 

are highlighted in blue.  

Primer Sequence (5’ - 3’) Direction 

pSP-pet28-F GACAGCAAATGGGTCGCGTC Forward 

pSP-pet28-R GTTAGCAGCCGGATCTCAGTGG Reverse 

pSP-catalytic-F ATGACGACGGCACAGGTG Forward 

pSP-catalytic-R TTAGCTATTTTTTTGTGCTTGTTGGGTCTG Reverse 

pSP-Gib-pET28a-F GACAGCAAATGGGTCGCGTCATGACGACGG

CACAGG 

Forward 

pSP-Gib-pET28a-R TGCTCGAGTGCGGCCGCATTAGCTATTTTTT

TGTGCTTGTTGGG 

Reverse 

pSP-cat-MBP-F TCTGACGACGACGACAAAGCATGACGACGG

CACAGGTG 

Forward 

pSP-cat-MBP-R AGTCCAAGCTCAGCTAATTAGCTATTTTTTT

GTGCTTGTTGGGTTGC 

Reverse 

pSPcatpET28Cter-F TTTAACTTTAAGAAGGAGATATACATGACG

ACGGCACAGGTG 

Forward 

pSPcatpET28Cter-R AGTGGTGGTGGTGGTGGTGCGCTATTTTTT

TGTGCTTGTTGGGTTGC 

Reverse 

 

 

Table 5. Synthetic gene block. Sequences complimentary to plasmid backbone are underlined 

and bold. Start codons are highlighted in blue. 

Gene 

Block 
5’ and 3’ End Sequence (5’ - 3’) 

SPHtrA GACAGCAAATGGGTCGCGTCATGGATAATGAAAACAAATGGGAATACG

ATTACTCCTCAGAGCATAGCCAAACTGGTGAGACTGGGTATCCCAACGTG

GGCTCTTCGGGCATGAATACGGCTAATACAGCAGGGACTTACGGCGAAGC

CGCACAAGCGGCGCCCCAAGCGGAACCTAATTCGGGTTCTGACGGAGGCG

CAGTACCCCCACCAGAGGGTCCCCGCTATCAGGCTGCACAGGGCTCTCCT

AAACAGCCTCCGAAGAAGCGCCGTCGTAAGAACGGGAACATTGCCCGGTC
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AGCCGTTGCGTTGGTACTGGCCGCGGCCATGGGATTCGTTGGTGGTTTCGT

AGGAGCGCGCGTTTCAAATACAGGCGGAAAGGTGGTAATCCAGCAAGTGG

CTCCATCTTCCACTAGTTCTTCGGACAGTGGTTCCGCCTCGGCGGTAAATA

CGGCGTCGGGCATGACGACGGCACAGGTGTCTGAAATGGTCTCACCGTCA

GTGGTCGTAATAACAACCGAACAGGTCGTATATAGTCAATGGTCTTGGTAT

GGACAGTCCCAAGTCGAGTCAGGCGCAGGTAGCGGGGTAGTAATAAGTTC

GGACGGTTACATCCTTACTTGCGCACACGTTGTAAGTGGCGCTTCGAACAT

TACGGTAACAATCGGAGACACAGATTATCCCGCAACTGTAGTAGGTGAAG

ATGATACCAGTGACGTTGCTGTATTGAAAATCGACGCTACGGATCTGACCC

CAGCTACGGTTGGCAACTCTGACTCTTTAGCGGTCGGAGAGTCTGTCCTTG

CCGTCGGGAATCCTTTGGGGGAGCTTGGCGGCACGGTGACAAGTGGGATT

GTGTCGGCCTTGAACCGTTCCGTTACTATACAGGGCACAAGTTCTACCAAT

ACTATGTCTCTGATTCAGATGGACGCGTCAGTATCCCCAGGTAATAGTGGC

GGCGGTCTGTTCAACATGAATGGTGAGCTGATCGGTTTAGTAAATGCGAA

ATCCTCCTCCAGCGATGCTGAAGGTTTGGGATTCGCCATTCCAATCAACGA

TGCAATTAAGGTGGCTCAGGATCTGCTTGAGAATGGCTATGTCTCCGGTCG

CCCTTATATGGGTATCACATACCTTGCGGTCACCGACGCGCAAACCGCGGC

ACAACTGAACGTAACGGCCTACGGTGTGTACGTAGTAGACGTTGTTCAGG

GAGGTCCGGCTGACAAGGCGGGGTTGAAAACTGGGGATCGTATCGTTTCG

ATTGACGGAACCGAGATCGCGCAGAAAGATGATTTGGGAACCTTAATACA

ACAACATGCTGCTGGTGATACTTTGTCCATCACGGTAGCGCGTGAGGGGC

AAATGCAAACTGTTTCGCTTACACTTGGGGAGAAAAATGCACAGACCCAA

CAAGCACAAAAAAATAGCTAATGCGGCCGCACTCGAGCA 
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Table 6. Buffers used in protein imaging, purification, and storage.  

Buffer Composition 

SDS Buffer  

     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 HEPES, 150 mM NaCl, 10 mM imidazole, pH 7.5 

Elution Buffers  

     Ni-NTA Elution Buffer B 50 mM HEPES, 150 mM NaCl, 250 mM imidazole, pH 7.5 

     DEAE Buffer A  20 mM HEPES, pH 7.5 

     DEAE Buffer B 20 mM HEPES, 1 M NaCl, pH 7.5 

 

6.2 General Methods 

6.2.1 Bacterial Cultivation 

All bacterial strains were stored in 25% glycerol and kept at -80 ºC. 10𝛽 

electrocompetent and BL21(DE3) E. coli was grown overnight in LB media (20 g/L) with the 

appropriate antibiotic added at 37 ºC, shaking at 160 rpm. Strains with a pET-28a expression 

vector required the antibiotic kanamycin (50 µg/L), while strains with a pQI-MBP3 expression 

vector required the antibiotic carbenicillin (100 µg/L). All small scale overnight E. coli cultures 

are inoculated from either a frozen stock or from a transformation plate colony.  

6.2.2 Expression Vector Construction 

Protein expression vectors were constructed through Gibson Assembly of the protein 

gene fragment into an empty pET-28a expression vector or into an empty pQI-MBP3 expression 

vector. The gene was obtained from Integrated DNA Technologies, or modified from the original 

gene by polymerase chain reaction (PCR). 
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6.2.2.1 Protein Gene Amplification 

The gene was amplified from the synthetic gene using 35-40 bp primers with 18-20 base 

pair (bp) 3’ extensions that are complimentary to the backbone of the ends of the linearized pET-

28a vector or linearized pQI-MBP3 vector. Primers were designed using Geneious 8.1.7 software. 

The PCR reaction mixture was prepared according to Table 7 and Table 8; Q5® DNA 

Polymerase was used for pET-28a constructs, while Phusion® DNA Polymerase was used for 

pQI-MBP3 constructs. Phusion® DNA Polymerase was used for pQI-MBP3 because it was the 

only available high-fidelity polymerase at the time of gene amplification. The PCR reaction was 

performed using a Bio-Rad T100™ Thermal Cycler, following the protocol outlined in Table 9. 

