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ABSTRACT 

Isonitriles, with an unusual functionality, are very versatile intermediates 

widely involved in organic synthesis. Interestingly, a variety of isonitriles were 

encountered in both marine and terrestrial systems as the naturally occurring 

metabolites. Many of them were isolated as antibiotics; many of them were 

identified to play important roles in host-pathogen interactions; and a lot more 

remained uncharacterized. The chemical and functional diversity of these novel 

compounds may offer important synthetic implications and pharmaceutical 

potential.  

The gene clusters related to the biosynthesis of isonitrile-containing natural 

products have been identified in many bacteria. They commonly encode two novel 

proteins, designated PvcA and PvcB. Early functional studies of the proteins 

identified PvcA as an isonitrile synthase and PvcB as an oxygenase. But the in 

vitro activities of these proteins remained undetermined until recently. 

To demonstrate PvcB as an Fe2+, α-ketoglutarate dependent oxygenase, and 

as a source of the diversity in isonitrile-containing metabolites, reactions catalyzed 

by the PvcB homologous proteins from Pseudomonas aeruginosa, Xenorhabdus 

nematophila and Erwinia amylovora were characterized and compared. 

Recombinant PvcB proteins were heterologously expressed and purified to 

homogeneity. Catalytic activities of three PvcB enzymes were evaluated in the 

presence of the synthesized substrate tyrosine isonitrile and the co-substrates Fe2+, 
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α-ketoglutarate and O2. UV-visible spectra revealed turnovers in all of the three 

reactions, as well as the difference between the XnPvcB reaction and the other 

two. Subsequent reaction product determination by 1H-NMR spectroscopy and LC-

MS (liquid chromatography-mass spectrometry) demonstrated that XnPvcB 

catalyzed an oxidative decarboxylation reaction on tyrosine isonitrile, while the 

PaPvcB and EaPvcB reactions retained the carboxyl group. Steady-state and 

transient-state kinetics were performed to determine the catalytic efficiency and 

the mechanisms of the PvcB enzymes. And substrate docking and homology 

modeling were used to compare the active sites of the proteins. Our data 

suggested the various activities exhibited by the PvcB homologs from different 

pathways might result from the subtle differences of the proteins in the active sites. 

PvcA is a novel isonitrile synthase and is predicted to catalyze the conversion 

of the amino group into the isonitrile functionality. To determine its in vitro activity 

and gain a deeper understanding of the mechanism underlying the isonitrile group 

synthesis, PvcA proteins from Pseudomonas aeruginosa, Xenorhabdus 

nematophila and Aeromonas hydrophila were expressed and purified. Activity 

assays were performed with the putative substrates tyrosine and ribulose-5-

phoshpate. However, reactions monitored by UV-visible spectroscopy and HPLC 

(high-performance liquid chromatography) did not show substrate transformation. 

No success was made in the reactions involving crude lysates instead of purified 

enzymes, either. To determine whether correct substrates were used, in vivo 



xx 
 

feeding and labeling experiments were performed in the biosynthetic pathway of 

isocyanovinylphenol to track the product backbone and the isonitrile carbon. Our 

data demonstrated tyrosine to be one of the substrates for the PvcA enzyme, and 

suggested the other substrate, which provides the isonitrile carbon might be a 

metabolite from the pentose phosphate pathway. In the meantime, by 

overexpressing XnPvcA in E. coli, we detected the PvcA product in both the cell 

lysate and the culture medium, and identified it as tyrosine isonitrile, further 

supporting the conclusion that tyrosine is the substrate providing the product 

backbone. In order to determine the isonitrile carbon precursor, a phosphorylated 

metabolite library, the central carbon metabolic pathways and the metabolite pool 

of E. coli cells were examined in search of this substrate, but the substrate was 

only found in the E. coli cell lysate. Fractionation of the lysate by filtration, dialysis, 

size-exclusion and ion exchange chromatography identified a macromolecule, like 

a metabolic enzyme, and a small compound, probably phosphorylated, were both 

required for PvcA activity.     
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CHAPTER 1 

General Introduction 

This chapter introduces the properties of a fascinating functional group in 

organic chemistry – the isonitrile group (Section 1.1), and the discovery of 

isonitriles in biological systems (Section 1.2). Investigation of the biosynthesis 

of the isonitrile group using isotopic labeling studies is discussed (Section 1.3), 

along with the discovery of the isonitrile biosynthetic gene clusters containing 

pvcA/B in various organisms (Section 1.4). Functions of the pvcA-containing 

clusters and the isonitrile metabolites produced by these clusters are introduced 

(Section 1.5). Crystal structures of PvcA and PvcB from Pseudomonas 

aeruginosa are described (Section 1.6), as well as the diverse activities and 

functions of the non-heme Fe2+，α-ketoglutarate dependent oxygenase family of 

enzymes to which PvcB belongs (Section 1.7). The predicted catalytic activities 

of the PvcA and PvcB proteins are discussed (Section 1.8) and a brief overview 

of the investigations described in Chapter 2 and Chapter 3 is provided (Section 

1.9). 
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1.1 Isonitriles in Organic Chemistry 

Isonitriles, also called isocyanides or carbylamines, are organic molecules 

that contain a nitrogen carbon triple bond moiety (Figure 1.1). Isonitriles are unique 

since they form the only stable entity besides carbon monoxide whose carbon is 

bonded to a single atom. The isonitrile group can display nucleophilic or 

electrophilic character, so they have diverse and important roles in organic 

synthesis[1-3]. For example, isonitriles are widely involved in radical reactions [4, 

5], and are active participants in multicomponent reactions, such as the Ugi 

reaction [6-8]. Nowadays, isonitriles are powerful tools used in the synthesis of 

heterocyclic compounds and peptides [9, 10]. For instance, radical insertion 

reactions into isonitriles became an efficient strategy to make the nitrogen 

heterocycles, recently [11]. In addition, usage of isonitriles to furnish the amide 

bond has been applied to the synthesis of  the important cyclic polypeptide 

cyclosporine A [9]. Despite the attractions of this group of molecules, some 

disadvantages exist: isonitriles are relatively unavailable commercially; isonitriles 

are not simple to synthesize effectively [12]; and isonitriles possess an odor that is 

described as “horrible” and “extremely distressing”, leaving them unpleasant to 

handle [13, 14]. These properties have hindered the use of isonitriles and the 

further study of their chemistry. Thus, researchers are eager to investigate new 

and effective ways to prepare isonitriles, and also to search for novel isonitriles 

that are less offensive [15]. 
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Figure 1.1 Best structural representation of the isonitrile group. 

 

1.2 Isonitrile-Containing Natural Products 

For a long time, isonitriles were regarded as non-natural compounds. The first 

reported naturally occurring isonitrile, xanthocillin [16] (Figure 1.2 A), was an 

antibiotic isolated from Penicillium notatum in 1957. From that day on, more and 

more isonitriles were encountered in biological systems, including both marine and 

terrestrial environments. The marine isonitrile metabolites are built on terpene 

scaffolds (Figure 1.2 B), while most of the terrestrial compounds are derived from 

amino acids [17-20] (Figure 1.2 A). Many of them are known to have a strong 

antibiotic, fungicidal, or antimalarial effect [21-23] (Figure 1.2 C).  
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Figure 1.2 Examples of Isonitriles from nature. (A) Terrestrial isonitrile Xanthocillin. (B) Marine 

isonitrile Axisonitrile-1. (C) Antibiotic B 371 isolated from Pseudomonas. 

 

Many isonitriles are produced by bacterial pathogens as secondary 

metabolites [24-26]. For examples, paerucumarin (Figure 1.3 A), an isonitrile 

functionalized coumarin, was found to be produced by the human pathogen, 

Pseudomonas aeruginosa [27]. Rhabduscin (Figure 1.3 B ) is made by the insect 

pathogen Xenorhabdus nematophila and concentrates at the bacterial cell surface 

[24]. Most of these products contain a backbone of tyrosine or tryptophan. 
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Additional modifications make their structures chemically diverse. The existence 

of the isonitrile-containing products in a wide range of organisms stimulated the 

interest of researchers to investigate more synthetic possibilities of isonitriles, as 

well as to explore the bioactivity and the pharmaceutical potential of these natural 

products [28-30]. 

 

 

 

                               

 

 

                                

 

Figure 1.3 Isonitriles produced by bacterial pathogens. (A) Paerucumarin made by Pseudomonas 

aeruginosa. (B) Rhabduscin produced by Xenorhabdus nematophila. 
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1.3 Isonitrile Biosynthesis 

Considering the tedious work required and challenges included to synthesize 

isonitriles in chemistry, biosynthesis of the isonitriles with various modifications 

becomes more fascinating. In addition, unraveling the knowledge underlying their 

biosynthesis may allow for making large quantities of the isonitrile-containing 

natural products, which would further facilitate their functional studies.  

The biogenic origin of the isonitrile group has triggered a lot of interests since 

the first natural product was isolated and reported [16]. Traditionally, experiments 

involving feeding cell cultures with isotopically labeled precursors were used to 

study the isonitrile biosynthesis [31-34]. But consistent data were not obtained with 

bacteria, fungi, and sponges. Achenbach and Grisebach [31] identified the amino 

group of L-tyrosine as the source for the isonitrile nitrogen in xanthocillin through 

the metabolic labeling studies. However, a variety of observations were made 

regarding the origin of the isonitrile carbon in different natural products. 

Bornemann et al. [35] found the intact C2-N group of [2-13C,15N] glycine was 

incorporated into the isonitrile functionality of the cyanobacterial metabolite 

hapalindole A. Paur et al. [33] proved L-[methyl-13C] methionine could label the 

isonitrile carbon of the hezimicins in bacterium Mircomonospora. And Garson [34] 

demonstrated [14C] cyanide was the source for the isonitrile carbon in di-

isocyanoadociane, which is the marine sponge metabolite. But neither methionine 
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nor cyanide was incorporated into the isonitrile group of xanthocillin [31]. Results 

of these labeling experiments are presented in Figure 1.4.  

 

                                             

                                                                                            

 

 

 

 

 

 

 

            

 

Figure 1.4 Origin of the isonitrile group in different metabolites. Proposed sources of isonitrile N 

and C are highlighted.    
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Although some information about the origin of the isonitrile group was 

provided by the early labeling experiments, the low uptake of some precursors into 

the cells, the scrambling of the label from the precursor due to metabolic pathway 

crossing, and cell death caused by toxicity have hindered such investigations. 

Thus, identifying the genes which are responsible for isonitrile biosynthesis is very 

crucial.  

1.4 Gene Cluster Related to Isonitrile Biosynthesis 

In 2005, Brady and Clardy [36] reported the isolation of a novel compound: an 

isonitrile-containing indole which was detected by screening a soil-derived 

metagenomic E. coli library for antibiotic activity against Bacillus subtilis. Two 

genes were identified to be responsible for the synthesis of this compound: isnA 

and isnB, named after isocyanide or isonitrile. Growth of Escherichia coli cells that 

independently expressed IsnA or IsnB identified IsnA as the isonitrile synthase that 

performed the C-N condensation. IsnB operated downstream of IsnA and 

catalyzed an oxidative decarboxylation reaction.  

Feeding studies using IsnA/B expressed in E. coli amino acid autotrophs 

demonstrated the precursor of this indole as tryptophan [37]. In vivo metabolic 

labeling studies carried out in E. coli with mutagenesis of genes that code for 

primary metabolic enzymes identified that the isonitrile carbon was originated from 

C2 of the metabolites in the pentose phosphate pathway. Subsequent in vitro 
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reconstitution experiments with purified IsnA, IsnB, tryptophan, α-ketoglutarate 

and most of the sugars in this pathway (xylulose-5-phosphate was not examined 

due to unavailability) revealed both ribose-5-phosphate and ribulose-5-phosphate 

led to the isonitrile production. The tautomerization of ribose-5P and ribulose-5P 

was used to explain the use of both sugars in the synthesis of the indole isonitrile 

(Scheme 1.1). However, only a small quantity of the product was made in the 

reconstitution system, indicating additional cofactors were needed or better 

substrates were available.  

 

 

 

 

 

 

Scheme 1.1 Biosynthetic pathway of isonitrile derivative of tryptophan. IsnA incorporates the C2 

carbon of ribulose-5-P into the isonitrile group. IsnB then catalyzes an oxidative decarboxylation 

reaction. 
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Several years later, Brady described additional biosynthetic clusters 

containing isnA homologs. They were found in environmental DNA samples and 

some well-studied organisms [38]. Along with the isnA gene, there was always 

isnB found. The clusters were expressed heterologously in E. coli or P. aeruginosa, 

and 9 novel isonitrile metabolites were isolated and characterized. The metabolites 

were all derived from tryptophan or tyrosine. But they were further modified, as a 

result of the transformations by different biosynthetic enzymes present in the 

clusters.  

Among the clusters characterized was the P. aeruginosa pvc operon, which 

was first described in a 1996 publication entitled “Novel pyoverdine biosynthesis 

gene(s) of Pseudomonas aeruginosa PAO” [39]. This paper linked the operon to 

the biosynthesis of the pyoverdine chromophore, and the authors named it pvc 

after pyoverdine chromophore. Another compound called pseudoverdine was 

found as a by-product in this pathway (Scheme 1.2). Studies in recent years found 

that pvc deletion strains could still accomplish pyoverdine synthesis under some 

conditions [27, 40] and the true product of the pvc operon was paerucumarin (2-

isocyano-6,7-dihydroxycoumarin), an isonitrile containing compound [27] (Scheme 

1.3). 
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Scheme 1.2 Proposed synthesis of pseudoverdine and pyoverdine chromophore from tyrosine 

under the function of the pvc operon in P. aeruginosa.  

 

 

 

 

 

 

 

HO

NH2

COOH
HO

NH2

COOH

HO

HO

NH2

COOH

HO

OH

HO

NHCHOHO

O O

HO

NH2HO

N N

HOOC

Tyrosine

Pseudoverdine
Chromophore of pyoverdine



12 
 

HO

NH2

COOH HO

N

COOH

C

HO

N

COOH

C

PvcA PvcB

O

N

COOH

C

PvcC/D

O

HO

N
C

HO

O O

Tyrosine

Paerucumarin

 

 

Pseudomonas aeruginosa pvc operon 

 

     

 

 

 

 

 

 

 

Scheme 1.3 Function of the pvc operon in P. aeruginosa. (A) pvc operon encodes 4 genes, pvcA, 

pvcB, pvcC and pvcD. (B) Proposed biosynthesis of paerucumarin by the pvc operon. PvcA 

converts the amino group of tyrosine into the isonitrile functionality. PvcB catalyzes an oxidative 

reaction. PvcC/D are responsible for the ring hydroxylation. 
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To clarify the confusion of using both pvc and isn as the names for the isonitrile 

biosynthetic genes, pvc will be used in this dissertation to designate them. 

The pvcA/pvcB homologs are found in a variety of bacterial pathogens, 

including the plant pathogens Erwinia amylovora and Erwinia carotavora; the 

insect pathogens Xenorhabdus nematophila and Photorhabdus luminescens; the 

fish pathogens Vibrio anguillarum, Aeromonas salmonicida and Renibacterium 

salmoninarum; and the human pathogens Pseudomonas aeruginosa, 

Burkholderia mallei and Legionella pneumophila. The synthetic operons ranged 

from simple systems containing only the pvcA-pvcB pair to more complicated ones 

which encoded additional biosynthetic enzymes, including monooxygenases, 

cytochrome C and glycosyltransferases (Figure 1.15). The existence of the gene 

clusters in a wide range of pathogens indicates that the isonitrile-containing natural 

products may play an important role in interacting with eukaryotic hosts. 
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PheA – Monooxygenase     UGT – Glycosyltransferases   QOR – Quinone oxidoreductase  

CytC – Cytochrome C       AsnB – Aminotransferases  

Figure 1.5 PvcA-containing gene clusters in some common bacterial pathogens. pvcA-pvcB is 

always found as a pair. Additional biosynthetic enzymes are present in more complex operons. 

Genes are annotated with an abbreviation for the gene prediction of an ORF. 
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1.5 Functions of the pvcA/B Clusters and Their Related Metabolites 

pvcA and pvcB homologs are widely found in bacteria, as stated above. Even 

though many of these bacteria are well-studied systems, less is known about the 

biological functions of the pvcA/B gene clusters and their isonitrile-containing 

products. In some already characterized examples, the pvcA/B cluster of the 

human pathogen L. pheumophila is upregulated during biofilm formation [41]. The 

pvc operon in P. aeruginosa makes paerucumarin, which positively regulates the 

expression of the cup gene clusters [42], resulting in biofilm development in this 

bacterium [43, 44]. A biofilm is an assemblage of surface-associated microbial cells 

that is enclosed in an extracellular polymeric matrix. Biofilm-associated 

microorganisms have been implicated in over 80% of chronic inflammatory and 

infectious diseases [45-47]. More recently it has been noted that bacterial biofilms 

may impair cutaneous wound healing and reduce antibacterial efficiency in healing 

infected skin wounds [48, 49]. The pvc operon is also adjacent to and regulated by 

ptxR [50], which is a LysR family transcriptional activator that regulates the 

production of other virulence factors [51-53]. As such, the pvc gene clusters are 

tightly related to the pathogenicity of the pathogens.  

The two Gram-negative insect pathogens, X. nematophila and P. luminescens, 

produce the isonitrile rhabduscin (Figure 1.3 B, 1.6) as a strong inhibitor of 

phenoloxidase [24], which is a copper-dependent metalloenzyme that plays an 
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important role in the invertebrate immunity system [54, 55]. Rhabduscin binds at 

the periphery of bacterial cells at high concentration. Its location and the potent 

phenoloxidase-inhibitory activity contribute substantially to virulence. A structurally 

related molecule, byelyankacin (Figure 1.6), which was first found in Enterobacter 

sp. B20 [56] and later in metagenomic libraries [38], exhibits strong 

melanogenesis–inhibitory activity by inhibiting the activity of tyrosinase, which is a 

phenoloxidase-type enzyme [57]. As such, both rhabduscin and byelyankacin 

effectively defend against the phenoloxidase activity, a response to the invading 

pathogens, and thereby support the bacteria’s pathogenic lifestyle. 

 

 

 

                                   

 

 

 

            Rhabduscin                           Byelyankacin             

Figure 1.6 Structures of the phenoloxidase inhibitors: (A) rhabduscin and (B) byelyankacin. 
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The mechanisms underlying the bioactivities of isonitrile-containing products 

were examined in some systems. Cyclohexylisocyanide exhibits strong inhibition 

of [Fe]-hydrogenase by binding to the iron center of this enzyme with high affinity 

and thus blocking H2 binding [58]. The marine metabolites di-isocyanoadociane 

and axisonitrile-3 show potent antimalarial activity by forming a coordination 

complex with the heme iron, which results in heme detoxification prevention [59]. 

