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ABSTRACT 

STRUCTURE & FUNCTION OF ENZYMES IN TWO UNCHARACTERIZED GENE CLUSTERS FROM 
Pseudomonas brassicacearum & Streptomyces griseofuscus 

by 
 

Lamia Tabassum Badhon 
 

The University of Wisconsin-Milwaukee, 2021 
Under the Supervision of Professor Nicholas Silvaggi, PhD 

 

          tȅǊƛŘƻȄŀƭ рΩ-phosphate (PLP)-dependent enzymes harness this versatile cofactor to catalyze 

a variety of reactions including transamination, decarboxylation, racemization and various 

elemination/subsitution reactions. Several years ago, a new class of PLP-dependent enzymes was 

discovered that uses PLP and molecular oxygen to catalyze the 4-electron oxidation of L-arginine 

to 4-hydroxy-2-ketoarginine. Work with the prototypical enzyme of this class, MppP from 

Streptomyces wadayamensis (SwMppP), showed that the dioxygen consumed during the 

reaction is reduced to hydrogen peroxide, and that the hydroxyl group installed in the product 

derives from water. Thus, SwMppP is an L-arginine oxidase, and not an oxygenase. This was 

surprising given that the hydroxylation step occurs at an un-activated methylene group of the 

substrate, L-arginine. SwMppP is part of the mannopeptimycin biosynthetic cluster and works 

together with MppR and MppQ to synthesize the non-proteinogenic amino acid L-enduracididine 

(L-End). A BLASTp search of the NR database using the sequence of S. wadayamensis MppP 

revealed close homologs in a number of species of pseudomonads, including Pseudomonas 

brassicacearum, P. syringae, P. amygdali, and P. aeruginosa.  
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The first section of this thesis is focused on the genomic context of the pseudomonad MppP 

homologs. None of the pseudomonad genomes examined contained other key mannopeptimycin 

biosynthetic genes like the nonribosomal peptide synthetases mppA and mppB, or the other two 

L-End biosynthetic genes mppQ and mppR. The lack of MppQ and MppR homologs in these 

organisms suggests that the arginine oxidase activity of MppP homologs is used in a distinct 

biochemical context. We cloned, expressed, and purified the MppP homolog from Pseudomonas 

brassicacearum, a soil-dwelling bacterium associated with the roots of plants in the 

mustard/cabbage family that protects the plants from several bacterial and fungal pathogens. 

The genomic context of the gene  encoding this MppP homolog (PbrMppP) consists of a 

regulatory gene, the MppP homolog, and four additional open reading frames annotated as 

hypothetical protein (PbrHYP), dihydrodipicolinate synthase family protein (PbrDHPS), 

Mononuclear Fe-dependent oxygenase; (PbrOX), and 2Fe2S-binding protein ferredoxin (PbrFD). 

All these genes were annotated from sequence analysis. The observations that (1) the genes are 

overlapping, (2) that the open reading frame includes a luxR-ǘȅǇŜ ǊŜƎǳƭŀǘƻǊȅ ƎŜƴŜΣ ŀƴŘ όоύ рΩ-

untranslated region contains a putative promoter sequence suggests that these genes may 

constitute an operon, which we will refer to as the P. brassicacaerum MppP containing operon 

(PbrMPCO). Understanding the biochemical context of PbrMppP requires assigning functions for 

the other 4 non-regulatory gene products. To begin, we confirmed that the structure and activity 

of PbrMppP are both identical to the prototypical SwMppP. Next, we analyzed the X-ray crystal 

structures of PbrHYP, PbrDHPS and PbrOx. We also identified condition that activates the 

promoter of this gene cluster. Since the structures were not sufficient to deduce the functions of 

these enzymes, we turned to a metabolomic strategy to determine the final product of the 
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operon. Knowing the final product would limit the possibilities for substrate of these putative 

enzymes, we show here a comparative metabolomic analysis by knocking out the entire operon 

ŀƴŘ ǎŜŀǊŎƘƛƴƎ ŦƻǊ άƳƛǎǎƛƴƎέ ƳŜǘŀōƻƭƛǘŜόǎύ ōȅ ƳǳƭǘƛǇƭŜ a{Φ 

The second section focuses on a second MppP homolog from Streptomyces griseofuscus. The 

gene encoding this MppP homolog, SgrMppP, is flanked by 5 other genes whose products are 

annotated as a putative biotin carboxylase (SgrLIG), flavin-dependent monooxygenase (SgrOX), 

S-adenosyl methionine (SAM)-dependent methyltransferase (SgrMT), amidinohydrolase (SgrAH), 

and GNAT-family acetyltransferase (SgrNAT). The goal of these studies is to determine the 

activities of all the enzymes in this gene cluster and to identify the final product. So far I have 

shown, in the presence of Mg(II) and SAM, SgrMT catalyzes the transfer of a methyl group from 

SAM to carbon 4 of the 4-hydroxy-2-ketoarginine produced by SgrMppP. We also determined 

that SgrMT products are used by SgrAH as substrate and the turned over products by SgrAH are 

ornithine derivatives and urea. Succeeding research will involve structural and functional 

determination of rest of the gene products, which will eventually lead to the identification of final 

product of these gene-contexts. 

 

  



v 

 

TABLE OF CONTENTS 

!ōǎǘǊŀŎǘΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦƛƛ 

 

LIST OF FLD¦w9{ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ..ix 

 

[L{¢ hC ¢!.[9{ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ.xiii 

 

[L{¢ hC {/I9a9{ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧxv 

 

[L{¢ hC !..w9±L!¢Lhb{ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧxvii 

 

!/Yh²[95D9a9b¢{ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ.xxi 

 

 

LIST OF FIGURES ............................................................................................................................... x 

LIST OF TABLES .............................................................................................................................. xvi 

LIST OF SCHEMES ........................................................................................................................ xviii 

LIST OF ABBREVIATIONS ................................................................................................................ xx 

ACKNOWLEDGEMENTS ............................................................................................................... xxiv 

 

 

Chapter 1 ......................................................................................................................................... 1 

Introduction to natural products biosynthesis ............................................................................... 1 

 

1.1 Different types of natural products .................................................................................... 3 

1.1.1 Alkaloids .............................................................................................................................. 4 

1.1.2 Phenylpropanoids ............................................................................................................... 6 

1.1.3 Polyketides .......................................................................................................................... 8 

1.1.4 Terpenoids .......................................................................................................................... 9 

1.1.5 Non proteinogenic amino acids in natural products ........................................................ 11 

1.1.6 Lantibiotics ........................................................................................................................ 17 



vi 

 

1.1.7 Non ribosomal peptide and their biosynthesis ................................................................ 22 

1.1.8 L-Enduracididine as a natural product precursor ............................................................. 25 

1.2 ! ƴƻǾŜƭ ƎƭȅŎƻǇŜǇǘƛŘŜ ŀƴǘƛōƛƻǘƛŎ άƳŀƴƴƻǇŜǇǘƛƳȅŎƛƴέ ...................................................... 28 

1.3 PLP dependent enzymes ................................................................................................... 32 

1.3.1 PLP-dependent transaminase ........................................................................................... 33 

1.3.2 PLP-dependent decarboxylase.......................................................................................... 33 

1.3.3 PLP-dependent deaminase ............................................................................................... 34 

1.3.4 PLP-dependent racemase ................................................................................................. 35 

1.3.5 MppP: A unique PLP-dependent L-arginine oxidase ........................................................ 37 

 

 

Chapter 2 ....................................................................................................................................... 41 

Beyond Enduracididine Biosynthesis I: Exploring the biochemical context of MppP activity in a 

putative operon in Pseudonomas brassicacerum ......................................................................... 41 

 

2.1 Background ............................................................................................................................. 41 

2.2 Methodology ........................................................................................................................... 53 

2.2.1  Cloning, expression and purification of the PbrMPCO Enzymes ...................................... 53 

2.2.2  Differential scanning fluorimetry ...................................................................................... 55 

2.2.3 FeII loading on PbrOx ......................................................................................................... 57 

2.2.4  Confirmation of PbrMppP activity .................................................................................... 57 

2.2.5  NMR characterization of PbrMppP reaction products ..................................................... 57 

2.2.6 Characterization of PbrMppP reaction products by mass spectrometry.......................... 58 

2.2.7  Crystallization and structure determination of Pbr proteins ........................................... 59 

2.2.8  Steady state kinetics of PbrMppP ..................................................................................... 63 

2.2.9  Stoichiometric analysis of PbrMppP reactions with L-Arg and L-canavanine .................. 64 

2.2.10 Pre-steady state kinetics of PbrMppP ............................................................................. 64 

2.2.11 Substrate specificity of PbrMppP .................................................................................... 66 



vii 

 

2.2.12 Ferredoxin NADP reductase (PbrFNR) activity test ......................................................... 67 

2.2.13 Identifying conditions that activate the PbrMppP promoter (RS05025) ........................ 68 

2.2.14 Metabolite extraction for LCMS analysis ........................................................................ 73 

2.3 Results ..................................................................................................................................... 74 

2.3.1 PbrMppP oxidizes L-Arg ..................................................................................................... 74 

2.3.2 H2O2 is a product of PbrMppP catalysis ............................................................................ 81 

2.3.3 Steady state kinetics of PbrMppP ..................................................................................... 83 

2.3.4 Pre-steady state kinetics of PbrMppP ............................................................................... 85 

2.3.5 PbrMppP substrate specificity ......................................................................................... 105 

2.3.6 Steady state kinetics of the reaction of PbrMppP with L-canavanine ............................ 116 

2.3.7 Structural characterization of PbrHYP ............................................................................. 118 

2.3.7.1 Introduction to PIN domain ....................................................................................... 118 

2.3.7.2 PbrHYP is a PIN domain homolog .............................................................................. 119 

2.3.7.3 PbrHYP has no metal-binding site .............................................................................. 121 

2.3.7.4 Absence of an anti-toxin component near the PbrHYP gene .................................... 125 

2.3.8 Structure of PbrDHPS ...................................................................................................... 126 

2.3.8.1 Type I aldolases .......................................................................................................... 127 

2.3.8.2 PbrDHPS is likely a Type I aldolase ............................................................................. 128 

2.3.8.3 The putative catalytic lysine residue is active in PbrDHPS ........................................ 129 

2.3.8.4 Lys160 forms a Schiff base with a ketoacid ............................................................... 132 

2.3.9 Structure of PbrOX, a putative nonheme Fe(II)-dependent oxygenase.......................... 133 

2.3.9.1 Introduction to mononuclear non-heme iron oxygenase ......................................... 134 

2.3.9.2 PbrOX is a mononuclear iron oxygenase homolog .................................................... 135 

2.3.9.3 FeII Loading of PbrOX ................................................................................................. 137 

2.3.9.4 Introduction to bacterial three component system .................................................. 139 

2.3.9.5 PbrFD is a Fe-S cluster protein ................................................................................... 139 

2.3.9.6 PbrFNR is active in the absence of any specific substrate ......................................... 141 



viii 

 

2.3.9.7 Electrons flow from NADPH towards PbrOX .............................................................. 142 

2.3.9.8 Holo PbrOX is required for electron flow .................................................................. 144 

2.3.10.1 PbrMppP operon genes are expressed only in solid culture ..................................... 145 

нΦоΦмлΦн tǊŜƭƛƳƛƴŀǊȅ άŎƻƳǇŀǊŀǘƛǾŜ ƳŜǘŀōƻƭƻƳƛŎǎέ ƻŦ 5Cпм ŎŜƭƭǎ ōȅ [/-MS ............................. 148 

 

2.4 Discussion .............................................................................................................................. 155 

 

 

Chapter 3 ..................................................................................................................................... 156 

Structure and Function of the Enzymes Expressed by the MppP-Containing Operon in 

Streptomyces griseofuscus .......................................................................................................... 156 

 

3.1 Background ........................................................................................................................... 156 

3.2 Methodology ......................................................................................................................... 160 

3.2.1 Cloning, expression, and purification of SgrMT Enzymes ............................................... 160 

3.2.2 Differential scanning fluorimetry .................................................................................... 162 

3.2.3 Crystallization and structure determination of SgrMPCO proteins ................................ 163 

3.2.4 Mass spectrometric analysis of reaction products.......................................................... 165 

3.2.5 Preparation of S-13C-labeled SAM ................................................................................... 167 

3.2.6 NMR characterization of SgrMT reaction products ........................................................ 167 

3.2.7 Steady state kinetics determination of SgrMT ................................................................ 168 

3.3 Results and discussions ......................................................................................................... 170 

3.3.1 SgrMppP is a homolog of SwMppP .................................................................................. 170 

3.3.2 SgrMT is a structural homolog of MppJ ........................................................................... 171 

3.3.3 SgrMT product identification by LCMS ............................................................................ 175 

3.3.4 Determination of SgrMT products by NMR spectroscopy ............................................... 181 

3.3.5 Confirmation of methyl-13C SAM synthesis by LC-MS ...................................................... 186 

3.3.6 Determination of methylation position by INADEQUATE NMR ....................................... 189 

3.3.7 SgrMT is not specific for any divalent metal .................................................................... 193 



ix 

 

3.3.8 Steady State Kinetics of SgrMT with 2KA and 4HKA ......................................................... 194 

3.3.9  SgrAH is a structural homolog of ScPAH .......................................................................... 197 

3.3.10 SgrAH Reacts with the product(s) of SgrMT ................................................................... 200 

 

4 Conclusion ................................................................................................................................ 205 

 

5 Reference ................................................................................................................................. 208 

 

 

Appendix A..................................................................................................................................226 

Appendix B..................................................................................................................................227 

Curriculum Vitae.........................................................................................................................229 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



x 

 

LIST OF FIGURES 
 

Chapter 1 

 

Figure 1: Categories of drug approved by FDA since the last three decades (1984 to 2014). N 

(unaltered), ND (derivatives), and S (synthetic). .................................................................... 2 

 

Figure 1.1.4: Biosynthetic route of terpenoids in plants .............................................................. 10 

 

Figure 1.1.7-1: A brief mechanism of peptide growth in NRPS .................................................... 23 

 

Figure 1.1.7-2 Difference in biosynthesis of ribosomal and nonribosomal peptides. ................. 24 

 

Figure 1.3: Mannopeptimycin open reading frame ...................................................................... 30 

 

Figure 1.4.5-1: L-enduracididine biosynthetic gene cluster in Streptomyces wadayamensis, is a 

part of mannopeptimycin biosynthesis gene context. ......................................................... 37 

 

 

Chapter 2 

 

 

Figure 2.1-1: Genetic distant tree of MppP homologs constructed from PHI-BLAST .................. 43 

 

Figure 2.1-2: MppP-containing putative operon in Pseudomonas brassicacearum. ................... 45 

 

Figure 2.1-3: The PbrMppP active site structure overlaid with SwMppP (PBD ID: 6C9B) ............ 48 

 

Figure 2.1-4: Bacterial three-component oxygenase system ....................................................... 52 

file:///C:/LAMIA/Thesis/final/Lamia%20corrections/LTB%20Thesis%20Final.docx%23_Toc71753295


xi 

 

 

Figure 2.2.13-1 PbrMppP Promoter region (RS05025) ................................................................. 68 

 

Figure 2.2.13-2: Schematic of the process for cloning the putative PbrMPCO promoter region 

(RS05025) into the pPROBE-NT reporter plasmid. Image created with SnapGene® . ......... 70 

 

Figure 2.3.1-1: The structure of PbrMppP .................................................................................... 75 

 

Figure 2.3.1-2: UV-visible spectra of the PbrMppP reaction with L-Arg. ..................................... 77 

 

Figure 2.3.1-3: PbrMppP produces [95] and [91] in a ~2:1 ratio. The green spectrum (top)  was 

collected for a solution of pure L-Arg in D2O. The red spectrum is the PbrMppP reaction 

products. ............................................................................................................................... 79 

 

Figure 2.3.1-4: ESI-mass spectrometric analysis of PbrMppP products in positive mode. .......... 80 

 

Figure 2.3.2-1: Regeneration of dioxygen after adding catalase into PbrMppP reactions at 

equilibrium ............................................................................................................................ 82 

 

Figure 2.3.3-1: Michaelis Menten graph of PbrMppP catalysis. The reactions were initiated by 

adding PbrMppP (9 µL of 272 µM PbrMppP; ~5 µM final concentration) into solutions 

ŎƻƴǘŀƛƴƛƴƎ мл ˃aΣ нл ˃aΣ пл ˃aΣ ул ˃a ŀƴŘ мсл ˃a [-arg in 50 mM BisTris Propane pH 8.5 

buffer. ................................................................................................................................... 84 

 

Figure 2.3.4-1: Pre-steady state kinetic data from global fitting in KinTek explorer version 10.. 87 



xii 

 

 

Figure 2.3.4-2: Pre-steady state kinetic data from global fitting in KinTek explorer V10, when the 

branch point to [91] was placed at EQ2 (A). ......................................................................... 92 

 

Figure 2.3.4-3: Pre-steady state kinetic data from global fitting in KinTek Explorer when the EK 

branch point was placed at intermediate X1. (A) ................................................................. 94 

 

Figure 2.3.4-4: Pre-steady state kinetic data from global fitting in KinTek Explorer when the F is 

omitted from the model 1 (A) ............................................................................................... 97 

 

Figure 2.3.4-5: Pre-ǎǘŜŀŘȅ ǎǘŀǘŜ ƪƛƴŜǘƛŎ Řŀǘŀ ŦǊƻƳ Ǝƭƻōŀƭ ŦƛǘǘƛƴƎ ƛƴ Yƛƴ¢Ŝƪ 9ȄǇƭƻǊŜǊ ǿƘŜƴ ǘƘŜ 9wΩ 

intermediate is omitted from the model 1 (A) ..................................................................... 99 

 

Figure 2.3.4-6: Pre-steady state kinetic data from global fitting in KinTek Explorer when the F is 

ƻƳƛǘǘŜŘΣ ŦƻƭƭƻǿŜŘ ōȅ ƻƳƛǎǎƛƻƴ ƻŦ ƛƴǘŜǊƳŜŘƛŀǘŜ 9wΩ ŦǊƻƳ ǘƘŜ ƳƻŘŜƭ м ό!ύ ........................ 101 

 

Figure 2.3.5-1: PbrMppP substrate specificity. Spectrometric scans of reactions with L-Arg and a 

panel of potential alternative substrates ........................................................................... 109 

 

Figure 2.3.5-2: Comparison of quinonoid-I formation by L-arg and L-canavanine in PbrMppP 

reaction. .............................................................................................................................. 113 

 

Figure 2.3.5-3: ESI mass spectrometric analysis of MppP reaction products with L-canavanine

............................................................................................................................................. 115 

 



xiii 

 

Figure-2.3.7.2-1:  PbrHYP dimer structure. The yellow bond on the top indicated disulfide link 

between the two dimer. ..................................................................................................... 120 

 

Figure 2.3.7.3: Overlaid structures of PbrHYP (blue) and VapC (PBD ID: 4CHG; light grey) ....... 125 

 

Figure 2.3.8.4-1: Crystallographic structure of PbrDHPS with [91] bound................................. 133 

 

Figure 2.3.9.2-1 A) tertiary structure of PbrOX homodimer B) active site of PbrOX retains metal 

binding facial triad C) PbrOX (yellow) active site overlaid with UndA (red) with an RMSD value 

of 4.15Å over 6% sequence identity. .................................................................................. 136 

 

Figure 2.3.9.3-1: A) Spectra of Apo PbrOX and FeII installed PbrOX. Both FeII (FeSO4) alone and 

ascorbate mixed FeII (FeSO4) solution has a small peak near 272nm, whereas apo PbrOX 

ŘƻŜǎƴΩǘ ƘŀǾŜ ŀƴȅ ǇŜŀƪ ƻǘƘŜǊ ǘƘŀƴ нул ƴƳ ǿŀǾŜƭŜƴƎǘƘΦ .ύ ¢ƘŜ ŎƻƴŎŜƴǘǊŀǘŜŘ ǎŀƳǇƭŜ ƻŦ CŜII 

loaded PbrOX is overaid with A. The red spectra (~250 µM PbrOX+ Fe(II)+ascorbate) is the 

sample concentrated after incubation with Fe and ascorbate (pink spectra: ~175 µM PbrOX 

with Fe(II) and ascorbate) ................................................................................................... 138 

 

Figure 2.3.9.5-1: A) Spectra of PbrFd expressed in terrific broth supplemented with cysteine and 

ferric ammonium citrate (blue spectrum). The green spectrum is for PbrFd when expressed 

in LB media only, thus Fe-S cluster not installed. B) The elution fractions from HisTrap 

purification off PbrFd shows a brown color. ...................................................................... 140 

 



xiv 

 

Figure 2.3.9.6-1: PbrFNR reduces dioxygen to produce H2O2 in the absence of any other electron 

acceptor. Denatured PbrFNR does not consume dioxygen. ............................................... 142 

 