PCR products were purified using a Monarch® PCR & DNA Cleanup Kit.  

 

Table 7. Q5® PCR reaction mixture. 

Components 25 𝛍L Reaction (𝛍L) Final Concentration 

5X Q5 Reaction Buffer 5 1X 

10 mM deoxynucleotide triphosphates 

(dNTPs) mix 

0.5 200 µM 

10 𝜇M forward primer 1.25 0.5µM 

10 𝜇M reverse primer 1.25 0.5 µM 

Q5 High-Fidelity DNA Polymerase 0.25 0.02 U/µL 

5X Q5 High GC Enhancer 5 1X 

Nuclease-free H2O 10.75  

Template DNA 1 < 1,000 ng 
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Table 8. Phusion® PCR reaction mixture. 

Components 25 𝛍L Reaction (𝛍L) Final Concentration 

5X Phusion High Fidelity Buffer 5 1X 

10 mM deoxynucleotide triphosphates 

(dNTPs) mix 

0.5 200 µM 

10 𝜇M forward primer 1.25 0.5 µM 

10 𝜇M reverse primer 1.25 0.5 µM 

Phusion DNA Polymerase 0.25 1.0 U/50 µL PCR 

DMSO 0.75 3% 

Nuclease-free H2O 15.0  

Template DNA 1 < 1,000 ng 

 

 

Table 9. General PCR thermal cycler program. 

Step Temperature (°C) Time 

1 Initial Denaturation 98 30 s 

2 Denaturation 98 5-10 s 

3 Annealing 50 – 72 a 20 s 

4 Extension 72 20 – 30 s/kb b 

*Repeat steps 2-4, 30 cycles* 

5 Final Extension  72 2 min 

6 Hold  10 ∞ 
a Annealing temperature depends on primer set 
b Extension time depends on PCR product size 
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6.2.2.2 Vector Linearization 

Restriction digestion with various restriction endonucleases was used to linearize empty 

pET-28a expression vectors and empty pQI-MBP3 expression vectors. Three different constructs 

were transformed and tested for protein expression; pET-28a with an N-terminal His tag, pET-

28a with a C-terminal 6xHis tag, and pQI-MPB3 with a C-terminal 6xHis tag and a maltose 

binding protein. The restriction endonucleases used for linearization of pET-28a with an N-

terminal 6xHis tag were BamHI and HindIII; the restriction endonucleases used for linearization 

of pET-28a with a C-terminal 6xHis tag were NcoI and XhoI; the restriction endonucleases used 

for linearization of pQI-MBP3 with a C-terminal 6xHis tag were NcoI and HindIII. The 

restriction digest mixture (50 µL final volume) was composed of 5 µL CutSmart buffer, 1 µL of 

restriction endonucleases, 30 µL plasmid DNA (30-50 ng/	µL), and 13 µL ddH2O. The digestion 

mixture was incubated at 37 °C for 1 h. Linearized pET-28a and pQI-MBP3 was purified using a 

Monarch® PCR & DNA Cleanup Kit.  

6.2.2.3 Gibson Assembly 

The circularized expression vector containing the gene of interest was formed using a 

Gibson Assembly reaction. The Gibson Assembly reaction mixture contained 1X Gibson 

Assembly® Master Mix, 60 ng linearized pET-28a or pQI-MBP3, and three times molar excess 

of the gene insert, with a final reaction volume of 20 µL. The Gibson Assembly reaction was 

incubated at 50 °C for 20 min. Next, 1 µL of the completed reaction was used for electroporation-

based transformation into 10𝛽 E. coli electrocompetent cells. The transformed cells underwent a 

recovery period in which the cells were mixed with 1 mL cold LB (without antibiotic), and placed 

in the 37 °C shaking incubator for 1 h. Then, the transformed cells were grown overnight at 37 °C 

on an LB agar plate with the appropriate antibiotic. The presence of antibiotic selects for the 

growth of cells containing the circularized expression vector.  
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Eight individual colonies from the transformation plate were picked and grown overnight 

at 37 °C with shaking in 5 mL cultures of LB and appropriate antibiotics. Plasmid extractions 

were performed on each clone using a QIAprep Spin-Miniprep Kit®. Each plasmid was then 

tested for the presence of the gene insert using PCR amplification, and double restriction digests. 

PCR amplification was performed using the same protocol as outlined in Table 7, Table 8, and 

Table 9. An empty circularized expression vector was used as a negative control; a positive 

control was not used because there is no previous sample with the gene already expressing. PCR 

products were imaged using agarose gel electrophoresis. Positive hits from the PCR amplification 

were then further analyzed using double restriction digestion. Plasmids containing the desired 

gene we cut using restriction endonucleases that cut on either side of the gene insert. The 

restriction digest was performed with 5 µL CutSmart Buffer, 1 µLof each restriction 

endonuclease, 10 µL plasmid DNA (30-50 ng/	µL initial concentration), and 33 µL ddH2O. Once 

the plasmid was identified as a positive hit in both the PCR amplification and the restriction 

digest, it was analyzed by Sanger Sequencing to confirm that the nucleotide sequence matched 

the original gene block sequence and that it was in frame with no premature stop codons.  

6.2.3 Protein Expression 

The constructed expression vector was transformed into BL21(DE3) E. coli, a strain of 

E. coli designed for protein over-expression. The transformed E. coli was grown first as a small 

scale (5 – 10 mL) LB and antibiotic overnight culture at 37 °C. 1 mL of the overnight culture was 

used to inoculate 50 mL LB and antibiotic cultures. At the time of inoculation, some cultures 

were supplemented with IPTG, EtOH or glucose. To check for optimal expression, several 

different culturing conditions were tested (Table 10). For each expression, the inoculated cultures 

were grown at 37 °C, at 160 rpm until the optical density at 600 nm (O.D. 600) reached between 

0.4 – 0.6. The cultures were then induced with a stock solution of 1 M IPTG to the final IPTG 

concentrations listed in Table 10. One culture was left un-induced as the control culture. The 
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cultures were grown at 37 °C, and 160 rpm for approximately 4 h. 1 mL aliquots were taken and 

centrifuged for 1 min at 13,000 rpm. The supernatant was decanted and the cell pellet was 

resuspended in ~ 100 µL LB, a 20 µL aliquot was collected and added to 5 µL 5X SDS loading 

buffer (Table 6), and incubated at 95 °C for 5 min. The supernatant and cell pellet samples were 

imaged using SDS – polyacrylamide gel electrophoresis (PAGE).  

Table 10. Conditions tested to determine optimal protein expression parameters. 