12-epi-hapalindole E isonitrile is able to inhibit RNA synthesis in bacteria by 

interacting with the bacterial RNA polymerase and acting as the substrate mimic, 

which prevents RNA chain elongation [60]. Therefore, the importance of the natural 

isonitriles may rely on their abilities to bind to the active sites of some key enzymes, 

to some cofactors or to some important metabolites and thus affect the metabolism 

in the organism. 

The abundance of microbial genomes that contain orthologs for the genes 

required for the isonitrile synthesis suggests a lot more natural products containing 

the isonitrile group remain to be recognized, and the functions of many already 

identified isonitrile metabolites need to be assigned. Characterization of the 

isonitrile biosynthetic enzymes will facilitate both the identification of the unknown 

metabolites and the exploration of the biological roles of these compounds. 
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1.6 Structures of the PvcA and PvcB Proteins from P. aeruginosa  

Pseudomonas aeruginosa is a common Gram-negative bacterium that can 

cause disease in plants and animals, including humans. It causes infections in 

immunocompromised patients and chronic infections in the lungs of cystic fibrosis 

patients [61, 62], and is associated with a lot of diseases in individuals predisposed 

to infections as the result of severe burns, wounds, urinary tract or corneal injury 

[63-65]. Pseudomonas aeruginosa frequently creates biofilms in the areas that it 

infects, which make the infection much harder to cure and more antibiotic 

resistant.  

The pvc operon in P. aeruginosa encodes 4 gene products: PvcA, PvcB, PvcC 

and PvcD (Scheme 1.3). The recombinant overexpression of the pvcABCD operon 

in P. aeruginosa results in the production of paerucumarin, as described above. 

Three-dimensional crystal structures of PvcA and PvcB (Figure 1.7) were 

determined by Drake and Gulick in 2008 [40], both in the unliganded states. 
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Figure 1.7 Crystal structure of (A) PvcA and (B) PvcB from P. aeruginosa. Ribbon diagrams of 

PvcA and PvcB are shown with green helices and strands. (A) The PvcA protein is co-crystallized 

with a phosphate ion. The ion interacts with 5 residues that are highly conserved within the 

IsnA/PvcA family of proteins. (B) No ligands are present in the experimental PvcB structure. But 

Fe2+ and succinate from the structure of asparagine oxygenase from S. coelicolor, are modeled into 

the PvcB structure. The side chains in the active sites: His110, Asp112 and His259 interact with 

iron and are shown in stick representation. 
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The PvcA protein exhibits a Rossmann-like fold in which central 5-stranded 

parallel β-sheet is surrounded by α-helices on both sides, and a small C-terminal 

domain contains a second β-sheet with a single helix. The PvcA protein was co-

crystallized with a phosphate ion derived from the crystallization cocktail, indicating 

the enzyme uses a phosphorylated substrate [66, 67]. Also, this phosphate 

suggests the location of the PvcA active site. It interacts with 5 well-conserved 

residues: Gln257, Arg251, Ser253, His255 and Lys263, and provides the 

foundation for the experimental identification and examination of the catalytic 

mechanism.  

Whereas the PvcA protein has no homologs that are characterized structurally, 

PvcB belongs to a well-known family of enzymes. The PvcB protein exhibits a jelly 

roll fold composed of 8 β-strands forming two four-stranded β-sheets, which is 

typical of the non-heme Fe2+, α-ketoglutarate dependent oxygenase family [68-70]. 

To identify the active site of the protein, the molecular model of asparagine 

oxygenase from Streptomyces coelicolor (PDB:2OG7) [71] was superimposed on 

the structure of PvcB. The side chains in the active sites: His110, Asp112 and 

His259 interact with iron and are highly conserved among this family of enzymes. 
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1.7 Non-Heme Fe(II) and α-Ketoglutarate Dependent Oxygenases 

The Fe2+, α-ketoglutarate dependent dioxygenases are the largest family of 

non-heme iron-containing oxygen-activating enzymes [72, 73]. They catalyze an 

amazing diversity of transformations including hydroxylations, desaturations and 

oxidative ring closures [74, 75] with important biological implications in both 

prokaryotic and eukaryotic metabolism. These reactions are widely involved in  

protein side-chain modifications [76], repair of DNA damaged by methylating 

reagents [77], oxygen-dependent gene regulation [78], biosynthesis of antibiotics 

and various plant products [79], and biodegradation of a variety of compounds 

including herbicides, sulfonates, lipids, and nucleotides [80-83]. Although diverse 

in their overall chemistry, these enzymes are united by a common mechanism in 

which dioxygen and α-KG act as the co-substrates and Fe2+ as the cofactor; the 

oxidation of the primary substrate is coupled to conversion of α-KG into succinate 

and carbon dioxide [75, 84]. Examples of the reactions catalyzed by the Fe2+, α-

ketoglutarate dependent dioxygenases are shown in Scheme 1.4. 
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Scheme 1.4 Reactions catalyzed by various Fe2+, α-ketoglutarate dependent dioxygenases, 

resulting in (A) protein modification, (B) repair of alkylated DNA/RNA, (C) biosynthesis of antibiotics, 

and (D) biosynthesis of plant metabolites. 
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1.8 Predicted Activities of the PvcA and PvcB Proteins 

The structure determined for P. aeruginosa PvcB protein is consistent with the 

early prediction of its function as an oxygenase, but PvcA is a novel protein with 

only weak homology to the Dit1 protein of Saccharomyces cerevisiae [85]. Dit1 

catalyzes the formation of an uncharacterized tyrosine-containing precursor for a 

spore wall-specific dityrosine-containing macromolecule [86].  

In prediction, PvcA is responsible for the conversion of the amino group of 

tyrosine or tryptophan into the isonitrile group. The isonitrile product is further 

oxidized by PvcB. Various activities of the PvcB proteins from different pathways, 

along with the additional functional biosynthetic enzymes in the operons, may 

result in the organism-specific metabolites.   

Although isonitrile-containing metabolites were isolated from the cell cultures 

expressing the pvcA/B clusters [24, 27, 38], the enzymes were not characterized 

individually and biochemically in vitro. Little was known about their catalytic 

activities and chemical mechanisms. Understanding the mechanism of isonitrile 

biosynthesis may help to foster new developments in isonitrile chemistry and 

biochemistry. Studying the different reactions catalyzed by PvcB homologs may 

allow for the exploration of the structural and mechanism relationship of these 

proteins. 
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1.9 Overview of Investigations 

Research presented in this dissertation uses three PvcA homologs from 

Pseudomonas aeruginosa, Xenorhabdus nemotophila and Aeromonas hydrophila, 

and three PvcB homologs from Pseudomonas aeruginosa, Xenorhabdus 

nemotophila and Erwinia amylovora to study the activities of the PvcA and PvcB 

proteins and the mechanisms of the reactions they catalyze. These organisms are 

chosen to provide diversity of enzyme targets within reasonably well-characterized 

systems. The redundancy of the PvcA proteins will enable experiments to proceed 

with alternate targets when difficulties arise. The parallel studies with multiple PvcB 

enzymes will enable the correlation between protein structure and catalytic activity 

to be determined. For simplicity, these enzymes will be referred to as species 

name + protein name. For example, PaPvcB is the PvcB enzyme from P. 

aeruginosa and XnPvcA is the PvcA protein from X. nematophila. 

Chapter 2 describes the activity and kinetic studies of three PvcB homologs. 

To perform the in vitro experiments, the putative substrate, tyrosine isonitrile was 

synthesized and examined in the PvcB reactions with the purified enzymes. 

Product formation was observed by UV-visible spectroscopy and HPLC. Different 

products were identified from the PvcB reactions by 1H-NMR spectroscopy and 

LC-MS. Steady-state and transient-state kinetic studies were performed to explore 

the mechanisms behind the different activities of the PvcB homologs. In addition, 

a couple of substrate analogs were synthesized successfully and tested in the 
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PvcB reactions. One of them will be used in the inhibition study of the PvcB 

reactions in the future. 

Chapter 3 describes the efforts made to characterize the PvcA reaction both 

in vivo and in vitro. The metabolite tyrosine isonitrile, a relatively unstable 

compound, was isolated from the culture medium with overexpression of the PvcA 

protein. Tyrosine isonitrile was demonstrated in Chapter 2 as the substrate for the 

PvcB reaction and here as the product for the PvcA reaction. In vitro reconstitution 

assays failed when multiple PvcA proteins were incubated with the proposed 

substrates (tyrosine and ribulose-5-phosphate), indicating the substrate(s) was 

(were) incorrect. In order to identify the right substrates, a dual expression vector 

AhpvcA-XnpvcB/pETDuet-1 was generated for co-expression of PvcA and PvcB 

in vivo and for constant production of the XnPvcB product, which was stable and 

well characterized as described in Chapter 2. The creation of the system allowed 

for in vivo labeling studies using ring-3,5-D2 labeled L-tyrosine and 13C labeled 

glucose to track the isonitrile backbone and the origin of the isonitrile carbon. In 

addition, activities of the purified PvcA enzymes were examined with the 

metabolites from a phosphorylated metabolite library, the central carbon metabolic 

pathways, as well as the metabolite pool of E. coli cells. Activities were detected 

when the PvcA proteins were incubated with the E. coli cell crude lysate but two 

molecules, a macromolecule and a small compound were both required for these 

activities. Identities of these two molecules should be further determined in the 
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future. 

Together, the presented studies are part of a larger research goal to identify: 

1. Mechanism of the isonitrile biosynthetic enzymes in different pathways. 

2. Structural basis for the different catalytic activities of PvcB homologs. 

3. More physical functions of the pvcA/pvcB clusters and their related metabolites. 
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CHAPTER 2 

Characterization of Three PvcB Homologous Proteins, the Non-

Heme Fe2+, α-Ketoglutarate Dependent Oxygenases 

 

2.1 Published Work 

Portions of this investigation were reprinted with permission from Jing 

Zhu, Geoffrey M. Lippa, Andrew M. Gulick, and Peter A. Tipton. Examining 

Reaction Specificity in PvcB, a Source of Diversity in Isonitrile-Containing Natural 

Products. Biochemistry, 2015, 54 (16), pp 2659-2669. Copyright 2015 American 

Chemical Society. 

 

 

 

The Biochemistry article is attached below but is not counted in the number of 

pages of this thesis. 
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Examining Reaction Specificity in PvcB, a Source of Diversity in
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ABSTRACT: Many bacteria produce isonitrile-containing natu-
ral products that are derived from aromatic amino acids. The
synthetic clusters that control biosynthesis most commonly
encode two enzymes, designated PvcA and PvcB, as well as
additional enzymes that direct synthesis of the natural product.
The PvcA enzyme installs the isonitrile moiety at the amino group
of either tyrosine or tryptophan, as dictated by the particular
pathway. The common pathway intermediate produced by PvcA
is directed toward different ultimate products by PvcB, a member
of the family of Fe2+, α-ketoglutarate-dependent oxygenases. To
continue our investigation of the structural and functional
properties of the isonitrile biosynthetic pathways, we present
here a study of the PvcB homologues from three organisms. Two
pathways, derived from Pseudomonas aeruginosa and Xenorhabdus nematophila, produce known products. A third PvcB
homologue from Erwinia amylovora is part of an uncharacterized pathway. Our results demonstrate the diversity of reactions
catalyzed. Although all PvcB enzymes catalyze the hydroxylation of the tyrosine isonitrile substrate, the elimination of the
hydroxyl in Pseudomonas and Erwinia is driven by deprotonation at Cα, resulting in the initial production of an unsaturated
tyrosine isonitrile product that then cyclizes to a coumarin derivative. PvcB from Xenorhabdus, in contrast, catalyzes the same
oxygenation, but loss of the hydroxyl group is accompanied by decarboxylation of the intermediate. Steady-state kinetic analysis
of the three reactions and a docking model for the binding of the tyrosine isonitrile substrate in the PvcB active site highlight
subtle differences between the PvcB homologues.

A wide variety of isonitrile-containing natural products has
been identified from marine and terrestrial microorgan-

isms. Alkaloids, terpenes, and amino acids are among the parent
compounds that are modified to contain isonitriles, and
biological activities include antibacterial and cytotoxic effects.1,2

While attention has naturally focused on the origin of the
isonitrile functionality, the remaining enzymes in the operon
can diverge, resulting in a wide variety of natural products.3

Most commonly, the synthetic operon contains a gene that is
annotated as an Fe2+, α-ketoglutarate-dependent oxygenase and
is often labeled pvcB. The PvcA enzymes catalyze installation of
the isonitrile moiety into either tyrosine or tryptophan. The
PvcB oxygenases function downstream of the isonitrile
synthase4 and may be responsible for the chemical diversity
of the products. Much effort has been devoted to unraveling the
iron-dependent chemistry that leads to substrate hydroxylation
in reactions catalyzed by enzymes within this family.5

The pvc operon of Pseudomonas aeruginosa, harboring four
genes, was originally implicated in the maturation of the
chromophore of the siderophore pyoverdine,6,7 resulting in the
use of pvc for pyoverdine chromophore in the names of these
and homologous genes. Subsequent genetic analysis in P.

aeruginosa showed that pvc mutants are still capable of
pyoverdine production and growth under iron limitation,8,9

casting doubt on the functional assignment of the pvc operon.
Following the identification of an isonitrile derivative of
tryptophan produced by a homologous gene cluster from an
environmental DNA source,4 characterization of the P.
aeruginosa pvc operon demonstrated that the true biosynthetic
product is paerucumarin (2), or 2-isocyano-6,7-dihydroxycou-
marin,3 which is derived from tyrosine. Paerucumarin does in
fact share some features with the pyoverdine chromophore and
was detected in its hydrated form in cultures of pvc-
overexpressing cells.7 Analysis of homologous proteins has
demonstrated that PvcA catalyzes the installation of the
isonitrile.4 Only a few products of pvc biosynthetic operons
have been chemically characterized,3 including the glycosylated
derivative rhabduscin (3), that is produced by Xenorhabdus
nematophila (Scheme 1).
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The amino acid sequence and the structure of P. aeruginosa
PvcB suggest that it is an Fe2+, α-ketoglutarate-dependent
enzyme.8 Similarly, a PvcB orthologue is found in the X.
nematophila gene cluster responsible for rhabduscin synthesis.10

Neither PvcB orthologue has been characterized biochemically,
although the ultimate product from the enzymes encoded by
the operon is known. We report here the reactions catalyzed by
these PvcB enzymes. Additionally, a PvcB orthologue in an
uncharacterized operon from Erwinia amylovora, a Gram-
negative plant pathogen that causes fire blight in certain fruit
trees, was also chosen for study on the basis of the differences
in the operon organization, and to build a diverse pool of
enzyme targets. The identification of the product of this cluster
is being pursued separately. We have previously determined the
structures of PvcA and PvcB from P. aeruginosa in the absence
of ligands.8 Subsequent efforts to grow crystals of PvcB with
informative ligands were unsuccessful; however, a higher-
resolution structure was obtained that is included herein and
was used for molecular docking experiments. For the sake of
simplicity, the enzymes from P. aeruginosa, X. nematophila, and
E. amylovera will be termed PaPvcB, XnPvcB, and EaPvcB,
respectively.

■ MATERIALS AND METHODS
Buffers and common biochemicals were purchased from Fisher
Scientific or Sigma and were used without further purification.
Organic solvents were stored over molecular sieves, and
imidazole used in column chromatography was recrystallized
from ethyl acetate.
Cloning of PvcB Genes. The cloning and construction of

the expression vector for PaPvcB have been described
previously.8 The genes for XnPvcB and EaPvcB were
synthesized commercially (Genewiz, Inc.); sequences encoding
NdeI and XhoI restriction sites were incorporated at the 5′ and
3 ′ e nd s , r e s p e c t i v e l y . S e q u en c e s o f XnPv cB
(WP_010845413.1) and EaPvcB (WP_004157574.1) were
identified through an NCBI BLAST search originating from the
PaPvcB sequence (AAC21672.1). The synthetic genes were
subcloned into the pET-15bTEV plasmid. Escherichia coli 10G
cells were transformed with the expression vectors and stored
in 20% glycerol at −80 °C.
Expression and Purification of PaPvcB for Crystal-

lization. The PaPvcB expression vector was used to transform
E. coli BL21(DE3) cells. Transformants were selected by
growth on LB plates containing carbenicillin. Individual

colonies were picked and used to inoculate 10 mL cultures,
which grew overnight at 37 °C, and were then used to inoculate
flasks containing 1 L of LB medium supplemented with 100
μg/mL carbenicillin. The cultures were grown at 37 °C with
rotary shaking (250 rpm) to an optical density of 0.4−0.6 and
then placed on ice to lower the temperature to ∼16 °C. IPTG
was added to a final concentration of 0.3 mM to induce
recombinant protein expression, and the growth was continued
at 16 °C for 16−20 h. The cells were harvested by
centrifugation at 3993g for 20 min, yielding 4−5 g of cell
paste per liter of medium. The cell paste was stored at −80 °C
until it was needed. Frozen cell paste (typically 4−5 g) was
suspended in 20 mL of buffer composed of 50 mM Tris (pH
7.5), 250 mM NaCl, 20 mM imidazole, and 0.2 mM TCEP.
The suspension was kept on ice and mixed with 1 mg/mL
lysozyme for 30 min. The cells were lysed by sonication, and
the cell debris was removed by ultacentrifugation at 40000 rpm
for 40 min. The clarified supernatant was loaded onto a 5 mL
Ni-NTA column (GE HisTrap HP) pre-equilibrated in the
same buffer that was used for lysing the cells and washed with
25 mL of buffer at a rate of 2 mL/min. A step gradient
consisting of 65 mL of lysis buffer containing 50 mM imidazole,
followed by 55 mL of lysis buffer with 300 mM imidazole, was
used to elute the protein. The purity of the protein was assessed
by SDS−PAGE, and the pooled protein fractions were dialyzed
against 50 mM Tris (pH 7.5), 250 mM NaCl, and 0.2 mM
TCEP. TEV protease (1 mg per 50 mg of target) was included
with the sample during dialysis, to cleave the affinity tag. The
protein was concentrated using an Amicon Ultra 10K MWCO
centrifugation filter and loaded back onto the Ni-NTA column
to remove the protease and cleaved tag. The flow-through
sample was purified with a Superdex 200 size-exclusion column
(GE HiLoad 16/600 Superdex 200 pg) using buffer containing
40 mM Tris (pH 7.5), 50 mM NaCl, and 0.2 mM TCEP, to
remove contaminants. The single peak was concentrated to 5
mg/mL for crystallization. Protein concentrations were
determined spectrophotometrically using an extinction coef-
ficient of 40000 M−1 cm−1 at 280 nm.8

The expression and purification of XnPvcB and EaPvcB
followed the same procedures that have been described for
PaPvcB. The appropriate extinction coefficients were calculated
from the amino acid sequences using ProtParam.11