Figure 2.3.9.7-1: Electron flows from NADPH towards PbrOX ................................................... 143 

 

Figure 2.3.9.8-1: Fe(II) loading on PbrOX is required for electron flow ..................................... 144 

 

Figure 2.3.12-A: Metabolic cloud plot generated from DF41 cells expressed in solid culture (green 

traces) vs liquid culture (red traces) ................................................................................... 153 

 

 

Chapter 3 

 

 

Figure 3.1-1: putative biosynthetic gene cluster in Streptomyces griseofuscus ........................ 156 

 

Figure 3.1-1: A) Structure of SgrMppP homolog liganded with cofactor PLP resolved at 2.1 Å, Rcryst: 

0.142, Rfree: 0.184. B) SgrMppP (blue chain) active site overlaid with SwMppP (gray chain) 

with 51% sequence identity and RMSD value of 0.97 Å. .................................................... 171 

 

Figure 3.3.2-1: A) structure of SgrMT liganded with Mg2+ and [91] or 2KA bound at 2.2 Å 

resolution. The silver sphere is the Mg2+ ion and the blue structure underneath the electron 

density map is the 2KA or [91]. B) Superimposed structures of SgrMT (yellow) with substrate 

[91] and Mg2+ ōƻǳƴŘ ŀƴŘ ƻŦ aǇǇW όƎǊŜŜƴΣ t5. L5Υ пƪƛƎύ ƭƛƎŀƴŘŜŘ ǿƛǘƘ ǘƘŜ ǇǊƻŘǳŎǘ ʲ-methyl 

ǇƘŜƴȅƭǇȅǊǳǾŀǘŜ όwa{5 Ґ мΦн ) ŦƻǊ ŀƭƭ /ʰ ŀǘƻƳǎύΦ ¢ƘŜ ǊŜŘ ǎǇƘŜǊŜ ƛǎ ǘƘŜ CŜ ōƻǳƴŘ ƛƴ ǘƘŜ ŀŎǘƛǾŜ 

site of MppJ ......................................................................................................................... 173 



xv 

 

 

Figure 3.3.3-1: A) Extracted ion chromatograms of SgrMT reaction products B) Extracted ion 

chromatograms of SgrMT negative control. ....................................................................... 176 

 

Figure 3.3.3.-2: Mass spectra of individual chromatogram at specified retention time ............ 177 

 

Figure 3.3.4-1: determination of SgrMT reaction products by NMR spectroscopy ................... 185 

 

Figure 3.3.5-1 A) Chromatogram of EcMetK reaction product with S-13C labelled SAM, B) 

Chromatogram of naturally abundant SAM. ...................................................................... 187 

 

Figure 3.3.6-1: INADEQUATE (2D 13C-13C coupling) spectra of SgrMT reaction products. ...... 192 

 

Figure 3.3.7-1: 1H-NMR of SgrMT reaction product in presence of Fe(III) and Ascorbate. The 

reaction substrate was pure 2KA [91]. ............................................................................... 193 

 

Figure 3.3.8-1: Steady state kinetic data of SgrMT ..................................................................... 197 

 

Figure 3.3.9-1: SgrAH (greem chain) overlaid with ScPAH (gray chain, (PDB ID: 1GQ6) with RMSD 

value of 0.97 Å .................................................................................................................... 199 

 

Figure 3.3.10-1: Extracted ion chromatogram of SgrAH reaction with 13C- and 2D-labelled SgrMT 

products. ............................................................................................................................. 202 

 

 



xvi 

 

LIST OF TABLES 
 

Chapter 2 

 

Table 2-1: Gene accession codes, sequence annotations, and identity to closest characterized 

homolog of PbrMPCO proteins. ................................................................................................ 47 

 

Table 2.2.1-1: Primers used for cloning Pbr proteins ............................................................... 53 

 

Table 2.2.2-2: Storage buffer of PbrMPCO enzymes ................................................................ 56 

 

Table 2.2.7-1: Crystallization conditions of the PbrMPCO enzymes. ........................................ 61 

 

Table 2.2.13-1 Screening conditions used to test the putative PbrMPCO promoter. .............. 72 

 

Tabe 2.3.2-1: Amount of dioxygen released upon the addition of catalase to PbrMppP reactions 

monitored in a Hansatech dioxygen electrode. ........................................................................ 83 

 

Table 2.3.3-1: Steady state parameters calculated from the oxygen probe-derived initial 

velocity data with L-Arg. ............................................................................................................ 84 

 

Table 2.3.4-мΥ {ǘŀǘƛǎǘƛŎŀƭ ŀƴŀƭȅǎƛǎ όƻōǎŜǊǾŜŘ ˔2 values)  of different models explained in 2.3.4.

 ................................................................................................................................................. 102 

 

Table 2.3.6-1: Comparison of the steady state kinetic parameters of PbrMppP with L-Arg or L-

canavanine as substrate. ......................................................................................................... 117 

 



xvii 

 

Table 2.3.12-1: list of m/z expressed highly in DF41 solid culture ......................................... 154 

 

 

Chapter 3 

 

Table 3.1-1: Gene accession codes, sequence annotations, and identity to closest characterized 

homolog of SgrMPCO proteins ............................................................................................... 157 

 

Table 3.1.1-1: Storage buffer of SgrMPCO proteins and EcMetK ........................................... 162 

 

Table 3.2.3-1: Crystallization condition of Sgr enzymes ......................................................... 163 

 

Table 3.3.3-1: The major traces of m/z along with their corresponding predicted structure, 

analyzed from LCMS data of SgrMT reaction products. The negative control refers to SgrMppP 

reaction products + SAM+ Mg2+ + heat denatured SgrMT. .................................................... 178 

 

Table 3.3.5-1: Structure of major peaks determined from SAM mass spectroscopic fingerprint. 

The green asterisks indicates 13C-isotope label ...................................................................... 188 

 

Table 3.3.8-1: comparison of MichaelisςMenten kinetic fit of SgrMT with 2KA and 4HKA ... 197 

 

Table 3.3.10-1: Prediction of structure from 13C- and 2D-labelled products from the SgrAH 

reaction. .................................................................................................................................. 203 

 

 

 

 



xviii 

 

LIST OF SCHEMES 
 

Chapter 1 

 

Scheme 1.1.1: representative example of various types of alkaloids and their precursors...... 6 

 

Scheme  1.1.3:   structure of polyketides .................................................................................. 9 

 

Scheme 1.1.4: Structure of basic terpenoids ........................................................................... 11 

 

Scheme 1.1.6: non proteinogenic amino acid based natural products. .................................. 15 

 

Scheme1.1.6: representative lantibiotics structure. ............................................................... 19 

 

Scheme 1.1.8: structure of natural products containing L-arginine derivatives, both in flexible 

chain form and constrained form. ........................................................................................... 28 

 

Scheme 1.2: Structures of compounds mentioned in section 1.3 ........................................... 30 

 

Scheme 1.3: Difference PLP-ŘŜǇŜƴŘŜƴǘ ŜƴȊȅƳŜǎΩ ǊŜŀŎǘƛƻƴ ƳŜŎƘŀƴƛǎƳΦ ............................... 36 

 

Scheme 1.4.5-1: L-enduracididine biosynthesis by Streptomyces wadayamensis .................. 38 

 

Scheme 1.4.5-2: proposed reaction mechanism catalyzed by MppP ...................................... 40 

 

 

Chapter 2 

 

Scheme 2.1-1: Reaction catalyzed by PbrMppP. ..................................................................... 46 

 

Scheme 2.1-2: Reactions catalyzed by SwMppP and SwMppR. .............................................. 50 

 

file:///C:/LAMIA/Thesis/final/Lamia%20corrections/LTB%20Thesis%20Final.docx%23_Toc70138096
file:///C:/LAMIA/Thesis/final/Lamia%20corrections/LTB%20Thesis%20Final.docx%23_Toc70138101


xix 

 

Scheme 2.3.4-1: Proposed reaction mechanism of PbrMppP ............................................... 104 

 

Scheme 2.3.8-1: Reaction catalyzed by EcDHPS. ................................................................... 127 

 

Scheme 2.3.8.3-1: Structure of ShMppR product [122] when alternative aldehyde substrate 3-

(2-furyl)acrolein [120] and pyruvate [122] are condensed. .................................................. 130 

 

Scheme 2.3.9-1: Reaction catalyzed by UndA ....................................................................... 134 

 

 

Chapter 3 

 

Scheme 3.3.1-1: reaction catalyzed by SghMppJ. MppJ is part of mannopeptimycin-ʴ [131] 

biosynthetic gene cluster in Streptomyces hygroscopicus. ............. Error! Bookmark not defined. 

 

Scheme 3.3.2-1: Predicted reaction catalyzed by SgrMT. .......... Error! Bookmark not defined. 

 

Scheme 3.3.4-1: Reaction catalyzed by EcMetK, where the S-connected methyl group id 13C-

isotope labelled ........................................................................... Error! Bookmark not defined. 

 

Scheme 3.3.7-1: reaction catalyzed by SAM-methyltransferase assay kit from G-Biosciences 

ό{!aрмлΥ {! aŜǘƘȅƭǘǊŀƴǎŦŜǊŀǎŜ !ǎǎŀȅΣ /ŀǘΦ І тусπполύ ............ Error! Bookmark not defined. 

 

Scheme 3.3.8-1: reaction catalyzed by ScPAH ............................ Error! Bookmark not defined. 

 

Scheme 3.3.9-1: different form of urea in positive mode with their corresponding m/z (Ref: 

METLIN ID 6). ............................................................................... Error! Bookmark not defined. 

 

Scheme 3.3.9-2: Predicted reaction catalyzed by SgrAH ............ Error! Bookmark not defined. 

 
 

file:///C:/LAMIA/Thesis/final/Lamia%20corrections/LTB%20Thesis%20Final.docx%23_Toc70138206


xx 

 

LIST OF ABBREVIATIONS 
 

 

2KA 2-Ketoarginine 

2KE 2- Ketoendiracidine 

4HKA 4-Hydroxy-2-ketoarginine  

AH Amidinohydrolase 

APCI Atmospheric pressure chemical ionization 

ATP Adenosine triphosphate  

BM Basal media 

COSY Heteronuclear COrrelation SpectroscopY 

Dha Dihydroalanine 

Dhb Dihydrobutyrine 

DHPS Dihydrodipicolinate synthase 

DSF Differential scanning fluorimetry 

DTT Dithiothreitol  

DX Double mixing 

ESI-MS Electrospray ionization mass spectrometry  

FAD Flavin adenine dinucleotide 

Fd Ferredoxin 

FNR Ferredoxin NAD(P)H reductase 

Glc Glucose 



xxi 

 

GOL Glycerol 

HSQC Heteronuclear Single Quantum Correlation 

INADEQUATE Incredible Natural Abundance DoublE QUAntum Transfer Experiment 

IPTG LǎƻǇǊƻǇȅƭ ʲ-d-1-thiogalactopyranoside 

LB Luria Broth 

LCMS Liquid Chromatography mass spectrometry 

L-END L-Enduracididine 

LIG Ligase 

LS-CAT Life science collaborate access team 

MAD Multiwavelength anomalous diffraction  

MCPM Metabolic cloud plot map 

Met Methionine 

MO Monooxygenase 

Mpp Mannopeptimycin 

MRSA Methicillin resistant Staphylococcus  aurelius 

MT Methyl ttransferase 

NADH Nicotinamide adenine dinucleotide hydrogen 

NAD(P)H Nicotinamide adenine dinucleotide phosphate hydrogen 

NAT N-Acetyl transferase 

NMR Nuclear magnetic resonance  



xxii 

 

NRPS Non-ribosomal peptide synthase 

Ox Oxygenase 

Pbr Pseudomonas brassicacearum 

PCR Polymerase chain reaction 

PEG Polyethylene glycol 

PIN PilT N-terminus 

PKS Polyketide synthase 

PLP Pyridoxal-рΩ-phosphate 

PMP Pyridoxamine 5'-phosphate 

PP2 Proteose peptone media 2 

Pyr Pyruvate 

Q1 Quinoid-1 

Q2 Quinoid-2 

RMSD Root mean square deviation 

SAD Single wavelength anomalous diffraction 

SAH S-Adenosyl homocysteine 

SAM S-Adenosyl methionine 

SF Stop flow 

Sgr Streptomyces griseofuscus 

Shg Streptomyces hygroscopicus 



xxiii 

 

SX Single mixing 

TEV Tobacco etch virus 

TLS Translation-libration-screw 

VRE Vancomycin Resistant Enterococci 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xxiv 

 

ACKNOWLEDGEMENTS 
 

First and foremost, I would like to express my gratitude to my advisor Dr. Nicholas Silvaggi, for 

giving me the opportunity to work in the lab. I am grateful to him for mentoring me professionally 

as a crystallygrapher and enzymologist. I greatly appreciate the way he inspired me to 

incorporate various technique in my research. He has always been patient to train me as a 

scientist. It is my pleasure to be a part of Silvaggi lab.   

I am grateful to my committee members Dr. Alan Schwabacher, Dr. Sonia Bardy, Dr. David Frick 

& Dr. Andy Pacheco for their feedback and encouragement in my research and dissertation. I am 

also thankful to them for trtaining me to use the instruments in their lab. I would also like to 

thank Dr. Anna Benko Dr.Frank Holger Foersterling for their enormous support through the last 

five years to train me in MS and NMR.   I appreciate the help of Life Scinces Collaborative Access 

Team, Advance Photon Source in Argonne National Laboratory for data collection.  

I am thankful to my lab members Lanlan Han, Trevor Melkonian, Nemanja Vuksanovic & 

Madeline Rettmann, for their consistent support in my research.  

I want to Thank my husband especially, Md Zubair Ahmed Khan, for his unconditional support 

and loveduring all these years. His endless consolation and encouragement helped me towards 

my graduation. Mt little angel Zaira Ahmed Khan also deserves a big thanks for staying calm 

during my graduation.  

Last but not the least, I am grateful to my parents Raushan Ara Alpona & Mohammad Liaquate 

Ali, my brother Mohammad Asaduzzaman Shaon, my in-laws Md Abul Hashem Khan & Jesmin 

Akter; for understanding me and being patient during my stressful days. 



1 

 

Chapter 1 
 

Introduction to natural products biosynthesis 
 

Beyond the biochemistry of energy production, macromolecule biosynthesis, and cell division, 

there exists a universe of metabolites and associated chemical transformations that, while not 

required for cell viability, nonetheless provide distinct advantages in harsh or competitive 

environments. Collectively, these reactions are known as secondary metabolism. Many 

secondary metabolites possess biological activities like cytotoxicity, biofilm inhibition, or 

signaling. Collectively, these bioactive secondary metabolites are known as "natural productsi. 

Secondary metabolites can be obtained from both prokaryotes and eukaryotes. Prokaryotic 

secondary metabolites, in general, have defensive actions to protect the producing cells. 

Antibiotics are common examples of such natural products and discovery of antimicrobial agents 

like penicillin, streptomycin, and chloramphenicol revolutionized medicine. Eukaryotic secondary 

metabolites, for example alkaloids, have been used historically as anti-inflammatory, 

anticarcinogenic, and analgesic medicinesii.  Over the last two decades, the pace of discovery of 

bioactive natural products has increased exponentially. With the aid of metabolomic profiling 

approaches in conjunction with computational chemistry, natural products and their derivatives 

has been developed as treatments for numerous diseasesiii. Since 1981, the majority of FDA-

approved drugs were unaltered natural products or derivatives of natural productsiv (Figure1). 
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Figure 1: Categories of drug approved by FDA since the last three decades (1984 to 2014). N 

(unaltered), ND (derivatives), and S (synthetic). 

 

Using natural products from direct sources threatens the natural growth of microorganism and 

endangers many plant speciesv. A remedy to overcome this problem is systematic application and 

conjugation of Biotechnology and synthetic chemistry. Towards that resolution, it is 

indispensable to understand the biochemical pathway of the natural products.  
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1.1 Different types of natural products  
 

 

Historically, natural products have been used as a potent source of medicinal compound. Without 

knowing the exact route of function, they were primarily used as therapeutic agents like cough, 

cold healer, and pain killer, for a long period of time. Back in early eighteenth century, the 

pioneering of Lavoisier principles (1789) for naming chemical elements, isolation of first recorded 

plant based natural product άmorphineέ (1804) by Friedrich Wilhelm Sertürnervi, Friedrich 

²ƻƘƭŜǊΩǎ ōǊŜŀƪǘƘǊƻǳƎƘ discovery for chemical synthesis of natural product (1828), and many 

other inventions commenced a new era for natural products and their functional 

characterization. For instance, the discovery of penicillin by Alexander Fleming in 1928 was 

facilitated by the developments mentioned above.   

The emerging number of natural products discoveries require assortment for further study and 

modification. Natural products are classified into two major groups depending on the source: 

those synthesized by eukaryotes and those synthesized by prokaryotes. All three domains of life 

produce natural products... the bacterial and archeal systems (prokaryotes) and the Eukarya, 

which includes natural products from plants, fungi, and animals. Among them, plants produce 

highly diversified compounds with structural and functional attribution. Thus, natural products 

from plants are further sub-categorized into four groups depending on their biosynthetic originvii 

: (1) alkaloids, (2) phenylpropanoids, (3) polyketides, and (4) terpenoids. It should be noted that 

the production of polyketides is not limited in plants, they are also synthesized in bacteria and 

fungi. 
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Natural products from prokaryotes can be bioactive as antibiotic, many are used for cell signaling 

(i.e., quorum sensing) and  nutrient scavengers like Siderophores. Although some produce 

compounds of other medicinal use, for example Bleomycin is a cytotoxic glycopeptide used for 

cancer treatmentviii. Here, for the purpose of understanding later studies in chapters 2 and 3, 

different classes of natural products will be discussed briefly along with the biosynthetic route of 

representative compounds.  

 

1.1.1 Alkaloids 
 

 

The largest group of plant based natural products are alkaloids. As Plants cannot excrete nitrogen 

directly, so they store it as nucleosides or amino acids. When the nucleoside pool exceeds the 

amount needed for primary metabolism, they are incorporated into alkaloid natural products, 

called nucleoside derived alkaloids. A major subcategory of nucleoside derived alkaloids are  

purine [1] alkaloids that commonly act as central nervous system stimulant and muscle relaxantix. 

For instance, theophylline [3] is a purine alkaloid derived from caffeine [2] (Scheme 1.1.1-A).  

Similar to nucleoside derived alkaloids, when the amino acid pool exceeds what is needed for 

protein synthesis, these building blocks are diverted to other metabolic fatesx, which includes 

incorporation into alkaloid natural products, commonly known as amino acid derived alkaloids.  

For example, alkaloids produced from Ornithine [4] precursor, are known as tropane and 

generally used as anti-spasmatic drug. In the biosynthesis route of tropane alkaloids, ornithine 

[4]  is first converted into amino alcohol tropine [5], and then branched towards scopine [6]. 

Some alkaloids are synthesized from further esterification of tropine [5] and tropic acid [7]. For 
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example, (S)-hyoscyamine [8], which has major use for bowel and gallstone treatment. Some 

alkaloids are simply derived from tyrosine [9], lysin [10] and dicarboxylic acid necic acid  or 

(2R,3R,Z)-5-Ethylidene-2-hydroxy-2,3-dimethylhexanedioic acid [11] (Scheme 1.1.1-C, D, E ). 

Papaverine [12] is a benzylisoquinoline alkaloid synthesized from tyrosine and it used to prevent 

vasospasm during heart disease and erectile dysfunction.  Sparteine [13] is a quinolizidine 

alkaloid derived from lysine [10]  precursor and used as medication for cardiac dysrhythmia. On 

the other hand, pyrrolizidine alkaloid monocrotaline [14] is synthesized from Necic acid [11] and 

used as feeding deterrent.  
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Scheme 1.1.1: representative example of various types of alkaloids and their precursors.  

1.1.2 Phenylpropanoids 
 

 

Naming of this group of natural products comes from their biosynthetic precursors phenyl 

alanine and propane. Although the actual route of synthesis is not that simple. The simplest 

phenylpropanoid is cinnamic acid [16], derived directly from L-phenylalanine [15] by 

phenylalanine ammonia lyase enzyme. Cinnamic acid [16] then acts as precursor of other 

phenylpropanoids like lignan, lignin, phenylpropanes, benzenoids and coumarinsxi. Another 

simple phenylpropanoid would be coumaric acid [17]. The coumaric acid acts a a building 

precursor of another phenyl propanoid called ferulate [18]xii. 
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A representative example of phenylpropanoid would be coniferyl alcohol [22], the precursor of 

lignin. Coniferyl alcohol is synthesized from ferulate [18] in angiospermxiii (Figure 1.1.2B). Ferulate 

is condensed with an acetyl group from acetyl CoA [19] to form ferulyl-CoA [20] by the enzyme 

4-coumarate:CoA ligase. Cinnamoyl-CoA reductase converts the ferulyl-CoA into coniferyl 

aldehyde [21], which is subsequently reduced by cinnamyl alcohol dehydrogenase into coniferyl 

alcohol [22].   