Condition Final IPTG 

Concentration (mM) 

EtOH Shock (v/v) Glucose (v/v) 

1 0.1 - - 

2 0.2 - - 

3 0.3 - - 

4 0.4 - - 

5 0.5 - - 

6 1.0 - - 

7 1.5 - - 

8 2.0 - - 

9 0.5 1% - 

10 0.5 2% - 

11 0.5 3% - 

12 0.5 - 1% 

 

Additionally, time and temperature were also examined. As described above, 50 mL 

cultures were inoculated and incubated at 37 °C until the O.D. 600 was reached. Four cultures were 

induced with 0.5 mM IPTG, and one culture was kept as an uninduced control. The control and 

one other culture was incubated at 37 °C, a third culture was incubated at 30 °C, a fourth culture 
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was incubated at 25 °C, and a last culture was incubated at 15 °C. 1 mL aliquots were taken at 

time intervals of 2 h, 6 h, and 20 h. The 1 mL aliquots at each time period were centrifuged and 

resuspended in approximately 100 µL LB. 20 µL aliquots were treated with 5X SDS loading 

buffer and incubated at 95 °C for 5 min. The prepared samples were imaged using SDS-PAGE, 

and the relative production of the expected product was compared between incubation times and 

temperatures.  

6.2.4 Protein Purification 

Large-scale protein expression was carried out for protein purification. 1 L of LB and the 

appropriate antibiotic was inoculated with 10 mL of an overnight culture, and 1% EtOH (see 

6.2.3). The large culture was incubated at 37 °C, and 160 rpm until the O.D. 600 reached between 

0.4 – 0.6. The culture was placed on ice for 30 min, then induced with 0.510 mL of 1 M IPTG 

(0.5 mM final concentration), and left to grow overnight at 15 °C and 160 rpm. 

6.2.4.1 Cell Lysis 

After induction and overnight incubation, the cultures were centrifuged at 15,000 xg, 

4 °C for 10 min. The supernatant was discarded and the cell pellet was resuspended in 

approximately 20 mL Lysis Buffer A. The cells were lysed by emulsification with three cycles 

though a high-pressure homogenizer (15,000 psi, Emulsiflex, model C5, Avestin). The lysate was 

centrifuged at 29,000 xg, 4 °C for 25 min. The supernatant was filtered through a 0.45 µm syringe 

filter to remove all particulates. 20 µL aliquots were taken of the lysate, and of the filtered 

supernatant (load) to be imaged using SDS-PAGE.  

6.2.4.2 Gravity Nickel Column Chromatography  

An initial purification of the pET28a-cat.SPHtrA protein was carried out using Ni-NTA 

affinity chromatography. The filtered cell lysate was loaded onto 2 mL of Ni Sepharose High-

Performance resin. The gravity nickel column was pre-equilibrated with Lysis Buffer A (Table 6) 
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and the flow-through was collected (20 µL aliquot was taken for SDS-PAGE imaging). The 

column was eluted with 5 CVs of Ni-NTA Elution Buffer B and the eluent was collected (20 µL 

aliquot was taken for SDS-PAGE imaging).  

6.2.4.3 DEAE Anion Exchange Chromatography  

Anion exchange chromatography was performed using a 10 mL DEAE anion exchange 

column on an ÄKTA Fast-Protein Liquid Chromatography (FPLC) system. The flow-through 

from the gravity nickel column was injected onto the anion exchange column, pre-equilibrated 

with DEAE Buffer A (Table 6), and the flow-through was collected. The fully bound anion 

exchange resin was washed with 20 CVs of DEAE Buffer A at a flow rate of 5 mL/min. The 

protein of interest was eluted using a 40 min gradient of 100% DEAE Buffer A to 100% DEAE 

Buffer B (Table 6), with a final wash of 5 min at a flow rate of 5 mL/min. Fractions were 

collected every minute, and fractions between B6 – C3 were kept for SDS-PAGE analysis 

(Figure 63), along with the lysate, load, Ni flow-through, and DEAE flow-through.  

6.3 Enzyme Construct Specific Methods 

6.3.1 pET28a-SPHtrA Construct and Expression 

The SPHtrA gene (GenBank accession number WP_005928410.1) was purchased as a 

gBlock from Integrated DNA Technologies. The gBlock was designed with 5’ and 3’ overlap 

regions complimentary to linearized pET28a for Gibson Assembly. SPHtrA was assembled into 

pET28a linearized with HindIII and BamHI (incubation at 37 °C), following protocols in sections 

6.2.2.2 and 6.2.2.3 (Figure 35). The assembled expression vector pET28a-SPHtrA encoded for 

the expression of the Serine Protease HtrA protein with an N-terminal 6xHis tag, selected for 

using LB with kanamycin. Analytical PCR was performed using primers pSP-pet28-F and pSP-

pet28-R with an annealing temperature of 65 °C and an elongation time of 45 seconds. Empty 

pET28a was used as a negative control. A restriction digest was carried out with XhoI and NdeI 
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(incubation at 37 °C) to further confirm construction of pET28a-SPHtrA. The expression vector 

was transformed via electroporation into BL21 (DE3) E. coli, and one colony was picked, used to 

inoculate a small 5 mL LB and kanamycin culture, and stored as a frozen stock (25% glycerol). 

Protein expression was attempted for BL21 (DE3) E. coli pET28a-SPHtrA following the 

expression protocol outlined in 6.2.3. BL21 (DE3) E. coli pET28a-SPHtrA was lysed (6.2.4.1) 

and purification was attempted following section 6.2.4.2. 

 

 

 

 

 

 

 

 

 

6.3.2 pET28a-cat.SPHtrA Construct and Expression 

The SPHtrA gene (GenBank accession number WP_005928410.1) was purchased as a 

gBlock from Integrated DNA Technologies. cat.SPHtrA was PCR amplified using primers pSP-

catalytic-F and pSP-catalytic-R, following the Phusion PCR protocol (section 6.2.2.1, Table 8). 

A temperature gradient from 68-60 °C was tested, and all temperatures resulted in the desired 

amplification product. The annealing time was 30 seconds. Another PCR was performed, with 

primers pSP-Gib-pET28a-F and pSP-Gib-pET28a-R to install the correct 5’ and 3’ extensions for 

assembly into linearized pET28a. cat.SPHtrA was assembled into pET28a linearized with HindIII 

and BamHI (incubation at 37 °C) following protocols 6.2.2.2 and 6.2.2.3 (Figure 36). Analytical 

Figure 35. Vector map of the pET28a-SPHtrA construct. 
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PCR was performed using primers pSP-catalytic-F and pSP-catalytic-R with an annealing 

temperature of 61.6 °C and an elongation time of 30 seconds. A restriction digest was carried out 

with XhoI and NdeI (incubation at 37 °C) to further confirm construction of pET28a-cat.SPHtrA. 

The expression vector was transformed via chemical transformation into BL21 (DE3) E. coli, and 

one colony was picked, used to inoculate a small 5 mL LB and kanamycin culture, and stored as a 

frozen stock (25% glycerol). Protein expression was attempted for BL21 (DE3) E. coli pET28a-

cat.SPHtrA following the expression protocol outlined in 6.2.3. BL21 (DE3) E. coli pET28a-

cat.SPHtrA cells were lysed (6.2.4.1) and protein purification was attempted following protocols 

outlined in 6.2.4.2 and 6.2.4.3. 