Synthesis of Tyrosine Isonitrile, 1. Tyrosine isonitrile
was synthesized by N-formylation of tyrosine, followed by
dehydration of the N-formyl group with Burgess reagent.12,13 L-
Tyrosine (10 mmol, 1.8 g) was dissolved in formic acid (5 mL),
and acetic formic anhydride14 (40 mmol, 3.5 g) was added. The
reaction vessel was capped with a drying tube and placed on ice
for 4 h. The reaction was quenched by addition of 20 mL of
water, and the solution was concentrated to dryness under
reduced pressure. Ice-cold hydrochloric acid (1 N, 20 mL) was
added to the residue to dissolve the remaining tyrosine. The
product was collected by filtration and washed with water: 1H
NMR (DMSO-d6) δ 7.96 (s, 1H), 7.07 (d, J = 8.4 Hz, 2H),
6.76 (d, J = 8.4 Hz, 2H), 4.43 (m, 1H), 2.94 (dd, J = 13.8, 5.0
Hz, 1H), 2.74 (dd, J = 13.8, 9.0 Hz, 1H).
Formyl tyrosine (1 mmol, 0.22 g) was methylated with

trimethylsilyldiazomethane (5 mmol of a 2.0 M solution in
diethyl ether) and MeOH (12 mmol) in dry dichloromethane
(8 mL) at room temperature for 10 min.15 The solvents were
removed by rotary evaporation: 1H NMR (DMSO-d6) δ 7.98
(s, 1H), 6.99 (d, J = 6.6 Hz, 2H), 6.67 (d, J = 6.6 Hz, 2H), 4.51
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(m, 1H), 3.61 (s, 3H), 2.93 (dd, J = 13.8, 5.7 Hz, 2H), 2.78
(dd, J = 13.8, 9.0 Hz, 2H).
The remaining residue (∼1 mmol of formyl tyrosine methyl

ester) was dissolved in dry dichloromethane (8 mL). Burgess
reagent [(methoxycarbonylsulfamoyl)triethylammonium hy-
droxide, inner salt] (1 mmol, 0.24 g) was added and the
solution heated to reflux for 2 h.13 The product was purified by
column chromatography using 50 g of silica gel equilibrated in
CHCl3. After the sample had been loaded, the column was
washed with 100 mL of CHCl3 and then 200 mL of a CHCl3/
MeOH mixture (98:2). Tyrosine isonitrile methyl ester eluted
when the column was washed with 100 mL of the CHCl3/
MeOH mixture (97:3): 1H NMR (DMSO-d6) δ 7.03 (d, J = 8.4
Hz, 2H), 6.71 (d, J = 8.4 Hz, 2H), 5.02 (m, 1H), 3.73 (s, 3H),
3.08 (dd, J = 14.1, 5.0 Hz, 1H), 2.97 (dd, J = 14.1, 7.5 Hz, 1H).
The material from the previous step (∼0.5 mmol) was

dissolved in 1.5 mL of THF; 0.5 mL of 2.0 M LiOH was added,
and the solution was incubated at room temperature for 16 h to
hydrolyze the methyl ester. Attempts to desalt tyrosine
isonitrile by anion exchange and size-exclusion chromatography
resulted in hydration of the isonitrile group, so the solution was
lyophilized and the product used without further purification:
1H NMR (D2O) (Figure S1 of the Supporting Information) δ
7.07 (d, J = 7.5 Hz, 2H), 6.98 (d, J = 7.5 Hz, 2H), 4.32 (m,
1H), 3.05−2.86 (m, 2H); 13C NMR (D2O) δ 172.8, 155.6
(isonitrile C), 153.1, 130.6, 127.3, 115.6, 60.9, 37.6; FT-IR
(KBr pellet) 2170 cm−1 (isonitrile group).
PvcB Activity Assay. Activities of the purified PvcB

proteins were evaluated in the presence of synthetic tyrosine
isonitrile and the cosubstrates α-ketoglutarate and Fe2+. All
reactions were conducted under aerobic conditions at 25 °C.
Typical assay mixes contained 200 μM tyrosine isonitrile, 100
μM α-ketoglutarate, 10 μM (NH4)2Fe(SO4)2, 50 mM HEPES
(pH 7.8), 150 mM NaCl, and PvcB. The reactions were
initiated by adding PvcB and were monitored spectrophoto-
metrically at 240−500 nm. Scans of the reaction mixtures were
acquired every 0.5 min for ∼10 min at room temperature.
Control reactions were performed by omitting one of the
substrates or the enzyme from the reaction mixture. PvcB
activities were also tested using formyl tyrosine or tyrosine in
place of tyrosine isonitrile. In addition, the effects of ascorbic
acid, TCEP, and dithiothreitol on the reactions were examined.
Kinetic Analysis. Steady-state kinetic assays were con-

ducted in solutions containing 50 mM HEPES (pH 7.8), 150
mM NaCl, 10 μM (NH4)2Fe(SO4)2, 50 μM ascorbic acid, α-
ketoglutarate (5−30 μM), and tyrosine isonitrile (5−50 μM),
thermostated at 25 °C. Reactions were monitored using a
Carey 50 Bio UV−vis spectrophotometer. Product formation
was detected by the increase in absorbance at 310 nm for the
XnPvcB reaction and at 360 nm for the PaPvcB and EaPvcB
reactions. An extinction coefficient of 4300 M−1 cm−1 was used
to convert the absorbance to product concentration in the
XnPvcB reaction, and a value of 2885 M−1 cm−1 was used in the
PaPvcB and EaPvcB reactions.
Data Analysis. Initial velocity kinetic data were fit to the

appropriate functions using GraFit version 5.0 (Erithacus
Software). In the following functions, A and B are the
concentrations of α-ketoglutarate and tyrosine isonitrile,
respectively, and Ka and Kb are their Michaelis constants. Kia
is the dissociation constant for α-ketoglutarate, and V is the
maximal velocity. Equation 1 describes reactions that follow a
steady-state sequential mechanism; eq 2 is for ping-pong

mechanisms, and eq 3 is for rapid equilibrium ordered
mechanisms.

=
+ + +
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VAB

K K K A K B ABia b b a (1)

=
+ +

v
VAB

K A K B ABb a (2)

=
+ +

v
VAB

K K K A ABia b b (3)

Analysis of the product spectra obtained in the PaPvcB
reaction utilized singular-value decomposition, as implemented
in KinTek Explorer, version 4.0.16 Details of the analysis are
provided in the Supporting Information.

Reaction Product Identification. Large scale PvcB
reactions were conducted in 2 mL solutions containing 10
mM tyrosine isonitrile, 10 mM α-ketoglutarate, 5 mM ascorbic
acid, 0.5 mM (NH4)2Fe(SO4)2, and ∼50 μM PvcB in 50 mM
HEPES (pH 7.8) and 150 mM NaCl. The XnPvcB reaction
mixture was incubated at room temperature for 2 h and then
extracted with two 4 mL aliquots of ethyl acetate. The organic
phases were combined, and the solvent was removed by rotary
evaporation. The residue was dissolved in 600 μL of methanol-
d4 and analyzed by 1H NMR spectroscopy. A sample of the
ethyl acetate extract of the XnPvcB reaction mixture was also
prepared in methanol and analyzed by LC−MS (described in
detail in the Supporting Information). The PaPvcB and EaPvcB
reactions were quenched 5 min after addition of the enzyme by
introducing the methylating reagent TMS-CHN2. The
methylation reaction was performed by injecting 0.5 mL of
the PvcB reaction solution into 2 mL of ethyl acetate
containing 500 mM methanol and 250 mM TMS-CHN2.
The solution was vortexed for 10 min, and after the phases had
separated, the organic phase was removed and evaporated to
dryness. The residue was dissolved in 0.5 mL of methanol for
LC−MS analysis. To detect the formation of succinate in the
PvcB reactions, another large scale reaction was conducted, and
after incubation at room temperature for 2 h, aliquots of CHCl3
were added to denature the protein. Following removal of the
enzyme by centrifugation, the remaining solution was passed
through a short Chelex 100 (Bio-Rad) column to remove the
Fe3+. The flow-through was dried and dissolved in D2O for 1H
NMR analysis.

Determination of the Structure of PaPvcB and
Computational Modeling. Initial crystallization conditions
were established by Drake and Gulick.8 Using similar
conditions, we grew multiple crystals in the presence of ligands
or probed the crystals with soaking conditions; no density
consistent with bound ligands was ever observed. A higher-
resolution model that is used for molecular docking experi-
ments is presented. Crystals around 200 μm × 200 μm were
cryoprotected by being soaked for 10−15 min in mother liquor
[0.1 M BTP (pH 7.5), 5% PEG 20000, and 0.1 M sodium
citrate tribasic] with 34% glycerol. Data collection took place at
beamline 23ID-B of the Advanced Photon Source (APS) using
a MAR 300 detector. Data were indexed, integrated, and scaled
with iMOSFLM and AIMLESS.17 The PaPvcB structure was
determined by molecular replacement using the protein atoms
of Protein Data Bank (PDB) entry 3EAT. This model was
subjected to iterative model building18 and refinement with
both REFMAC and PHENIX19 using the native data to 2.05 Å
resolution. The final model contains 2207 protein atoms, 150
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waters, and three molecules of glycerol. The diffraction data
statistics and refinement statistics are listed in Table 1.17 The
final coordinates and structure factors have been deposited in
the PDB as entry 4YLM.

Docking was performed with AutoDock Vina20 and
DOCK,21 implemented through the Chimera suite of
programs.22 The PvcB protein was aligned with clavaminate
synthase (PDB entry 1DRT) containing Fe2+, α-ketoglutarate,
and proclavaminic acid.23 The Fe2+ and α-ketoglutarate were
extracted from this file and incorporated into the PvcB
structure, which served as the receptor for the docking. A
search space surrounded the active site pocket with dimensions
of 25 Å × 25 Å × 25 Å. The top docking poses were examined
for score and positioning of the Cβ protons toward the iron
atom and comparison to the site of hydroxylation within
proclavaminic acid of PDB entry 1DRT.

■ RESULTS
Identification of the Substrates for PvcB Proteins. The

synthesis of authentic tyrosine isonitrile, 1, allowed us to test
whether it was the correct substrate for the PvcB proteins.
Spectroscopic analysis demonstrated dramatic spectral changes
when each PvcB enzyme was incubated with tyrosine isonitrile,
Fe2+, and α-ketoglutarate under aerobic conditions (Figure 1).
Control reactions lacking tyrosine isonitrile or α-ketoglutarate

failed to show any spectral changes. Some turnover was
observed in the absence of added Fe2+; the extent of the
reaction was stimulated by addition of ascorbate, suggesting
that the enzyme is isolated with some Fe2+ bound. The PaPvcB
reaction was explored using formyl-tyrosine in place of tyrosine
isonitrile, and no reaction was observed. 1H NMR spectro-
scopic analysis of competent reaction mixtures revealed that
succinate was formed from α-ketoglutarate during the reaction.
Thus, as predicted from the sequence and crystal structure of
PaPvcB, the PvcB proteins are α-ketoglutarate-dependent
enzymes.

Identification of the Products of the PvcB Reactions.
The spectral changes that accompanied the PaPvcB and
EaPvcB reactions were more complex than those observed in
the XnPvcB reaction, with a peak at 430 nm becoming

Table 1. Diffraction Data Statistics and Refinement Statistics
of PaPvcB

PDB entry 4YLM
beamline APS 23-ID-B
wavelength (Å) 1.0323
space group P6322
unit cell dimensions [a, b, c (Å)] 125.0, 125.0, 107.2
no. of molecules per asymmetric unit 1
resolution range (Å) 40−2.0 (2.07−2.0)a

no. of observations 414157
no. of unique reflections 32890
multiplicity 12.6
completeness (%) 100 (100)a

⟨I/σ⟩ 12.6 (4.6)a

Rmerge (%) 12.2 (53.8)a

Rpim (%) 5.0 (16.4)a

CC(1/2) 0.996 (0.925)
Refinement

Rfactor (%) 18.73 (21.03)a

Rfree (%) 21.88 (22.18)a

no. of protein molecules/water atoms 2207/150
root-mean-square deviation for bond distances (Å) 0.007
root-mean-square deviation for bond angles (deg) 1.055
Wilson B factor (Å2) 30.2
average B factor (Å2)

protein (all, main, side) 34.7, 33.4, 35.4
glycerol 47.8
solvent 37.0

Ramachandran analysis (%)
favored 98.1
allowed 1.9
outliers 0

Molprobity ClashScore 4.82 (98th percentile)
aValues in parentheses are for the highest-resolution shell (2.07−2.02
Å for diffraction data and 2.11−2.05 Å for refinement).

Figure 1. Spectroscopic changes during PvcB-catalyzed reactions. Each
reaction mixture contained 200 μM tyrosine isonitrile, 100 μM α-
ketoglutarate, 10 μM (NH4)2Fe(SO4)2, 150 mM NaCl, and 50 mM
HEPES (pH 7.8). The spectrum acquired at time zero is colored red in
each panel; subsequent spectra shown were acquired at 30 s and 1 min
and then at 1 min intervals up to 10 min: (A) 0.46 μM PaPvcB, (B)
0.26 μM XnPvcB, and (C) 0.61 μM EaPvcB.
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prominent at longer reaction times. When a relatively large
amount of PaPvcB was utilized in the reaction, all of the
tyrosine isonitrile was turned over within a few seconds, and
the subsequent spectral changes were monitored. SVD analysis
revealed that two species were predominant as the solution
aged. Details of the analysis are provided in the Supporting
Information. The reconstructed spectra of the two species are
shown in Figure 2, and the extinction coefficients determined in

the SVD analysis were used to calculate reaction velocities in
the steady-state kinetic studies. The species whose maximal
absorbance is at 280 nm is the true product of the PaPvcB
reaction, and it decays nonenzymatically to the species with an
absorbance peak at 430 nm.
Identification of the products formed in each reaction from

tyrosine isonitrile was achieved using 1H NMR spectroscopy
and LC−mass spectrometry. The XnPvcB product was stable
and readily extracted into ethyl acetate, facilitating its
identification. The 1H NMR spectrum of the isolated product
is shown in Figure 3 and has four aromatic protons that appear
as doublets centered at 7.31 and 6.78 ppm (J = 9.0 Hz) and two
doublets, each corresponding to one proton, centered at 6.96
and 6.45 ppm (J = 15.0 Hz). This matches the published
spectrum of (E)-4-(2-isocyanovinyl)phenol, 5.3 The positive
ion mass spectrum showed peaks at m/z 146.18, 164.05, and
178.10 (Figure 3). The low-mass peak is from isocyanovinyl-
phenol; the second peak is either a water adduct or the product
in which the isonitrile group has become hydrated, and the
high-mass peak is presumed to arise from the methanol adduct
of isocyanovinylphenol.
The instability of the product of the PaPvcB and EaPvcB

reactions hindered its identification. Initial attempts to extract it
into ethyl acetate failed, as did attempts to accumulate sufficient
material for a 1H NMR spectrum. When the reaction was
quenched with a methylating reagent, however, the product was
stabilized and rendered sufficiently hydrophobic to be extracted
into organic solvent. LC−MS analysis of the PaPvcB and
EaPvcB reactions yielded very similar results (Figure 4). A
single species at m/z 204.0 was observed in each instance,
which is assigned to 3-(4-hydroxyphenyl)-2-isocyanoacrylate

Figure 2. Component spectra of species in the reaction catalyzed by
PaPvcB, determined by SVD analysis of time course spectra. The
spectrum of the product of the PaPvcB reaction is colored green, and
the spectrum of the species to which it decays nonenzymatically is
colored blue. The spectrum of tyrosine isonitrile (red) is shown for
comparison.

Figure 3. Identification of the product of the XnPvcB reaction. (A) For the 1H NMR spectrum (MeOH-d4 solvent), the reaction was conducted and
the product isolated as described in the text. (B) Mass spectrum of the isolated product.
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methyl ester, indicating that the product of the PaPvcB and
EaPvcB reactions is 3-(4-hydroxyphenyl)-2-isocyanoacrylate, 6.
Steady-State Kinetic Characterization of PvcB Reac-

tions. The steady-state kinetic parameters governing the
reactions catalyzed by the three PvcB proteins characterized
in this study are listed in Table 2. Complete kinetic

characterization was not conducted, but the concentrations of
α-ketoglutarate and tyrosine isonitrile were systematically
varied. The data were visually inspected before being fit to
the appropriate function. Interestingly, the double-reciprocal
plots showed systematic differences that are often indicative of
distinct kinetic mechanisms (Figure 5). The XnPvcB reaction
yielded a family of lines intersecting to the left of the origin.
The lines were parallel in the case of PaPvcB, and in the
EaPvcB reaction, the lines intersected on the y-axis.

High-Resolution Structure of PaPvcB and Molecular
Docking. We have previously presented a crystal structure of
PaPvcB.8 We have continued to optimize crystals, partly in an
attempt to identify the structure of the protein bound to
substrates or substrate analogues. Despite numerous soaking
and cocrystallization experiments with tyrosine, tyrosine
isonitrile, iron, and α-ketoglutarate, none of the data sets that
were collected and processed gave evidence of ligands in the
PvcB active site. Through these efforts, however, a higher-
resolution data set was collected. This structure is similar to the
earlier structure, containing disordered loops at positions
Asp99, Ser169−Tyr173, and Val200−Glu211. The least-
squares displacement of the two structures, calculated for 270
Cα positions, is 0.2 Å. Although it is globally similar to the
earlier structure, we used this higher-resolution structure for
modeling and docking with the tyrosine isonitrile substrate.
Because we were unable to obtain crystals with protein

bound to ligand, we used computational docking to identify a
position for binding the substrate tyrosine isonitrile. We first
aligned PaPvcB with homologous structures to identify the
binding position of the iron and α-ketoglutarate. Ligand
positions were taken from the structure of clavaminate synthase
(PDB entry 1DRT). With these ligands fixed in the PaPvcB
structure, we docked a molecule of tyrosine isonitrile.
Comparison of liganded structures of homologous proteins

illustrates variation in the mode of substrate binding. We
compared the docking poses from multiple runs with the

Figure 4. Mass spectra of products trapped by methylation of the (A) PaPvcB and (B) EaPvcB reactions.

Table 2. Kinetic Parameters of PvcB Reactions

enzyme kcat (s
−1)

Km, α-ketoglutarate
(μM)

Km, tyrosine isonitrile
(μM)

PaPvcBa 2.3 ± 0.2 23 ± 4 93 ± 15
XnPvcBb 5.1 ± 0.3 5.7 ± 1.1 13 ± 2
EaPvcBc 0.22 ± 0.01 4.8 ± 0.8 16 ± 2

aKinetic parameters derived from a fit to eq 1. bKinetic parameters
derived from a fit to eq 2. cKinetic parameters derived from a fit to eq
3.
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structures of clavaminate synthase23,24 and carbapenem
synthase.25 From the potential docking poses identified, one
appeared to be most reasonable in terms of the free energy of
binding and chemical plausibility (Figure 6). In this model, the

aromatic ring of the ligand binds in a hydrophobic pocket
formed by Met114, Tyr115, and Leu116, with potential
contributions from Trp83, as well. The carboxyl group of the
tyrosine isonitrile does not interact directly with any positively
charged residues. Arg168 is present nearby at the start of a
disordered loop and could interact with the carboxylate. The
pro-S hydrogen from the Cβ position is directed toward the
iron, potentially identifying the site of hydroxylation in the
proposed PvcB mechanism. The distance from Cβ to the
docked iron is 3.4 Å. Given the limitations of the accuracy from
molecular docking, this distance is similar to 4.4 Å, the value
observed for the distance between the iron and the analogous
carbon atom in the clavaminate synthase substrate analogue N-
acetyl arginine.23 This structure (PDB entry 1DRY) contains a
water molecule coordinated to the iron trans to the His259
equivalent residue. The pose of the docked tyrosine isonitrile is
oriented such that hydroxylation at the pro-S position, and
subsequent anti elimination upon abstraction of the α-proton,
would result in the E configuration around the double bond,
which is required for cyclization to form the coumarin ring in
the PaPvcB-catalyzed reaction.