 

Scheme 1.1.2: Biosynthesis of phenylpropanoids 
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The basic medicinal use of phenylpropanoid lignans is to treat rheumatoid arthritisxiv. Lignans are 

major antioxidants and free radical scavengers used to treat cancer xv. Another major use of 

phenylpropanes would be as local anestheticsxvi. Benzenoids, coumarins and their derivatives 

have medicinal uses as antinociception and anti-inflammatory agents xvii, xviii.  

 

1.1.3 Polyketides 
 

 

Polyketides have medicinal attribution due to their antibiotic, antifungal, anti-cancer, and 

immunosuppressant propertiesxix. Their biosynthetic source can be plant, microorganisms, fungi, 

or certain seawater animals. In particular, they are synthesized by enzymes expressed in module 

form, a concept discussed later in section 1.2. 

Polyketides are natural products comprised of conjugated carbonyl group or methylene group. 

These molecules are incorporated from donors like acetyl- CoA or malonyl-CoA. Polyketide 

synthesis is similar to fatty acid synthesis. Except, unlike fatty acids, polyketides retain all their 

oxygen atoms in the macromolecular structure. The presence of multiple ketone groups aid for 

condensation reaction, thus polyketides have a variety of substitution.  Some polyketides contain 

phenolic group forming aromatic polyketides, but their pattern is different from 

phenylpropanoids. For example, plumbagin ([23] in Scheme 1.1.3) is a plant derived polyketide 

used as anti-inflammatory agent. On the other hand, Rapamycin [24] is a polyketide synthesized 

in gram- positive bacteria like Streptomyces  xx and typically used as immunosuppressants. Many 

polyketides are glycosylated, and some of them even contain phenylpropanoid or terpenoid 

moieties.  
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Scheme  1.1.3:   structure of polyketides 

1.1.4 Terpenoids 
 

 

Terpenes are naturally occurring hydrocarbons comprised of monomeric five-carbon unit 

isoprene ([25] in Scheme 1.1.4). Both isoprene [25] and methacrolein [26] are terpenes and act 

as terpenoid building block. Terpenoids are oxygen substituted derivative of terpenes or 

isoprenes. Thus, terpenoids are also known as isoprenoids. They are further subcategorized 

according to the number of units present in the structurexxi. For example, methacrolein [26] is a 

Hemiterpene which is a five-carbon terpenoid natural product, Menthol [27] is a C-10 mono 

terpene used to treat sore throat pain. Thus, sequential incorporation of isoprene unit will be 

named as sesquiterpene (C-15),  diterpenes (C-20 ), triterpenes (C-30 ), tetraterpenes (C-40 ), and 

polyterpenes (>C 40). For instance, labdane [28] is a diterpene and Germacrene [29] is a 

sesquiterpene, both having medicinal use as antimalaria, antibacterial, antifungal, and anti-

inflammatory agentxxii. Nowadays, Labdane is popular to inhibit replication of HIV virusxxiii.  



10 

 

Terpenoids are exclusively derived in plants. In plants, two major subcellular organelles devoted 

for sugar synthesis, are plastid and cytoplasm. Two different pathways from these organelles 

synthesizes terpenoids (Figure 1.1.4).  

One is the mevalonic acid (MVA) pathway, that occurs in the cytoplasm. The other is the 

desoxyxylulose phosphate (DXP) pathway, occurring in the plastid. Isoprene or isoprene 

derivatives are a biproducts of these pathways. Consequently, excessive sugar production in the 

plant is diverted into the terpenoid biosynthesis via DXP pathway. Figure 1.1.4 represents routs 

of terpenoids biosynthesisxxiv.  

 

 

 

Figure 1.1.4: Biosynthetic route of terpenoids in plants. DXP, deoxyxylulose phosphate; pyr, 

pyruvate; G3P, glyceraldehyde-3-phosphate; DMAPP, dimethylallyl diphosphate; IPP, isopentenyl 

diphosphate; GPP, geranyl diphosphate; GGPP, geranylgeranyl diphosphate; MVA, mevalonate; 

FPP, farnesyl diphosphate. 



11 

 

 

 

 

 

Scheme 1.1.4: Structure of basic terpenoids 

 

1.1.5 Non proteinogenic amino acids in natural products 
 

 

There are more than 1000 nonproteinogenic amino acids synthesized in plants, microorganisms, 

and other species. The naturally occurring non proteinogenic amino acids are not synthesized 

aimlessly, rather they serve as precursors of secondary metabolites. There is an enormous 

diversity of non-proteinogenic amino acid structures. For instance, ̡-amino acids, ɹ-amino acids, 

D-amino acids, h -hydrogen devoid amino acids, amino acid dimer or twin amino acids and so on.  

Here only naturally occurring non-proteinogenic amino acids will be discussed, which are direct 

precursors of natural products with medical significance.  

-̡amino acids have amino group attached to the -̡carbon instead of h-carbon. There are around 

100 different -̡amino acid derived natural products  discovered so far, which have biological 

significance. For example, ̡ -amino- -hhydroxy phenyl butyrate ([30] in scheme 1.1.6) is a 

constituent of bestatin [31] xxv, a linear dipeptide used as an angiotensin stimulator. A few more 
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examples of ̡ -amino acid containing natural products would be capreomycin [32], viomycin [33], 

bleomycin [34] and they all have antibacterial property. On the other hand, ɹ -amino acid 

analogues have clinical significance as neurotransmitter mimic. Ranunculin A [35] is a recently 

discovered natural product isolated from Ranunculus ternatus xxvi, with ɹ -amino acid and sugar 

hybrids. Interestingly, Ranunculins have a trend of tail-to tail ether links between amino acid and 

sugar components. This extraordinary feature provides opportunity for new natural products. 

Structural analysis shows that compound exhibits structural similarity to GABA 

neurotransmitters.  The extracted compound has historically been used as Chinese medicine for 

faucitis.  

Incorporation of D-amino acids into natural products are far more complex than other groups of 

nonproteinogenic amino acids. Most prevalent example of D-amino acid is in the peptidoglycan 

layer of microorganism, which provides them resistance against peptidasesxxvii. Antibacterial-

natural products derived from microorganisms, show versatile composition of D-amino acids in 

peptidyl oligomer subunit. Former in-vivo study shows that actinomycin D [36] biosynthesis in 

Streptomyces parvullus involves L-valine rather than D-valinexxviii,xxix. A multifunctional enzyme, 

actinomycin synthetase-II (ACMS-II) catalyzes the formation of the peptide bond between 

threonine and valine and eventually epimerizes the L-valine into D-valine, while the residue is 

already in peptide bound formxxx. Plant derived natural products with D-amino acid constituents, 

are simpler than bacterial. For example, some parasitic plants from genus Orobanche, can 

produce D-tryptophan in response to arduous environment. The D-tryptophan is simply 

metabolized into indole-3-pyruvate by aminotransferase activityxxxi. The indole-3-pyruvate is 
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further converted into natural products like indole-3-acetic acid [37] and other hormonesxxxii. All 

these compounds have physiological aspect of cell differentiation.  
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Scheme 1.1.6: non proteinogenic amino acid based natural products. Highlighted portion in the 

structures come from amino acids. In structure [39], [39], [40], [41], highlighted portion forms 

twin amino acids.  
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The group of non-proteinogenic amino acids where two residues are connected by bonds other 

than peptide bonds, are called amino acid dimers or twin amino acids. Many dimeric amino acids 

opt a scope of stereocenter. For example, djenkolic acid [38] from djenkol beans, is formed by 

fusion of two cysteine molecules by methylene groupxxxiii. Though there are yet some 

experimental studies required, djenkolic acid seems to produce carbonyl sulfide natural products 

that act as soil fumigants to naturally control plant parasitic nematodesxxxiv. Cystathionine [39] 

and lanthionine [40] (discussed in section 1.1.7) are two other examples of twin amino acids that 

are natural product precursors. Cystathionine is biosynthesized from trans-sulfuration of 

activated serine   and cysteine residues, whereas Lanthionine is formed from trans-sulfuration of 

two L-cysteine molecules.  

The bŀǘǳǊŀƭƭȅ ƻŎŎǳǊǊƛƴƎ ʰ-amino acid L-arginine ([42] in scheme 1.1.7) is precursor of protein 

biosynthesis among all the living kingdom. However, the distinguished functional feature gives it 

a possibility to serve as biosynthetic precursor for molecules other than proteins. The large 

aliphatic side chain opts flexibility for the structure. Terminal guanidinium cap provides a pKa 

value of approximately 12.5, which is far higher than physiological pH, thus this functional group 

acts as hydrogen bond donor in proteins. Apart from that, delocalized electron in the guanidinium 

group allow it to participate in multiple hydrogen bonding interactions. All these features, permit 

L-arg to attain diverged conformation. Thus, natural products derived from L-arginine precursors, 

are biologically important to show different mode of action, basically of anti-bacterial and 

antifungal activity.  
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For instance, Clethramycine [43] and bicornutin [44], are naturally occurring antibiotics, 

containing L-arg residues. The flexible free side chain of L-arginine is retained in the final structure 

(highlighted).  

 

1.1.6 Lantibiotics  
 

 

Over the last three decades, the increasing prevalence of antibiotic-resistant microorganisms has 

highlighted the need for antibiotics with distinct modes of action. As a result, a new class of 

antibiotics, known as Lantibiotics has got attention. The term Lantibiotics came from its structure 

containing Lanthionine (Scheme 1.1.7-A), a thioether linked non-proteinogenic amino acid. The 

term Lanti derived from lanthionine ([45] in scheme 1.1.8), was incorporated into the name to 

highlight the repetitive functional thioether link into the macromolecular structure. Lantibiotics 

are unique for its polycyclic non-proteinogenic peptide form, interspersed with unsaturated or 

dehydro amino acids.  
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Scheme1.1.6: representative lantibiotics structure. [58] Nisin A a class-I lantibiotic, [59] 

Mersacidine a class-II lantibiotic, [60] Labyrinthopterin a class-III lantibiotic.  

 

According to the structural features and chemical characteristics, lantibiotics are grouped into 

three classesxxxv. Class-I lantibiotics are those with elongated and flexible peptide chainsxxxvi. For 

example, Nisin A [46] isolated from Lactococcus lactis, is a class-I lantibiotic comprised of 34 

amino acidsxxxvii. 80% residues in the peptide chain comes from -h amino acids, interspersed by 

altered amino acids like dehydroalanine (Dha) [49], dehydrobutyrine (Dhb) [50] and amino 
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butyric acid (Abu) [51]. These altered amino acids come from enzymatic dehydration of serine or 

cysteinexxxviii. Furthermore, they are significant because they prevent cleavage of the polypeptide 

chain and studies showed that cleavage of Nisin A in the Dha or Dhb position results in inactive 

lantibioticxxxix. The extensile conformation enables this class of lantibiotics to interact with the 

cell wall. Although their actual mode of action is followed in two stepsxl. Primary mode of action 

is to cell membrane disruption by N-terminal hydrophobic residue of Nisin A, and pore formation.  

Pore formation occurs by Nisin A binding with lipid-II and forming a poration complex that 

mediates efflux of K+ ionxli. Secondary mode of action is exerted by forming a complex with the 

lipids present in peptidoglycan layer, consequently inhibiting cell wall biosynthesis by depriving 

the substrate for transpeptidase.  

 

Class-II lantibiotics have more globular conformations, which facilitate their translocation 

through the cell membrane. Class-II lantibiotics also often contain Dha, Dhb and Abu. The class-

II antibiotic is different from class-I antibiotic in term of structure, as the class-I lantibiotics only 

thioether linkage. In contrast, class-II lantibiotics have amino-ethen thiol linkage (shown in 

structure of mersacidin [47]) which renders small chain chemical bonds. Thus, class-II lantibiotics 

attain more globulat conformation comparing to class-I lantibiotics. Unlike class-I lantibiotics, 

class-II lantibiotics show bactericidal activity by specifically binding with phosphoethanolamine 

in the cell membrane, resulting in increased membrane permeability. They do not make an actual 

pore because of the lack of N-terminal hydrophobic residue inaccessible, which is required for 

cell membrane disruption. Furthermore, they also lack the flexible hinge region present in class-

I lantibiotics (Scheme 1.1.7 [47]).   
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Class-III lantibiotics are still a small group of lantibiotics, which are usually non-antibiotic, but 

undergo morphological change to gain activity, thus they are pro-drugs. This class of antibiotic 

has special attention due to the occurrence of a rare amino acid triplet ŎŀƭƭŜŘ άƭŀōƛƻƴƛƴέ [54]. The 

biosynthetic precursors of the tripeptide are two serine and one cysteine residues. The three 

precursor amino acids are not adjacent to each other, rather they are two or three amino acids 

apart from each other [52]. Thus interestingly, this rare tripeptide is formed while present in the 

primary polypeptide of class-III lantibiotics. The three interspersed precursors are further 

modified by dehydration of serine residues and forming Dha-Dha-Cys tripeptide [53]. This 

tripeptide has 2S,4S,8R configuration, and consists of a central quarternary carbon atom with a 

lanthionine motif. Also, they possess an unusual methylene bridge, which establishes a covalent 

link to a further amino acid moiety.  This tripeptide has to give Labionin is comprised of two Dha 

and one Cys residueh-amino butyric acid, D-serine, and D-cysteine, where the cysteinyl sulfur 

linked to D-serine is further connected with the ɹ-carbon of h -amino butyric acidxlii. Compared 

with lanthionine, labionin has only one thioether bridge in peptide side chains. In addition to that, 

labionin facilitates an additional unusual carbacyclic ring linkage [48]xliii. Thus class-III lantibiotics 

can form more compact structure. For instance, Labyrinthopeptin [48] synthesized in 

Actinomadura namibiensis shows antiviral activity against HIV when HIV-induced cell-cell 

syncytia forms in the host cellxliv 
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1.1.7 Non ribosomal peptide and their biosynthesis 
 

 

Protein synthesis relies on the ribosome (Figure 1.1.7-2) and this function is limited to the 20 

proteinogenic amino acidsxlv. The secondary metabolites produced by bacteria and fungi often 

contain non-proteinogenic amino acids, which are an important source of structural diversity and 

often play a role in forcing such compounds into the specific conformation needed for their 

biological activityxlvi. Since there are so many different non-proteinogenic amino acids, the 

ribosomal machinery is not efficient for synthesizing secondary metabolites, using non-

proteinogenic amino acids as substrate. Thus, peptide natural products containing non-

proteinogenic amino acids are produced by non-ribosomal peptide synthetase (NRPS) systems, 

where the sequence of the peptide is encoded directly in the enzymatic assembly line producing 

a particular non-ribosomal peptide (NRP). This enzymatic assembly line is known as module. The 

components of modular multidomain enzymes are transposable. Thus, they can be multi-

substrate enzymes where the binding site for each substrate is programable. The product of one 

enzyme is carried to subsequent enzyme, thus the elongation of peptide continuous until final 

step of cyclization reaches. One NRPS system can be comprised of multiple modules, where each 

module contains enzymes for particular substrate catalysisxlvii.  

Figure 1.1.7-1 briefly describes route of non-ribosomal peptide. For instance, each module can 

have different functional domain like adenylation domain, condensation domain and tailoring 

domain like epimerase, hydroxylase, deaminase etc. Product from each module is carried to the 

subsequent module by peptidyl carried domain till the peptide chain is fully grown. Finally, a 

terminal enzyme i.e., thio-esterase, oxy-esterase cyclizes the chain into final product.  
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Figure 1.1.7-1: A brief mechanism of peptide growth in NRPS. C, condensation domain; A, 

adenylation domain; PCP, peptidyl carried domain; E, an exemplary tailoring enzyme epimerase; 

TE, terminal cyclization catalyzing thio-esterase. R, M, L, G, S, D are symbols used for different 

amino acid residues that are components of final product. Each residue is connected by peptide 

bond. The W,V and B indicates part of the system, that synthesiszes a particular peptide.  
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1.1.8 L-Enduracididine as a natural product precursor 
 

 

The non-proteinogenic amino acid L-enduracididine (L-End) [55] is a conformationally 

constrained derivative of L-arg that is found in a number of non-ribosomally produced peptide 

natural products. The structure of L-End is unique because it contains a five membered cyclic 

moiety of guanidinium group. It is a constituent of peptide antibiotics like enduracidin [61], 

mannopeptimycin [62], minosaminomycin [63], teixobactin [64], and enramycin [65]. There are 

several stereoisomers of L-enduracididine found in the naturexlviii, for instance D-enduracididine 

[56], L-allo-enduracididine [57], D-allo-enduracididine [58]. Two more derivative of L-End, L- -̡

hydroxyenduracididine [59] and D- -̡hydroxyenduracididine [60] are also found as natural 

product precursors.  

Biosynthesis of L-enduracididine involves three steps, catalyzed by enzymes present in 

corresponding antibiotic biosynthetic gene clusters. First step is oxidation of L-arginine, followed 

by second step of ŎȅŎƭƛȊŀǘƛƻƴ ōŜǘǿŜŜƴ ʴ-carbon and one of the guanidinium nitrogen. Finally, 

transamination results in release of the products (Scheme 1.4).  
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Scheme 1.1.8: structure of natural products containing L-arginine derivatives, both in flexible 

chain form and constrained form. Highlighted portion of the structures are derived from L-

arginine, L-enduracididine or L-capreomycidine. The highlighted residues are L-End (in 53-55) or 

L-Cap or 2S,3R-Capreomycidine in Viomycin (Tubercatinomycin B or [56]). 

 

1.2 A novel ƎƭȅŎƻǇŜǇǘƛŘŜ ŀƴǘƛōƛƻǘƛŎ άƳŀƴƴƻǇŜǇǘƛƳȅŎƛƴέ 
 

 

Over the last 5 decades, more than 95% of isolated Stephylococcus aureus worldwide have 

become penicillin resistant, and 60% of them are even methicillin resistant (according to WHO 

report)xlix. As an ultimate solution to this problem, vancomycin (discovered in 1953) has had been 

used  solution to fight infectious caused by Stephylococcus aereusl. Unfortunately, a large group 

of enterococci, disquietingly continued to develope resistance to vancomycinli.  At the beginning 

of the 21st century (2002), a distinct class of glycopeptide antibiotics was discovered, which is 

effective against Gram-positive bacteria including vancomycin resistant S. aureus (VRSA) as well 

as methicillin-resistant S. aureus (MRSA)lii. This novel glycopeptide antibiotic is called 

mannopeptimycin ([66] in scheme 1.2). Mannopeptimycin is a non-proteinogenic peptide 

antibiotic having glycosidic bond between 4-hydroxy group of D-mannose with nitrogen of cyclic 

guanidinium moiety present in Aiha-B ( -hamino- -̡ώпΩ-όнΩ-iminoimidazolidinyl)]- -̡

hydroxypropionic acid) or ̡ -hydroxy-L-enduracididine [67]. 
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Scheme 1.2: Structures of compounds mentioned in section 1.3 

 

 

 

Figure 1.3: Mannopeptimycin open reading frame. Black color gene represents transporter, blue 

for tailoring enzymes, red for non-proteinogenic amino acid formation, Green color represents 

NRPS (discussed previously in section 1.2), and gray stands for gene with unknown function, 

yellow color represents regulatory genes.   

 

The mannopeptimycin biosynthetic gene cluster in Streptomyces hygroscopicusliii is presented in 

figure 1.3. The products of the mppJ, mppN, mppO, and mppP genes are involved in non- 

proteinogenic amino acid biosynthesis. The mppA and mppB gene products are non-ribosomal 
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peptide synthetases.  The rest of the genes encode tailoring, regulatory, transport proteins and 

resistance factors. 

 

Similar to other glycopeptide antibiotics, mannopeptimycins also blocks bacterial cell wall 

synthesis via secondary inhibition of transglycosylase enzymes. It binds with the transglycosylase 

substrate, lipid-II [69], rather than binding with the enzyme itselfliv. Vancomycin inhibits cell wall 

synthesis by binding with the terminal D-Ala-D-Ala residue of growing polypeptide chainlv. 

Mannopeptimycin does not compete with vancomycin and does not show any cross-resistance. 

As mannopeptimycin is active against vancomycin-resistant bacterial strains, it is believed that 

mannopeptimycin might interfere with the later stage of transglycosylation or obstructs nascent 

peptidoglycan maturationlvi. However, it is possible that mannopepimycin mechanism of action 

involves lipid-I [68] interaction rather than lipid-II [69], which would mean that mannopeptimycin 

acts before transglycosylase activity. Another possible target of mannopeptimycin activity is LTA 

(lipoteicholic acid [70]) carrier protein. 