 

 

 

 

 

 

 

 

 

 

 

 

6.3.3 pQI-MBP-cat.SPHtrA Construct 

The SPHtrA gene (GenBank accession number WP_005928410.1) was purchased as a 

gBlock from Integrated DNA Technologies. cat.SPHtrA was PCR amplified using primers pSP-

catalytic-F and pSP-catalytic-R, following the Q5® PCR protocol (section 6.2.2.1, Table 7). A 

Figure 36. Vector map of the pET28a-cat.SPHtrA construct. 
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temperature gradient of 68-60 °C was used, and all temperatures resulted in the desired 

amplification product for this primer set. An annealing time of 30 seconds was used. Another 

PCR was performed (Phusion PCR, Table 8), with primers pSP-cat-MBP-F and pSP-cat-MBP-R 

to install the correct 5’ and 3’ extensions for assembly into linearized pQI-MBP. A temperature 

gradient of 70-60 °C was tested, with optimal annealing temperatures being 68 °C, 63.8 °C, and 

62 °C; annealing time was 30 seconds. cat.SPHtrA was assembled into pQI-MBP linearized with 

NcoI and HindIII (incubation at 37 °C) following protocols 6.2.2.2 and 6.2.2.3 (Figure 37). A 

restriction digest was carried out with XhoI and NdeI (incubation at 37 °C) to confirm 

construction of pQI-MBP-cat.SPHtrA. The expression vector was transformed via chemical 

transformation into BL21 E. coli, and one colony was picked, used to inoculate a small 5 mL LB 

and carbenicillin culture, and stored as a frozen stock (25% glycerol). 

 

 

 

 

 

 

 

 

 

 

 

6.3.4 pET28a-Cterm-cat.SPHtrA Construct 

The SPHtrA gene (GenBank accession number WP_005928410.1) was purchased as a 

gBlock from Integrated DNA Technologies. cat.SPHtrA was PCR amplified using primers pSP-

Figure 37. Vector map of the pQI-MBP-cat.SPHtrA construct. 
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catalytic-F and pSP-catalytic-R, following the Q5® PCR protocol (section 6.2.2.1, Table 7). A 

temperature gradient of 68-60 °C was used, and all temperatures resulted in the desired 

amplification product for this primer set. An annealing time of 30 seconds was used. Another 

PCR was performed (Q5® PCR, Table 7), with primers pSPcatpET28Cter-F and 

pSPcatpET28Cter-R to install the correct 5’ and 3’ extensions for assembly into linearized 

pET28a. A temperature gradient of 77-67 °C was used, with optimal annealing temperatures 

being 76.3 °C and 75.1 °C; annealing time was 30 seconds. cat.SPHtrA was assembled into 

pET28a linearized with NcoI and XhoI (incubation at 37 °C) following protocols 6.2.2.2 and 

6.2.2.3 (Figure 38). A restriction digest was carried out with EcoRV and SmaI (incubation at 

37 °C) to confirm construction of pET28a-Cterm-cat.SPHtrA. The expression vector was 

transformed via chemical transformation into BL21 (DE3) E. coli, and one colony was picked, 

used to inoculate a small 5 mL LB and kanamycin culture, and stored as a frozen stock (25% 

glycerol). 

 

 

 

 

 

 

 

 

 

  
Figure 38. Vector map of the pET28a-Cterm-cat.SPHtrA construct. 
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Chapter 7 

Results and Discussion 

7.1 Construction of pET28a-SPHtrA 

The Gibson Assembly of pET28a-SPHtrA was successfully accomplished using a 

65.65 ng/µL linearized pET28a plasmid and 50 ng/µL of the SPHtrA gBlock. The gBlock was 

ordered from Integrated DNA Technologies (San Diego, California, USA) and was codon 

optimized using the Integrated DNA Technologies codon optimization tool to allow for optimal 

expression in E. coli. The assembled vector was transformed into 10𝛽 E. coli via electroporation, 

yielding approximately 20 colonies. Eight colonies were screened by PCR by using primers pSP-

pet28-F and pSP-pet28-R for amplification of the SPHtrA gene (1,407 bp); empty pET28a was 

used as a negative control (Figure 39(A)). A positive control was not used because we did not 

have a sample in which the gene was already expressed. Two positive PCR hits were identified in 

clone 2 and clone 4, which were then analyzed by restriction digest with XhoI and NdeI (Figure 

39(B)). Colony 4 was sent for Sanger sequencing at Eurofins Genomics, and confirmed that the 

inserted gene was correct, in frame with the N-terminal 6xHis tag, and contained no premature 

stop codons. The confirmed pET28a-SPHtrA colony 4 was transformed via electroporation into 

BL21 (DE3) E. coli, resulting in >60 small colonies. One colony was picked and stored in 25% 

glycerol in the -80 °C freezer to be used for expression tests.  
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7.1.1 Expression Tests of pET28a-SPHtrA 

Expression of this protein proved difficult and various conditions were tested such as 

altering growth time, IPTG concentration, and the addition of EtOH and/or glucose (Figure 64) 

(Table 10). Various colonies from the transformation plate were also tested, in case some 

colonies expressed the protein better than others (Figure 40). The expected protein size for 

SPHtrA was 51 kDa. Unfortunately no condition tested resulted in detectable overexpression of 

the desired protein; the solubility of the protein did not appear to be an issue. This prompted 

further investigation into the predicted structure of the SPHtrA protein.  

 

 

 

 

 

 

 

 

 

Figure 39. PCR screening and analytical restriction digest of pET28a-SPHTRA. (A) PCR 

screening of empty pET28a vector (- control) and pET28a-SPHtrA transformation colonies 1-8 

(expected band size of 1,407 bp). (B) XhoI and NdeI digestion of pET28a (- control, expected 

band size of 5,287 bp) and pET28a-SPHtrA colonies 2 and 4 (expected band sizes of 5,287 bp and 

1,465 bp). The ladder used is GeneRuler 1 kb DNA Ladder (L). 
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Using an online tool called Protein Homology/analogy Recognition Engine v2.0 (Phyre2), 

the predicted protein structure, and protein function was examined.120 Phyre2 works in four 

distinct stages. Stage 1 is when the user submits a query sequence which then gets scanned 

against a protein sequence database, resulting in a multiple-sequence alignment.120 This multiple-

sequence alignment is used to predict secondary protein structure; the alignment and secondary 

structure get combined into a hidden Markov model.120 Stage 2 takes the hidden Markov model 

generated previously and scans it against it against a database of hidden Markov models of 

proteins with known structures; the top scoring alignments are taken to build the crude backbone 

structure.120 Stage 3 involves the correction of deletions and insertions by loop modelling and 

stage 4 completes the final protein model by the addition of amino acid sidechains.120 A user will 

receive the results typically within 30 min to 2 h after submission.  

The Phyre2 results for the SPHtrA gene demonstrated some interesting results. The 

software was able to model 65% of the protein sequence with 100% confidence, and generated a 

Figure 40. SDS-PAGE of two colonies at two different time points. (L) EZ-run prestained 

protein ladder, (1) Colony 1 non-induced, (2) Colony 1 induced, (3) Clony 2 non-induced, (4) 

Colony 2 induced, (5) Colony 1 non-induced, (6) Colony 1 induced, (7) Colony 2 non-induced, 

and (8) Colony 2 induced, stained with Coumassie Brilliant Blue. Expected band size was 51 kDa. 
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protein model (Figure 41). The modelled protein structure can be further analyzed in 3D using 

another program, JSmol.  