■ DISCUSSION
Paerucumarin, 2, and rhabduscin, 3, are examples of natural
products derived from amino acids in which the amino group
has been converted to an isonitrile. Paerucumarin appears to act
as a signal molecule used by the bacteria to coordinate events in
biofilm synthesis.26 Rhabduscin is a potent inhibitor of insect
phenoloxidase and plays a role in overcoming the innate
immune system of insect hosts that the bacteria encounter.27 In
broad terms, both compounds are involved in intercellular
communication; the abundance of microbial genomes that
contain orthologues for the genes required for isonitrile
synthesis suggests that many novel compounds or novel
applications of known isonitrile-containing natural products
remain to be recognized. Characterization of the biosynthetic
enzymes involved will facilitate attempts to gain a deeper
understanding of the biological roles of these compounds.
Operons that encode enzymes predicted to be involved in

isonitrile metabolite synthesis have been identified on the basis
of homology to a putative isonitrile synthase, e.g., IsnA or
PvcA.4,9 In each case, the operon also includes a gene encoding
a putative α-ketoglutarate-dependent enzyme that is believed to
act on the product of the isonitrile synthase reaction. In no
instance has the activity of one of these enzymes been
demonstrated. In this work, we have characterized the catalytic
activity of three Fe2+, α-ketoglutarate-dependent enzymes
found in operons demonstrated or believed to be responsible
for synthesis of isonitrile-containing metabolites in bacteria.
The crystal structure of PaPvcB revealed its similarity to

known Fe2+, α-ketoglutarate-dependent dioxygenases; however,
no ligands were present in the structure that was determined,
and the catalytic activity had not been tested.8 Given that
tyrosine isonitrile is the expected product of the PvcA reaction,
it seemed reasonable to investigate whether tyrosine isonitrile
was a substrate for PvcB. Dramatic spectroscopic changes were
evident when the enzyme was incubated under aerobic
conditions in the presence of tyrosine isonitrile, Fe2+, and α-
ketoglutarate. No change was observed in control reactions
lacking tyrosine isonitrile or α-ketoglutarate; some activity was
evident when Fe2+ was omitted, and the activity was enhanced
by addition of ascorbate (data not shown). The stimulation of
activity by ascorbate has been observed frequently in other

Figure 5. Double-reciprocal plots of the reactions catalyzed by PvcB
enzymes. The concentration of tyrosine isonitrile was varied between 5
and 50 μM at (○) 5, (●) 10, (□) 20, and (■) 50 μM α-ketoglutarate.
(A) PaPvcB, fit to eq 2. (B) XnPvcB, fit to eq 1. (C) EaPvcB, fit to eq
3.
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Fe2+, α-ketoglutarate-dependent dioxygenases.28,29 PaPvcB was
not active when tyrosine isonitrile was replaced in the reaction
mixture with tyrosine or formyl-tyrosine. Finally, the assign-
ment of PaPvcB as a member of the Fe2+, α-ketoglutarate-
dependent dioxygenase superfamily was confirmed by 1H NMR
spectroscopic analyses of samples, which clearly showed the
conversion of α-ketoglutarate to succinate.
The more interesting question was the identity of the

products formed from tyrosine isonitrile by each of the three
enzymes. The XnPvcB reaction was spectroscopically distinct
from the PaPvcB and EaPvcB reactions, and monitoring the
reaction by HPLC and UV−visible spectroscopy indicated that
the product was stable. 1H NMR and mass spectrometric
analyses were consistent with the assignment of the product as
5, which arises from oxidative decarboxylation of tyrosine
isonitrile. The natural product rhabduscin that is made by X.
nematophila contains the isocyanovinylphenol moiety, so there
is satisfying congruence between the in vitro XnPvcB reaction
product and the final product of the metabolic pathway in
which it participates.
Paerucumarin results from oxidative cyclization of tyrosine

isonitrile, and the PaPvcB reaction yielded a species with
absorbance at long wavelengths, as would be expected for a
coumarin. However, close examination of reactions conducted
with small amounts of enzyme revealed a lag in the appearance
of the species that absorbed at long wavelengths; conducting
the reaction with a large amount of enzyme showed that
tyrosine isonitrile was rapidly converted to another species that
did not absorb at long wavelengths but subsequently reacted to
form the species distinguished by its absorbance peak at 430
nm. The time course of this conversion was monitored over the
wavelength range from 240 to 400 nm, and singular-value
decomposition was employed to deconvolute the spectra. In
addition to determining the spectra of the components of the
reaction solution, the SVD analysis revealed the kinetic
relationship between them. The species that absorbed at 430
nm formed in a first-order reaction from another species
characterized by an absorbance peak at 280 nm. In other words,
PaPvcB converted tyrosine isonitrile into a relatively unstable
species with maximal absorbance at 280 nm, which
spontaneously decomposed into a compound with absorbance
maxima at 360 and 430 nm.

The instability of the product of the PaPvcB reaction, and the
fact that it could not be extracted into organic solvent,
suggested that the carboxyl group in tyrosine isonitrile was still
present. To generate sufficient material for characterization, a
relatively large amount of PaPvcB was added to the substates,
and the reaction was quenched within a few minutes by
addition of trimethylsilyldiazomethane. Treatment of the
reaction solution with the methylating agent both stabilized
the product and rendered it capable of being extracted into
ethyl acetate. We did not isolate enough material for 1H NMR
analysis, but mass spectrometry was consistent with identi-
fication of the esterified product as 3-(4-hydroxyphenyl)-2-
isocyanoacrylate methyl ester. Thus, the product of the
enzymatic reaction is 6, formed by oxidation of tyrosine
isonitrile.
The UV−visible spectroscopic properties of the EaPvcB

reaction product were identical to those of the PaPvcB reaction
product, as was its behavior on HPLC. Mass spectrometry was
also consistent with the conclusion that the product (trapped as
its methyl ester) was 6. EaPvcB was identified by database
mining, and the product of the pathway in which it operates is
unknown. The gene is found in an operon along with a pvcA
homologue and an open reading frame that is annotated as a
flavin-dependent monooxygenase. It seems likely, then, that the
product of the pathway will prove to derive from oxidative
cyclization of the PvcB product. Of the PvcB orthologues
characterized in this work, the two that are present in operons
without a glycosyltransferase catalyze decarboxylation of
tyrosine isonitrile. XnPvcB catalyzes decarboxylation of tyrosine
isonitrile, and rhabduscin, the product of the pvc operon in X.
nematophila, is the glycosyl conjugate of the PvcB product.
Similarly, byelyankacin is a natural product isolated from
Enterbacter sp. B20; it contains the same isocyanovinylphenol
moiety as rhabduscin and is also glycosylated. It will be
interesting to determine whether the correlation between PvcB
reaction specificity and glycosylation of the pathway product
holds as more pvc operons are characterized.
Fe2+, α-ketoglutarate-dependent dioxygenases typically cata-

lyze hydroxylation of unactivated alkyl C−H bonds or aromatic
rings. The mechanisms of these reactions are the subject of
several excellent reviews.5,30 However, the products of the PvcB
reactions characterized here are not hydroxylated. Scheme 2

Figure 6. Stereorepresentation of the model of tyrosine isonitrile docked into the active site of PaPvcB. The Fe and α-ketoglutarate (yellow) from
clavaminate synthase are included in the model. Tyrosine isonitrile is colored magenta; the pro-S hydrogen at Cβ is colored cyan. Disordered loops
connecting Arg168 to Ser174 and Pro199 to Phe212 are shown with dashed lines.
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illustrates how the paradigmatic reaction can be applied to
explain formation of the observed products. Hydroxylation at
Cβ of tyrosine isonitrile generates an intermediate 4 that is
common to all PvcB’s. The different products arise from
different ways that the hydroxyl group is expelled. In the
XnPvcB reaction, decarboxylation at Cα drives the hydroxyl
group to leave. In the PaPvcB and EaPvcB reaction, the
expulsion of the hydroxyl group is caused by abstraction of a
proton from the α-carbon. Since no atom from molecular
oxygen is found in the tyrosine isonitrile-derived product of the
PvcB reaction, strictly speaking, the enzymes are not
dioxygenases, but consideration of the underlying reaction
mechanism clearly demonstrates their place in the superfamily.
The arrangement of tyrosine isonitrile shown in Figure 6

emerged from docking studies and satisfies regiochemical and
stereochemical constraints. Cβ is in the proximity of the Fe2+

atom, making hydroxylation of that position feasible. Further,
hydroxylation at the pro-S position would result in an
intermediate that yields 6. Formation of the E isomer is
required, so that the carboxyl group is positioned appropriately
for cyclization to form the coumarin product. That the pro-S
position is hydroxylated is a testable hypothesis, which we
propose on the basis of the observation that enzyme-catalyzed
dehydrations that involve abstraction of a proton α to a
carboxylate typically undergo anti elimination.31

The sequences of PaPvcB and EaPvcB are 56% identical;
XnPvcB is 42% identical with PaPvcB and 41% identical with
EaPvcB. Only PaPvcB has been characterized structurally. We
analyzed the docked model of tyrosine isonitrile in the context
of sequence comparison. The residues of PaPvcB that form the
pocket for the aromatic group in the docked model are
conserved with the exception of Leu116, which is replaced with
an Arg in XnPvcB. Arg168 of PaPvcB that is partly disordered
in the structure is positioned near the carboxylate in the docked
model. This arginine is conserved in EaPvcB and replaced with
a threonine in XnPvcB. Although we note the presence of
arginine and lysine before and after this threonine residue in
XnPvcB, this difference may be partly responsible for the
differences in the PvcB reactions catalyzed by these different
enzymes. These changes, both involving differences in
positively charged residues, may be partly responsible for
differences in the enzyme active site that dictate differences in
activity between PaPvcB and XnPvcB.
The mechanisms proposed in Scheme 2 require all three

enzymes to have an active site general acid to facilitate
expulsion of the hydroxyl group from Cβ in compound 4. We
note that residues Ser169−Tyr173 and Val200−Glu211 are
disordered in the structure of PaPvcB. Neither loop is especially
well-conserved; however, all three proteins carry an aspartic
acid residue homologous to Asp203 of PaPvcB that could be
important. A survey of 582 PvcB homologues through the

TrEMBL database shows that this aspartic acid is present in
more than half the members of the family.
The apparently different steady-state kinetic mechanisms

exhibited by the three enzymes were unexpected. The Km

values for tyrosine isonitrile vary <10-fold and those for α-
ketoglutarate <5-fold. However, the kinetic patterns for
PaPvcB, XnPvcB, and EaPvcB were those typically seen for
ping-pong, sequential, and rapid equilibrium ordered reactions,
respectively. Because it is unlikely that these enzymes operate
by fundamentally different mechanisms, it is worth exploring
how the observed kinetic patterns could arise. Examination of
eqs 1−3 reveals that eq 1 is the most general, in the sense that
it contains all the terms also found in eq 2 or 3. The rapid
equilibrium ordered kinetic pattern described by eq 3 and
exhibited by EaPvcB is observed when the KaB term is absent.
This occurs when the binding and dissociation of α-
ketoglutarate are rapid compared to the rest of the catalytic
cycle; that is, its binding effectively comes to equilibrium. In
terms of the kinetic mechanism shown in Figure 5, the rapid
equilibrium ordered pattern is observed when k5 or k7 is much
smaller than the other rate constants. In fact, kcat for EaPvcB is
lower than that of the other reactions, although it is not known
whether chemistry or product release is rate-limiting. The
sequential pattern observed in the XnPvcB reaction indicates
that all the terms in the denominator of eq 1 contribute
significantly to the velocity, and the pattern is a family of lines
that intersect to the left of the y-axis. The ping-pong pattern
exhibited by PaPvcB would seem to indicate a kinetic
mechanism that is distinct from those of the other two
enzymes, but as has been mentioned previously,32 seemingly
parallel patterns in double-reciprocal plots can arise in
sequential mechanisms when the experimental data lack
sufficient precision to detect small slope effects, which are
contributed by the KiaKb term in the denominator of the rate
equation. In this instance, the slope effects will tend to zero
when the dissociation constant for α-ketoglutarate is much
smaller than its Km. In an ordered bi-bi sequential mechanism,
the dissociation constant for the first substrate is k2/k1 and the
Km is (k5k7)/[k1(k5 + k7)]. Thus, when chemistry or product
release is rapid relative to the preceding steps, the term in the
velocity equation that introduces the slope effect can become
very small and the double-reciprocal plots will approximate a
family of parallel lines. These interpretations of the steady-state
kinetics data will be evaluated by transient-state kinetic
investigations to pinpoint the rate-limiting portions of the
reaction cycles in the three enzymes.
The explosion of sequence information has allowed the

virtual exploration of the metabolic capabilities of myriad
organisms. However, the difficulties presented by misannota-
tion in databases are widely recognized, and verifying the
predictions of protein function that are suggested by synteny
and sequence remains important. In this case, the PvcB proteins
were correctly assigned as Fe2+, α-ketoglutarate-dependent
oxygenases, but it remained necessary to identify the products
of the catalytic reactions in the laboratory. The unique
properties of XnPvcB, which cause it to catalyze decarbox-
ylation of its substrate, were not evident from sequence analysis
alone and, in fact, remain to be identified; however, as more
PvcB proteins are experimentally characterized, the sequence
signatures that are correlated with particular chemical trans-
formations should become evident.

Scheme 2
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Synthesis of tyrosine isonitrile 

The route for synthesis of tyrosine isonitrile is given in Scheme S1.  1H NMR spectrum of the 
product is shown in Figure S1. 

 
 
 

Liquid chromatography-mass spectrometry 
10 µl of the samples were injected into an integrated Thermo-Finnigan LC system equipped with 
a 150 x 4.6 mm C18 reverse phase column (Sigma-Aldrich). An LC method with a mobile phase 
of H2O supplemented with 0.1% formic acid (Solvent A) and MeOH (Solvent B) was used: t = 0 
min, 5%B; t = 5 min, 5%B; t = 30 min, 30%B; t = 35 min, 30%B; t = 45 min, 80%; t = 50 min, 
80%B; t = 55 min, 5%B; t = 60 min, 5%B. HPLC separation of different components in the 
sample was followed by the mass analysis using a Finnigan TSQ7000 triple-quadrupole mass 
spectrometer equipped with an Atmospheric Pressure Chemical Ionization (APCI) source 
operating in positive ion mode. 
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Figure S1 
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SVD Analysis of PaPvcB product decomposition 
 

Tyrosine isonitrile (0.2 mM), α-ketoglutarate (2 mM), ascorbate (50 µM), and (NH4)2Fe(SO4)2 

(10 µM) were combined in 50 mM HEPES, pH 7.8, 150 mM NaCl in a total volume of 1.0 mL.  

Reaction was initiated by the addition of 4 µM PaPvcB.  Spectra were collected every 0.1 min 
for 30 min.  

Spectroscopic data were filtered so that only those collected 30 s apart were imported into 
KinTek Explorer v. 4.0 1, where singular value decomposition was performed.  The amplitudes 
of the first five eigenvectors derived from SVD are plotted in Figure S2.  Based on visual 
inspection of these data, all but the first two eigenvectors were ignored for subsequent data 
analysis, and it was determined that 2 species were sufficient to account for the spectra. 

The time evolution of the SVD spectral components and amplitudes were fitted to a model in 
which one species was converted irreversibly to another in a first order process. 

 

                                                   
In this model P1 is the true product of the PaPvcB reaction, and P2 is the species to which it 
converts nonenzymatically.  The value of k1 was determined to be 0.12 ± 0.05 min-1.  The time 
evolution of the first two eigenvectors were fitted to the model (Figure S3).  Spectra 
reconstructed from the SVD spectra, the two eigenvectors, and the calculated value of k1 are 
compared with the experimental data in Figure S4. 
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Figure S2:  Amplitudes of the first 5 eigenvectors derived from singular value 
decomposition of spectra obtained during decomposition of the PaPvcB reaction 
product. 
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Figure S3:  Time dependence of the first two eigenvectors derived from SVD analysis.  

Experimental values shown as circles (�) and fitted curves shown as solid lines. 
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Figure S4:  Comparison between selected experimental spectra and reconstructed spectra 
from SVD analysis of the PaPvcB reaction.  Experimental conditions are described in the 
manuscript; black solid lines are experimental, red dashed lines are reconstructed.  Spectra 
were acquired at the times indicated on the figure. 
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2.2 Summary of Published Work 

In the above attached article, we present a study of the PvcB protein, which 

is predicted to be an Fe2+, α-ketoglutarate dependent oxygenase and to be 

responsible for the chemical diversity of the isonitrile metabolites produced in 

different pathways. In this investigation, the homologous pvcB genes from the 

genome of the human pathogen Pseudomonas aeruginosa, the insect pathogen 

Xenorhabdus nematophila and the plant pathogen Erwinia amylovora were cloned 

into the appropriate expression vectors by Eric Drake. Recombinant pvcB genes 

were heterologously expressed in E. coli and the protein products were purified to 

homogeneity with metal ion affinity chromatography. The putative substrate 

(tyrosine isonitrile) of the PvcB enzyme is not commercially available, so it was 

synthesized. The in vitro activities of three PvcB enzymes were examined in the 

presence of the primary substrate tyrosine isonitrile, and the co-substrates α-

ketoglutarate and Fe2+ under aerobic conditions, and were characterized by UV-

visible spectroscopy. UV-vis spectra of the PaPvcB reaction revealed there was 

more than one product present in this reaction, thus singular value decomposition 

analysis was performed by Dr. Peter Tipton to determine the components in the 

reaction solution, the kinetic relationship between them and the extinction 

coefficient of each component. Product formed in each of the PvcB reactions was 

determined by HPLC, 1H-NMR spectroscopy and LC-mass spectrometry 

(performed by Dr. Leigh Nathan). Steady-state kinetics were performed to 
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determine the parameters Km and kcat of the PvcB reactions. In addition, a higher 

resolution structure of the PaPvcB protein was obtained and was used for 

molecular docking by Dr. Geoffrey Lippa.  