 

Structural analysis of mannopeptimycin [66] shows that, it has the unprecedented precursor 

amino acid ̡ -hydroxy-L-enduracididine or Aiha [67]. It contains two different isomers of this non 

proteinogenic amino acid within the molecule, AihaA (2S, 3S, пΩ{ύ and AihaB όнwΣо{ΣпΩ{ύ ([66] in 

Scheme 1.2). The delocalized electrons in iminoimidazolidinyl ring provides resonance stability as 

well as scope of more electrostatic interaction. These properties might attribute to the efficiency 

of mannopeptimycin against vancomycin resistant bacteria.  
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1.3 PLP dependent enzymes  
 

Pyridoxal 5'-phosphate (PLP) is a versatile cofactor, associated with about 4% of all known 

enzyme activities. Structure of PLP reveals its dynamic property to act as electron sink, enabling 

covalent bonding, hydrohen bonding and ioninc interacttion. Moreover, the pyridine ring is 

slightly basic, wherease phenolic group provides acidic property. Thus, PLP can easily lower the 

activation barrier of reactions by stabilizing intermediateslvii. In the course of evolution, five 

different folds of PLP-depndent enzymes have emerged, where orientation of the active site 

residues helps the substrate to interact properly with the delocalized electrons of the cofactor. 

This orrrientation effect is responsible for reaction specificitylviii.    Moreover the, the PLP-

dependent enzymes provide stereoselectivity by optimizing transition state by maximizing the 

overlap of -̄orbital. This extended ̄ -orbital facilitates bond breaking by lowering activation 

ŜƴŜǊƎȅΦ ¢Ƙƛǎ ǇƘŜƴƻƳŜƴƻƴ ƛǎ ŀƭǎƻ ƪƴƻǿƴ ŀǎ 5ǳƴŀǘƘŀƴΩǎ ƘȅǇƻǘƘŜǎƛǎ όмфссύlix.  

Depening on the types of recations catalyzed, PLP-dependent enzymes are classified into 4 major 

groups: transaminase, decarboxylase, deaminase, racemase.  During 2015, an unique class of 

PLP-dependen enzymes were discovered, which acts as both deaminase and oxidaselx (discussed 

in topic 1.4.5).  
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1.3.1 PLP-dependent transaminase 
 

In the transaminases, PLP forms a Schiff base with the catalytic lysine residue of the enzyme. This 

complex between the enzyme and PLP the cofactor is called the Internal aldimine ([71] Scheme 

1.4). Upon substrate binding, a free amine on the substrate attacks the Schiff base linkage to the 

enzyme, displacing the catalytic lysine to form the external aldimine  [72]. The h -H of the 

substrate is abstracted by the enzyme and the electron flows into the cofactor to form the 

quinoid [73]. The quinoid is re-protonated to form the ketamine [74], which is subsequently 

hydrolyzed to pyridoxamine phosphate (PMP) [75]  and release the ketone product [76]. Then a 

new ketone substrate binds to the PMP-bound form of the enzyme, is attacked by the free amine 

of PMP to form a new external aldimine, and the entire series of steps runs in reverse to yield a 

new amino acid substrate. Aspartate aminotransferase (AAT) is an example of this class of 

enzymeslxi. It takes Asp and aKG and produces oxaloacetate and Glu. 

1.3.2 PLP-dependent decarboxylase 
 

 

PLP-dependent decarboxylases have similar catalytic mechanism as PLP-dependent 

aminotransferases. The reaction mechanism of this class of enzymes also begins with enzyme-

PLP complex or Internal aldimine [71]. Upon substrate binding, a schiff base forms between the 

PLP and substrate forming the external aldimine [77]. the substrate in the 

Decarboxylase is bound in a way so that the carboxylate is out of the plane of the PLP ring and 

thus made labile.  Then the external aldimine destabilizes h-carboxylate group, resulting in 
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release of carbon dioxide and quinoid intermediate [78]. The rearrangement of quinoid results 

in release of decarboxylated product [79]. In some cases, decarboxylated produtc complex is 

further hydrolyzed into ammonia and hydrogen peroxide byproductlxii. For instance, L-DOPA 

decarboxylase is a PLP-dependent enzyme with akin reaction mechanismlxiii. 

 

1.3.3 PLP-dependent deaminase 
 

 

The mechanism of PLP-dependent deaminase are similar to that of transaminases and 

decarboxylases. There are very few substrates undergo this reaction. Serine dehydratase and 

threonine dehydratase is example of this class of PLP-dependent enzymes. Due to the presence 

of a beta-hydroxyl in the substrate[80], it introduces new possibilities into the standard sequence 

of events in the transaminase mechanism (Scheme 1.4 blue branch). Upon formation of the 

external aldimine [81], -̡hydroxy group of the substrate forms hydrogen bond with phosphate 

group of PLP, destabilizing the bond, followed by release of water molecule. The following steps 

are similar to the transaminase reaction. The catalytic lysine  residue [82]  from the enzyme forms 

Schiff base [83], regenerating internal aldimine [71]  followed by release of deaminated product 

[84] lxiv.  
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1.3.4 PLP-dependent racemase 
 

 

PLP-dependent racemase is prevalent to catalyze the conversion of L-amino acids into D-amino 

acids. Endogenous D-amino acids act as signaling molecule in both prokaryotes and eukaryotes. 

However, predominant enantiomer of amino acid is the L-form which occurs naturally. Thus, the 

amino acid racemase is an important enzyme of D-amino acid metabolism. For example, alanine 

racemase is such an PLP-dependent enzyme.  

The mechanistic analogy of this class of enzyme involves two nucleophilic residues rather than 

one. The catalytic lysine residue forms the usual internal aldimine [71], which eventually converts 

into external aldimine [72] upon substrate arrival. Soon after, a catalytic tyrosine residue from 

the B-chain (ENZ-H in [73]) forms a hydrogen bond with the h -hydrogen of the substrate in the 

external aldimine. Rearrangement of the hydrogen bond interaction results in protonation of the 

-hŎŀǊōƻȄȅƭŀǘŜ ƎǊƻǳǇ ŀƴŘ ŘŜǇǊƻǘƻƴŀǘƛƻƴ ƻŦ ʰ-amino group. At this point, re-orientation of the 

catalytic lysine results in exclusion of the B-chain tyrosine residue from the scaffold, followed by 

electrophilic attack by the -ʁŀƳƛƴƻ ƎǊƻǳǇ ƻŦ ƭȅǎƛƴŜ ƻƴ ǘƘŜ ʰ-carbanion of the substrate-PLP 

complex. Consequently, the deprotonated lysine residue acts as a Lewis base, donating an 

electron from the other side and leaving  the D-amino acid product [85] as well as regenerating 

internal aldimine [71] lxv.  



36 

 

  

S
ch

e
m

e
 1

.3
: 
D

iff
e

re
n

ce
 P

L
P

-Ř
Ŝ
Ǉ
Ŝ
ƴ
Ř
Ŝ
ƴ
ǘ
 
Ŝ
ƴ
Ȋ
ȅ
Ƴ
Ŝ
ǎ
Ω
 
Ǌ
Ŝ
ŀ
Ŏ
ǘ
ƛ
ƻ
ƴ
 
Ƴ
Ŝ
Ŏ
Ƙ
ŀ
ƴ
ƛ
ǎ
Ƴ
Φ

 



37 

 

1.3.5 MppP: A unique PLP-dependent L-arginine oxidase 
 

 

L-Enduracididine biosynthesis in Streptomyces wadayamensis involves a unique PLP-dependent 

oxidase, SwMppP. The function of this enzyme is to convert L-arginine into 2-oxo-4(S)-hydroxy-

5-guanidinovaleric acid ([95] in Scheme 1.4.5-2). In vitro, the enzyme produces a mixture of major 

product [95] and the abortive product 2-oxo-5-guanidinovaleric acid [91]. Apart from SwMppP, 

the L-enduracididine biosynthetic pathway involves two other enzymes, SwMppQ and SwMppR 

(Figure 1.4.5-1). SwMppR cyclizes the 2-oxo-4(S)-hydroxy-5-guanidinovaleric acid [95] to give the 

ketone form of L-eduracididine [96]. On theother hand, SwMppQ, a putative PLP-dependent 

aminotransferase converts the 2-Keto enduracididine into L-enduracididine [97].  

The mechanism of SwMppP is interesting not only because it uses molecular oxygen to catalyze 

the 4-electron oxidation of L-arginine, but also it hydroxylates L-arginine at the un-activated -ɹ

carbon. Although the molecular oxygen is reduced to H2O2, L-arginine is actually hydroxylated by 

H2O (Scheme 1.4.5-2). These findings reveal that SwMppP is not an oxygenase, but an oxidaselxvi.  

 

 

 

 

Figure 1.4.5-1: L-enduracididine biosynthetic gene cluster in Streptomyces wadayamensis, is a 

part of mannopeptimycin biosynthesis gene context. 
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Scheme 1.4.5-1: L-enduracididine biosynthesis by Streptomyces wadayamensis  

 

The mechanism is actually similar to other PLP-dependent enzymes., but the quinonoid is 

stabilized to an unusual extent (Scheme 1.4.5-2), lasting several hours in vitro. This stable 

quinonoid can react with O2 when it finds its way into the active site. PLP forms Schiff base with 

catalytic lysine residue (lys-233) of enzyme thus PLP bound enzyme forms the internal aldimine 

[86], giving absorbance at 415nm wavelength. Then the deamination of L-arginine followed by 

formation of PLP-substrate complex forms external aldimine [87], giving absorbance at 425nm. 

At this point the MppP active site Lys-221 ƳŀƪŜǎ ƴǳŎƭŜƻǇƘƛƭƛŎ ŀǘǘŀŎƪ ǘƻ ǘƘŜ ʰ-hydrogen of the L-

arginine and resonance structure forms a quinoid intermediate [88] or Q1 that gives absorbance 

at 510nm. Electron transfer from Q1 to molecular oxygen could create superoxide anion that 

conceivably attaŎƪǎ ǘƘŜ ʲ-hydrogen [89] forming hydroperoxide, and eventually leaving Dehydro-

arginine bound with PLP [90]. It coud be a peronodide or radical recombination. The exact 

mechanism is still unknown as the intermediates rae hsort lived. But the first molecule of O2 

definitely results in a partial oxidation of L-arg.  
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From this point, MppP reaction follows two branches. The first one leads towards major product 

2-oxo-4(S)-hydroxy-5-guanidinovaleric acid [95] formation, where the hydroperoxide attacks the 

-ɹhydrogen in L-arginine, producing first molecule of H2O2 byproduct and quinoid-II  complex [92] 

or Q2, that fluoresce at 560nm. A 2nd molecule of O2 ŦƻǊƳǎ ǊŀŘƛŎŀƭΣ ŀǘǘŀŎƪƛƴƎ ǘƘŜ ŀŎǘƛǾŀǘŜŘ ʴ-C 

[93]. Finally, water molecule likely neutralizes the reaction [94] by producing second molecule of 

H2O2. Oxygen from the water molecule incorporates ultimately with the substrate to form 2-oxo-

4(S)-hydroxy-5-guanidinovaleric acid [95]. 

 

On the contrary, the reactive peroxide anion complex follows a second pathway using a water 

molecule, where the peroxo-ŀƴƛƻƴ ŀǘǘŀŎƪǎ ǘƘŜ ǿŀǘŜǊ ƳƻƭŜŎǳƭŜΩǎ I ǘƻ ǇǊƻŘǳŎŜ I2O2 and 

MppP minor product 2-oxo-5-guanidinovaleric acid [91]. 
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Chapter 2 

Beyond Enduracididine Biosynthesis I: Exploring the biochemical context 

of MppP activity in a putative operon in Pseudonomas brassicacerum 

 

2.1 Background 

As discussed in topic 1.1.7, the conformationally restricted form of arginine L-enduracididine (L-

End) is present in a number of antibiotics, and the first step in the biosynthesis of this 

nonproteinogenic amino acid is the oxidation of L-arginine by MppP. Work on an MppP homolog 

by the Ryan laboratorylxvii showed that the L-arginine oxidase activity of MppP operates in at least 

one other biochemical context beyond L-End biosynthesis. We were interested to know how 

diverse the biochemical contexts of the MppP activity are. To find out, we did a PHI-BLAST 

searchlxviii using a sequence motif specific for MppP homologs (T-x-x-E-x(10,20)-H-x(150,170)-D-

x(2)-F-x(20,30)-[ED]-D-[TS]-G-K). This motif was identified by comparing the sequences of three 

known MppP homologs with those of a small number of fold type I PLP-dependent enzymes (e.g. 

aspartate aminotransferase, kynurenine aminotransferase, and LL-diaminopimelate 

aminotransferase). The PHI-BLAST search returned 198 MppP homologs, which were analyzed 

using MEGA-Xlxix to generate a distance tree (Figure 2.1-1). Manual analysis of the gene contexts 

of all 198 identified MppP homologs shows that they group into a three-lobed family of proteins. 

For the most part, the clusters, or clades, on the distance tree each have a consistent genomic 

context, but there is considerable variation in genomic contexts from clade to clade.  
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For example, starting in the lower-left lobe on the distance tree, the MppP homologs in the red 

clade ŀǊŜ ŦƭŀƴƪŜŘ ōȅ ǘƘŜ ƎŜƴŜǎ ŦƻǊ ʲ-hydroxy-enduracididine production, MppQ, MppR and 

MppO (discussed in topic 1.3 and 1.4.5) and are likely all mannopeptimycin biosynthetic clusters. 

SwMppP belongs to this clade (the yellow circle in the red clade). The sequences in the 

neighboring clade (maroon) have a similar genomic context where the MppP gene is flanked by 

MppQ and MppR genes, indicating that these MppP homologs are involved in L-End production 

in the context of enduracidin biosynthesis. The MppP homolog from Verrucosispora maris 

(VmMppP; 62 % identical to SwMppP, highlighted yellow) is an example. The MppP-like 

sequences in the orange clade are all associated with genes annotated aǎ άŀƎƳŀǘƛƴŀǎŜ ŦŀƳƛƭȅέΣ 

SAM-dependent methyltransferase, N-acetyltransferase, and two hypothetical proteins. The 

MppP homolog from Streptomyces greciofuscus (SgMppP; 50 % identical to SwMppP) is an 

example of this group. Finally, the MppP homolog from Micromonospora chokoriensis (McMppP; 

44 % identical to SwMppP) belongs to the green branch, where the MppP homolog is flanked by 

genes similar to vioC and vioD of the viomycin biosynthesis pathway.  

 

https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_WP_013733373
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_WP_036391036
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Figure 2.1-1: Genetic distant tree of MppP homologs constructed from PHI-BLAST  

 

The MppP homologs in the lower-right lobe (marked with a gray semicircle) are all associated 

with an NAD(P)H-dependent reductase and are similar to Ind4, which is involved in indolmycin 

biosynthesislxx, lxxi. The MppP homologs from Pseudomonas elgii (PeMppP) and Bartonella 

doshiae (BdMppP) are Ind4 homologs. In contrast, the homolog from Pseudoalteromonas 

luteoviolacea (PIMppP) is associated with a slightly different genomic context, which also 

includes a gene homologous to the rebeccamycin biosynthetic gene rebM, the product of which 

is a sugar O-methyltransferaselxxii. As rebeccamycin contains no obvious guanidine-derived 
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moiety, these homologs are likely involved in the biosynthesis of a different, as-yet-

uncharacterized natural product. 

The sequences in the top lobe (blue and cyan clades) is dominated by a single genomic context, 

where the MppP homolog is flanked by 6 open reading frames encoding a LuxR-type regulatory 

protein, 4 putative enzymes, and an accessory protein (Figure 2.1-2). The Pseudomonas 

brassicacearum MppP homolog (PbrMppP; highlighted in Figure 2.1-1) is the prototype of this 

group. Interestingly, all these genes have 4 to 6 bp overlapping region at the end, which is a 

compelling evidence to say that they are co-expressed under same promoter as well as they can 

be exalted aǎ άhǇŜǊƻƴέ lxxiii. The 500bp region between the genes encoding the LuxR and MppP 

homolog, contains a putative promoter sequence. On the opposite strand, in the region of 

putative promoter, is an acylhomoserinelactone synthase (AHLS) which has quorum-sensing 

ability in response to fluctuations in cell-population/densitylxxiv. The additional open reading 

frames encode 5 non regulatory genes, predicted as PbrMppP, a hypothetical protein (PbrHYP), 

a dihydrodipicolinate synthase family protein (PbrDHPS), a mononuclear Fe(II)- ŀƴŘ ʰ-keto 

glutarate-dependent oxygenase (PbrOx), and a 2Fe2S-binding protein similar to ferredoxin 

(PbrFD).  

The cyan cladecontains MppP homologs similar to the enzyme RohP, which has been 

characterized by the Ryan grouplxxv and flanked by methyltransferase, Cu-oxidase and 

thioredoxin genes. RohP is an enzyme involved in polyketide biosynthesis, which converts 

rhodomycin-D into 10-carboxy-13-deoxy caminomycinlxxvi. To conclude, the presence of MppP 
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homolog in genomic context lacking MppQ and MppR homologs, suggests that the oxidase 

activity of MppP is more broadly employed than in simply making L-End.  

 

 

 

Figure 2.1-2: MppP-containing putative operon in Pseudomonas brassicacearum. The LuxR gene 

(red) encodes a regulatory protein, followed by a putative promoter region. The gene labeled 

ά!I[{έ όacylhomoserinelactone synthase) is encoded by the opposite stand. Downstream of the 

putative promoter region, is the MppP homolog gene, followed by four genes predicted as 

hypothetical protein (PbrHYP), dihydrodipicolinate synthase family protein (PbrDHPS), 

mononuclear Fe(II)- ŀƴŘ ʰ-ketoglutarate-dependent oxygenase (PbrOx), and a 2Fe2S-binding 

protein (similar to ferredoxin, PbrFD).  
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Scheme 2.1-1: Reaction catalyzed by PbrMppP. The major product of MppP reaction is 2-oxo-4(S)-

hydroxy-5-guanidinovaleric acid [95] ,  the minor product is 2-oxo-5-guanidinovaleric acid [91]. 
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Table 2-1: Gene accession codes, sequence annotations, and identity to closest 

characterized homolog of PbrMPCO proteins. 

 
 

Gene 
Accession  

Protein  Functional prediction  Sequence 

Identity(%) 

CD58_RS05015 LuxR LuxR type TX regulator lxxvii,lxxviii in 

Pseudomonas chlororaphis O6  
 

72 % 

RS05020 (Opposite 

strand) 

AHLS Pseudomonas chlororaphis PCL1606 

Acylhomoserinelactone Synthaselxxix  

53 % 

CD58_RS05025 PbrMppP Streptomyces wadayamensis lxxx PLP-

dependent L-arginine Oxygenase 

33% 

CD58_RS05030 PbrHYP Hypothetical protein, closest homology with 

VapC, the toxin component of the virulence- 

associated protein complex from 

Mycobacterium tuberculosis lxxxi 

9.8% 

CD58_RS05035 PbrDHPS E. coli Dihydrodipicolinate synthaselxxxii 26% 

CD58_RS05040 PbrOX Pseudomonas aeruginosa PAO1 

Mononuclear Fe(II)- ŀƴŘ ʰ-ketoglutarate- 

dependent oxygenaselxxxiii 

56% 

CD58_RS05045 PbrFD Rieske Fe-S domain-containing reiske 

protein in Pseudomonads lxxxiv  

90% 
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PbrMppP and SwMppP are similar in both their structures and mechanisms. PbrMppP has 33% 

sequence identity with SwMppP. However, the superimposed structures of these two homologs 

Ƙŀǎ ŀ ǎƳŀƭƭ wa{5 ǾŀƭǳŜ ƻŦ мΦн ) ŦƻǊ ŀƭƭ /ʰ ŀǘƻƳǎΦ ¢Ƙƛǎ ǎƛƳƛƭŀǊƛǘȅ ƛƴ ǘƘŜ ǎǘǊǳŎǘǳǊŜǎ ŜȄǘŜƴŘǎ ŦǊƻƳ 

the overall fold to the detailed active site architecture. Figure 2.1-3 shows the overlay of SwMppP 

and PbrMppP and highlights the similarities in the orientations of all of the key active site residues 

as well as the bound product [95].  

 

 

 

Figure 2.1-3: The PbrMppP active site structure overlaid with SwMppP (PBD ID: 6C9B). The dark 

purple and light purple section is coming from N-terminus of PbrMppP and SwMppP, respectively. 
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The main chain trace and side chains of PbrMppP are colored blue (carbon atoms only), while 

SwMppP is colored yellow. The labels correspond to the structure colors. The dark green and light 

green residues belong to the other chain of PbrMppP and SwMppP dimers, respectively.  