 

When viewing the secondary structure and disorder prediction feature, the software 

predicts whether that portion of the protein is disordered, in an alpha helix, beta strand, or 

transmembrane helix. Phyre2 predicts that the SPHtrA protein has a transmembrane helix from 

amino acid residue 90 to amino acid residue 111 (Figure 42). The presence of a transmembrane 

helix could be responsible for the low expression levels of SPHtrA. If part of the protein is 

membrane bound, that could cause the protein to not be exported fully from the cell and low 

expression levels would be seen; or the protein may just not express well in general. Based on the 

Phyre2 prediction, we believed that the best plan moving forward would be to remove the 

transmembrane portion of the protein. The main catalytic portion of the protein occurs after the 

transmembrane helix, therefore the activity of the protein should not be affected if the beginning 

is removed. 

 

Figure 41. Phyre2 summary for the SPHtrA gene. Image-screen captured from the Phyre2 

website. 
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Figure 42. Secondary structure and disorder prediction from Phyre2. Image-screen captured 

from the Phyre2 website. 

 

 

 

 

 

 

 

 

 

 

  

To remove the transmembrane helix and beginning portion of the protein, new primers 

were designed which anneal to a portion of the gene after the transmembrane helix (Figure 43). 

The main catalytic portion of the SPHtrA protein demonstrates homology to various proteases 

and HtrA proteins, further confirming our beliefs that the protein should still be functional 

without the beginning amino acid residues. The beginning portion, before the transmembrane 

helix shows no alignments with any of the other proteins Phyre2 used for comparison.  
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7.2 Construction of pET28a-cat.SPHtrA 

Due to the possibility of the serine protease HtrA containing a transmembrane helix 

portion, it was decided to PCR amplify just the catalytic portion of the protein, without the 

transmembrane helix portion so that expression could be increased. pET28a-SPHtrA was 

successfully PCR amplified using the pSP-catalytic-F and pSP-catalytic-R primers to amplify 

only the catalytic portion of the protein, using the Q5® polymerase, resulting in cat.SPHtrA 

(Figure 44(A)). The PCR products, cat.SPHtrA, were then successfully PCR amplified again 

with the Gibson Assembly primers, pSP-Gib-pET28a-F and pSP-Gib-pET28a-R to ensure the 

correct 5’ and 3’ overhangs (Figure 44(B)).  

 

 

 

 

 

 

 

Figure 44. PCR amplification of pET28a-cat.SPHtrA and PCR amplification to install 

correct overhangs for Gibson Assembly. (A) PCR amplification of pET28a-SPHtrA, using the 

catalytic primers to result in cat.SPHtrA (expected band size of 970 bp). (B) PCR amplification of 

pET28a-cat.SPHtrA (expected band size of 1,008 bp). The ladder used is GeneRuler 1 kb DNA 

Ladder (L).  
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Figure 43. Schematic representation of the removal of the transmembrane helix. 
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The Gibson Assembly of pET28a-cat.SPHtrA was successfully accomplished using a 

22.95 ng/µL linearized pET28a plasmid and 112.85 ng/µL of the cat.SPHtrA. The assembled 

vector was transformed into 10𝛽 E. coli via electroporation, yielding approximately 30 colonies. 

Eight colonies were screened by PCR by using PCR primers pSP-pet28-F and pSP-pet28-R for 

amplification of the cat.SPHtrA gene (1010 bp); empty pET28a was used as a negative control 

and SPHtrA was used as a positive control (Figure 45(A)). Four positive PCR hits were identified 

in clones 1, 2, 4, 8. These clones were analyzed by restriction digestion with XhoI and NdeI 

(Figure 45(B)). Colony 3 was sent for Sanger sequencing Eurofins Genomics, and confirmed that 

the inserted gene was correct, in frame with the N-terminal 6xHis tag, and contained no 

premature stop codons. The confirmed pET28a-cat.SPHtrA colony 3 was transformed via 

electroporation into BL21 (DE3) E. coli, resulting in > 60 small colonies.  

 

 

 

 

 

 

 

 

 

 

 

It is worth noting that for this expression vector construction, a lot of trouble-shooting 

was required. Three Gibson Assemblies were tried; the first resulted in no colonies after the 

Figure 45. PCR screening and restriction digest check of pET28a-cat.SPHtrA. (A) PCR 

screening of empty pET28a (- control), SPHtrA (+ control), and pET28a-cat.SPHtrA 

transformation colonies 1-8 (expected band size of 1,008 bp). (B) XhoI and NdeI digestion of 

empty pET28a (- control, expected band size of 5,287 bp) and pET28a-cat.SPHtrA colonies 1, 2, 

4, 8 (expected band size of 5,290 bp and 1,021 bp). The ladder used is GeneRuler 1 kb DNA 

Ladder (L). 
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transformation, so the Gibson Assembly incubation time was reduced from 30 min to 15 min. The 

second Gibson Assembly resulted in colonies, however, the PCR screens failed to detect the 

desired amplification product, so a freshly linearized pET28a plasmid was prepared. The third 

Gibson Assembly was successful. Several different PCR screens were also tried for each Gibson 

Assembly. PCR screens using both Q5® polymerase and Phusion polymerase were tried, as well 

as both pSP-catalytic-F/pSP-catalytic-R, and pSP-Gib-pET28a-F/pSP-Gib-pET28a-R primer sets. 

Gratifyingly, the third Gibson Assembly resulted in positive PCR screens and restriction 

digestions, allowing for the expression to begin.  

7.2.1 Expression and Purification of pET28a-cat.SPHtrA 

Numerous expression tests were carried out to determine the optimal expression 

conditions for pET28a-cat.SPHtrA. IPTG concentrations were varied, EtOH and glucose were 

added, and different temperatures and culturing times were tried (Table 10). When checking for 

protein expression, the desired induced protein band should appear darker/larger relative to the 

control culture that is non-induced. The desired protein band should also appear darker/larger 

relative to the other proteins seen in the SDS-PAGE gels.  

To begin optimizing the expression parameters, IPTG concentrations were first varied. 