To conclude, the work dedicated to synthesize the putative substrate tyrosine 

isonitrile, to determine the in vitro activities of three PvcB homologous proteins and 

to identify the products of the reactions demonstrated PvcB is an Fe2+, α-

ketoglutarate dependent oxygenase; PvcB proteins encoded by different operons 

carry out pathway-specific oxidations, resulting in the chemical diversity of the 

isonitrile-containing natural products; and the structural differences between the 

PvcB enzymes may partially account for the various catalytic activities observed. 

Apart from the studies described above, additional experiments were 

conducted to investigate the mechanisms underlying the PvcB reactions. Two 

analogs of tyrosine isonitrile were synthesized and examined in the PvcB activity 

assays, in order to determine the substrate tolerance of the PvcB catalysts and to 

search for potential enzyme inhibitors. Transient-state kinetics, including rapid-

mixing quench flow and stopped-flow studies were performed to investigate the 

reactions on a short timescale, so as to detect and identify the intermediate(s) 

generated in the PvcB reactions.   
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2.3 Supplemental Results 

2.3.1 Heterologous Expression of PaPvcB, XnPvcB and EaPvcB in E. coli 

Recombinant pvcB genes were expressed in E. coli cells under 18 °C. Higher 

temperature resulted in the loss of soluble proteins. Robust expression of PaPvcB 

or XnPvcB was observed in the cell lysate, while EaPvcB was obtained at low 

quantity (Figure 2.1).  

PvcB proteins were co-expressed with a His6-tag, which facilitated their 

purification. Purification using metal ion affinity chromatography yielded PvcB 

proteins that were >95% pure, based on Coomassie-stained SDS-PAGE. Samples 

supplemented with 10% (v/v) glycerol and stored at -80 °C were stable for several 

months.  

 The EaPvcB reaction was not further explored in the following sections due to 

the low-yield problem of this enzyme. But studying the PaPvcB reaction in more 

detail will help us gain insight into the EaPvcB reaction, based on the similar 

activities exhibited by these two proteins. 
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Figure 2.1 SDS-PAGE analysis of the BL21(DE3) cell lysates harboring PaPvcB, EaPvcB, and 

XnPvcB. Lane 1 shows the PageRulerTM
 Plus Prestained protein ladder. Lane 2, 4 and 6 are the 

lysates from the non-IPTG induced cultures. Lane 3, 5 and 7 come from the IPTG-induced cultures 

expressing PaPvcB, EaPvcB and XnPvcB, respectively. The sizes of the proteins PaPvcB: ~33 

kDa, EaPvcB: ~33 kDa, XnPvcB: ~35 kDa are estimated using ExPASy’s “Protparam” tool.  
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2.3.2 Rapid-Mixing Quench Flow Analysis of the PvcB Reactions 

As stated earlier, the XnPvcB enzyme catalyzes an oxidative decarboxylation 

reaction on the substrate, while the PaPvcB reaction only introduces a double bond 

into tyrosine isonitrile and retains the carboxyl group. A reasonable mechanism 

was proposed to explain the product formation in two reactions, in which a common 

intermediate, hydroxylated tyrosine isonitrile, was generated first, and then the 

hydroxyl group was expelled in different ways, resulting in the products observed. 

In order to demonstrate this mechanism, we tried to capture the hydroxylated 

intermediate by rapid-mixing chemical quench flow and to identify it by HPLC and 

mass spectrometry. Both the XnPvcB and PaPvcB reactions were carried out 

under single turnover conditions within short periods of time. HPLC analyses of the 

PaPvcB reactions quenched with 1 M HCl at different lengths of time (2 ms, 10 ms, 

30 ms, 50 ms, 100 ms, 200 ms and 500 ms) revealed a compound, which eluted 

at 12.5 min, started to show up in the 10 ms reaction, accumulated and then 

disappeared from the 50 ms reaction (Figure 2.2 A), indicating it might be an 

intermediate made in the PaPvcB reaction. The peak with a retention time of 15 

min was also generated in this reaction, and was preserved in relatively long-time 

reactions, suggesting it might be the product. The XnPvcB reaction, however, only 

generated a species that was eluted at 19 min which was assigned to the product. 

No other new peaks were observed in HPLC spectra of the XnPvcB reactions 

quenched at different times (Figure 2.2 B). It should be noted that by introducing 
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HCl into the reactions, the substrate (tyrosine isonitrile) that remained in the 

reaction and the corresponding intermediate(s) or product(s) accumulated in the 

solution were converted to their formyl counterparts.  

Areas of the two peaks of interest (potential intermediate and product peaks) 

shown in the HPLC spectra of the PaPvcB reactions represented the relative 

amounts of two species, and were plotted as a function of the reaction time (Figure 

2.3 A). A plot displaying the product formation in the XnPvcB reaction was 

generated in the same way (Figure 2.3 B). Plots of both reactions showed a 

decrease in the amounts of the products in the longer-time reactions, suggesting 

the products were decomposed gradually after they were formed, probably due to 

the long duration (1 hour) of each analysis by HPLC and the labile environment in 

water.  
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Figure 2.2 HPLC spectra of the (A) PaPvcB reaction and (B) XnPvcB reaction quenched by HCl at 

different times. X-axis shows the retention time and Y-axis shows the relative UV absorbance at 

310 nm. Intermediate and product peaks are indicated by arrows. 
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Figure 2.3 Intermediate and product formation in (A) PaPvcB and (B) XnPvcB-catalyzed reactions 

with tyrosine isonitrile as the substrate. X-axis shows the reaction time and Y-axis shows the relative 

amounts of the species in the quenched reactions based on the HPLC analyses. The curves are 

drawn to aid the eye. 

A 
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2.3.3 Stopped-Flow UV-visible Spectroscopic Analysis of the PvcB Reactions 

An Fe(IV)-oxo intermediate which is highly reactive and essential to the 

oxidation of the substrate was trapped and characterized in the reaction catalyzed 

by taurine dioxygenase (TauD), the most representative member in the Fe2+, α-KG 

dependent oxygenase family. This intermediate, which exhibits an absorption 

maximum at 318 nm in the TauD reaction, is proposed to be involved in the 

conserved mechanism used by this family of enzymes [87, 88]. Thus, we 

attempted to determine the presence of this intermediate in the PvcB-catalyzed 

reactions by using stopped-flow UV-visible spectroscopy. In addition to the Fe(IV)-

oxo intermediate, attempts to detect the αKG-Fe(II)-substrate complex (λmax: 520 

nm in the TauD reaction [89]) were made. PaPvcB and XnPvcB reactions were 

performed under single turnover reactions and the time course of the reaction was 

monitored by absorbance measurements at 520 and 345 nm for detecting the 

species tyrosine isonitrile-αKG-Fe(II)PvcB and the Fe(IV)-oxo intermediate, 

respectively.  

UV-vis spectra of the PaPvcB and XnPvcB reactions examined within 0.5 s 

are shown in Figure 2.4. In either case, an increase followed by a decrease of the 

absorbance at 345 nm was observed in 0.1 s, revealing the formation and 

decomposition of the Fe(IV)-oxo species in one catalytic cycle. On the contrary, 

the tyrosine isonitrile-αKG-Fe(II)PvcB complex exhibited a backward pattern, 

indicated by the decrease of the absorbance at 520 nm first. This result was 
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consistent with the proposed order of the steps taken place during the reaction: 

addition of O2 into the iron center converts the tyrosine isonitrile-αKG-Fe(II)PvcB 

species to Fe(III) and Fe(IV)-oxo intermediates. Subsequent substrate 

hydroxylation and product releasing restore the initial complex (described in 

Section 2.4). 
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Figure 2.4 UV-vis spectra of the (A) PaPvcB reaction and (B) XnPvcB reaction monitored at 340 

nm (blue dots) and 520 nm (red dots). Spectra were obtained after mixing 100 μM α-ketoglutarate, 

200 μM tyrosine isonitrile in 50 mM HEPES, pH 7.8, 150 mM NaCl with an equal volume of buffer 

containing 100 μM PvcB, 100 μM (NH4)2Fe(SO4)2 and 100 μM ascorbic acid. Random data points 

obtained at the beginning might be due to some artificial effects. 
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2.3.4 Organic Synthesis and 1H-NMR Characterization of 4-Nitro 

Phenylalanine Isonitrile and 3-Nitro Tyrosine Isonitrile 

4-Nitro phenylalanine isonitrile and 3-nitro tyrosine isonitrile, two analogs of 

tyrosine isonitrile were synthesized following Scheme 2.1. Products synthesized 

from each step were all characterized and confirmed by TLC, HPLC and 1H-NMR 

spectroscopy. 1H-NMR spectra of these two compounds are shown in Figure 2.6. 

They were tested in the PvcB reactions directly without further purification. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



40 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.1 Organic synthesis of (A) 4-nitro phenylalanine isonitrile and (B) 3-nitro tyrosine 

isonitrile. 
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Figure 2.5 1H-NMR spectrum of (A) 4-nitro phenylalanine isonitrile and (B) 3-nitro tyrosine isonitrile. 

The protons in the structures and the corresponding peaks are indicated as a, b, c, d and e. Proton 

peak of c in (A) and of d in (B) were covered by the H2O peak which was at 4.69 ppm. 
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2.3.5 PvcB Activity Assays with 4-Nitro Phenylalanine Isonitrile and 3-Nitro 

Tyrosine Isonitrile 

The PvcB reactions were performed with alternative substrates in order to 

determine the substrate tolerance of the enzymes. The assays were carried out 

with the primary substrate and the co-substrates α-ketoglutarate and Fe2+ under 

aerobic conditions. PvcB enzymes were added to initiate the reactions and the 

reaction solutions were monitored spectrophotometrically at 240-500 nm for about 

10 minutes. When tyrosine isonitrile was replaced with 4-nitro phenylalanine 

isonitrile in either PaPvcB or XnPvcB reaction, the reaction failed to exhibit any 

absorbance change, indicating 4-nitro phenylalanine isonitrile could not serve as 

the substrate for the PvcB enzymes (Figure 2.6). However, incubating the PvcB 

protein with another compound 3-nitro tyrosine isonitrile, which retains the para-

hydroxy group of tyrosine isonitrile, showed spectroscopic changes in both 

PaPvcB and XnPvcB reactions. Similar to the reactions conducted with tyrosine 

isonitrile, the PaPvcB reaction using 3-nitro tyrosine isonitrile as the substrate was 

characterized by yielding a species with maximal absorbance at 280 nm first, which 

was then converted to another species absorbing at longer wavelength (420 nm). 

In the XnPvcB reaction with 3-nitro tyrosine isonitrile, a species with maximal 

absorption at 310 nm was generated very rapidly. Control reactions replacing 3-

nitro tyrosine isonitrile with 3-nitro tyrosine could not support the PvcB activity 

(Figure 2.7). 
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Figure 2.6 Spectroscopic analyses of the PvcB reactions with (A, C) 4-nitro phenylalanine isonitrile 

and (B, D) tyrosine isonitrile. Each reaction contained 200 μM primary substrate, 100 μM α-

ketoglutarate, 10 μM (NH4)2Fe(SO4)2, 150 mM NaCl and 50 mM HEPES, pH 7.8. The spectrum of 

the reaction with no enzyme is shown in red, and of the reaction right after enzyme addition is 

shown in black. Subsequent spectra were acquired every 1 (or 0.5) minute up to 10 (or 5) minutes 

in the reactions containing (A, B) 0.35 μM PaPvcB and (C, D) 0.21 μM XnPvcB. 
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Figure 2.7 Spectroscopic changes during PvcB-catalyzed reactions with (A, C) 3-nitro tyrosine 

isonitrile and (B, D) 3-nitro tyrosine. Each reaction contained 200 μM primary substrate, 100 μM α-

ketoglutarate, 10 μM (NH4)2Fe(SO4)2, 150 mM NaCl and 50 mM HEPES, pH 7.8. The spectrum of 

the reaction with no enzyme is shown in red, and of the reaction right after enzyme addition is 

shown in black. Subsequent spectra were acquired every 1 (or 0.5) minute up to 10 (or 5) minutes 

in the reactions containing (A, B) 0.35 μM PaPvcB and (C, D) 0.21 μM XnPvcB. 
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2.4 Conclusion and Discussion 

The PvcB protein belongs to the non-heme Fe2+, α-ketoglutarate dependent 

oxygenase family. Enzymes in this family catalyze a wide range of oxidative 

transformations [72, 75, 84], which always involve Fe2+, α-ketoglutarate and O2. 

There has been much research effort directed towards determining the mechanism 

of these reactions, even though it’s difficult because the active sites of the enzymes 

do not exhibit intense spectral features [90]. Activity of this family of enzymes 

always requires Fe2+, which is weakly bound by three amino acid side chains that 

typically occur in a (His)2-(Asp/Glu) motif and are highly conserved within the family 

members [91, 92]. α-Ketoglutarate chelates the iron center and further provides 

stability by interacting with other side chains. Presence of the primary substrate 

facilitates oxygen addition to the iron center, followed by generation of an Fe(III)-

superoxo species and a high-valent Fe(IV)-oxo intermediate. At the meantime, 

decomposition of α-KG forms CO2 and succinate. Finally, the high-valent Fe(IV)-

oxo species abstracts a hydrogen atom from the primary substrate and forms a 

substrate radical plus an Fe(III)-hydroxide complex. Subsequent recombination 

results in hydroxylated substrate and restores the Fe(II) form of the enzyme 

(Scheme 2.2) [72, 89, 93, 94]. 
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Scheme 2.2 General mechanism of the reactions catalyzed by the Fe2+, α-ketoglutarate dependent 

oxygenases.  

 

One famous member of this family is taurine dioxygenase (TauD) which 

catalyzes the hydroxylation of taurine and yields sulfite and aminoacetaldehyde. 

Its mechanism has been studied in detail [89, 94], becoming a model system for 

the whole family. Two iron based intermediates were detected in the mechanistic 

study of the TauD reaction by stopped-flow absorption and freeze-quench 

Mössbauer spectroscopy. One of them is a highly reactive Fe(IV)-oxo complex, 

which has an absorption maximum at 318 nm and exhibits a large substrate 

deuterium kinetic isotope effect (2H-KIE) on its decay, indicating it is the species 

that abstracts the H atom from the primary substrate, resulting in substrate 
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hydroxylation in most cases. An intermediate with the identical spectroscopic 

features was trapped in the reaction catalyzed by a prolyl-4-hydroxylase, which 

hydroxylates proline residues, suggesting a conserved mechanism utilized by 

these enzymes for substrate hydroxylation [95]. 

To study the pre-steady state of PvcB-catalyzed reactions, we tried first to 

detect this high valent Fe(IV)-oxo intermediate in the PvcB reactions by stopped-

flow UV-visible spectroscopy. Reactions were carried out under single turnover 

conditions for better detection of short-lived intermediates. The Fe(IV)-oxo species 

was detected at 345 nm instead of 318 nm (maximal absorbance of the 

intermediate in the TauD reaction) to prevent the interference by product formation, 

which exhibited increased absorbance at 310 nm in the XnPvcB and PaPvcB 

reactions. The UV-vis spectra of both reactions monitored for 0.5 s revealed an 

absorbance increase at 345 nm, representing the formation of one intermediate 

during the reaction. The decay of this intermediate was observed as the 

subsequent absorbance decrease at this wavelength. However, the absorbance 

was not returned to the basal level, probably due to the accumulation of the 

products in the reactions.  

The PvcB reactions were also monitored at 520 nm to detect the decay and 

formation of the substrate-αKG-Fe(II)enzyme complex. The UV-vis spectrum 

showed a decrease followed by an increase in absorbance at this wavelength, 

indicating this complex was converted to other species, and after one catalytic 
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cycle, was formed again. In fact, this transformation was stimulated by addition of 

O2 into the active site. But within this investigation, all the reactions were conducted 

in fresh buffers (O2 rich); concentration of O2 in the reactions was not controlled. 

O2 plays an important role in initiating the enzymatic turnovers, and some turnovers 

of the Fe2+, α-KG dependent enzymes were observed in the absence of the 

primary substrate, resulting in self-hydroxylation and enzyme inactivation [96, 97]. 

Regarding this, PvcB reaction conditions could be further optimized by controlling 

the O2 concentrations, especially in transient-state kinetic studies. This may be 

fulfilled by creating an anaerobic environment first, and carrying out reactions in 

buffers saturated with O2. Effects of the O2 concentration on the intermediate and 

product formation in the PvcB reactions could be also explored in this way. 

The XnPvcB and PaPvcB reactions were proposed to generate different 

products through a common intermediate, hydroxylated tyrosine isonitrile. To 

demonstrate this mechanism, we attempted to capture and identify the 

intermediate in PvcB reactions by rapid-mixing chemical quench flow coupled with 

HPLC and mass spectrometry. HPLC analyses of the reactions quenched at 

different times revealed the formation and decay of one species in the PaPvcB 

reaction. This species had an absorption maximum at around 300 nm (not 280 nm 

or longer wavelength), and was assigned to the intermediate. The identity of this 

intermediate should be further confirmed by mass spectrometry. However, the 

same intermediate was not observed in the XnPvcB reaction. Whether the 
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hydroxylated intermediate is not accumulated in the reaction or the XnPvcB 

enzyme converts the substrate in a different way needs to be further examined.  

Other than tyrosine isonitrile, alternative isonitriles which are analogous to 

tyrosine isonitrile were synthesized and examined in the PaPvcB and XnPvcB 

reactions as the substrates. Organic syntheses of m-fluoro tyrosine isonitrile, 3,4-

dihydroxyl phenylalanine isonitrile, 4-nitro phenylalanine isonitrile and 3-nitro 

tyrosine isonitrile were all tried, but only the latter two were synthesized 

successfully. When the PvcB enzymes were incubated with 4-nitro phenylalanine 

isonitrile and 3-nitro tyrosine isonitrile separately in the presence of the co-

substrates, Fe2+ and O2, turnovers were only observed in the reaction with the 

latter compound. And the UV-vis spectra of the reactions with 3-nitro tyrosine were 

similar to those with tyrosine isonitrile, indicating 3-nitro tyrosine served as a 

substrate in the PvcB-catalyzed reactions, while 4-nitro phenylalanine could not. 

Comparing the structures of the unsuccessful substrate (4-nitro phenylalanine 

isonitrile) and the successful ones (3-nitro tyrosine isonitrile and tyrosine isonitrile) 

found the difference in a hydroxyl group on the benzene ring. It seemed the 

absence of this hydroxyl group in 4-nitro phenylalanine isonitrile resulted in the 

failure of transformation by PvcB. The importance of the hydroxyl group on the C4 

position of the benzene ring should be further determined by testing more analogs 

that contain hydroxy group at other positions or have no hydroxyl group in the PvcB 

reactions. 
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Attempt to synthesize the m-fluoro tyrosine isonitrile failed, but the successful 

conversion of m-fluoro tyrosine into the corresponding XnPvcB product in the 

XnPvcA-XnPvcB coupled reactions (described in Chapter 3) suggested this 

compound as the substrate for the XnPvcA protein and its isonitrile product as the 

substrate for the XnPvcB enzyme. It is also interesting to examine 3,4-dihydroxyl 

phenylalanine isonitrile in the PvcB reactions since the isonitrile metabolite 

paerucumarin (2-isocyano-6,7-dihydroxy coumarin) produced by P. aeruginosa 

contains this backbone. The PvcC protein encoded by the same operon in P. 

aeruginosa is proposed to catalyze the hydroxylation of the C3 position of the 

tyrosine ring [27, 40]. If 3,4-dihydroxyl phenylalanine isonitrile could serve as the 

substrate in the PaPvcB reaction, ring closure of the corresponding product will 

result in paerucumarin formation. This will provide an alternative route for the 

synthesis of paerucumarin.  