 

 

The N-terminal residue of Threonine-12 and glutamate-15 is essential for hydroxylation and 

catalytic efficiency of the substratelix. In SwMppP, when these N-terminal residues are mutated 

to eliminate hydrogen bonds to the substrate, or the N-terminal 22 residues are deleted, the 

SwMppP variants can only produce 2-ketoarginine. Asn160 and Arg352 make hydrogen bonding 

and electrostatic interactions, respectively, with the carboxylate group of [95] (Figure 2.1-3). The 

side chain carboxylate group of Asp218 forms a hydrogen bond with the catalytic Lys229 amino 

group in the external aldimine forms of the enzymes (Scheme 1.4.5-2). Moreover, His29 is crucial 

as acid-base catalystlxv. 

The next gene in the PbrMppP gene context is PbrHYP, with 51% sequence identity with VapC, 

the toxin half of the virulence-associated protein toxin-antitoxin system in Mycobacterium 

tuberculosis  

(Vap-BC complex)lxxxv. VapC possess a (PIN) domain fold, which, in VapC, contains a divalent metal 

center and is associated with ribonuclease activitylxxxvi. We show here that PbrHYP shares the PIN 

domain fold, but the loss of several acidic residues in the putative active site of PbrHYP has 

eliminated the metal-binding site, and presumably, the ribonuclease activity.  

PbrDHPS shares 26% sequence identity with the bona fide E. coli DHPS. The function of DHPS in 

E. coli is to condense pyruvate with aspartate semi-aldehyde (ASA) to form 4-hydroxy-tetrahydro-
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picolinic acid (HTPA), an intermediate that dehydrates non-enzymatically to yield 2,3-

dihydrodipicolinate. The product of E. coli DHPS is used in the L-lysin  and mesoπŘƛŀƳƛƴƻǇƛƳŜƭŀǘŜ 

synthesis pathways in plants and bacterialxxxvii. Interestingly, SwMppR, one of the 3 enzymes that, 

together with SwMppP generates L-End in S. wadayamensis, catalyzes an intramolecular 

cyclization of [95] to give [96]. The chemistry uses a catalytic lysine residue and a Schiff base 

intermediate and is thus like the type I aldolases. This observation leads to the possibility that, 

while PbrDHPS may be a true aldolase like EcDHPS, it might also catalyze an intramolecular 

modification of some intermediate similar to SwMppR.  

 

 

 

Scheme 2.1-2: Reactions catalyzed by SwMppP and SwMppR. SwMppP catalyzes conversion of L-

arg [42] to 2-oxo-4(S)-hydroxy-5-guanidinovaleric acid [95], SwMppP catalyzes conversion of [95] 

to 2-ketoendutacididine [96]    
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The next enzyme in the putative operon, PbrOX, is a mononuclear Fe2+- ŀƴŘ ʰ-ketoglutarate-

dependent oxygenase homolog. Its sequence identity is 33% with the non-heme iron oxygenase 

UndA from Pseudomonas aeruginosa PAO1lxxxviii. We show here that Fe(II) loading onto PbrOX is 

necessary for catalytic activity. Finally, PbrFD is a putative Fe-S cluster protein 90% identical to 

Toluene 1,2-dioxygenase system ferredoxin in Pseudonomas putidalxxxix. The co-existence of 

PbrOX and PbrFD in the same putative operon suggests they belong to a possible three-

component oxygenase system. The function of three component oxygenase systems xc in bacteria 

is to catalyze redox reactions (figure 2.1-4) where the first component is a NAD(P)H-dependent 

ferredoxin-reductase (FNR)xci. FNR oxidizes NAD(P)H to NAD(P)+ and transfers the electron to the 

second component in the system, the ferredoxin (FD). Finally, the reduced FD (hypothetically, 

PbrFD in the PbrMPCO gene context), delivers the electron to the metal center of the third 

component, a terminal oxygenase (perhaps PbrOX here), to initiate catalysis.  
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Figure 2.1-4: Bacterial three-component oxygenase system. FNR, the first component that 

oxidizes NAD(P)H into NAD(P)+ and transfers the electron to the second component, ferredoxin. 

The FD then transfers the electron to the terminal oxygenase, where the electron is utilized to 

reduce the metal center of the oxygenase , readying the system for catalysis.  

 

Interestingly, there are only two annotated NAD(P)H-dependent ferredoxin reductases in the 

Pseudomonas brassicacaerum DF41 genome. Either or both of these FNR enzymes could work 

with PbrFD and PbrOX to catalyze the oxidation of an as-yet-unknown substrate.  

 

In this thesis, we show the structural characterization of PbrMppP, PbrHYP, PbrDHPS, and 

PbrOX, along with kinetic studies and substrate specificity determinations of PbrMppP. At the 

end of this chapter, we will also characterize the functions of PbrOX and PbrFD to show their 

interdependence as part of three-component oxygenase system.  
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2.2 Methodology 

2.2.1  Cloning, expression and purification of the PbrMPCO Enzymes 

 
The coding sequences of PbrMppP, PbrHYP, PbrDHPS, PbrOX and PbrFD were optimized for 

expression in E. coli and synthesized by GenScript Inc. (Piscataway, NJ). The synthetic genes were 

cloned into the pE-SUMOkan expression vector. PbrMppP and PbrFNR were cloned into the pET-

TEVamp expression vector by GenScript Inc. 

 

Table 2.2.1-1: Primers used for cloning Pbr proteins 

Names  Primer sequences 

PbrHYP_F рΩ-GGTCTCAAGGTATGGCGGAGGCGAGCATC-оΩ 

PbrHYP_R рΩ-GCTCTAGATCATTAGCCAACGTGTTGAAAGTCTTCTTTA-оΩ            

PbrDHPS_F рΩ-GGTCTCAAGGTATGAGCGGCAAGCACATCT-оΩ 

PbrDHPS_R рΩ-GCTCTAGATCATTACGCCATAACTTCTTGCTCCG-оΩ                          

PbrOX_F рΩ-GGTCTAAGGTATGAGCGACCTGCAGAAGGC-оΩ 

PbrOX_R рΩ-GCTCTAGATCATTAAATCGCACGTTCGATCATACGC-оΩ 

PbrFD_F рΩ-GGTCTCAAGGTATGAACGAGCCGAGCGAATTCT-оΩ 

PbrFD_R рΩ-GCTCTAGATCATTAGCTCAGACGTTTCACTTCCAGAC-оΩ 

RS05025_pProbeNT_HindIII_F рΩ-GGTGGTAAGCTTCTTGAAGAAGTTTCGAAACGGAC-оΩ 

RS05025_pProbeNT_EcoRI_R рΩ-GTTGTTGAATTCATTGTTATTCCTATAGGTGCTAAAGATATTT-оΩ 

GFP_F (for sequencing) рΩ-GGTCCTTCTTGAGTTTGTAAC-оΩ 

GFP_R (for sequencing) рΩ-CCATCTAATTCAACAAGAATTGGGACAAC-оΩ 
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All proteins were expressed using similar protocols. The His6-SUMO fusion proteins were 

expressed from E. coli BL21 Star (DE3) cells (Invitrogen Inc., Carlsbad, CA) carrying one of the 

various pE-SUMO plasmids. Cultures were grown in Luria-.ŜǊǘŀƴƛ ƳŜŘƛǳƳ ǿƛǘƘ рл ˃ƎκƳ[ 

kanamycin at 37 °C. Cells containing plasmid pE-SUMO-PbrFD were cultured in Terrific Broth (TB) 

ŎƻƴǘŀƛƴƛƴƎ лΦм ƳƎκƳƭ ŦŜǊǊƛŎ ŀƳƳƻƴƛǳƳ ŎƛǘǊŀǘŜΣ м Ƴa ŎȅǎǘŜƛƴŜΣ ŀƴŘ рл˃Ǝ/ml Kanamycin at 37oC. 

When the cultures reached an OD600nm of Ḑ0.7, protein expression was induced with 0.4 mM 

ƛǎƻǇǊƻǇȅƭ ʲ-D-1-thiogalactopyranoside (IPTG). The temperature was reduced to 25°C, and the 

cultures were grown overnight with shakinig at 250 rpm. Cells were harvested by centrifugation 

at 6000 rpm for 20 minutes. The cell pellets were collected and resuspended in 5 mL/g cell paste 

of buffer A (25 mM TRIS pH 8.0, 300 mM NaCl, 10 mM imidazole) supplemented with 0.1 mg/mL 

DNase I (Worthington Biochemical Corp., Lakewood, NJ). In the case of PbrMppP, buffer A 

includŜŘ нл ˃a t[t ǘƻ ǎǘŀōƛƭƛȊŜ ǘƘŜ ŜƴȊȅƳŜΦ ¢ƘŜ ŎŜƭƭǎ ǿŜǊŜ ƭȅǎŜŘ ǳǎƛƴƎ ŀ .Ǌŀƴǎƻƴ {ƻƴƛŦƛŜǊ {-450 

cell disruptor (Branson Ultrasonics Corp, Danbury, CT) for a total of 10 min at 60% amplitude with 

30 s pulses separated by 30s rest periods. The temperature was maintained at or below 4 °C by 

suspending the steel beaker in an ice bath directly over a spinning stir bar. The lysates were 

clarified by centrifugation at 18,000 rpm for 45 min and then applied to a 5 mL HisTrap column 

(GE Lifesciences) at a flow rate of 5 mL/min to isolate the His6-SUMO fusion proteins. The proteins 

were eluted by a four-step gradient of buffer B (25 mM TRIS pH 8.0, 300 mM NaCl, and 250 mM 

imidazole; 5, 15, 50, and 100%). The His6-SUMO fusion proteins were eluted in the third and 

fourth steps and were all >90% pure, as judged by Coomassie-stained sodium dodecyl 

ǎǳƭŦŀǘŜҍǇƻƭȅŀŎǊȅƭŀƳƛŘŜ ƎŜƭ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎ ό{5{-PAGE). Peak fractions were pooled and dialyzed 

overnight at 4oC against 4 L of 25 mM TRIS pH 8.0, 150 mM NaCl, and Ḑо ˃a {¦ah ǇǊƻǘŜŀǎŜ 
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(LifeSensors Inc). In ǘƘŜ ŎŀǎŜ ƻŦ tōǊaǇǇtΣ ǘƘŜ Řƛŀƭȅǎƛǎ ōǳŦŦŜǊ ŎƻƴǘŀƛƴŜŘ млл ˃a t[t ǘƻ ƪŜŜǇ ǘƘŜ 

protein active. The dialysates were passed through the HisTrap column a second time to remove 

the cleaved His6-SUMO tag as well as the protease. The resulting protein preparations were >95% 

pure. The proteins were desalted using a HiTrap desalting column (GE Lifesciences) into 10.0 mM 

a9{ ǇI сΦт ŀƴŘ нл ˃a t[t ŀƴŘ ǎǘƻǊŜŘ ŀǘ ҍулϲ/Φ !ƭƭ ƻǘƘŜǊ ŜƴȊȅƳŜǎ ǿŜǊŜ ǇǳǊƛŦƛŜŘ ōȅ ǘƘŜ ǎŀƳŜ 

ǇǊƻǘƻŎƻƭΣ ǿƛǘƘ ǘƘŜ ƻƳƛǎǎƛƻƴ ƻŦ нл ˃a t[t from the buffers. Selenomethionine-labeled PbrHYP 

and PbrDHPS were expressed from T7 Express Crystal cells (New England Biolabs, Ipswich, MA) 

carrying the pE-SUMO-PbrHYP or pE-SUMO-PbrDHPS plasmids. Cells were grown in 

Selenomethionine Medium Complete (Molecular Dimensions, Newmarket, Suffolk, U.K.) with 50 

˃ƎκƳ[ ƪŀƴŀƳȅŎƛƴΦ !ƭƭ ƻǘƘŜǊ ŀǎǇŜŎǘǎ ƻŦ ǘƘŜ ŜȄǇǊŜǎǎƛƻƴ ŀƴŘ ǇǳǊƛŦƛŎŀǘƛƻƴ ǿŜǊŜ ƛŘŜƴǘƛŎŀƭ ǘƻ ǘƘƻǎŜ 

described for the unlabeled proteins.  

 

2.2.2  Differential scanning fluorimetry  
 

The purified enzymes were used for differentiaƭ ǎŎŀƴƴƛƴƎ ŦƭǳƻǊƛƳŜǘǊȅ ό5{CύΣ ƻǊ άǘƘŜǊƳƻŦƭǳƻǊ 

ŀǎǎŀȅέΦ CƻǊ ǘƘŜ ǘƘŜǊƳƻŦƭǳƻǊ ŀǎǎŀȅΣ нллҡ[ ƻŦ {ǇȅǊƻ hǊŀƴƎŜ ŘȅŜ ŘƛƭǳǘŜ ǎƻƭǳǘƛƻƴ όрл·ύ ǿŜǊŜ 

ǇǊŜǇŀǊŜŘ ōȅ ŀŘŘƛƴƎ н ˃[ ƻŦ рлллȄ {ȅǇǊƻ hǊŀƴƎŜ ǘƻ мфу ˃[ ƻŦ ŘŜƛƻƴƛȊŜŘ ǿŀǘŜǊ ŀƴŘ нрҡ[ ǿŜǊŜ 

portioned into each vial of 8 PCR tubes. Similarly, dilute protein solutions (1 mg/mL) were 

prepared and 25µL were portioned into each vial of 8 separate PCR tubes. Using an 8-channel 

pipet, 11 µL of deioninzed water were placed into each of the wells in a 96 well Eppendorf 

TwinTec plate. ¢ƘŜƴ н˃[ ƻŦ ǘƘŜ ǇǊŜǇŀǊŜŘ ŘƛƭǳǘŜ ǇǊƻǘŜƛƴ ǎƻƭǳǘƛƻƴ ǿŀǎ ŀŘŘŜŘΣ ŦƻƭƭƻǿŜŘ ōȅ р˃[ ƻŦ 

the Slice pH kit (Hampton Research,CA). Finally, н˃[ ƻŦ ǘƘŜ рл· {ǇȅǊƻ ƻǊŀƴƎŜ ŘȅŜ ǎƻƭǳǘƛƻƴ ǿŜǊŜ 
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added and the samples were mixed by carefully pipetting up and down twice. The plates were 

immediately sealed with an optically clear sealing film and centrifuged for 30s at 1000 rpm to 

collect the samples in the bottoms of the wells. The sealed plates were placed in the RT-PCR 

instrument and equilibrated to 25°C for 5 minutes, in order for the temperature of the plate and 

reagents to equilibrate with the block as well as allow the reagents to diffuse and mix. Finally, 

the thermofluor assay was performed from 25°C to 95°C with a temperature ramp of 1°C per 

minute. Based on the results of differential scanning fluorimetry experiments with the Slice pH 

screen (Hampton Research,CA), buffers with the highest Tm values were selected for the storage 

buffers and purified enzymes were stored accordingly (refer to Table 2.2.2-2).  

 

Table 2.2.2-2: Storage buffer of PbrMPCO enzymes 

 

Protein Storage buffer 

PbrMppP млƳa a9{ ǇI сΦтΣ нл ˃a t[t 

PbrHYP 10mM BisTris pH 7.5 

PbrDHPS 10mM Succinate pH 6.0 

PbrOX 10mM HEPES pH 7.4 

PbrFD 10mM BisTris pH 6.3 

PbrFNR 10mM BisTris pH 6.3 
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2.2.3 FeII loading on PbrOx 
 
 
After cleavage of the His6-Tag, PbrOX was diluted with storage buffer (10mM HEPES pH 7.4) to 

~2 ˃ a. Small amounts of FeSO4 (~1mg) and ascorbate (~1mg) were taken and mixed together 

dry by crushing with the tips of two spatulas. The crushed mixture was added into the dilute 

enzyme and incubated at 4oC for 4 hoursxcii. After the incubation period, the enzyme mixture was 

centrifuged at 4000 rpm for 20 minutes to remove any insoluble material. The supernatant was 

used to check the spectrum of Fe(II)-bound PbrOX and also used in steady state assays on the 

Clark electrode (O2 probe) with PbrFD and PbrFNR.  

 

2.2.4  Confirmation of PbrMppP activity 
 
 
A Hewlett-Packard 8453 diode array spectrophotometer was used to collect spectra from a 500 

˃[ ǊŜŀŎǘƛƻƴ ŎƻƴǘŀƛƴƛƴƎ Ϥнл ˃a tōǊaǇǇt ǿƛǘƘ м Ƴa [-Arg and oxygen-saturated buffer (20 mM 

BisTris propane pH 9.0. The scans were taken every 0.5 s from 300 nm to 600 nm. 

 

2.2.5  NMR characterization of PbrMppP reaction products  
 
 
To perform reactions for NMR analysis, PbrMppP was desalted into 20mM sodium phosphate 

buffer pH 8.4 using a HiTrap desalting column (GE Lifesciences). Similarly, 1 mL of 1mg/mL 

catalase from bovine liver (Sigma-Aldrich, St. Louis, MO) was desalted into deioninzed water to 

remove the trehalose stabilizer from the catalase preparation. Catalase was added to remove the 
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hydrogen peroxide that is produced as a by-product of MppP catalysis, since it leads to non-

enzymatic oxidative decarboxylation of the products [95] and [91]. Reactions were assembled in 

50mL corning tubes by adding 724 µL of 277µM desalted PbrMppP, 2 µL of 500µg/mL desalted 

catalase, and 5mL of 4mM L-Arg stock solution prepared in 20mM sodium phosphate buffer pH 

уΦпΦ ¢ƘŜ ǇI ƻŦ ŀƭƭ ǎƻƭǳǘƛƻƴǎ ǿŀǎ ŀŘƧǳǎǘŜŘ ǳǎƛƴƎ ŀ CƛǎƘŜǊōǊŀƴŘϰ ŀŎŎǳƳŜǘϰ !9мрл .ŜƴŎƘǘƻǇ ǇI 

meter. The volume of each reaction mixture was adjusted to 10mL by adding 4.7mL of phosphate 

buffer to reach final concentrations of ŀǇǇǊƻȄƛƳŀǘŜƭȅ нл˃a tōǊaǇǇtΣ нƳa [-Arg and 1 µg/mL 

catalase. Reaction tubes were shaken at 25oC, 200 rpm for 4 hours and protected from light. At 

the end of the reaction time, samples were evaporated to dryness using a Centrifan PE Rotary 

Evaporator (KD Scientific, Holliston, MA) at 50oC overnight. The resulting residue was taken up in 

слл ˃[ 52O and centrifuged at 17,000 x g for 10 min to remove any remaining particulates. The 

ǎǳǇŜǊƴŀǘŀƴǘǎ όрлл ˃[ύ ǿŜǊŜ ƭƻŀŘŜŘ ƛƴǘƻ baw ǘǳōŜǎ ŦƻǊ 1H NMR analysis to determine the 

structure(s) of the reaction product(s). 

 

2.2.6 Characterization of PbrMppP reaction products by mass 

spectrometry   

Reactions were performed in 1.5 mL Eppendorf tubes containing 1 mL of total volume. From a 

4mM L-Arg stock in Phosphate buffer (titrated down to 8.0, 250 µL were added for a final 

concentration of 1mM L-Arg. From a catalase (Sigma-Aldrich, St. Louis, MO) stock solution of 500 

µg/mL (desalted into deioninzed water as described in section 2.2.3), 1µL was added to each 

reaction for a final catalase concentration of 0.5µg/mL. Finally, 72µL of PbrMppP enzyme stock 
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(277µM) was added for a final PbrMppP concentration of approximately 20µM. Reaction volumes 

were adjusted to 1mL with mqH2O. The negative control was performed in same way, except the 

PbrMppP enzyme was denatured by heating in boiling water for 10 minutes. Reactions were run 

in the dark at 25 °C for 4 hours with shaking at 200 rpm. After this period, all samples were boiled 

for 10 min and centrifuged at 30,000 x g for 10 min. The supernatants were directly injected into 

a Shimadzu LCMS-2020 to analyze by mass spectrometry. Samples were separated with a binary 

gradient to 80% organic solvent across 2 minutes. Molecules were ionized using the ESI method 

with a scan speed of 2500 unit/second.  

 

 

 

 

2.2.7  Crystallization and structure determination of Pbr proteins  
 

 

Initial crystallization conditions of PbrMppP, PbrHYP, PbrDHPS, and PbrOX were all pursued in 

the same way. Briefly, ~10 mg/mL of protein were screened against the Index HT screen 

(Hampton Research) and LMB Screen (Molecular Dimensions). After optimization, diffraction-

quality crystals were obtained by the hanging drop vapor diffusion method. Final crystallization 

conditions are listed in Table 2.2.7-1. Crystals were cryo-protected by sequential soaks in the 

holding solutions listed in Table 2.2.7-1 and flash-cooled by plunging into liquid nitrogen. The 

structures of PbrMPCO proteins in complexes with various ligands were obtained by transferring 

ŎǊȅǎǘŀƭǎ ƛƴǘƻ рл ˃[ ŘǊƻǇǎ ƻŦ ǘƘŜ cryo-protectant solution supplemented with ~20 mM ligand.  