IPTG is added to the culture when the culture reaches an O.D.600 between 0.6-0.8. Final 

concentrations between 0.1 mM to 2.0 mM were tested (Figure 46). As can be seen in Figure 46, 

varying IPTG concentrations did not cause overexpression of the desired pET28a-cat.SPHtrA 

gene. IPTG functions by mimicking allolactose, a metabolite that triggers transcription of the lac 

operon. Most E. coli pET expression systems contain a lac operon.121 IPTG functions by binding 

to the lac repressor, releasing the repressor from the lac operator, thus allowing for transcription 

of the genes in the lac operon.121 One advantage to using IPTG over the natural lactose metabolite 

is that IPTG forms a chemical bond through the sulfur atom, preventing degradation of IPTG. 121 
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Disadvantages of IPTG induction include: the need to monitor cultures for optimal cell density, it 

is not cost effective, and not compatible for industrial scale-up.121 

 

 

 

 

 

 

 

 

 

 

 

 

Due to IPTG alone not causing overexpression, EtOH and glucose were added to the 

cultures. EtOH concentrations of 1%, 2%, or 3% (v/v) and a glucose concentration of 1% (v/v) 

were added to the cultures at the moment of inoculation. As can be seen in Figure 47, the 

addition of glucose and EtOH increased the production of the apparent cat.SPHtrA relative to the 

other proteins being produced. The exact mechanism by which EtOH functions to increase 

protein expression is not quite known yet; however, it is a widely accepted protocol for protein 

expression.122 Using EtOH is a simple, cost-effective method that does not require any additional 

commercial kits, and does not require the use of any chaperones or heat-shock proteins.122 On the 

other hand, the role of glucose in protein expression is well studied. The lac operon regulates the 

T7 RNA polymerase gene in the pET vectors, and the lacUV5 promoter drives the expression of 

the T7 RNA polymerase gene.123 The lacUV5 promotor is known to allow a basal level of 

Figure 46. SDS-PAGE of varied IPTG concentrations for pET28a-cat.SPHtrA expression. 

(L) EZ-run prestained protein ladder, (C) Control – no IPTG, (1) 0.1 mM IPTG, (2) 0.2 mM 

IPTG, (3) 0.3 mM IPTG, (4) 0.4 mM IPTG, (5) 0.5 mM IPTG, (6) 1.0 mM IPTG, (7) 1.5 mM 

IPTG, (8) 2.0 mM IPTG, stained with Coumassie Brilliant Blue.  
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transcription, even in uninduced cells.123 Supplementing media with glucose keeps cyclic 

adenosine monophosphate (cAMP) levels low; cAMP levels depend strongly on the carbon 

source. However, initiation of transcription of DNA depends on the level of cAMP.123 Therefore, 

the presence of glucose will lower basal levels of expression of all proteins because there are 

lower levels of cAMP present. When IPTG is added to the culture, the expression of the protein 

of interest is enhanced and upregulated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Because the addition of EtOH/glucose enhanced the protein expression of the apparent 

cat.SPHtrA, further efforts were put into optimizing protein production. The next conditions that 

were tested were culture growth time and temperature (Figure 48). The protein of interest may be 

produced by the bacteria at a certain time during growth. Therefore it is important to check 

various time points throughout the growth to determine the optimal time. The temperature can 

also affect bacterial growth by either speeding it up or slowing it down.  

Figure 47. SDS-PAGE of various EtOH concentrations, and glucose for pET28a-cat.SPHtrA 

expression. (L) EZ-run prestained protein ladder, (C) Control – no IPTG, no EtOH, no glucose, 

(1) 0.5 mM IPTG, (2) 1% glucose + 0.5 mM IPTG, (3) 1% EtOH + 0.5 mM IPTG, (4) 2% EtOH 

+ 0.5 mM IPTG, (5) 3% EtOH + 0.5 mM IPTG, stained with Coumassie Brilliant Blue.  

L        C         1         2          3         4         5     

⟸ ~ 33 kDa 

72 

43 

34 

kDa 



 

94 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Large-scale protein purification was then attempted despite the protein expression not 

being very high. A 1 L culture was grown and the cells were lysed. Initial purification efforts 

involved using a gravity nickel column purification. Unfortunately, the protein did not stick to the 

nickel column (Figure 65); perhaps this is because the protein we thought was the cat.SPHtrA 

⟸ ~ 33 kDa 

⟸ ~ 33 kDa 

Figure 48. SDS-PAGE of time and temperature expression trials of the putative pET28a-

cat.SPHtrA. (L) EZ-run prestained protein ladder, and (C) Control – no IPTG, no EtOH, no 

glucose, (1) 37 °C, (2) 30 °C, (3) 37 °C, (4) 30 °C, (5) 37 °C, (6) 30 °C, (7) 25 °C, (8) 15 °C, (9) 

25 °C (10) 15 °C, (11) 25 °C, and (12) 15 °C. All cultures, excluding the control, were induced 

with 0.5 mM IPTG + 1% EtOH, stained with Coumassie Brilliant Blue. 
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was not the correct protein and did not contain a 6xHis tag. The protein’s affinity for the nickel 

column could also be affected by the imidazole concentrations of both the lysis and elution 

buffers. New elution buffers were prepared with various imidazole concentrations (50 mM, 150 

mM, 250 mM, 350 mM, and 500 mM) to improve protein binding, and a new lysis buffer was 

prepared with a lower concentration of imidazole (10 mM). Changing the imidazole 

concentration did not improve the protein’s affinity for the nickel column, and purification was 

still not working (Figure 66). One cause of the lack of binding could be that the N-terminal 6xHis 

tag is folded inside the protein, and would not be available for binding to the column. To 

overcome this, the protein could be denatured, exposing the 6xHis tag, and protein binding to the 

column may be improved. Once a protein is denatured, however, it can be difficult to re-nature 

the protein with correct folding. This method was something that we were wary of performing 

because the aim of purifying this protein is to use it in biological assays later down the road.  

 Instead, anion exchange chromatography using a diethylaminoethyl (DEAE) column on 

the Fast-Protein Liquid Chromatography (FPLC) system was used in an effort to purify the 

protein. Ion exchange chromatography separates molecules based on their total; the molecules 

have electrostatic interactions with the opposite charge on the matrix. Ion exchange 

chromatography is commonly used for separating charged biological molecules, such as proteins 

because the amino acids that make up proteins are zwitterionic compounds and can contain either 

positive or negative charges depending on the pH of their environment. In contrast, nickel affinity 

chromatography relies on the highly specific binding of a 6xHis tag with nickel, and requires that 

the 6xHis tag is exposed so that binding can occur. DEAE anion exchange chromatography 

resulted in a semi-successful purification of the protein of interest. The assumed protein can be 

seen in seven fractions, ranging from 40-60% DEAE Buffer B (Figure 49).  
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 Initial efforts into protein expression appeared to be working in the presence of EtOH and 

IPTG. The assumed cat.SPHtrA band appeared darker relative to the other bands. However, as 

can be seen in some later more resolved gels, there is another band very close to the desired 

protein band of 33 kDa. Depending on the resolution of the gel, the two bands either appeared 

separated or appeared as one dark band. Because of this, the band that we believed to be the 

protein, was not. On the gels in the beginning of the expression optimization, the assumed 

cat.SPHtrA appeared to be at the correct size, but as the efforts into optimization continued and 

gels were run for longer with greater resolution, the dark band appeared to drift upwards to a 

larger size. This is very likely the reason why that the assumed cat.SPHtrA was not sticking to the 

nickel column during purification attempts. It became clearer as purification efforts continued and 

the dark band was likely not the desired protein. Therefore, new alternative constructs were 

designed using a maltose binding protein and a pET vector with a C-terminal 6xHis tag.  
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Figure 49. SDS-PAGE of DEAE anion exchange purification of pET28a-cat.SPHtrA. (L) EZ-

run prestained protein ladder, (1) full cell lysate, (2) soluble lysate fraction loaded onto DEAE 

column, (3) flow-through off the column, and (4-10) elution fractions containing SPHtrA, stained 

with Coumassie Brilliant Blue 
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7.3 Construction of pQI-MBP-cat.SPHtrA 