It is difficult to synthesize tyrosine isonitrile analogs due to the instability of 

these compounds when having an isonitrile group close to a carboxyl group. More 

time could be invested in looking for better methods for the synthesis of tyrosine 

isonitrile analogs. By synthesizing and examining various substrate analogs, we 

can gain a deeper understanding of the structure-related chemical mechanism of 

the PvcB reaction. In addition, we have a chance to find potential enzyme inhibitors, 

which will play important roles to modulate the biosynthesis of the isonitrile-

containing natural products in bacteria. 
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2.5 Material and Methods 

2.5.1 SDS-PAGE Analysis of PvcB Expression in E. coli 

Recombinant pvcB genes were expressed in E. coli as described earlier. To 

check protein expression in the cells, aliquots were removed from the growing 

culture (expressing PaPvcB, XnPvcB or EaPvcB) right before adding 1 mM IPTG 

and 16 hours after IPTG induction. Aliquots were incubated with 2 x SDS-PAGE 

loading buffer at 70 °C for 30 minutes with vortex for several times. After 

centrifugation at 21380 x g for 20 minutes, supernatants were loaded onto SDS-

PAGE for analysis. 

2.5.2 Rapid Quench Flow Analysis of the PvcB Reactions 

Rapid-mixing chemical quench experiments were conducted using a Kintek 

RQF-3 instrument under single turnover conditions. The first reactant syringe 

contained 800 μΜ tyrosine isonitrile and 400 μΜ α-ketoglutarate. The second 

reactant syringe contained 500 μΜ PaPvcB or XnPvcB, 500 μΜ (NH4)2Fe(SO4)2 

and 500 μΜ ascorbate. Solutions in both syringes were buffered with 50 mM 

HEPES pH 7.8, 150 mM NaCl. Equal volumes of solutions from two syringes were 

mixed in the chemical-quench apparatus thermostated at 25 °C, and the reactions 

were terminated at fixed times ranging from 2 to 500 ms by the addition of 1 M HCl. 

The pooled samples were lyophilized, resuspended in 50 μL of H2O and analyzed 

by HPLC to detect the presence of the intermediate and product. These samples 

were also prepared for MS analysis in order to identify the intermediate of the 
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PaPvcB and XnPvcB reaction.  

2.5.3 Stopped-Flow UV-visible Analysis of the PvcB Reactions 

Pre-steady-state kinetic studies of the PaPvcB and XnPvcB reactions were 

performed using a KinTek SF-2000 spectrophotometer equipped with a 2.6 cm 

path length observation cell and a photodiode for single wavelength absorbance 

detection. The instrument dead-time was determined to be 4 ms [98]. For each 

reaction 500 data points were collected within 500 ms; 6-10 traces were averaged 

to obtain time courses that were used for fitting. Single-turnover reactions were 

conducted by mixing 100 μM tyrosine isonitrile and 200 μM α-ketoglutarate in 50 

mM HEPES, pH 7.8, 150 mM NaCl with 100 μM XnPvcB, 100 μM (NH4)2Fe(SO4)2 

and 100 μM ascorbate in the same buffer. The time course of the reaction was 

monitored by absorbance measurements at 520 and 345 nm for detecting the 

species tyrosine isonitrile-αKG-Fe(II)PvcB and an Fe(IV)-oxo intermediate, 

respectively.  

2.5.4 Synthesis of 4-Nitro Phenylalanine Isonitrile 

4-Nitro phenylalanine methyl ester hydrochloride (1 mmol, 0.26 g) was 

combined with imidazole (2 mmol, 0.14 g) in 1 mL dimethylformamide (DMF). The 

reaction was stirred at 60 °C for 48 hours. DMF was removed from the reaction by 

partition into 5 mL ethyl acetate/5 mL 20% sodium chloride. The organic phase 

was washed with 5 mL brine 5 times in order to get rid of DMF, and then was dried 

by rotary evaporation. Yield: 55%; 1H-NMR (d6-DMSO) δ, ppm 8.15 (d, J=9.0, 2H), 
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7.97 (s, 1H), 7.50 (d, J=9.0, 2H), 4.66 (m, 1H), 3.64 (s, 3H), 3.21 (dd, J=15.0, 6.0, 

1H), 3.05 (dd, J=15.0, 9.0, 1H). 

4-Nitro formyl phenylalanine methyl ester (~0.5 mmol, 0.13 g) was dissolved 

in dry dichloromethane (5 mL). Burgess reagent ((methoxycarbonylsulfamoyl) 

triethylammonium hydroxide, inner salt) (0.5 mmol, 0.12 g) was added and the 

solution was stirred at 50 °C for 2 hours. The product was purified by column 

chromatography using 30 g silica gel equilibrated in CHCl3. After loading the 

sample, the column was washed with 100 mL CHCl3, then 100 mL CHCl3: MeOH 

(98:2). 4-Nitro formyl phenylalanine methyl ester eluted when the column was 

washed with 100 mL CHCl3: MeOH (97:3). Yield: 62%; 1H-NMR (CDCl3) δ, ppm 

8.24 (d, J=9.0, 2H), 7.47 (d, J=9.0, 2H), 4.55 (m, 1H), 3.84 (s, 3H), 3.40 (dd, J=13.5, 

5.0, 1H), 3.30 (dd, J=13.5, 7.5, 1H). 

4-Nitro isonitrile phenylalanine methyl ester obtained from the previous step 

(~0.3 mmol) was dissolved in tetrahydrofuran (1.5 mL) and to which 0.5 mL of 2.0 

M LiOH was added. The solution was stirred at room temperature for 16 hours to 

hydrolyze the methyl ester. THF was removed from the reaction by rotary 

evaporation and the remaining solution was lyophilized to dryness. Yield: 95%; 1H-

NMR (D2O) δ, ppm 8.13 (d, J=9.0, 2H), 7.44 (d, J=9.0, 2H), 3.26-3.14 (m, 2H); FT-

IR (KBr pellet): 2160 cm-1 (isonitrile group). 

2.5.5 Synthesis of 3-Nitro Tyrosine Isonitrile 

Synthesis of 3-nitro tyrosine isonitrile was similar to that of tyrosine isonitrile. 
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3-Nitro-L-tyrosine (1 mmol, 0.23 g) was dissolved in formic acid (5 mL) and acetic 

formic anhydride (4 mmol, 0.35 g) was added. The reaction vessel was capped 

with a drying tube and placed on ice for 2 hours and then incubated with stirring at 

room temperature overnight. 10 mL water was added to quench the reaction and 

the solution was concentrated to dryness under reduced pressure. The residue 

was dissolved in water and the product was collected by filtration. Yield: 81%; 1H-

NMR (d6-DMSO) δ, ppm 7.97 (s, 1H), 7.73 (s, 1H), 7.40 (d, J=9.0, 1H), 7.05 (d, 

J=9.0, 1H), 4.50 (m, 1H), 3.06 (dd, J=12.0, 6.0, 1H), 2.85 (dd, J=12.0, 9.0, 1H). 

3-Nitro formyl tyrosine (0.8 mmol, 0.21 g) was methylated with the reagent 

trimethylsilyldiazomethane (2 mmol of 2.0 M solution in diethyl ether) in dry 

dichloromethane (5 mL). MeOH (6 mmol) was added to the reaction and it was 

stirred at room temperature for 30 minutes. The solvents were removed by rotary 

evaporation. Yield: 78%. 

The residue (~0.5 mmol 3-nitro formyl tyrosine methyl ester) obtained from 

the previous step was dissolved in dry dichloromethane (5 mL) and Burgess 

reagent ((methoxycarbonylsulfamoyl) triethylammonium hydroxide, inner salt) (0.5 

mmol, 0.12 g) was added. The solution was heated to reflux for 2 hours. The 

product was purified by column chromatography using 30 g silica gel equilibrated 

in CHCl3. After loading the sample, the column was washed with 100 mL CHCl3, 

then 100 mL CHCl3: MeOH (98:2), followed by 100 mL CHCl3: MeOH (97:3), during 

which the product eluted. Solvents were removed by rotary evaporation. Yield: 
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58%; 1H-NMR (CDCl3) δ, ppm 8.02 (s, 1H), 7.52 (d, J=9.0, 1H), 7.18 (d, J=9.0, 

1H), 4.51 (m, 1H), 3.85 (s, 3H), 3.27 (dd, J=13.5, 4.5, 2H), 3.18 (dd, J=13.5, 7.5, 

2H). 

To hydrolyze the methyl ester, the material from the silica gel column (~0.3 

mmol) was dissolved in 1.5 mL THF. 0.5 mL of 2.0 M LiOH was added and the 

solution was stirred at room temperature for 16 hours. THF was evaporated under 

vacuum and the remaining solution was lyophilized to dryness. The residue was 

not further purified. Yield: 93%; 1H-NMR (D2O) δ, ppm 7.71 (s, 1H), 7.17 (d, J=6.0, 

1H), 6.66 (d, J=9.0, 1H), 4.32 (m, 1H), 3.00-2.85 (m, 2H); FT-IR (KBr pellet): 2158 

cm-1 (isonitrile group). 

2.5.6 PvcB Activity Assays with 4-Nitro Phenylalanine Isonitrile  

Synthesized 4-nitro phenylalanine isonitrile was examined in the reactions 

catalyzed by PaPvcB and XnPvcB. Enzymatic activity was measured 

spectrophotometrically under aerobic conditions at 25 °C. Assays were performed 

in 1 mL quartz cuvettes containing 200 µM 4-nitro phenylalanine isonitrile, 100 µM 

α-ketoglutarate, 10 µM (NH4)2Fe(SO4)2, 50 mM HEPES (pH 7.8), 150 mM NaCl, 

and PaPvcB or XnPvcB. The reactions were initiated by addition of enzyme and 

were monitored at 240-500 nm. Scans of the reaction mixtures were acquired 

every 0.5 minute for about 10 minutes at room temperature. Positive control 

reactions were conducted with tyrosine isonitrile, the confirmed substrate of the 

PvcB reactions, under the same condition. 
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2.5.7 PvcB Activity Assays with 3-Nitro Tyrosine Isonitrile  

PaPvcB and XnPvcB reactions with 3-nitro tyrosine isonitrile as the substrate 

were conducted in the same way as described in Section 2.3.6. Negative control 

reactions were performed with 3-nitro tyrosine, which is an analog of 3-nitro 

tyrosine isonitrile and is the starting material in the reactions to synthesize 3-nitro 

tyrosine isonitrile.  

2.5.8 HPLC Analyses 

HPLC was utilized to monitor every step in the synthesis of tyrosine isonitrile 

derivatives, as well as the intermediate and product formation in the PvcB 

reactions. For analysis, 10 µL samples were injected into a Shimadzu LC-10 Ai 

Series separations module equipped with a Shimadzu SPD-20A UV-vis detector 

and a 150 x 4.6 mm C18 reverse phase column (Sigma-Aldrich). The overall 

system was controlled using LC Solutions software. The UV detector was set at 

280 or 310 nm. Compounds were separated by using a gradient method in which 

a mobile phase of H2O supplemented with 0.1% formic acid (Solvent A) and MeOH 

(Solvent B) was used: t = 0 min, 5%B; t = 5 min, 5%B; t = 30 min, 30%B; t = 35 

min, 30%B; t = 45 min, 80%; t = 50 min, 80%B; t = 55 min, 5%B; t = 60 min, 5%B. 
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CHAPTER 3 

Characterization of the Reaction Catalyzed by PvcA, an Isonitrile 

Synthase 

 

3.1 Introduction 

Bacteria are characterized by their ability to produce and secret secondary 

metabolites [99, 100]. These structurally diverse molecules are often associated 

with extensive biological and pharmacological activities [101-103]. A group of 

natural products containing the isonitrile functionality are widely distributed in 

biological systems and interest in their biosynthesis and functions has grown in the 

past three decades [20, 38]. The big breakthrough on identifying the isonitrile 

biosynthetic gene (e.g. isnA or pvcA) in bacteria was achieved by Brady in 2005 

[36]. Early functional studies of the PvcA protein and identification of its homologs 

in a variety of organisms were discussed in Chapter 1. The pvcA containing 

clusters always encode another protein, designated IsnB or PvcB. The catalytic 

activities of the PvcB proteins from three bacterial pathogens were examined and 

presented in Chapter 2. 

Compared to the PvcB reactions, the ones catalyzed by the PvcA enzymes 

appear to be more mysterious and complicated. The crystal structure of the PvcB 

protein from Pseudomonas aeruginosa provides strong evidence that it belongs to 

a family of well-studied enzymes [40], while P. aeruginosa PvcA is a novel protein 



58 
 

that only exhibits weak homology to an uncharacterized yeast protein [104]. In 

addition, PvcB homologs catalyze oxidative reactions which are commonly studied 

in other areas, but PvcA carries out formation of the isonitrile functionality, probably 

in a single step by using an amino acid and a phosphorylated sugar as the 

substrates [37]. This kind of reaction has not been investigated before, let alone 

the mechanism underlying it, making it the most fascinating and interesting part of 

this study. 

Currently, the in vitro activities of IsnA, AmbI1 and WelI1, the isonitrile 

synthases derived from an environmental DNA sample, the pathway of Fischerella 

ambigua and the pathway of Westiella intricate respectively, have been reported  

[37, 105, 106] (Scheme 3.1). In all cases, tryptophan builds up the skeleton of the 

indole product and provides the N atom for the isonitrile group. C2 of ribose-5-

phosphate or ribulose-5-phosphate appears to be the source of the isonitrile 

carbon. The isonitrile synthase and oxidase reactions were always coupled in 

these studies because the instability of the intermediate generated by the synthase 

hindered its isolation and detection; in other words, the product of the isonitrile 

synthase reaction was only inferred but not directly demonstrated. 

Pathways for isonitrile-containing natural products in Pseudomonas 

aeruginosa and Xenorhabdus nematophila have also been proposed [24, 27] 

(Scheme 3.2). Instead of using tryptophan as the substrate, these PvcA homologs 

prefer tyrosine. The heterologous production of the final metabolites paerucumarin 
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and rhabduscin were confirmed in genetically transformed E. coli. However, the 

activity and function of each individual enzyme, as well as the structure of each 

intermediate in the pathways has not been demonstrated in vitro. In Chapter 2, we 

already determined the activities of the PvcB enzymes and validated the reactions 

they catalyze. So in this chapter, we will focus on determining the in vitro activity 

of the PvcA protein, and if possible, studying the mechanism of this kind of novel 

reaction. 
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Scheme 3.1 In vitro synthesis of indole isonitrile by (A) purified IsnA/IsnB; (B) purified AmbI1/AmbI3; 

and (C) E. coli lysates hosting WelI1 and WelI3, respectively. Cis or trans Indole isonitrile was 

derived from tryptophan and ribose-5P or ribulose-5P.  
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Scheme 3.2 Proposed biosynthesis of paerucumarin and rhabduscin in Pseudomonas aeruginosa 

and Xenorhabdus nematophila. Tyrosine and ribulose-5P are the putative substrates for the PvcA 

reactions in these pathways. 
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3.2 Results 

3.2.1 Heterologous Expression of PaPvcA and XnPvcA in E. coli 

Recombinant pvcA genes from P. aeruginosa, X. nematophila and E. 

amylovora were overexpressed in E. coli cells grown at 18 °C. Higher temperature 

resulted in the loss of soluble protein. Expression of PaPvcA and XnPvcA was 

checked by SDS-PAGE and the results are shown in Figure 3.1. The sizes of the 

proteins were estimated using ExPASy’s “Protparam” tool (PaPvcA: ~37 kDa, 

XnPvcA: ~38 kDa). Soluble EaPvcA was not obtained from the cells. pvcA from 

another species Aeromonas hydrophila was also subcloned into the appropriate 

vector for overexpression. Redundancy of the protein targets would allow the 

experiments to proceed when labile enzyme or low yield problem was found. 

Purification using metal ion affinity chromatography yielded proteins that 

were >95% pure, based on Coomassie-stained SDS-PAGE analysis. Samples 

supplemented with 10% (v/v) glycerol and stored at -80 °C were stable for several 

months.  
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Figure 3.1 Coomassie-stained SDS-PAGE analysis of the E. coli BL21(DE3) cell lysates harboring 

XnPvcA and PaPvcA. Lane 1 shows the PageRulerTM Plus Prestained protein ladder. Lane 2 and 

3 are IPTG uninduced and induced cell lysates hosting XnPvcA, respectively. Lane 4 and 5 are 

IPTG uninduced and induced cell lysates hosting PaPvcA, respectively. 
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3.2.2 Reconstitution of the PvcA Reactions in Vitro 

Purified PvcA enzymes (XnPvcA, PaPvcA and AhPvcA) were incubated with 

the putative substrates tyrosine and ribose-5-phosphate/ribulose-5-phosphate. 

However, monitoring the reactions by UV-vis spectroscopy did not reveal any 

absorbance change in a range of 200-500 nm. In addition, substrate consumption 

or product formation was not observed in HPLC analyses of the reaction mixtures 

at different times.  

Tyrosine isonitrile, the predicted product of the PvcA reaction, is relatively 

unstable and is not spectroscopically distinct from tyrosine, one of the expected 

substrates. Therefore, the PvcB reaction was coupled to the PvcA reaction. The 

XnPvcB reaction, which uses tyrosine isonitrile as the substrate and generates a 

stable and well characterized product [107], was used in these studies. However, 

the PvcB product isocyanovinylphenol was not made in the coupled reactions with 

purified enzymes, indicating the PvcA reaction failed to generate tyrosine isonitrile. 

Next, experiments were carried out to look for possible cofactor and co-

substrate requirements. Some common cofactors, including various metal ions 

(Mn2+, Mg2+, Ca2+, K+, Zn2+), thiamine pyrophosphate, pyridoxal phosphate, three 

forms of tetrahydrofolate (N5-formyl-THF, N5, N10-methenyl-THF, N10-formyl-THF) 

and ATP were examined in the PvcA-XnPvcB coupled reactions with the proposed 

substrates tyrosine and ribose-5-phosphate/ribulose-5-phosphate. S-adenosyl 

methionine, the co-substrate involved in methyl group transfers, was also tried. 

https://en.wikipedia.org/wiki/S-Adenosyl_methionine
https://en.wikipedia.org/wiki/S-Adenosyl_methionine
https://en.wikipedia.org/wiki/Methyl_group
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However, no activity was observed in any of the reactions after inclusion of these 

molecules. 