X-ray diffraction data were collected at beamline 21-ID-D of the Life Science Collaborative Access 

Team (LS-CAT) at the Advanced Photon Source (APS) using a MAR 300 CCD detector. A total of 
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360 frames were collected from 0° to 180° with an oscillation range of 0.5°. All data were 

processed with the HKL2000 software packagexciii or MOSFLMxciv and AIMLESSxcv  of the CCP4 

software suitexcvi .  

As SwMppP and PbrMppP share 33% sequence identity, the PbrMppP structure was determined 

by molecular replacement using SwMppP as the reference model. The diffraction data were 

collected from a crystal using a wavelength of 0.97921 Å. PbrMppP crystallized in space group P 

21 21 21  with two chains in the asymmetric unit. The molecular replacement solution was 

subjected to iterative cycles of manual model building in COOT8 xcvii and maximum likelihood-

based refinement using the PHENIX packagexcviii. Ordered solvent molecules were added 

automatically in phenix.refine4 xcix. Hydrogen atoms were added to the model using 

phenix.reducec and were included in the later stages of refinement to improve the 

stereochemistry of the model. The positions of H atoms were refined using the riding model with 

a global B factor. Regions of the model for translation-libration-screw (TLS) refinement were 

identified using phenix.find_tls_groups (P. V. Afonine, unpublished work), and the TLS 

parameters were refined in phenix.refine6. Once the refinement converged (Rcryst = 0.137, and 

Rfree = 0.166), the model was validated using the tools implemented in COOTci. Structure of 

PbrMppP with 4HKA bound was determined by difference Fourier.  
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Table 2.2.7-1: Crystallization conditions of the PbrMPCO enzymes. 

 

 

Protein Crystallization condition Cryo-

protectant 

solution 

PbrMppP (12mg/mL) 100 mM Ammonium sulfate+ 25% PEG+ 

100mM BisTris pH 5.5 

20% Glycerol 

PbrHYP (10mg/mL) 25% PEG 3350, 0.2M NaCl, 0.1M BIS-TRIS pH 

5.5, 0.25M LiCl 

Paratone N 

PbrDHPS (15 mg/mL) 25% PEG 3350, 0.2M MgCl2, 0.1M TRIS pH 8.5 Paratone N 

PbrOx (10mg/mL) 30% Tacsimate, pH 7.0, 10mM Bis-TRIS pH 6.3 30% PEG 400 

 

For PbrHYP, the nearly cubic crystals formed after 3-5 days. Crystals were cryoprotected and 

flash-cooled by plunging into liquid nitrogen. The PbrHYP structure was determined by single 

wavelength anomalous diffraction (SAD) using data collected from a crystals at 0.97849 Å, 62.0 

eV below the tabulated K-edge wavelength for Se (0.97950 Å). PbrHyp crystallized in space group 

C2 with two chains in the asymmetric unit. AutoSHARPxxxi was used to determine the Se- 

substructure and calculate density-modified electron density maps. The initial model was built 

automatically using the PHENIX package (phenix.autobuild)cii.  The solution was subjected to 

iterative cycles of manual model building in COOT8 xcvii and maximum likelihood-based refinement 

using the PHENIX package. Solvent molecule, H-atoms, and TLS refinements were perfomed 
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similarly described above. Once the refinement converged (Rcryst = 0.183, and Rfree = 0.231), the 

model was validated using the tools implemented in COOTxc. The final refined model was used to 

determine the structure of the PbrHYP.  

 

PbrDHPS crystals formed after 10 days and grew to maximum dimensions of Ḑмл ˃Ƴ Ҏ Ϥмл ˃Ƴ Ҏ 

Ϥр ˃ƳΦ ¢ƘŜ ǎǘǊǳŎǘǳǊŜ ƻŦ tōǊ5It{ ǿƛǘƘ [91] bound was obtained by soaking a crystal in 

crystallization solution supplemented with ~12 mM [91] and a small amount of cryoprotectant 

solution for 4 hours. PbrDHPS structure was also determined by SAD. Data collected from a 

crystal at 0.97849 Å, 61.0 eV below the tabulated K-edge wavelength for Se (0.97950 Å). PbrDHPS 

crystallized in space group C 2 2 2 with two chain in one asymmetric unit. AutoSHARPxxxi was used 

to determine the Se substructure and calculate density-modified electron density maps. The 

initial model building and refinement strategy was similar as described above. Once the 

refinement converged (Rcryst = 0.186, and Rfree = 0.234), the model was validated using the tools 

implemented in COOTxc. The final refined model was used to determine the structure of the 

PbrDHPS. Structure of PbrDHPS with [91] bound was determined by difference Fourier.  

  

The SeMet-substituted PbrOX crystals formed needle shaped after 3 days and grew to maximum 

dimensions of Ḑмсл ˃Ƴ Ҏ Ϥрл ˃Ƴ Ҏ Ϥн ˃ƳΦ /Ǌȅǎǘŀƭǎ ǿŜǊŜ directly cryo-protected by soaking in 

holding solutions listed in table 2.2.7-1. The structure of SeMet-substituted PbrOX was 

determined by single wavelength anomalous diffraction (SAD) using data collected from crystals 

at 0.97853 Å, 61.0 eV below the tabulated K-edge wavelength for Se (0.97950 Å). PbrOX 

crystallized in space group P42 with a single chain in the asymmetric unit,  though  a  symmetry-
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related chain  forms  an  extensive  interface  where  each  chain  buries ~1300 Å2. Thus, PbrOX is 

likely a dimer in solution. AutoSHARP5 xxxi was used to determine the Se substructure and 

calculate density-modified electron density maps. The initial model building and refinement 

strategy was similar as described for PbrHYP.Once the refinement converged (Rcryst = 0.159, and 

Rfree = 0.202), the model was validated using the tools implemented in COOTxc. The final refined 

model was used to determine the structure of the PbrOx.  

Data collection and model refinement statistics are listed in Appendix A.  

 

2.2.8  Steady state kinetics of PbrMppP  

All steady state kinetic assays (500µL) were conducted in triplicate at 25 °C in 20 mM BisTris 

propane, pH 9.0. The initial velocity of PbrMppP-catalyzed hydroxylation of L-Arg was measured 

directly by monitoring the decrease in dioxygen concentration as measured using a Clark-type 

electrode (Hansatech Instruments, Norfolk, UK). The concentration of L-Arg was varied from 5 to 

сплл ˃aΦ ¢ƘŜ ƪcat and KM values were determined by fitting the initial velocity data using equation 

1: 

V0 = Vm[A]/(KM + [A]) 

 where, V0 is the initial velocity, Vm is the maximal velocity, KM is the Michaelis constant and 

[A] is the concentration of L-Arg. The same procedure was followed for the reaction of PbrMppP 

with L-canavanine. 
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2.2.9  Stoichiometric analysis of PbrMppP reactions with L-Arg and L-

canavanine 

 
The stoichiometry of the reaction was estimated by measuring the quantity of dioxygen 

ŎƻƴǎǳƳŜŘ ƛƴ ǊŜŀŎǘƛƻƴǎ ǿƛǘƘ ŀ ŦƛȄŜŘ ŜƴȊȅƳŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ όр ˃a tōǊaǇǇtύ ŀnd varied L-Arg 

concentrations. Reactions were monitored using the Clark electrode. The concentration of 

dioxygen remaining when the reaction reached equilibrium was subtracted from the starting 

concentration to obtain the concentration of dioxygen consumed. The stoichiometry was 

computed using Equation 2:  

 

O2 consumed per eq. of L-Arg added = ([O2]o ς [O2]f )/ [L-Arg]t     

 

where [O2]o is the initial concentration of O2, [O2]f is the final concentration of O2 and [L-Arg]t is 

the total concentration of L-arg added.  

The same procedure was repeated with L-canavanine. 

 

2.2.10 Pre-steady state kinetics of PbrMppP 
 
 
Pre-steady state kinetics data were collected on a Model SF-61DX double-mixing stopped flow 

spectrophotometer at 25 °C. The instrument was prepared for anaerobic work by overnight 

incubation with a solution of 1 mM glucose, 10 U/mL glucose oxidase, which had been flushed 

through the entire system. Solutions for anaerobic stopped flow experiments were prepared in 
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ŀ ǘƻƴƻƳŜǘŜǊΦ .ǊƛŜŦƭȅΣ т Ƴƭ ƻŦ нс ˃a tōǊaǇǇt ƛƴ мл Ƴa a9{ ǇI сΦт ŀƴŘ млл ˃a ƎƭǳŎƻǎŜ όǿƛǘƘ м 

µg/mL catalase) were placed in the main body ƻŦ ǘƘŜ ǘƻƴƻƳŜǘŜǊ ŀƴŘ нр ˃[ όм ¦κ˃ƭύ ƎƭǳŎƻǎŜ 

oxidase were placed in the side arm. The tonometer was attached to a Schleck line and dioxygen 

was removed from the solution using 45 cycles of vacuum (~5 s) and flushing with argon (~30 s). 

Because the PbrMppP protein is light-sensitive and somewhat unstable at room temperature, 

this procedure was conducted on ice and the tonometer was covered with foil to protect it from 

light. Different concentrations of L-arg in 100 mM BIS-¢wL{ ǇǊƻǇŀƴŜ ǇI фΦл ǿƛǘƘ нлл ˃a ƎƭǳŎƻse 

were placed in glass syringes and sparged with argon gas for 5 min to remove dioxygen. Single-

ƳƛȄƛƴƎ ŜȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ ŎƻƴŘǳŎǘŜŘ ǿƛǘƘ мл ˃a tōǊaǇǇt ŀƴŘ со ǘƻ мллл ˃a [-Arg (all 

concentrations quoted are the concentrations in the cuvette after mixing 1:1). 

To measure L-Arg binding, anaerobic PbrMppP (13µM) was mixed with anaerobic L-Arg and 

changes at the PLP center were monitored by exciting the internal aldimine at 415 nm and 

measuring the total fluorescence emission for 20 s after initiating the reaction. The rate of 

formation of the first quinonoid intermediate (Q1) was measured by monitoring the absorbance 

at 510 nm for 20 s after mixing anaerobic enzyme and L-Arg solutions. To measure the rates of 

the dioxygen-dependent steps, double-mixing experiments were performed where anaerobic 

enzyme was mixed 1:1 with a saturating concentration of anaerobic L-Arg. This was then mixed 

мΥм ǿƛǘƘ ōǳŦŦŜǊ ŎƻƴǘŀƛƴƛƴƎ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ ŘƛƻȄȅƎŜƴ ǊŀƴƎƛƴƎ ŦǊƻƳ ун ǘƻ мос ˃aΦ ¢ƘŜ ŦƛǊǎǘ 

ǘƻƴƻƳŜǘŜǊ ŎƻƴǘŀƛƴŜŘ пл ˃a ŜƴȊȅƳŜ ŀƴŘ м µg/mL catalase in 10 mM MES pH 6.7 under anaerobic 

ŎƻƴŘƛǘƛƻƴǎ όмлл ˃a ƎƭǳŎƻǎŜ ŀƴŘ нр ˃[ ƻǊ м ¦κ˃ƭ ƎƭǳŎƻǎŜ ƻȄƛŘŀǎŜύΦ ¢ƘŜ ǎŜŎƻƴŘ ǘƻƴƻƳŜǘŜǊ 

ŎƻƴǘŀƛƴŜŘ нΣллл ˃a [-Arg in 100 mM BIS-TRIS propane pH 9.0. The third tonometer contained 

100 mM BIS-TRIS propane pH 9.0 with concentrations of dioxygen of 30, 82, 166, 252, 402, and 
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рно ˃aΦ 5ŜŦƛƴŜŘ Řƛƻxygen concentrations were obtained using a Maxtec Maxblend gas blender 

to mix 90% pure O2 gas with gaseous N2. The concentrations of dioxygen produced at different 

settings of the mixing valve were determined using the oxygen electrode. Samples of oxygenated 

buffer were prepared by sparging the 100 mM BIS-TRIS propane pH 9.0 buffer with a set 

concentrations of dioxygen for 5 min. After the first mixing step (enzyme plus L-Arg), the 

reactions were aged for 20 s to give all of the enzyme time to convert to the first quinonoid 

intermediate prior to the second mixing step. The second step mixed the anaerobic reaction 

mixture with oxygenated buffer. The reactions were monitored for 100s at 510 nm or 560 nm for 

100s.  

 

2.2.11 Substrate specificity of PbrMppP 
 
 
wŜŀŎǘƛƻƴǎ ŎƻƴǘŀƛƴƛƴƎ рлл ˃ƭ ƻŦ ол ˃a tōǊaǇǇt ƛƴ нл Ƴa .L{-TRIS propane pH 9.0 were initiated 

by adding 10 µl of different L-Arg analogs,  including D-Arg, L-citrulline, D-ornithine, L-ornithine, 

L-Lys, N-methyl-L-Arg or L-canavanine, to a final concentration of 10mM. The reactions were 

monitored by recording spectra from 200-700 nm (0.5 s between scans) for 300 s in a Hewlett-

Packard 8453 diode array spectrophotometer. The products of these reactions were analyzed by 

ESI-MS as discussed above.  

The steady state kinetics of L-canavanine was determined using the steady state dioxygen 

consumption assay described above. L-/ŀƴŀǾŀƴƛƴŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ǊŀƴƎƛƴƎ ŦǊƻƳ млл ˃a ǘƻ 

млΣллл ˃a ǿŜǊe added to 20mM BIS-TRIS propane pH 9.0. Reactions were initiated by the 

adŘƛǘƛƻƴ ƻŦ tōǊaǇǇt ǘƻ ŀ Ŧƛƴŀƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ол ˃a ŀƴŘ ƛƴƛǘƛŀƭ ǾŜƭƻŎƛǘƛŜǎ ǿŜǊŜ ǊŜŎƻǊŘŜŘΦ  
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These initial velocities were plotted against the L-canavanine concentration and fitted to 

Equation 1, where [A] is the concentration of L-canavanine. 

 

 

2.2.12 Ferredoxin NADP reductase (PbrFNR) activity test 
 

 

Reactions containing м ˃a tōǊCbw ǿƛǘƘ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ b!5tI ǊŀƴƎƛƴƎ ŦǊƻƳ м ˃a ǘƻ пл ˃a 

were monitored by recording spectra from 200-600 nm (0.5s intervals) for 300 s in a Hewlett-

Packard 8453 diode array spectrophotometer. NADPH was diluted with buffer (10mM HEPES pH 

7.0) and incubated at least 10 min at RT before performing the assay.  Reactions were initiated 

by adding PbrFNR with a final concentration of 1 µM.  

To inspect the interactivity of PbrFNR, PbrFD and PbrOX, the decrease in absorbance at 340 nm 

was monitored to observe the oxidation rate of NADPH. In the cuvette containing different 

concentration of NADPH and 1 µM PbrFNR, PbrFD (final concentration of 1µM) was added to 

observe the NADPH oxidation rate by monitoring decrease in absorbance at 340 nm. When the 

decrease in 340 nm almost reached plateau, PbrOX (1 µM) was added to see if the NADPH 

oxidation rate changes.  

To measure the quantity of O2 ŎƻƴǎǳƳŜŘ ƛƴ ǊŜŀŎǘƛƻƴǎ ǿƛǘƘ м˃a tōǊCbwΣ мл ˃a tōǊh·Σ мл ˃a 

PbrFD, and 10uM NADPH, reactions were monitored using the Hansatech dioxygen electrode. 

The concentration of dioxygen remaining when the reaction reached equilibrium was subtracted 

from the starting concentration to obtain the concentration of dioxygen consumed. 
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2.2.13 Identifying conditions that activate the PbrMppP promoter 

(RS05025) 

 
 

 
 

 

Figure 2.2.13-1 PbrMppP Promoter region (RS05025)  

 

To identify the conditions under which the putative promoter of the PbrMppP-containing operon 

is activated, the untranslated sequence between the luxR and mppP genes was cloned into the 

reporter plasmid pPROBE-NT. The putative promoter region of the PbrMPCO was amplified from 

Pseudomonas brassicacaerum DF41 genomic DNA using Phusion® High-Fidelity PCR Master Mix 

with HF Buffer (M0531S, New England Biolabs, Ipswitch, MA) and primers 

άw{лрлнрψǇtǊƻōŜb¢ψIƛƴŘLLLψCέ ŀƴŘ άw{лрлнрψǇtǊƻōŜb¢ψ9ŎƻwLψwέ ŦǊƻƳ ¢ŀōƭŜ 2.2.1-1, which 

added the HindIII and EcoRI restriction sites to the 5' and 3' ends of the amplified product, 

respectively. The amplified DNA was separated by 0.8% agarose gel, isolated band was excised, 

and purified from the gel using the QIAquick gel extraction kit (28115, Qiagen, Inc). The purified 

DNA was digested with HindIII (HindIII-HF® R3104S) and EcoRI (EcoRI-HF® R3101S) restriction 

enzymes (New England Biolabs). The empty pPROBE-NT (kanamycin-resistant) was digested using 

the same restriction enzymes. The digested insert and vector were ligated using T4 DNA ligase 
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(M0202S, New England Biolabs) in 1:3 (vector:insert) ratio. Ligation reactions (10 µL) containing 

~20ng DNA were used to transform NEB5 h high efficiency competent E. coli cells. The 

transformations (~50 µL) were streaked into LB-ŀƎŀǊ ǇƭŀǘŜǎ ŎƻƴǘŀƛƴƛƴƎ рл ˃ƎκƳƭ ƪŀƴŀƳȅŎƛƴ ŀƴŘ 

incubated at 37oC for 16 hours. Transformants from these plates were used to inoculate 10 mL 

of LB medium for isolation of plasmid DNA using the Miniprep kit (Qiagen, Inc). Isolated plasmids 

were used for subsequent PCR to confirm the presence of insert. The purified plasmids were 

screened for successful inclusion of the PbrMppP promoter region (RS05025 insert) by GENEWIZ 

(South Plainfield, NJ) using the sequencing primers GFP_F and GFP_R (Table 2.2.1-1). 
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Figure 2.2.13-2: Schematic of the process for cloning the putative PbrMPCO promoter region 

(RS05025) into the pPROBE-NT reporter plasmid. Image created with SnapGene® ciii. 

Pseudomonas brassicacaerum (DF41) cells were made competent by washing 3 times with ice-

cold 10% glycerol. Cells were resuspended in ice-cold 10% glycerol and centrifuged at 12,000 rpm 

for 2 minutes between washes. This procedure was repeated three times to make the cells 
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electrocompetent. The putative PbrMPCO promoter cloned into the pPROBE-NT plasmid was 

ǳǎŜŘ ǘƻ ŜƭŜŎǘǊƻǇƻǊŀǘŜ 5Cпм ŎŜƭƭǎΦ !ǇǇǊƻȄƛƳŀǘŜƭȅ тп ƴƎ ƻŦ ǇƭŀǎƳƛŘ 5b! όрл ˃[ύ ǿŀǎ ŀŘŘŜŘ ǿƛǘƘ 

рл˃[ ƻŦ ŎƻƳǇŜǘŜƴǘ ŎŜƭƭǎ ŀƴŘ ǘǊŀƴǎŦŜǊǊŜŘ ƛƴǘƻ ŀ нƳƳ ŜƭŜŎǘǊƻǇƻǊŀǘƛƻƴ ŎǳǾŜǘǘŜΦ ¢ƘŜ 5Cпм ŎŜlls were 

electroporated by applying 1600 V using a BTX electroporation system. Immediately after 

electroporation, 1 mL SOC media was added quickly and then the cells were incubated for 2 hours 

at 30oC. After this incubation period, transformed DF41 cells were centrifuged at 12,000 rpm for 

2 minutes. FrƻƳ ǘƘŜ ǎǳǇŜǊƴŀǘŀƴǘ Ϥрл ˃[ ǿŀǎ ŘƛǎŎŀǊŘŜŘ ŀƴŘ ǘƘŜ ǇŜƭƭŜǘŜŘ ŎŜƭƭǎ ǿŜǊŜ resuspended 

in ǘƘŜ ǊŜƳŀƛƴƛƴƎ рл ˃ƭ ƻŦ {h/ ƳŜŘƛŀΦ ¢ƘŜ ŎƻƴŎŜƴǘǊŀǘŜŘ ŎŜƭƭǎ ǿŜǊŜ ǎǘǊŜŀƪŜŘ ƻƴǘƻ ŀƴ [.-agar plate 

ŎƻƴǘŀƛƴƛƴƎ рл ˃ƎκƳƭ ƪŀƴŀƳȅŎƛƴΦ 5C41 cells were transformed with the empty pPROBE-NT vector 

as a negative control.  

DF41 cells harboring the GFP (green fluorescence protein) reporter plasmid (pPBROBE-NT) were 

grown under a series of conditions to identify which one(s) caused expression of the GFP reporter 

gene under control of the putative PbrMPCO promoter. Media compositions are listed in Table 

2.2.13-1. 
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Table 2.2.13-1 Screening conditions used to test the putative PbrMPCO promoter. 