In an attempt to obtain protein for the catalytic domain of HtrA a construct with a maltose 

binding protein (MBP) was designed. MBP is highly soluble and is typically used to increase the 

solubility of proteins expressed in E. coli. MBP is positioned at the N-terminus of the inserted 

protein, which increases the solubility of that protein by proxy.124 MBP is also useful for affinity 

chromatography, as MBP has strong affinity for amylose. An additional benefit of using an MBP 

tag is to have access to another type of affinity chromatography for protein purification. One 

drawback of using an MBP tag is that the tag needs to be cleaved off after purification with a site-

specific protease.124 

The catalytic portion of SPHtrA was successfully PCR amplified using Q5® polymerase 

with the pSP-catalytic-F and pSP-catalytic-R primer set to produced cat.SPHtrA (Figure 50(A)). 

This freshly prepared catalytic SPHtrA was used for both construction of pET28a-Cterm-

cat.SPHtrA (to be discussed in section 7.4) and pQI-MBP-cat.SPHtrA. The cat.SPHtrA was 

successfully PCR amplified using the pSP-cat-MBP-F and pSP-cat-MBP-R primer set to install 

the correct 5’ and 3’ extensions for assembly into linearized pQI-MBP. The Gibson Assembly 

was successfully performed using a 36.08 ng/µL linearized pQI-MBP plasmid and 61.10 ng/µL of 

the cat.SPHtrA insert. The assembled vector was transformed into 10𝛽 E. coli via electroporation, 

yielding approximately 50 colonies. From the transformation, eight colonies were screened with a 

restriction digestion with XhoI and NdeI; PCR screening was not performed due to time 

constraints (Figure 50(B)). According to the restriction digest results, it appears like the 

constructs were correctly assembled because the sizes of the digestion fragments match the 

expected sizes. For this construct, all eight colonies that were screened look correct. Colony 2 

was selected, grown overnight in a 5 mL LB and carbenicillin culture, and stored as a frozen 

stock (25% glycerol). The frozen stock will then be used to grow more cells, and colony 2 will be 

sent for Sanger sequencing to confirm the correct construction of the plasmid. Once this 
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information is obtained, and the plasmid contains no premature stop codons or frameshift 

mutations, pQI-MBP-cat.SPHtrA will be transformed into BL21 E. coli cells for protein 

expression.  

 

 

 

 

 

  

 

 

 

 

7.4 Construction of pET28a-Cterm-cat.SPHtrA 

Placement of the 6x His tag can sometimes negatively impact protein purification the 6x 

His tag can be folded inside of the protein preventing purification.124 The previous constructs with 

an N-terminal His tag were not binding strongly to the nickel column and appeared to be poorly 

expressed, so a new construct was designed with the 6xHis tag on the C-terminus to hopefully 

improve protein expression.  

Freshly PCR amplified cat.SPHtrA was used for this construct (Figure 51(A)). The 

cat.SPHtrA was PCR amplified again with pSPcatpET28Cter-F and pSPcatpET28Cter-R primers 

to install the correct 5’ and 3’ extensions for assembly into linearized pET28a. The Gibson 

Assembly was successfully performed with using a 24.05 ng/µL linearized pET28a plasmid and 

40.30 ng/µL of the cat.SPHtrA. The assembled vector was transformed into 10𝛽 E. coli via 

electroporation, yielding approximately 50 colonies. From the transformation, eight colonies were 
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Figure 50. PCR screening and restriction digest of pQI-MBP-cat.SPHtrA. (A) PCR screening 

of cat.SPHtrA samples 1-8 (expected band size of 1,008 bp). The ladder used is GeneRuler 1 kb 

DNA Ladder (L). (B) XhoI and NdeI digestion of empty pQI-MBP (- control, expected band size 

of 3,389 bp and 2,068 bp) and pQI-MBP-cat.SPHtrA tranformation colonies 1-8 (expected band 

size of 4,036 bp and 2,065 bp). The ladder used is GeneRuler 1 kb Plus DNA Ladder (L). 
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screened with a restriction digestion with EcoRV and SmaI; PCR screening was not performed 

due to time constraints (Figure 51(B)). The restriction digest results are promising as four out of 

the eight screened colonies were positive hits. Colony 7 was selected, grown overnight in a 5 mL 

LB and kanamycin culture, and stored as a frozen stock (25% glycerol). The frozen stock will 

then be used to grow more cells, and colony 7 will be sent for Sanger sequencing to confirm the 

correct construction of the plasmid. Once this information is obtained, and the plasmid contains 

no premature stop codons and frameshift mutations, pET28a-Cterm-cat.SPHtrA will be 

transformed into BL21(DE3) E. coli expression cells for protein expression. 
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Figure 51. PCR screening and restriction digest of pET28a-Cterm-cat.SPHtrA. (A) PCR 

screening of cat.SPHtrA samples 1-8 (expected band size of 1,008 bp). The ladder used is 

GeneRuler 1 kb DNA Ladder (L). (B) EcoRV and SmaI digestion of empty pET28a (- 

control, expected band size of 2,646 bp and 2,723 bp) and pET28a-Cterm-cat.SPHtrA 

tranformation colonies 1-8 (expected band size of 3,469 bp and 2,724 bp). The ladder used 

is GeneRuler 1 kb Plus DNA Ladder (L). 
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Chapter 8 

Conclusion and Future Work 

The main goal of this research was to heterologously express the serine protease HtrA 

from F. prausnitzii in E. coli to determine if the serine protease HtrA is responsible for the anti-

nociceptive effects on DRG neurons. Several constructs were made and transformed into E. coli 

for expression tests. The first two constructs (pET28a-SPHtrA and pET28a-cat.SPHtrA) were 

successfully transformed into BL21(DE3) E. coli, and expression tests were conducted. The 

expression of both constructs was poor; therefore new constructs were designed. With pET28a-

SPHtrA, the low expression was likely due to the fact that the protein contains a transmembrane 

portion, information realized by using the bioinformatic tool, Phyre2. A transmembrane portion 

would effect transport of the protein out of the cell and make it more difficult to detect in the 

supernatant. The transmembrane portion of the protein was removed by designing primers that 

amplified the catalytic portion of the portion, producing PCR products without the 

transmembrane portion, and a new construct was assembled. The new construct, pET28a-

cat.SPHtrA, expressed slightly better than the initial plasmid. Expression parameters were varied 

to determine the optimal expression parameters. However, due to the resolutions of the SDS-

PAGE gels, and another protein very close by to the protein of interest, it appeared as if the 

expression of cat.SPHtrA was increased with the presence of EtOH. This led to several 

unsuccessful attempts at purifying the putative cat.SPHtrA after careful analysis of the protein 

band size on agarose gels when we decided that it highly unlikely to be the protein of interest and 

new constructs were designed.  