The purified PvcA protein was also replaced in the coupled reactions with the 

lysate from cells overexpressing the PvcA protein, in case the enzyme lost its 

activity during purification. But similarly, the reactions conducted with tyrosine and 

ribose-5-phosphate/ribulose-5-phosphate were not able to make the product.  

3.2.3 Reconstitution of the Isocyanovinylphenol Biosynthetic Pathway in E. 

coli 

The initial attempt to detect the activity of the PvcA protein by incubating the 

enzyme with the putative substrates tyrosine and ribose-5-phosphate/ribulose-5-

phosphate in vitro failed, prompting us to try to confirm its activity in vivo. The 

metabolite generated by the PvcA reaction was not stable, thus the PvcB reaction 

was used to convert it to a stable compound. 

The activities of three PvcB homologs were described in Chapter 2. The 

XnPvcB reaction generates the most stable and well characterized product, 

isocyanovinylphenol. Therefore, study of the PvcA activity in the pathway of 

synthesizing isocyanovinylphenol is preferred. In order to reconstitute this 

biosynthetic pathway in vivo, we constructed a system where the PvcA and 

XnPvcB proteins could be co-expressed. This system not only allowed us to obtain 

large quantities of the isonitrile product isocyanovinylphenol, but also enabled us 

to perform feeding and labeling experiments to study this pathway in more detail. 
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The dual expression vector AhpvcA-XnpvcB/pETDuet-1 we constructed was 

transformed into E. coli BL21(DE3) cells for expression at 18 °C. Co-expression of 

AhPvcA and XnPvcB was observed and the expression levels of the two proteins 

were comparable (Figure 3.2). Expression of two genes from one duet vector was 

more reproducible and stable than that of two genes from two different vectors co-

transformed into the cells. Consistent with the SDS-PAGE result, HPLC analysis 

showed that the metabolite isocyanovinylphenol was isolated from the culture 

medium successfully (Figure 3.3), further demonstrating the co-expression of the 

two proteins in the cells. By contrast, the culture expressing no protein, or only 

AhPvcA, or only XnPvcB was not able to make the product.  
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Figure 3.2 Coomassie-stained SDS-PAGE analysis of the E. coli BL21(DE3) cell lysates harboring 

AhPvcA and XnPvcB. Lane 1 shows the PINK stain TM protein ladder; Lane 2-5 show the lysates 

from cells hosting: no plasmid (Lane 2); AhpvcA/pETDuet-1 (Lane 3); XnpvcB/pACYCDuet-1 (Lane 

4) and AhpvcA-XnpvcB /pETDuet-1 (Lane 5). The sizes of the AhPvcA and XnPvcB are 37 kDa 

and 35 kDa, respectively, based on the ExPASy’s “Protparam” estimation. 
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Figure 3.3 HPLC analyses of the metabolites produced from different cultures. The chromatograph 

with a UV detector showing that the metabolite isocyanovinylphenol was produced in the culture 

expressing both AhPvcA and XnPvcB proteins (orange), but not made by the cells that expressed 

no protein (blue) or only AhPvcA (red) or only XnPvcB (green). The isonitrile group is easily 

hydrated in the acidic condition so the formyl product is also present. 
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3.2.4 Identification of the Product of the PvcA Reaction 

Although the in vitro PvcA reaction was not reconstituted successfully, 

expressing recombinant PvcA protein in E. coli cells allowed us to detect the 

product in both the cell lysate and the culture medium. The detection was facilitated 

by the XnPvcB reaction. Incubation of the XnPvcB enzyme with either the cell 

lysate or the culture medium from the culture overexpressing XnPvcA resulted in 

isocyanovinylphenol production, indicating the XnPvcA product was located in both 

parts. Presence of the PvcA product in the culture medium suggested secretion of 

this metabolite occurred after it was formed inside the cells. 

In order to isolate and identify the product, the cell lysate or the culture medium 

was fractionated. Dialysis of the cell lysate in 6,000-8,000 MWCO tubing (Fisher) 

found that the product passed through the membrane into the dialysate, indicating 

the XnPvcA product was a relatively small molecule. Size-exclusion 

chromatography allowed us to further separate the compounds by their sizes. 

Separated molecules were examined by the XnPvcB reaction and the fractions 

which supported the XnPvcB reaction were dried and analyzed by 1H-NMR 

spectroscopy. 1H-NMR spectrum of one of such fractions (Fraction 19) is shown in 

Figure 3.4 A. It is compared to the spectrum of authentic tyrosine isonitrile (Figure 

3.4 B) we synthesized. All the proton peaks shown in the tyrosine isonitrile 

spectrum are present in the fraction 19 spectrum, strongly suggesting tyrosine 

isonitrile is one component of fraction 19. Incubation of this NMR sample with the 
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XnPvcB enzyme and the co-substrates did not affect the peaks around 7.2-7.3 

ppm and 3.8 ppm, but the peaks centered at 6.8 ppm and 7.1 ppm were converted 

to the new peaks which corresponded to the XnPvcB product isocyanovinylphenol 

(Figure 3.5) [107]. Thus, we concluded that tyrosine isonitrile was the true product 

of the XnPvcA reaction. Considering the weak stability of tyrosine isonitrile, we did 

not further purify the fraction. 
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Figure 3.4 1H-NMR spectrum of (A) Fraction 19 collected from the size-exclusion column, and (B) 

authentic tyrosine isonitrile. Samples were prepared in D2O. Protons and the corresponding peaks 

in tyrosine isonitrile are assigned in (B) and similar peaks in (A) are indicated by arrows.  
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Figure 3.5 1H-NMR spectrum of the XnPvcB reaction with (A) fraction 19 and with (B) tyrosine 

isonitrile. Reaction products were extracted by ethyl acetate and the dried extracts were dissolved 

in 600 μL methanol-d4 for 1H-NMR analysis. Protons in the product structure and the corresponding 

peaks are assigned as a, b, c and d in (B), and similar peaks in (A) are indicated by arrows. 
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3.2.5 Identification of Tyrosine as One of the Substrates for the PvcA 

Reaction 

The failure to reconstitute the PvcA activity in vitro led us to re-examine the 

substrates used. To determine whether tyrosine was the right substrate, feeding 

studies were carried out using AhpvcA/XnpvcB, the biosynthetic pathway for 

isocyanovinylphenol, expressed in E. coli. The cells containing the plasmid 

AhpvcA-XnpvcB/pETDuet-1 were grown in LB supplemented with 3,5-ring-D2 

tyrosine. Metabolites isolated from the cultures grown for different lengths of time 

were analyzed by mass spectrometry. The positive ion mass spectrum showed 

peaks with m/z values of 146.06 and 148.07, corresponding to the normal product 

and the labeled product, respectively (Figure 3.6 A). The ratio of the peak intensity 

148.07/146.06 in each sample was plotted as a function of the feeding time (Figure 

3.6 B). The plot suggested 3,5-ring-D2 tyrosine was incorporated into the product 

over time and the incorporation was very rapid, with no lag observed following 

addition of labeled tyrosine. 

Similar experiments utilizing m-fluoro tyrosine, an analog of tyrosine were 

conducted. Metabolites were isolated from the culture medium and analyzed by 

HPLC. In the HPLC chromatogram, the normal product and the m-fluoro product 

eluted at 35.5 min and 36.5 min, respectively (Figure 3.7), allowing us to observe 

the production of the m-fluoro product over time.  

The ability of the PvcA/PvcB enzymes to make the product by using 
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isotopically labeled tyrosine and a tyrosine analog help us to confirm that tyrosine 

is one of the substrates for the PvcA protein. 
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Figure 3.6 Incorporation of 3,5-ring-D2 tyrosine into isocyanovinylphenol in the growing culture that 

expressed AhPvcA and XnPvcB. (A) Mass spectrum of the products isolated from the culture 

medium at different times after addition of 3,5-ring-D2 tyrosine. (B) Plot of the peak intensity ratio 

of 148.07/146.06 obtained from mass spectrum.  
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Figure 3.7 HPLC chromatogram of the metabolites isolated from the culture medium before adding 

m-fluoro-tyrosine (blue); 1 hour after adding m-fluoro-tyrosine (red) and 16 hours after adding m-

fluoro-tyrosine (green). 
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3.2.6 Seeking the Substrate Providing the Carbon for the Isonitrile Group 

We have confirmed tyrosine to be one of the substrates for the PvcA protein 

in Section 3.2.5. Next, we tried to identify the source of the isonitrile carbon.  

3.2.6.1 Tracking of the Isonitrile Carbon in E. coli Expressing AhPvcA-

XnPvcB  

Labeling experiments were carried out in E. coli that expressed both AhPvcA 

and XnPvcB proteins. The cell cultures were grown in LB supplemented with 13C 

labeled glucose. The metabolite isocyanovinylphenol was isolated from the culture 

medium and examined by 13C-NMR spectroscopy. Considering the low natural 

abundance of 13C compared to 12C, 13C-NMR spectroscopy is very sensitive to 

detect the presence of the 13C atom in a molecule. 13C-NMR spectrum of 

isocyanovinylphenol obtained from the culture fed with D-[UL-13C6] glucose 

showed that the 13C was incorporated into the isonitrile carbon, which was 

centered at 163.9 ppm. Based on this result, we next examined glucoses with 

single-13C label at different positions. 13C-NMR results revealed 

isocyanovinylphenol isolated from cultures supplemented with D-[2-13C] and D-[3-

13C] glucoses contained the labeled isonitrile group. Other mono-13C glucoses did 

not label the product within a certain period of time (Figure 3.8). 

To determine the time course of the 13C incorporation, the metabolites were 

extracted from the cultures which were incubated with D-[2-13C] and D-[3-13C] 

glucoses for 0 minute, 10 minutes, 20 minutes, 40 minutes and 2 hours after 
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glucose addition, and were analyzed by mass spectrometry. Peaks at 146.06 and 

147.06, the m/z values for the normal product and mono-13C labeled product, 

respectively, were present in the positive ion mass spectrum. The ratio of the peak 

intensity 147.06/146.06 in each sample was plotted as a function of the feeding 

time (Figure 3.9). The plot showed rapid incorporation of 13C into the product in the 

culture supplemented with D-[2-13C] glucose. A little slower incorporation was 

found in the culture incubated with D-[3-13C] glucose. 
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Figure 3.8 13C-NMR spectrum of the metabolite isocyanovinylphenol isolated from the culture fed 

with D-[1-13C], D-[2-13C], D-[3-13C], D-[4-13C], D-[5-13C], D-[6-13C] and D-[UL-13C6] glucoses (top to 

bottom). Isonitrile carbon is indicated by arrow.  
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Figure 3.9 Incorporation of the 13C atom into isocyanovinylphenol isolated from the cultures fed 

with D-[2-13C] (red dots) and D-[3-13C] (green dots) glucoses, respectively. Ratio of the intensity of 

147.06 to 146.06 shown in the mass spectrum is plotted against the feeding time. 
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3.2.6.2 Searching for the Substrate in a Phosphorylated Metabolite Library 

and the Major Metabolic Pathways 

Ribose-5-phosphate and ribulose-5-phosphate are the substrates expected to 

be the precursor of the isonitrile carbon in the PvcA reaction, and thus were 

examined first. However, neither of these carbohydrates supported the PvcA 

reaction (Section 3.2.2). Next, we tried to search broadly for the compound that 

provides the isonitrile carbon.  

We rapidly screened a phosphorylated metabolite library (kindly donated by 

Dr. Karen Allen) containing 167 phosphorylated compounds either from 

commercial source or synthesized, by incubating these compounds individually 

with tyrosine, α-ketoglutarate, Fe2+ and purified PaPvcA and PaPvcB enzymes. 

The PaPvcB reaction was characterized by generating a product with maximal UV 

absorption at 430 nm [107], thus the reaction mixture turned bright yellow in 

several minutes. However, no color change was observed in the PaPvcA-PaPvcB 

coupled reactions with the compounds from the library.     

In addition, we searched for the substrate in the central carbon metabolic 

pathways. Most of the metabolites involved in glycolysis, the pentose phosphate 

pathway and glycerol metabolism were checked in the PvcA and XnPvcB coupled 

reactions one by one, or more often, prepared as cocktails and checked together. 

However, no activity was detected from the reactions when the enzymes were 

incubated with tyrosine and these metabolites, indicating none of these 
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compounds were reacting with tyrosine in the presence of the PvcA enzyme.  

3.2.6.3 Looking for the Substrate in the Metabolite Pool of E. coli 

The failure to find the substrate in the phosphate ester library and the central 

carbon metabolic pathways prompted us to search in a broader background – the 

metabolite pool of the growing cells. Metabolites were extracted from E. coli cells 

during the growth phase with organic solvents and were examined in the PvcA-

XnPvcB coupled reactions, but there was no product formation. Interestingly, when 

the PvcA enzyme along with its confirmed substrate tyrosine was added to the 

lysate from cells that expressed the XnPvcB protein, isocyanovinylphenol was 

produced. Control reaction lacking the PvcA enzyme was not able to make such 

product (Figure 3.10), indicating the PvcA protein acted on the unknown substrate 

from the lysate and yielded the product tyrosine isonitrile, which was then 

converted by XnPvcB to isocyanovinylphenol.  

This activity was first detected in the E. coli cell lysate hosting XnPvcB. To 

eliminate the possibility that the unknown substrate was only induced in the cells 

that expressed the Pvc proteins, normal cell lysate and lysates hosting other 

recombinant proteins, including 6-phosphogluconate dehydratase (PGDH), 

anthranilate-coenzyme A ligase (PqsA) and acyl carrier protein 2 (ACP2) were 

examined. XnPvcA and XnPvcB enzymes were added to different cell lysates and 

the product was formed in all cases. HPLC analyses of the reaction extracts 

showed that there was little product made in the normal BL21(DE3) cell lysate 
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while cell lysate containing the plasmid ACP2/pET14b generated the largest 

amount of the product (Figure 3.11). The presence of the unknown substrate in 

various cell lysates indicated it might be a common metabolite or intermediate in 

the E. coli metabolism.  
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Figure 3.10 HPLC chromatogram of the product extracted from the reaction containing only the E. 

coli cell lysate that hosted XnPvcB (blue trace); the cell lysate + XnPvcA enzyme (red trace); and 

the cell lysate + authentic tyrosine isonitrile (green trace). 

Lysate alone 

Lysate + XnPvcA 

Lysate + tyr-NC 
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Figure 3.11 Activities of the lysates from E. coli cells expressing no plasmid (blue), empty pET15b 

vector (red), XnPvcB (gray), PGDH (yellow), PqsA (pink) and ACP2 (green) in the XnPvcA-XnPvcB 

coupled reactions. Y-axis shows the relative absorption of the product at 310 nm and is used to 

represent the relative amount of the product. 

 

 

 

 

 

 

 

R
e
la

ti
v
e
 a

m
o
u
n
t 
o
f 
is

o
c
y
a
n
o
v
in

y
lp

h
e
n
o
l

E. coli with plasmids 

no plasmid pET15b XnPvcB/pET15b PGDH/pET20b pqsA/pET14b ACP2/pET14b



87 
 

The potential substrate from the cell lysate was used by the PvcA enzyme in 

the reaction, thus the amount of this metabolite would decrease to some extent 

after the reaction and this change might be detected by mass spectrometry. To 

prepare the samples for MS analysis, the lysate from E. coli cells overexpressing 

XnPvcB was divided by two. Half of the lysate was incubated with the XnPvcA 

enzyme for 3 hours at room temperature and the other half remained untreated. 

Macromolecules were then roughly removed from both samples and the remaining 

solutions were dried. Dried samples were sent to the West Coast Metabolomics 

Center (University of California, Davis) for analysis.  

The mass peak intensities of various metabolites in two samples were 

compared. Some metabolites showed more than 50% decrease in regarding to 

their relative amounts after the PvcA treatment and these metabolites are listed in 

Table 3.1. Tyrosine is one of such compounds with its amount decreasing by 57.94% 

in the PvcA reaction, consistent with the fact that it is one of the substrates of the 

PvcA enzyme. Other than tyrosine, glucose, xylose, ribose-5-phosphate and 

ribose all exhibited huge differences in concentrations before and after the PvcA 

treatment. Xylose and ribose, in particular, were present in large quantities in the 

untreated lysate sample, so a 70% decrease after the treatment seemed to be 

significant. Ribose-5-phosphate is the initially proposed substrate; the other three 

sugars are close to ribose-5-P in the metabolism and could serve as the precursor 

of it. Based on the MS results, the effects of glucose, xylose, ribose-5-phosphate 

http://cn.bing.com/dict/search?q=in&FORM=BDVSP6&mkt=zh-cn
http://cn.bing.com/dict/search?q=particular&FORM=BDVSP6&mkt=zh-cn
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and ribose on the lysate + XnPvcA reaction were determined by adding them to 

the reaction. However, product formation in the reaction was not induced by any 

of these sugars evidently, indicating none of the compounds was the direct 

substrate for the PvcA reaction. Three other compounds O-succinylhomoserine, 2-

deoxytetronic acid and fumaric acid are also in the list. Considering the substrate 

structure-related-mechanism of the isonitrile group formation (discussed in Section 

3.3), effects of these metabolites on the product formation in the XnPvcA reaction 

were not determined at this time. Many other mass peaks exhibit decreasing 

patterns in the PvcA reaction but they were not able to be assigned to the verified 

metabolites. 
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Table 3.1 Effect of the PvcA reaction on metabolite concentrations in the cell lysate 

                   

Lysate no XnPvcA Lysate + XnPvcA Decrease after PvcA 

treatment (%) 

Glucose 2864 530 81.49 

Xylose 11099 2737 75.34 

Ribose-5-phosphate 1569 424 72.98 

Ribose 60680 18043 70.27 

O-Succinylhomoserine 3490 1289 63.07 

2-Deoxytetronic acid 1025 391 61.85 

Tyrosine 251007 105583 57.94 

Fumaric acid 113483 50771 55.26 
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The lysate from E. coli cells hosting XnPvcB was fractionated in order to 

isolate and identify the PvcA substrate. After normal centrifugation, the substrate 

was located in the supernatant (cell free extract) instead of the pellet (cell debris). 

The cell free extract was then centrifuged in an Amicon Ultra centrifugal filter (9K 

MWCO) and the solution retained above the membrane, not the portion passing 

through the membrane showed activity in the XnPvcA-XnPvcB coupled reactions. 