Media Composition (Final concentrations in media) 

1. Basal media 2 C source: 0.40% Glucose/ 20 mM succinate/20 mM 
gluconate/ 20 mM pyruvate.  

7 mM (NH4)2SO4, 40 mM K2HPO4, 22 mM KH2PO4,  

0.5 mM MgSO4, 0.1 mM FeSO4. 

*PH adjusted to 7.0 during ammonium-phosphate base 
(BM2) 10X preparation with (NH4)2SO4, K2HPO4, KH2PO4 
stock solutions. 

2. PP2 media Proteose peptone (10g/L) 

3. Phosphate sufficient media 100mM Hepes pH 7.0,  

80 mM NaCl, 20 mM KCl, 20mM NH4Cl, 4.26 µM FeCl2, 3 
mM Na2SO4, 200 µM CaCl2, 1mM MgCl2, 0.4% (w/v) 
ƎƭǳŎƻǎŜΣ мΦлƳƎκƳƭ ǘƘƛŀƳƛƴŜΣ ссл ˃a K2HPO4 

4. Phosphate deficient media: мллƳa IŜǇŜǎ ǇI тΦлΣ  

ул Ƴa bŀ/ƭΣ нл Ƴa Y/ƭΣ нлƳa bIп/ƭΣ пΦнс ҡa CŜ/ƭнΣ о 
Ƴa bŀн{hпΣ нлл ҡa /ŀ/ƭнΣ мƳa aƎ/ƭнΣ лΦп҈ όǿκǾύ 
ƎƭǳŎƻǎŜΣ мΦлƳƎκƳƭ ǘƘƛŀƳƛƴŜΣ пн˃a YнIthп 

5. Defined minimal media: фоΦр Ƴa bIп/ƭΣ нр Ƴa YнIthпΣ р Ƴa aƎ{hпΣ му ҡa 

CŜ{hпΣ нΦр҈ ƎƭȅŎŜǊƻƭΣ рмƳa ƳƻƴƻǎƻŘƛǳƳ ƎƭǳǘŀƳŀǘŜΣ ммл 

Ƴa 5ƛǎƻŘƛǳƳ ǎǳŎŎƛƴŀǘŜΣ мл Ƴa bƛǘǊƛƭƻǘǊƛŀŎŜǘƛŎ ŀŎƛŘ ό/ŀΣ 
aƎ ŎƘŜƭŀǘƻǊύ 

6. LB Luria borth (25g/L) 

7. No salt media Tryptone (10g/L), yeast extract (1g/L) 

8. M9 minimal media 42 mM Na2HPO4, 22 mM K2HPO4, 8.6 mM NaCl, 18.7 mM 
MgSO4, 0.2% glucose. 

*PH adjusted to 7.0 during 10X M9 salt preparation with Na2HPO4, K2HPO4, NaCl, MgSO4 

stock solutions. 

# All the carbon sources were used in individual media 
*condition screened in both liquid and Agar (Solid) culture, No CaCl2 used for DF41 cells  
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2.2.14 Metabolite extraction for LCMS analysis  
 

 

P. brassicacearum DF41 cells expressing GFP (exhibiting a green glow) were scooped from LB-

agar plates and re-suspended in 10 mL solvent comprising 10% methanol in mqH2O  ,  ,  . 

Metabolites from P. brassicacearum DF41 cells carrying the empty pPROBE-NT vector were 

extracted in the way to use as the negative control. Resuspended cells were lysed by sonication 

at 60% amplitude, 30 s pulses for a total of 10 minutes of sonication. The lysate was clarified by 

centrifugation at 18,000 rpm for 45 min. The supernatant was tested to confirm GFP expression 

by measuring spectra from 250 to 600 nm. These samples were used for comparative 

metabolomics studies by LC-MS. A C18 reversed phase column (Phenomenex, 30 mm X 2 mm; 

particle size 2.5 Å) was used to separate the ions. The mobile phase consisted of 0.1% formic acid 

in deionized water (A) and 100% LCMS-grade methanol (Milipore Sigma; B). Ions were separated 

with a binary gradient, increasing from 5% B to 80% B over 6 minutes. To regenerate the column 

after the ion separation, a gradual step down to 5% B over the next 5 minutes. The interface 

voltage was set to 4.5 kV and the temperature of column oven was set to 35oC. The column 

pressure was set to a maximum of 4000 psi. Molecules were ionized using ESI or APCI, separately, 

with a scan speed of 7500 units/second. 
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2.3 Results  

2.3.1 PbrMppP oxidizes L-Arg 

 

Since PbrMppP is a homolog of SwMppP with a sequence identity of 33%, it is perhaps not 

surprising that the activity of PbrMppP would be the same as SwMppP. The X-ray crystal structure 

of PbrMppP shows that its tertiary and quaternary structures are almost identical to those of 

SwMppP (RMSD value 1.2 Å, Figure 2.1-3). Likewise, the active sites of the two homologs are 

nearly identical as well. The substrate and products bind in very similar orientations in both 

enzymes and make the same interactions with the same active site residues.  

PbrMppP crystallized in space group P212121 with unit cell dimensions of a = 85.7 Å, b = 108.3 Å, 

and c = 195.4 Å with 4 molecules in the asymmetric unit arranged as 2 independent homodimers 

(Figure 2.3.1-1A). The domain architecture is identical to SwMppP, comprising a large domain 

(Asp35-Asp284), a small domain (Phe25-Gln35 and Asp285-Asn388) and an N-terminal extension 

(Met1-Arg24). ¢ƘŜ ƭŀǊƎŜ ŘƻƳŀƛƴ Ŏƻƴǘŀƛƴǎ ŀ ǎŜǾŜƴ ʲ-ǎƘŜŜǘ ŦƭŀƴƪŜŘ ōȅ ǘŜƴ ʰ-ƘŜƭƛŎŜǎ ŦƻǊƳƛƴƎ ŀƴ ʰ-

-̡ʰ ǎŀƴŘǿƛŎƘΣ ǿƘƛƭŜ ǘƘŜ ǎƳŀƭƭ ŘƻƳŀƛƴ Ƙŀǎ ŀ ǘƻǇƻƭƻƎȅ ƻŦ ƳƛȄŜŘ ʰ-ƘŜƭƛŎŜǎ ŀƴŘ ʲ-sheets. 

 
In the absence of substrate, PLP is covalently attached to Lys233 by an aldimine linkage (Figure 

2.3.1-1B). The negative charge of Asp197 stabilizes the pyridinium form of the cofactor by making 

a salt bridge to the pyridine N atom. This interaction has been shown to be critical for catalysis in 

a number of PLP-dependent enzymes like aspartate aminotransferaseciv. The cationic pyridinium 

allows the cofactor to accept electrons from the substrate, stabilizing the carbanion formed 

during catalysis.  
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Figure 2.3.1-1: The structure of PbrMppP. A) quaternary structure of PbrMppP. The dimer 

structure shows one chain represented by a ribbon and the other chain as a transparent surface. 

The blue ribbon represents the large domain, whereas the green ribbon represents small domain. 

¢ƘŜ ǊŜŘ ʰ-helix on the top represents N-terminus. Catalytic K233-PLP internal aldimine in the 

active sites is shown in yellow stick (highlighted by red square). B) PbrMppP active site showing 

internal aldimine formed by PLP and K-233. C) PbrMppP structure with 4HKA bound in the active 

site.  
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¢ƘŜ ǎǘǊǳŎǘǳǊŜ ƻŦ ǘƘŜ tōǊaǇǇtωпIY! ŎƻƳplex (Figure 2.3.1-1C) was obtained by soaking 

PbrMppP crystals in a solution containing 10 mM L-Arg as described above (see Section 2.2.6). 

PbrMppP is active in the crystalline form, thus after X-ray diffraction, the product [95] was 

observed bound in the ŀŎǘƛǾŜ ǎƛǘŜΦ hƴŎŜ ǘƘŜ ǎǳōǎǘǊŀǘŜ ōƛƴŘǎ ƛƴ ǘƘŜ ŀŎǘƛǾŜ ǎƛǘŜΣ ǘƘŜ ǎǳōǎǘǊŀǘŜ ʰ-

ŀƳƛƴƻ ƎǊƻǳǇ ŀǘǘŀŎƪǎ /пΩ ƻŦ ǘƘŜ ƛƴǘŜǊƴŀƭ ŀƭŘƛƳƛƴŜ ǘƻ ŦƻǊƳ ǘƘŜ ŜȄǘŜǊƴŀƭ ŀƭŘƛƳƛƴŜΣ ŘƛǎǇlacing Lys233. 

¢ƘŜ ǎǳƭŦŀǘŜ ƛƻƴ ōƻǳƴŘ ǘƻ !ǊƎоср ƛǎ ǊŜǇƭŀŎŜŘ ōȅ ǘƘŜ ʰ-carboxylate of L-Arg. Thr14 and Glu17 in the 

N-terminal helix form hydrogen bonds with the guanidinium and carboxylate groups of L-Arg. 

When the product is bound in the active site, the side chains of His31, Asp197 and Asp239 come 

ŎƭƻǎŜǊ ǘƻ /пΩ ƻŦ ǘƘŜ ŜȄǘŜǊƴŀƭ ŀƭŘƛƳƛƴŜΦ ¢ƘŜ ǊƛƴƎ ƻŦ tƘe117 rotates away from the PLP and moves 

closer to the bound product, [95]. 

 

The PbrMppP reaction involves a number of spectroscopically active intermediates. Initiation of 

the reaction by adding PbrMppP to a cuvette with 1mM L-Arg under aerobic conditions results in 

an immediate shift of the 415nm peak to 425nm (Figure 2.3.1-2) and a slow increase in 

absorbance at 510nm as the reaction consumes the dioxygen in the cuvette. When the dioxygen 

concentration approaches zero, the 510nm peak reaches a maximum. Soon after the 510nm peak 

appears, a second peak at 560nm appears and then decays to zero as the 510nm peak plateaus. 

The 415nm peak is due to the internal aldimine, while the 425nm peak corresponds to the 

external aldimine. The longer wavelength peaks at 510nm and 560nm are due to the first [88] 

and second [92] quinoid intermediates, respectively. The 510nm persists after the 560nm peak 

has decayed away, because quinonoid I is the first intermediate that requires dioxygen for the 

reaction to proceed. 
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Figure 2.3.1-2: UV-visible spectra of the PbrMppP reaction with L-Arg. The pink spectrum is for 

PbrMppP, where the 415nm peak shifts to 425nm upon L-Arg addition.  The spectra are colored 

according to time, with the light blue spectra representing the early stage of the reaction, 

beginning at 1.4s, and transitioning to dark blue by the end of the reaction at 292s. The increase 

in absorbance at 510nm is for quinoid I [88] formation, followed by a peak at 560nm for quinoid 

II [92] formation. After a short span of time, the absorbance at 560nm decays due to the reaction 

proceeding towards 4H2KA [95]. 
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NMR analysis of PbrMppP reaction products (Figure 2.3.1-3) shows that, like SwMppPlix, PbrMppP 

produces a mixture of [95] and [91] in a ratio of ~2:1. Reaction conditions were as described in 

Section 2.2.4. The mass spectrometric analysis confirms the NMR results. The major ions 

observed in the positive mode (Figure 2.3.1-4A) analysis of the reaction mixtures in the presence 

of catalase were m/z = 190, corresponding to [95] (190.1 Da) and m/z = 174, corresponding to 

[91] (174.1 Da). In reactions without catalase (Figure 2.3.1-4B), the major ions in the positive 

mode analysis are m/z = 162 and 146, corresponding to the decarboxylated forms of [95] and 

[91], respectively. It was observed in previous studies of SwMppP that H2O2 produced during the 

reaction catalyzes non-enzymatic decarboxylation of the ketoacidslix. 
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Figure 2.3.1-3: PbrMppP produces [95] and [91] in a ~2:1 ratio. The green spectrum (top)  was 

collected for a solution of pure L-Arg in D2O. The red spectrum is the PbrMppP reaction products.  
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Figure 2.3.1-4: ESI-mass spectrometric analysis of PbrMppP products in positive mode. Labelled 

m/z peaks show the major reaction products vs relative intensity (%). (A) m/z of PbrMppP 

products [95] (m/z = 190.1) and [91] (m/z = 174.1). There was no trace of L-arginine (m/z = 175.1) 

after 4 hours, indicating that the reaction progressed to completion. (B) The ESI-MS spectra of the 

catalase-free (decarboxylated) PbrMppP products. The m/z=146 peak is due to the 

decarboxylated [91] and the m/z=162 peak is due to decarboxylated [95].  
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2.3.2 H2O2 is a product of PbrMppP catalysis  
 

 

PbrMppP reactions with concentrations of L-Arg ranging from 10 µM to 160 µM were monitored 

using a Clark electrode (Figure 2.3.2-1). Catalase (1 µL of 5mg/mL) was added when the 500µL 

reactions  reached equilibrium. The oxygen probe traces show that, in all cases, the addition of 

catalase resulted in the generation of an amount of dioxygen equal to one half of the total 

dioxygen consumed by PbrMppP. This observation shows that PbrMppP is producing hydrogen 

peroxide, which is then being disproportionated by catalase. The ratios of dioxygen consumed by 

PbrMppP vs the amount of L-Arg in the reaction are listed in Table 2.3.2-1. The average ratio of 

dioxygen consumed to L-Arg added is ~1.3. Assuming that all of the L-Arg was consumed in these 

reactions, as it was in the reactions for NMR analysis, a ratio between 1 and 2 suggests the 

operation of two branches of the mechanism (Scheme 2.1.1) where the production of the fully 

oxidized product [95] consumes two equivalents of dioxygen and the production of the abortive 

product [91] consumes only one equivalent. 
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Figure 2.3.2-1: Regeneration of dioxygen after adding catalase into PbrMppP reactions at 

equilibrium. The concentration of dioxygen was monitored in a Hansatech dioxygen electrode. 

The reactions were initiated by adding PbrMppP (9 µL of 272 µM PbrMppP; ~5 µM final 

concentration) into solutions containing 10 ˃aΣ 2л ˃aΣ 40 ˃a, 80 ˃a ŀƴŘ м6л ˃a L-arg in 50 

mM BisTris Propane pH 8.5 buffer. When the reaction reached equilibrium (i.e. plateaued), 1 µL 

of 5mg/mL catalase were added into the reactions for a final concentration of 1 µg/µL. The symbol 

άEέ ƛƴ ǘƘŜ ŦƛƎǳǊŜ ƛǎ ǳǎŜŘ ǘƻ ƳŀǊƪ ǘƘŜ ŜǾŜƴǘ ƻŦ tōǊaǇǇt ŀŘŘƛǘƛƻƴ ŀƴŘ ǘƘŜ ǎȅƳōƻƭ άVέ ƛǎ ǳǎŜŘ ǘƻ 

mark the event of catalase addition. The regeneration of O2 suggests that H2O2 is a byproduct of 

the reaction. 
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Tabe 2.3.2-1: Amount of dioxygen released upon the addition of catalase to PbrMppP 

reactions monitored in a Hansatech dioxygen electrode. 

 

ώ[πŀǊƎϐ ώh
н
ϐ ǳǎŜŘ ώh

н
ϐκ ώ[πŀǊƎϐ ώh

н
ϐ ǊŜǘǊƛŜǾŜŘ ōȅ ŎŀǘŀƭŀǎŜ 

мл ǳa  мпΦл ҡa мΦплΥм уΦу ҡa 

нл ǳa  нрΦр ҡa мΦнтΥм моΦн ҡa 

пл ǳa рнΦт ҡa  мΦонΥм нтΦн ҡa  

ул ǳa  млтΦм ҡa мΦопΥм рсΦн ҡa 

мслǳa мсмΦс ҡa мΦлмΥм урΦн ҡa 

 

2.3.3 Steady state kinetics of PbrMppP 
 

 

The initial velocity data from dioxygen probe experiments were used to determine the steady 

state kinetics of the reaction of PbrMppP with L-Arg. The kinetic parameters determined from 

these data (KM, kcat, and the specificity constant) are listed in Table 2.3.3-1. 
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Figure 2.3.3-1: Michaelis Menten graph of PbrMppP catalysis. The reactions were initiated by 

adding PbrMppP (9 µL of 272 µM PbrMppP; ~5 µM final concentration) into solutions containing 

мл ˃aΣ нл ˃aΣ пл ˃aΣ ул ˃a ŀƴŘ мсл ˃a L-arg in 50 mM BisTris Propane pH 8.5 buffer. 

 

Table 2.3.3-1: Steady state parameters calculated from the oxygen probe-derived initial 

velocity data with L-Arg. 

 

Michaelis-Menten constant, KM  нп ҕ мΦр ˃a 

Turnover number, kcat  0.16 ± 0.02 s-1 

Specificity constant, kcat/KM (6.8 ± 0.1) x 103 M-1s-1 

 

 

 

 

https://www.google.com/search?client=firefox-b-1-d&q=michaelis+menten+graph&spell=1&sa=X&ved=2ahUKEwjr4-OezZ3pAhWBK80KHX8bDpcQkeECKAB6BAgNECc
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2.3.4 Pre-steady state kinetics of PbrMppP  
 

 

Changes at the PLP center of PbrMppP, upon binding of L-Arg were monitored using stopped flow 

spectroscopy under anaerobic conditions (SX) by exciting the internal aldimine at 415 nm. All 

concentrations mentioned here are after mixing (final concentrations in the cuvette). PbrMppP 

(13 µM) was mixed with L-Arg (125, 250, 500, and 1000 µM) under anaerobic conditions and the 

internal aldimine was excited at 415 nm. Changes at the PLP center were monitored by the total 

fluorescence. Figure 2.3.4-1A represents the kinetic model of the fittings.  

Lƴ ǘƘŜ ŀōǎŜƴŎŜ ƻŦ ŘƛƻȄȅƎŜƴΣ ǘƘŜ ŦƭǳƻǊŜǎŎŜƴŎŜ ǎƛƎƴŀƭ ŦǊƻƳ ǘƘŜ ƛƴǘŜǊƴŀƭ ŀƭŘƛƳƛƴŜ ό˂ex = 415nm) 

exhibits complex behavior. First, there is increase in fluorescence that peaks at 0.1-0.2 s (Figure 

2.3.4-1B). The amplitude of this fluorescence increases with the L-Arg concentration. Following 

the increase in fluorescence, there is a decrease almost down to the initial values. We interpret 

this signal, tentatively, to represent binding of L-Arg to give the Michaelis complex (ER), which 

refers to the PLP-enzyme complex with N-terminus open conformation where the substrate L-

arg is just hanging at the active site. The decrease in fluorescence is consistent with conversion 

of the external aldimine to the first quinonoid intermediate (EQ1).  These data can be fitted to a 

triple-exponential function (Equation 3):  

 

Y= fo + A1 * exp(-k1*x) + A2 * exp(-k2*x) + A3 * exp(-k3*x) 

 

where fo is a constant, A1-3 are the amplitudes of the three phases, k1-3 are the associated rate 

constants, and x is time. These data, however, were not analyzed using the traditional re-plotting 
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of amplitudes and rate constants derived from such non-linear least squares fitting. Rather, the 

data from all experiments were fitted simultaneously by simulation in KinTek Explorer (version 

10.0.200514). The results of fitting by simulation in KinTek Explorer are described in detail below, 

after the descriptions of all of the experiments performed. 

The model of the fitting along with observed rate constants are represented in Figure 2.3.4-1A.  

 

A) 
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Figure 2.3.4-1: Pre-steady state kinetic data from global fitting in KinTek explorer version 10. A) 

Model 1, the hypothetical model with preliminary microscopic rate constants. The steps with 

unidirectional arrows were forced to be unidirectional by manually applying k-x = 0. The purple 

άYέ ǊŜŦŜǊǎ ǘƻ ǘƘŜ ƳƛƴƻǊ ǇǊƻŘǳŎǘ ƻŦ ǘƘŜ tōǊaǇǇt ǊŜŀŎǘƛƻƴΣ [91]Φ ¢ƘŜ ǊŜŘ άtέ ǊŜŦŜǊǎ ǘƻ ǘƘŜ ƳŀƧƻǊ 

product, [95]. B) the change in fluorescence after mixing 13 µM anaerobic PbrMppP with various 

concentrations of anaerobic L-Arg. C) The same experiment as described in (B) monitored at 510 

nm. D) Double mixing experiments where 40 µM (before the first mix) PbrMppP was mixed with 
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2000 µM L-Arg in the first mixing step and aged for 10 seconds. In the second mixing step, 100 

mM  Bis-Tris propane buffer at pH 8.5 containing various concentrations of dioxygen was mixed 

and the absorbance at 510 nm was monitored for 100 s. E) The same reactions as (D), monitored 

at 560 nm, the absorbance maximum of the second quinonoid intermediate. The gray shading 

associated with the spectra refers to the fit through the entire ranges of all the parameters 

derived from fitting.  