The new constructs contained either a C-terminal 6xHis tag, or a maltose binding protein 

with an N-terminal 6xHis tag. The new constructs were both successfully transformed into 10𝛽 E. 

coli cells.  
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Immediate future work involves sending both constructs to Eurofins Genomics for 

Sanger sequencing to confirm the correct assembly of the constructs into the expression vectors. 

Once this is confirmed, transformation into expression stains of E. coli will occur, and expression 

tests will be carried out. pQI-MBP-cat.SPHtrA will be transformed into E. coli BL21 cells, and 

pET28a-Cterm-cat.SPHtrA will be transformed into E. coli.BL21 (DE3) Various conditions will 

be tested to determine optimal expression conditions, as outlined in Table 10. This will hopefully 

lead to large scale expression and purification of the serine protease HtrA protein. Upon obtaining 

pure protein, the effect on DRG neuron excitability will be examined by our collaborators, Alan 

Lomax. If the protein has a positive impact on DRG neuron excitability, then full biochemical 

characterization will be performed. The serine protease HtrA will hopefully display anti-

nociceptive properties and be used as an analgesic therapeutic for GI disorders.  

However, if this serine protease HtrA from F. prausnitzii is not the protein responsible 

for the anti-nociceptive effects observed by Lomax and colleagues, other protease candidates will 

have to be examined. Genomic mining has revealed two other proteases that could also be 

responsible for the effects on DRG neuron excitability. These proteins would also need to be 

heterologously expressed and purified for their functions to be determined. Discovering a protein 

produced by a bacterium in the human gut microbiome which impacts visceral pain can have 

positive impacts on various GI disorders. The information gained from this research project will 

add to the increasing knowledge about F. prausnitzii and its proteins, as well as the relationship 

between the human gut microbiome and the role that microbes play in visceral pain.  
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Figure 52. PDA chromatograms for P. luteoviolacea (100 mL, two days, 30 ºC, three 

cotton balls).  A) 100 mL culture grown for one day at 30 ºC without cotton balls (standard), 

B) 100 mL culture grown for two days at 30 ºC with three cotton balls (supernatant), C) 100 

mL culture grown for two days at 30 ºC with three cotton balls (cell pellet), D) 100 mL culture 

grown for two days at 30 ºC with three cotton balls (cotton balls), and E) 100 mL culture 

grown for three days at 30 ºC with three cotton balls (supernatant). The known compound, 

thiomarinol A, is marked with an asterisk (*). 

A 

C 

B 

D 

E 

* 



 

120 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 53. PDA chromatograms of culturing conditions with coumaric acid grown for two 

days.  A) 100 mL culture grown for one day at 30 ºC without cotton balls (standard), B) 100 mL 

culture grown for two days at 30 ºC with three cotton balls and coumaric acid (supernatant), C) 

100 mL culture grown for two days at 30 ºC with three cotton balls and coumaric acid (cell 

pellet), D) 100 mL culture grown for two days at 30 ºC with three cotton balls and coumaric acid 

(cotton balls), and E) 100 mL culture grown for three days at 30 ºC with three cotton balls and 

coumaric acid (supernatant). The known compound, thiomarinol A, is marked with an asterisk 

(*). 
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Figure 54. PDA chromatograms of culturing conditions with coumaric acid and no cotton 

balls.  A) 100 mL culture grown for one day at 30 ºC without cotton balls (standard), B) 100 mL 

culture grown for one day at 30 ºC with zero cotton balls and coumaric acid (supernatant), C) 

100 mL culture grown for two days at 30 ºC with zero cotton balls and coumaric acid 

(supernatant), and D) 100 mL culture grown for three days at 30 ºC with zero cotton balls and 

coumaric acid (supernatant). The known compound, thiomarinol A, is marked with an asterisk 

(*). 
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Figure 55. PDA chromatograms of culturing conditions grown at 25 ºC for 2 days. A) 

100 mL culture grown for one day at 30 ºC without cotton balls (standard), B) 100 mL 

culture grown for two days at 25 ºC with three cotton balls (supernatant), C) 100 mL culture 

grown for two days at 25 ºC with three cotton balls (cell pellet), D) 100 mL culture grown 

for two days at 25 ºC with three cotton balls (cotton balls), and E) 100 mL culture grown for 

three days at 25 ºC with three cotton balls and coumaric acid (supernatant). The known 

compound, thiomarinol A, is marked with an asterisk (*). 
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Figure 56. PDA chromatograms of culturing condition at 25 ºC grown for one day with 

coumaric acid. A) 100 mL culture grown for one day at 30 ºC without cotton balls (standard), 

B) 100 mL culture grown for one day at 25 ºC with three cotton balls and coumaric acid (cell 

pellet), and C) 100 mL culture grown for one day at 25 ºC with three cotton balls and coumaric 

acid (cotton balls). The known compound, thiomarinol A, is marked with an asterisk (*). 
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Figure 58. Purified fraction 1 PDA chromatogram. 
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Figure 57. Full MALDI spectrum of the purified fraction 2. 
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Figure 60. HRMS of fraction 4. Molecule of interest is in the red box.  

Figure 59. TIC of purified fraction 3. 
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Figure 61. MS/MS spectrum of fraction 2. 
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Figure 62. MS/MS spectrum of fraction 4. 
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Figure 64. SDS-PAGE of expression tests for pET28a-SPHtrA. (L) EZ-run prestained 

protein ladder, (C) control – non-induced, (1) 0.5 mM IPTG, (2) 1.0 mM IPTG, (3) 1.5 mM 

IPTG, (4) 2.0 mM IPTG, (5) 1% glucose, 0.5 mM IPTG, (6) 1% EtOH, 0.5 mM IPTG, (7) 2% 

EtOH, 0.5 mM IPTG, and (8) 3% EtOH, 0.5 mM IPTG, stained with Coumassie Brilliant Blue.  

L     C   1     2     3    4           L    C   5     6     7    8 kDa 

Figure 63. Absorbance chromatogram of the DEAE anion exchange column used to purify 

the assumed cat.SPHtrA.  Elution fractions (B4 – C3) were colllected between 14.07 min and 

25.07 min.  
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Figure 65. SDS-PAGE of initial purification attempt using a gravity nickel column. (L) 

EZ-run prestained protein ladder, (1) full cell lysate, (2) soluble lysate fraction loaded onto Ni 

Sepharose column, (3) flow-through off the column, and (4) elution fraction, stained with 

Coumassie Brilliant Blue.  

L         1         2        3        4       

72 
43 
34 

kDa 

Figure 66. SDS-PAGE of protein purification with various imidazole concentrations. (L) EZ-

run prestained protein ladder, (1) full cell lysate, (2) soluble lysate fraction loaded onto Ni 

Sepharose column, (3) flow-through off the column, (4) 50 mM imidazole elution, (5) 150 mM 

imidazole elution, (6) 250 mM imidazole elution, (7) 350 mM imidazole elution, and (8) 500 mM 

imidazole elution, stained with Coumassie Brilliant Blue.  
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