 

 

The accumulation of the first quinonoid intermediate was observed at the absorption maximum 

(510 nm) under anaerobic conditions (Figure 2.3.4-1C). The experiment was set up as described 

for the fluorescence experiment, except that the reactions were monitored by absorbance rather 

than fluorescence. The results are shown in Figure 2.3.4-1C. EQ1 forms in a single exponential 

process with a ~100 ms lag that corresponds to the formation and ultimate decay of the external 

aldimine. The signal saturates when all of the enzyme has been converted to EQ1, as evidenced 

by the dependence on the amplitudes of the transients on the substrate concentration.  

The reaction of EQ1 with dioxygen were monitored by double-mixing stopped-flow 

spectrophotometry. The prepared anaerobiŎ tōǊaǇǇt όпл ˃aύ ƛƴ мл Ƴa a9{ ǇI сΦтΣ нл ˃a 

t[t ǿŀǎ ŦƛǊǎǘ ƳƛȄŜŘ ǿƛǘƘ нллл ˃a [-Arg in 100 mM Bis-Tris Propane pH 8.5 and aged for 10 s 

prior to the second mix of different defined concentrations of dissolved O2 in 100 mM Bis-Tris 

propane pH 8.5 buffer. The dissolved O2 concentration in the buffer was defined by sparging 

an inverted syringe containing 100 mM BisTris propane pH 8.5 buffer for 5 min with blended 

N2 and O2 of known partial pressures supplied by a Maxtec Maxblend gas blender. The 
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concentration of dissolved O2 was determined by first sparging the reaction chamber of a 

Hansatech dioxgen electrode filled with same buffer to define the equilibrium concentration 

of dissolved O2. The EQ1 complex was observed at 510 nm (Figure 2.3.4-1D) and the EQ2 

complex was observed at 560 nm (Figure 2.3.4-1E)upon the second mixing with O2. 

The absorbance at 510 nm was monitored for 100 s and the curve first decays until the 

dioxygen was completely consumed, at which point EQ1 began to accumulate again. The EQ1 

decay happens before the second quinonoid forms. Hence, EQ2 only accumulates after EQ1 

has decayed.  

The microscopic rate constants resulting from fitting by simulation in KinTek Explorer, 

together with the model used for fitting, are shown in Figure 2.3.4-1A. In the hypothesized 

model, F is an inactive conformation of the enzyme, which attains the active conformation E, 

either upon binding with the cofactor PLP, or undergoing some conformational change. Thus, 

E is the internal aldimine form of PbrMppP. Binding of the substrate L-Arg gives the Michaelis 

ŎƻƳǇƭŜȄ ό9wύΦ ¢ƻ ǎŀǘƛǎŦȅ ǘƘŜ ŦƭǳƻǊŜǎŎŜƴŎŜ ŘŀǘŀΣ ŀ ƘȅǇƻǘƘŜǘƛŎŀƭ 9wΩ ǎǘŜǇ ǿŀǎ ŀŘŘŜŘ ǘƻ ǘƘŜ ƳƻŘŜƭ 

that could represent a conformational change of the substrate or enzyme that is required to 

progress to the external aldimine. For example, the ER conformation could have the N-

ǘŜǊƳƛƴǳǎ ŘƛǎƻǊŘŜǊŜŘΣ ŀƴŘ 9wΩ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ǎǇŜŎƛŜǎ ǿƘŜǊŜ ǘƘŜ b-terminal helix orders and 

forms its interactions wƛǘƘ ǘƘŜ ǎǳōǎǘǊŀǘŜΦ Lƴ ǘƘŜ 9wΩ ŎƻƴŦƻǊƳŀǘƛƻƴΣ ŀƭƭ ƻŦ ǘƘŜ ŀŎǘƛǾŜ ǎƛǘŜ ǊŜǎƛŘǳŜǎ 

are positioned to react with the substrate to give the external aldimine, which is subsequently 

converted to EQ1. In presence of dioxygen, EQ1 reacts with O2 to form intermediate X1, the 

presence of which is required to satisfy the data and could be interpreted as a complex with 

superoxide that progresses to a peroxo intermediate, X2, most likely at the L-!ǊƎ /ʰΦ ·н ǘƘŜƴ 
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proceeds to the second quinonoid intermediate. EQ2 reacts with a second molecule of 

dioxygen to form intermediate X3, that breaks down to an enzyme-product complex (EP). 

Finally, EP is hydrolyzed to give the major product [95] όǘƘŜ ǊŜŘ άtέ ƛƴ CƛƎǳǊŜ нΦоΦп-1A) and 

regenerating the free enzyme, E. A branch of the mechanism goes from intermediate X2 to 

form the enzyme-2KA complex, EK, which hydrolyzes to give the abortive product 2KA (the 

ǇǳǊǇƭŜ άYέ ƛƴ CƛƎǳǊŜ нΦоΦп-1E) and regenerating the free enzyme. 

We tested this model by moving the branch point of the bifurcated mechanism and excluding the 

various hypothetical intermediates (e.g. F, EA) one at a time.  

When the branch point to the abortive product [91] was moved from intermediate X2 to EQ2 

(Figure 2.3.4-2A and the simulation was re-run, the quality of the fit was severely degraded 

(Figure 2.3.4-2B-E). For instance, in the anaerobic single mixing experiment monitoring EQ1 

formation at 510nm (Figure 2.3.4-2C), accumulation of the quinonoid is completely abolished in 

the fit. Likewise, in the experiments looking at the effect of dioxygen concentration on the decay 

of EQ1 (Figure 2.3.4-2D) and on the accumulation and decay of EQ2 (Figure 2.3.4-2E) are also 

impacted. The fits (solid-colored lines) fit the data less well, and the parameter ranges (denoted 

by the grey lines) have become unacceptably wide, meaning that a large range of rate constants 

would fƛǘ ǘƘŜ Řŀǘŀ Ŝǉǳŀƭƭȅ ǇƻƻǊƭȅΦ ¢ƘŜ ŎƻƴǾŜǊǎƛƻƴ ƻŦ ǘƘŜ ŜȄǘŜǊƴŀƭ ŀƭŘƛƳƛƴŜ 9wΩ ǘƻ ƛƴǘŜǊƳŜŘƛŀǘŜ 9! 

was unidirectional (the reverse rate refined to 0 s-1) in the case of Model 2 (Figure 2.3.4-2A), 

which is not physically realistic. The formation of EK from EQ2 was also two times slower than 

the equivalent step in Model 1, conversion of X2 to EK.  
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A)  
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Figure 2.3.4-2: Pre-steady state kinetic data from global fitting in KinTek explorer V10, when the 

branch point to [91] was placed at EQ2 (A). B) the change in fluorescence after mixing 13 µM 

anaerobic PbrMppP with various concentrations of L-Arg under anaerobic conditions. C) The 

absorbance at 510 nm monitored in the same condition as for B. D) Double mixing experiment 

where 40 µM PbrMppP was mixed with 2000 µM L-Arg in the first step and aged for 10 s. In the 

second step, 100 mM BisTris propane buffer pH 8.5 containing various concentrations of dioxygen 

was mixed and absorbance at 510 nm was monitored. E) The same reaction as for D, but 

monitored at 560 nm. The gray shading underneath the data refers to the range of parameters 

(rate constants and extinction coefficients) that would be consistent with the fit. The steps with 

unidirectional arrows were forced to be unidirectional by manually applying K- = 0. The K  labeled 

with purple color refers to the minor product of MppP reaction, [91]. The P with red color refers 

to the major product of MppP reaction, [95]. The rate constants with pink labeling refer to 

deviations from Model 1.  

 

When the branch point to the abortive product [91] was moved from intermediate X2 to X1 

(Figure 2.3.4-3A and the simulation was re-run, the quality of the fit was also degraded (Figure 

2.3.4-3B-E). Although the anaerobic single mixing experiments (Figure 2.3.4-2B,C) ŘƛŘƴΩǘ ƘŀǾŜ 

much impact, but  the double mixing experiments (Figure 2.3.4-2D,E) are largely impacted. The 

unidirectional step of EK conversion (the reverse rate refined to 0 s-1) has also became four time 

slower in the case of Model 3 (Figure 2.3.4-3A). ²Ŝ ǳǎŜ ƘŜǊŜ ǘƘŜ ˔2 value of each experiment the 

test fittings, as a quantitative parameter to evaluate how good the fittings are (Table 2.3.4-1). 

The ̝ 2 values refers to the placement of the best-fit lines relative to the data, wherease,  the grey 
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parameter ranges shows how well the model reflects the data. The EQ1 decay experiment of 

ƳƻŘŜƭ о Ƙŀǎ ŦƻǳǊ ǘƛƳŜǎ ˔2 value and the EQ2 accumulation experiment of model 3 has ten times 

2̝ value, comparing to that of model 1. 

Thus the analysis of model 2 and model 3 shows that the best fit of abortive product [91] branch 

point would be X1. 

 

 

 

A) 
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Figure 2.3.4-3: Pre-steady state kinetic data from global fitting in KinTek Explorer when the EK 

branch point was placed at intermediate X1. (A). B) the change in fluorescence after mixing 13 

µM anaerobic PbrMppP with various concentrations of L-Arg under anaerobic conditions. C) The 

absorbance at 510 nm monitored in the same condition as for B. D) Double mixing experiment 

where 40 µM PbrMppP was mixed with 2000 µM L-Arg in the first step and aged for 10 s. In the 

second step, 100 mM BisTris propane buffer pH 8.5 containing various concentrations of dioxygen 

was mixed and absorbance at 510 nm was monitored. E) The same reaction as for D, but 
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monitored at 560 nm. The gray shading underneath the data refers to the range of parameters 

(rate constants and extinction coefficients) that would be consistent with the fit. The steps with 

unidirectional arrows were forced to be unidirectional by manually applying K- = 0. The K  labeled 

with purple color refers to the minor product of MppP reaction, [91]. The P with red color refers 

to the major product of MppP reaction, [95]. The rate constants with pink labeling refer to 

deviations from Model 1. 

 

 

When the inactive form of the enzyme, F was omitted from Model 1 (Figure 2.3.4-4A), the aerobic 

experiments were more affected than the anaerobic experiments (Figure 2.3.4-4B-E). The O2 

dependency of Q2 (Figure 2.3.4-2E) is expanded far from all parameter ranges. The impact on 

rate constant was also deviated. The conversion of external aldimine to intermediate EA was 5 

times slower than model 1. Whereases, the formation of EA intermediate from external aldimine 

9wΩ ƛǎ ŀƭƳƻǎǘ ǳƴƛŘƛǊŜŎǘƛƻƴŀƭΦ CƛƴŀƭƭȅΣ 9vм ŦƻǊƳŀǘƛƻƴ ǿŀǎ ŀƭǎƻ ǎƭƻǿŜǊ ƛƴ ŎŀǎŜ ƻŦ ƳƻŘŜƭ п όCƛƎǳǊŜ 

2.3.4-4E) 
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Figure 2.3.4-4: Pre-steady state kinetic data from global fitting in KinTek Explorer when the F is 

omitted from the model 1 (A). B) the change in fluorescence after mixing 13 µM anaerobic 

PbrMppP with various concentrations of L-Arg under anaerobic conditions. C) The absorbance at 

510 nm monitored in the same condition as for B. D) Double mixing experiment where 40 µM 

PbrMppP was mixed with 2000 µM L-Arg in the first step and aged for 10 s. In the second step, 

100 mM BisTris propane buffer pH 8.5 containing various concentrations of dioxygen was mixed 

and absorbance at 510 nm was monitored. E) The same reaction as for D, but monitored at 560 

nm. The gray shading underneath the data refers to the range of parameters (rate constants and 

extinction coefficients) that would be consistent with the fit. The steps with unidirectional arrows 

were forced to be unidirectional by manually applying K- = 0. The K  labeled with purple color refers 

to the minor product of MppP reaction, [91]. The P with red color refers to the major product of 

MppP reaction, [95]. The rate constants with pink labeling refer to deviations from Model 1. 

 

When intermediate EwΩ was omitted from model 1 (Figure 2.3.4-5A), the most impact was on Q2 

accumulation phase (Figure 2.3.4-5E), as the model fitting expanded the parameter ranges far 

away from actual data points. Although the conversion step of inactive enzyme F to active 

enzyme E was slightly faster than that one in model 1, the consecutive step of internal aldimine 

formation was slightly slower. Finally, the EQ1 formation step was forced to be unidirectional.  
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Figure 2.3.4-5: Pre-steady state kinetic data from global fitting in KinTek Explorer ǿƘŜƴ ǘƘŜ 9wΩ 

intermediate is omitted from the model 1 (A). B) the change in fluorescence after mixing 13 µM 

anaerobic PbrMppP with various concentrations of L-Arg under anaerobic conditions. C) The 

absorbance at 510 nm monitored in the same condition as for B. D) Double mixing experiment 

where 40 µM PbrMppP was mixed with 2000 µM L-Arg in the first step and aged for 10 s. In the 

second step, 100 mM BisTris propane buffer pH 8.5 containing various concentrations of dioxygen 

was mixed and absorbance at 510 nm was monitored. E) The same reaction as for D, but 

monitored at 560 nm. The gray shading underneath the data refers to the range of parameters 

(rate constants and extinction coefficients) that would be consistent with the fit. The steps with 

unidirectional arrows were forced to be unidirectional by manually applying K- = 0. The K  labeled 

with purple color refers to the minor product of MppP reaction, [91]. The P with red color refers 

to the major product of MppP reaction, [95]. The rate constants with pink labeling refer to 

deviations from Model 1. 

 

²ƘŜƴ C ŀƴŘ 9wΩ ǿŜǊŜ ōƻǘƘ ƻƳƛǘǘŜŘ from Model 1 to give Model 6, the effect was similar to Model 

5. It is obvious that the formation of ER and EA is a major component of the mechanism, thus we 

omitted F followed ōȅ ƻƳƛǎǎƛƻƴ ƻŦ 9wΩΦ ¢Ƙƛǎ ƻǇǘƛƳƛȊŀǘƛƻƴ  ŘƛǎǊǳǇǘŜŘ ǘƘŜ ŦƛǘǘƛƴƎ ƻŦ ŀƴŀŜǊƻōƛŎ 

experiment with fluorescent excitation (Internal aldimine monitoring, figure 2.3.4-6B), aerobic 

experiment of Q1 accumulation (Figure 2.3.4-6D) and Q2 accumulation (Figure 2.3.4-6E). All 

these model fitting expanded the parameter ranges far away from actual data points. Moreover, 

ǘƘŜ ŎƻƴǾŜǊǎƛƻƴ ǎǘŜǇ ƻŦ 9w ǘƻ 9wΩ ǿŀǎ мр ǘƛƳŜǎ ǎƭƻǿŜǊ ǘƘŀƴ ǘƘŀǘ ƻƴŜ ƛƴ ƳƻŘŜƭ мΦ 
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Figure 2.3.4-6: Pre-steady state kinetic data from global fitting in KinTek Explorer when the F is 

omitted, followed by omissƛƻƴ ƻŦ ƛƴǘŜǊƳŜŘƛŀǘŜ 9wΩ from the model 1 (A). B) the change in 

fluorescence after mixing 13 µM anaerobic PbrMppP with various concentrations of L-Arg under 

anaerobic conditions. C) The absorbance at 510 nm monitored in the same condition as for B. D) 

Double mixing experiment where 40 µM PbrMppP was mixed with 2000 µM L-Arg in the first step 

and aged for 10 s. In the second step, 100 mM BisTris propane buffer pH 8.5 containing various 

concentrations of dioxygen was mixed and absorbance at 510 nm was monitored. E) The same 

reaction as for D, but monitored at 560 nm. The gray shading underneath the data refers to the 

range of parameters (rate constants and extinction coefficients) that would be consistent with 

the fit. The steps with unidirectional arrows were forced to be unidirectional by manually applying 

K- = 0. The K  labeled with purple color refers to the minor product of MppP reaction, [91]. The P 

with red color refers to the major product of MppP reaction, [95]. The rate constants with pink 

labeling refer to deviations from Model 1. 

 

The statistical analysis of all the alternative models is recorded in Table 2.3.4-1. The primary 

model, Model 1, was the best global fit to the entire data set with the lowest all-experiment chi 

ǎǉǳŀǊŜŘ ό˔нύ ǾŀƭǳŜΦ ¢ƘŜ ǎǘŀǘƛǎǘƛŎǎ ŦƻǊ aƻŘŜƭǎ н ŀƴŘ о show that both alternative placements of 

the branch point in the mechanism fit the data poorly. Similar, more subtle impacts were 

observed for Models 4-6, testing the value of including the equilibrium between active and 

inactive protein (having F in the model) and of including the conformational change from ER to 

9wΩΦ ²ƘƛƭŜ ƴƻǘ ŀǎ ŘŜǾŀǎǘŀǘƛƴƎ ǘƻ ǘƘŜ Ŧƛǘ ŀǎ ǇƭŀŎƛƴƎ ǘƘŜ ōǊŀƴŎƘ Ǉƻƛƴǘ ƛƴ ǘƘŜ ǿǊƻƴƎ ǇƭŀŎŜ ƛƴ ǘhe 

ƳŜŎƘŀƴƛǎƳΣ ƻƳƛǘǘƛƴƎ C ŀƴŘκƻǊ 9wΩ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘŜƎǊŀŘŜǎ ǘƘŜ Ŧƛǘ ƻŦ aƻŘŜƭǎ п-6 to the data. Thus, 
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we consider Model 1 as being the best model for this set of experimental data. From this 

validated model, we proposed a reaction mechanism for PbrMppP catalysis (Scheme 2.3.4-1). 

 

 

Table 2.3.4-1: {ǘŀǘƛǎǘƛŎŀƭ ŀƴŀƭȅǎƛǎ όƻōǎŜǊǾŜŘ ˔2 values)  of different models explained in 

2.3.4. 

 

  Model 1 Model 2 
(EQ2 to EK) 

Model 3 
(X1 to EK) 

Model 4 
(Omit F) 

Model 5 
όhƳƛǘ 9wΩύ 

Model 6 
(Omit F & 
9wΩύ 

Exp 1  
(415fl 
anaerobic) 

3182 3048 6370 5931 4568  5129 

Exp 2  
(510 
anaerobic) 

2390 748663 2368 3360 2067 2862 

Exp 3 
(510+O2) 

1192 2950 4942 2894 3731 6377 

Exp 4 
(560+O2) 

618 1180 6900 916 862 1929 

All-9ȄǇ ˔2 7.4 x 103 7.6 x 105 2.1 x 104 1.3 x 104 1.1 x 104 1.1 x 104 

 

 

 

Starting from the active, internal aldimine form of PbrMppP (Scheme 2.3.4-1, II; the EᵶF 

equilibrium has been omitted from Scheme 2.3.4-1), it could be binding of free PLP by enzyme 

with no cofactor, or it could be some conformational change that results in the two different 



103 

 

form of enzyme.  Probably the N-terminus-open conformation of the enzyme allows the 

substrate L-Arg to bind. At this point, the internal aldimine (ER,III) form of enzyme absorbs light 

at 415 nm. Upon closing of the N-terminus, the active site residues are oriented properly for 

nucleophilic attack of L-!ǊƎ ƻƴ /пΩ ƻŦ t[tΣ Ǌesulting in the intermediate 9wΩ (IV) formation, which 

ultimately forms the external aldimine (EA, V). The external aldimine absorbs light at 425 nm.  

Then the external aldimine eventually forms quinoid-I intermediate (Q1, VI). In the presence of 

O2, Q1 form an excited state dynamic (VII) where molecular oxygen forms reactive oxo-anion to 

attack the beta hydrogen of L-arg in PLP bound form or Q1 that has absorption maxima at 510 

nm, and also originates hydroperoxide-anion. The other beta hydrogen rearranges to form 

double bond between alpha and beta carbon. In the next excited state dynamic (VIII), the 

mechanism follows two branches of reaction. If the hydroperoxide -anion attacks water molecule 

and leaves as hydrogen peroxide, then the aldimine carbon attacks the hydrogen from hydroxyl 

anion (XII) followed by incorporation of oxygen the alpha position to give the minor product 2-

oxo-5-guanidinovaleric acid [91]. 

On the other ƘŀƴŘΣ ƛŦ ƘȅŘǊƻǇŜǊƻȄƛŘŜ ŀƴƛƻƴ ŀǘǘŀŎƪǎ ǘƘŜ ʴ-hydrogen of L-arg in PLP bound form 

(VIII), then second molecule of H2O2 byproduct is produced along with quinoid-II complex (Q2, 

IX) that has absorption maxima at 560nm. A 2nd molecule of O2 forms radical, attacking the 

ŀŎǘƛǾŀǘŜŘ ʴ-C (X). Finally, water molecule likely neutralizes the reaction producing intermediate 

XI and another molecule of H2O2. Oxygen from the water molecule incorporates ultimately with 

the substrate to form 2-oxo-4(S)-hydroxy-5-guanidinovaleric acid [95]. 
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