The active fraction (solution above the membrane) was then dialyzed in 6,000-

8,000 MWCO tubing to further remove the small molecules. After overnight dialysis, 

the fraction lost most of the activity in the XnPvcA-XnPvcB coupled reactions. In 

addition, purification of the cell free extract by size-exclusion chromatography 

revealed that at least two fractions, one eluting with macromolecules and one 

eluting with small molecules, must be combined to support the PvcA reaction 

(Figure 3.12). These results were combined to suggest that a macromolecule and 

a small compound were both crucial to PvcA activity.  
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Figure 3.12 Fractionation of the E. coli cell lysate by size-exclusion chromatography. (A) A280 of the 

fractions collected from the size-exclusion column. (B) HPLC analyses of the product formation in 

the XnPvcA-XnPvcB coupled reactions with different combinations of the fractions.  
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To further characterize the macromolecule, spin concentrators with different 

molecular weight cut-offs (9K, 20K, 50K and 100K) were used to fractionate the 

cell free extract. After centrifugation, the top solution (molecules retained above 

the membrane) and the bottom solution (molecules passing through the membrane) 

from each column were checked in the XnPvcA-XnPvcB coupled reactions. The 

results showed that the top solutions from all the spin columns exhibited activities 

in the coupled reactions, but only the bottom solution from the 100K spin 

concentrator supported the XnPvcA reaction. Cation and anion exchange 

chromatography were utilized to further purify the macromolecule. However, the 

macromolecule seemed to be lost or inactivated during fractionation on the ion 

exchange columns. 30% and 70% ammonium sulfate precipitations of the proteins 

in the cell free extract revealed the presence of the active macromolecule in the 

70% pellet. Combining these results, we concluded that the macromolecule 

essential to PvcA activity might be an enzyme present in the E. coli metabolism 

and it had a size larger than 50 kDa. 

To further isolate the small compound, size-exclusion chromatography 

followed by anion exchange chromatography were performed to fractionate the 

bottom solution (small molecules passing through the 9K MWCO membrane) from 

the spin concentrator. Purification of the small molecules, which were isolated from 

the size-exclusion column, by anion exchange chromatography showed that the 

target compound was capable of binding to the column, indicating it was negatively 
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charged. 31P-NMR analysis of the active fraction revealed at least one molecule 

with a phosphate group was present. Further treatment of this active fraction with 

alkaline phosphatase resulted in loss of its activity in the PvcA reaction, suggesting 

the important role of a phosphoryl group in the reaction. This result was consistent 

with the early prediction of the PvcA substrate to be a phosphorylated carbohydrate.  
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3.3 Conclusion and Discussion 

Many isonitrile-containing natural products are produced by bacteria as 

secondary metabolites and most of them are derived from amino acids. A lot of 

these compounds have been identified to show antibacterial [108, 109] and 

antimalarial activities [59, 110], determining their promising importance in 

therapeutic applications. In order to gain a deeper understanding of and have 

easier access to these bioactive metabolites, it is important to unravel the 

knowledge underlying their biosynthesis. The gene clusters responsible for the 

isonitrile biosynthesis always encode an isonitrile synthase (IsnA or PvcA) and an 

oxygenase (IsnB or PvcB). PvcA converts the amino group into the isonitrile 

functionality and PvcB carries out a pathway-specific two-electron oxidative 

reaction on the isonitrile product.  

The in vitro activities of the PvcB homologs from Pseudomonas aeruginosa, 

Xenorhabdus nematophila, and Erwinia amylovora have been determined and the 

product formed in each reaction has been identified previously (Chapter 2) [107]. 

The X. nematophila PvcB enzyme catalyzes an oxidative decarboxylation reaction 

on tyrosine isonitrile, while the PvcB reactions in P. aeruginosa and E. amylovora 

retain the carboxyl group, demonstrating the diverse catalytic activities and 

mechanisms of the PvcB homologs. Although additional enzymes are encoded by 

the synthetic operons to further modify the isonitrile products to make them mature 

and bioactive, the PvcB reaction is undoubtedly a source of diversity in isonitrile-
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containing metabolites.  

PvcA performs upstream of the PvcB reaction, and catalyzes the formation of 

the isonitrile functionality. The PvcA enzymes from the above three pathways have 

not been characterized in vitro. But studies of the PvcA homologs in other 

pathways are known. The first identified isonitrile synthase IsnA, was derived from 

environmental DNA, and was responsible for making an indole isonitrile [36]. 

Labeling and feeding studies performed in E. coli followed by in vitro reconstitution 

assays suggested tryptophan and ribulose-5-phosphate as the precursors of the 

isonitrile product [37]. Recently, the activities of two other isonitrile synthases, 

AmbI1 and WelI1, which are found in the cyanobacteria Fischerella ambigua and 

Westiella intricate respectively, were demonstrated in vitro [105, 106]. They shared 

a common mechanism with IsnA by using tryptophan and ribose-5-phosphate or 

ribulose-5-phosate as the substrates and yielding an isonitrile-containing 

intermediate. This intermediate was described as unstable in all cases and was 

converted by the oxygenses (IsnB, AmbI3 and WelI3) to the stable indole isonitrile 

products. Thus, the product of the isonitrile synthase reaction was only predicted 

instead of demonstrated. Therefore, identifying the product of the PvcA reaction 

became one of the objectives of this investigation. 

By overexpressing the XnPvcA protein in E. coli, we were able to detect the 

unstable metabolite in both the cell lysate and the culture medium by the XnPvcB 

reaction. Fractionation of the culture medium by size-exclusion chromatography 
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allowed us to isolate the product and further characterize it by 1H-NMR 

spectroscopy. The identical properties of this metabolite and the authentic tyrosine 

isonitrile exhibited in both 1H-NMR spectra and the XnPvcB reactions 

demonstrated that the unstable product was tyrosine isonitrile, which was the 

confirmed substrate in the PvcB reaction. 

Next, we tried to reconstitute the in vitro activities of the PvcA enzymes from 

the biosynthetic pathways of P. aeruginosa and X. nematophila, where 

paerucumarin and rhabduscin are produced, respectively. Paerucumarin and 

rhabduscin both contain a tyrosine backbone. The structures of these two 

metabolites, as well as the studies of the indole isonitrile biosynthesis in the 

PvcA/B homologous pathways led to the proposal that tyrosine and ribulose-5-P 

were the substrates of PaPvcA and XnPvcA. Incubation of these two compounds 

with the purified PvcA proteins (PvcA from Pseudomonas aeruginosa, 

Xenorhabdus nematophila and Aeromonas hydrophila), however, did not support 

the product formation. The failure of the in vitro reconstitution assays might result 

from the cofactor or co-substrate missing, the inactive enzymes obtained after 

purification, or the incorrect substrate(s) used. 

To determine whether an important cofactor or co-substrate was required for 

the PvcA reaction, some cofactors and potential co-substrates were added to the 

reactions conducted with the putative substrates tyrosine and ribose-5-P/ribulose-

5-P. Metal ions are important modulators of the biological response and are 
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required by various of enzymes for activity in the key cellular processes [111, 112]. 

Thus, the effects of the most common monovalent ions K+ and Na+, and the 

divalent metal ions Mg2+, Mn2+, Ca2+, Fe2+ and Zn2+ on the PvcA reaction were 

explored. However, none of the ions stimulated the activity of the PvcA enzyme. 

Since the N and C atoms of the isonitrile group are derived from two different 

compounds, N-C bond formation and C-C bond cleavage must take place in 

isonitrile synthesis. Regarding this, tetrahydrofolate, a cofactor widely used in the 

metabolism of amino acids and nucleic acids by acting as a donor of a group with 

one carbon atom [113], was included in the PvcA reaction. Thiamine 

pyrophosphate (TPP) and pyridoxal phosphate (PLP), two effective cofactors 

involved in C-C-cleavage and synthesis [114, 115], were also tried. However, the 

product was not made successfully. In addition, the process to make the isonitrile 

group may involve energy-requiring steps. Thus, adenosine triphosphate (ATP) 

was added to the PvcA reaction, but also failed to support the activity. Finally, the 

molecule S-adenosyl methionine (SAM), which is a common co-substrate involved 

in methyl group transfers, transsulfuration, and aminopropylation [116], was 

examined in the PvcA reaction but was definitely not the right key. Although effects 

of a lot more cofactors remained undetermined so conclusions could not be drawn 

at this time, we went on to examine the other possibilities accounting for the 

inactive PvcA reaction. 

Other than cofactors or coenzymes, the activity of PvcA could be affected by 

https://en.wikipedia.org/wiki/Amino_acid
https://en.wikipedia.org/wiki/Nucleic_acid
https://en.wikipedia.org/wiki/Methyl_group
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many factors including temperature, buffer system, and natural stability. For 

instance, Tris buffer caused precipitations of all PvcA enzymes in our hands. The 

functions of the PvcA proteins might also get lost during purification even in the 

appropriate buffer. To ensure that active and functional PvcA enzymes were 

utilized in the reactions, the lysate from E. coli cells overexpressing the PvcA 

protein was tried as the enzyme source. Any cofactor or co-substrate required for 

PvcA activity would also be present in the lysate. However, incubation of the 

putative substrates with the lysate hosting the PvcA protein failed to generate the 

product, either.  

The failure to reconstitute the PvcA activity by incubating multiple PvcA 

enzymes, either purified or in the crude lysates, with tyrosine and ribose-5-

P/ribulose-5-P in the presence of various common cofactors led us to conclude 

that the substrate(s) proposed for the reaction was (were) incorrect. Therefore, we 

went back to re-examine the conditions in the reactions of IsnA, AmbI1 and WelI1, 

which used tryptophan and ribulose-5-P as the substrates. In contrast to the robust 

isonitrile metabolite production by the cells that heterologously expressed 

IsnA/IsnB, substrates (tryptophan/ribulose-5-P)-directed synthesis of indole 

isonitrile by the purified IsnA/IsnB enzymes yielded small quantities of product after 

the reaction was incubated at 30 °C for 5 hours or longer. The yields of the products 

in the AmbI1/AmbI3 and WelI1/WelI3 reactions were not specified, but product 

isolation was also conducted from the long time reactions. We did not know the 
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catalytic efficiency of the oxygenases in those pathways, but the homologous PvcB 

enzymes we characterized exhibited relatively rapid turnovers, raising a question 

herein: whether the activities of the isonitrile synthases were very weak or better 

substrates might exist. Regarding this, we went on to investigate whether the 

correct substrates were used in our PvcA reactions. 

The reconstitution of the isocyanovinylphenol pathway in vivo by co-

expressing AhPvcA and XnPvcB in E. coli allowed us to perform feeding and 

labeling studies to track the origin of the product skeleton, as well as the source of 

the isonitrile carbon. Growing the cells in LB medium supplemented with 3,5-ring-

D2 tyrosine for different times showed that the product with a labeled backbone 

was produced very rapidly upon 3,5-ring-D2 tyrosine addition, indicating the added 

tyrosine was used directly by the AhPvcA enzyme in the cells, instead of converting 

to another compound first. Similarly, the cultures grown in medium fed with m-

fluoro tyrosine generated the product with a m-fluoro benzene ring, suggesting 

other than tyrosine, some tyrosine analogs could serve as the substrates for the 

PvcA/PvcB enzymes. This phenomenon was also observed in the study of the 

isonitrile biosynthetic enzymes from the hapalindole-type alkaloid pathway [117]. 

The WelI1/WelI3 proteins had the ability to convert 7 different tryptophan 

derivatives into the indole isonitrile product. In other words, both the isonitrile 

synthase and the oxygenase display substrate promiscuity, which will allow 

biosynthetic and functional studies of more isonitrile metabolites with different 
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modifications in the future. Incorporation of the tyrosine backbone into the isonitrile 

product indicated tyrosine is one of the substrates of the PvcA enzyme. In order to 

further demonstrate that the isonitrile N is derived from the amino group of tyrosine, 

15N-tyrosine can be utilized in the future studies. 

After confirming tyrosine to be one of the substrates, we suspected the other 

substrate (ribose-5-P/ribulose-5-P) which provides the isonitrile carbon was 

incorrect. In order to get more information about this substrate, labeling studies 

were performed to track the isonitrile carbon. E. coli cells co-expressing the 

AhPvcA and XnPvcB proteins were grown in LB medium supplemented with 

glucoses with mono-13C label at different positions (D-[1-13C], D-[2-13C], D-[3-13C], 

D-[4-13C], D-[5-13C] and D-[6-13C] glucoses). Isocyanovinylphenol with the 13C 

isonitrile group was only produced from the cultures incubated with D-[2-13C] and 

D-[3-13C] glucoses for 5 hours, based on the 13C-NMR results. MS analyses of the 

products isolated from the cultures grown for different times revealed the 13C from 

either D-[2-13C] or D-[3-13C] glucose was incorporated into the product over time, 

and the incorporation occurred more rapidly in the culture supplemented with [2-

13C] glucose. The ability of both glucoses to label the isonitrile group indicated the 

source of the isonitrile carbon could be metabolized from both C2 and C3 of 

glucose; the rapid incorporation suggested the isonitrile carbon precursor was not 

far away from glucose in the metabolism.  
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Glucose, the important energy used by organisms, is metabolized via different 

pathways. Upton catabolism to pyruvate through glycolysis, glucose C1 and C6; 

C2 and C5; and C3 and C4 are scrambled when 3-carbon metabolites are 

produced. However, in our labeling studies, the isonitrile products isolated from the 

cultures supplemented with D-[4-13C] and D-[5-13C] glucoses did not have a 

labeled isonitrile group, in contrast to those produced in the cultures with D-[3-13C] 

and D-[2-13C] glucoses, suggesting the isonitrile carbon comes from a metabolite 

before the glucose is converted to 3-carbon compounds. Glucose is also 

metabolized through the pentose phosphate pathway (PPP), which is parallel to 

glycolysis and generates 5-carbon sugars including ribose-5-phosphate, a 

precursor for the synthesis of nucleotides. The reactions taking place in the 

oxidative phase and nonoxidative phase of the PPP can be used to explain our 

results. Glucose C3 moves into ribulose-5-P C2 in the oxidative phase of the PPP, 

ribulose-5-P is further metabolized to ribose-5-P and xylulose-5-P in the non-

oxidative phase (Figure 3.13 A). Thus, C2 of ribuloseo-5-P, ribose-5-P and 

xylulose-5-P could be labeled by [3-13C] glucose. Interestingly, C2 of ribulose-5-P 

can also be derived from glucose C2 through the transketolase reaction which 

converts fructose-6-P and glyceraldehyde-3-P to erythrose-4-P and xylulose-5-P 

(Figure 3.13 B). In this regard, C2 of ribulose-5-P, ribose-5-P and xylulose-5-P 

could be labeled by both [2-13C] and [3-13C] glucoses. 
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Figure 3.13 Schematic of partial glycolysis and the pentose phosphate pathway showing fate of 

(A) glucose C3 and (B) glucose C2. C2 labeled ribulose-5-P, ribose-5-P and xylulose-5-P are 

highlighted.  
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C2, the ketone carbon of ribulose-5-P, is more favorable to be the isonitrile 

carbon source according to the possible chemical mechanism of the isonitrile 

group formation. Although little is known about this mechanism, the first step of 

synthesizing the isonitrile group should be the N-C bond formation. There are 

several ways of forming a nitrogen-carbon bond. Here, Schiff base formation or 

imine formation becomes a very suitable method (Scheme 3.3 A), involving 

tyrosine with its amino group and an aldehyde with a good leaving group. The 

amine nitrogen acts as a nucleophile and attacks the aldehyde carbon of the 

second substrate. The intermediate formed is then dehydrated, leaving us with a 

C=N double bond. The leaving group is further expelled to make the nitrogen 

carbon triple bond. Scheme 3.3 B illustrates how a ketone (ribulose-5-P) could be 

used as the substrate to make the isonitrile group. Another reasonable mechanism 

is shown in Scheme 3.3 C, which mimics the formation of the isonitrile group in 

tyrosine isonitrile synthesis. A formyl group is generated first, followed by the 

dehydration reaction, resulting in the isonitrile group. However, adding formyl 

tyrosine either into the culture expressing AhPvcA-XnPvcB or into the reaction with 

purified PvcA-XnPvcB did not generate the isonitrile product, suggesting the PvcA 

enzyme did not make the isonitrile product through the formyl intermediate. 
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Scheme 3.3 Possible mechanisms involved in isonitrile group formation. (A) Imine formation 

followed by isonitrile group formation. (B) Proposed reactions between ribulose-5-P and tyrosine to 

make tyrosine isonitrile. (C) Synthesis of tyrosine isonitrile from formyl tyrosine. 
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Both ribose-5-P and ribulose-5-P were tried as the substrates in the PvcA 

reactions, but neither of them supported the reactions, as described earlier. 

Xylulose-5-P is not commercially available, so was not examined at this time. 

Instead of focusing on a specific compound, efforts were made in searching 

broadly for the substrate. Firstly, a phosphorylated metabolite library [118] 

containing 167 various types of phosphorylated compounds, including sugars, 

nucleotides, amino acids and others, was screened in the PaPvcA-PaPvcB 

reactions. The PaPvcB reaction solution turns bright yellow quickly in the presence 

of tyrosine isonitrile, α-KG and Fe2+, but no color change was observed in any of 

the reactions, suggesting none of the compounds in the library was converted by 

PaPvcA (in the presence of tyrosine) to tyrosine isonitrile. Secondly, most of the 

metabolites from the central carbon metabolic pathways (glycolysis, the PPP, 

glycerol metabolism) were examined in the PvcA-XnPvcB reactions. However, 

there was no sign of product formation based on HPLC analyses of the reaction 

extracts, indicating the right substrate was not present among the compounds we 

tried so far. Finally, the entire metabolite pool of E. coli cells was examined in the 

PvcA reaction in search of the substrate. Metabolites extracted from the E. coli 

cells failed to support the PvcA activity, but when PvcA enzyme was incubated with 

the cell lysate, product formation occurred (detected by the XnPvcB reaction). All 

the three PvcA enzymes (XnPvcA, PaPvcA and AhPvcA) exhibited such activities 

when added to the cell lysate, demonstrating all of them were functional after 
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purification. Interestingly, there were more turnovers observed in the XnPvcA-

XnPvcB reactions than in the AhPvcA-XnPvcB and PaPvcA-XnPvcB reactions 

when the same amounts of the enzymes were utilized and the reactions were 

incubated for the same time. These three PvcA homologs were expected to 

catalyze the isonitrile synthesis by using the same substrates and yielding the 

same products. So whether the different catalytic efficiency between them was due 

to their intrinsic characters (fast or slow enzyme), or because of the special 

interactions between the PvcA and PvcB proteins, needs to be explored further.  

We tried to isolated the unknown substrate from the crude lysate for 

identification. To our surprise, fractionation of the cell lysate by dialysis, size-

exclusion chromatography, ion exchange chromatography and some other 

methods revealed that a macromolecule, probably an E. coli metabolic enzyme, 

and a small compound, probably with a negative charge were both required for 

PvcA activity. The identities of the macromolecule and the small compound remain 

unknown, and both of them need to be further purified and characterized in the 

future.  

An assumption was made to explain the results obtained so far. The real 

substrate for the PvcA reaction is generated by another enzyme (the unknown 

macromolecule described above) in a reversible reaction, but the equilibrium for 

this reaction lies far to the left, which produces the unknown small compound 
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described above. When the macromolecule (E) and the small compound (A) are 

combined in the presence of PvcA, then the PvcA substrate (X) can be drawn off 

by the PvcA reaction thus is continuously being generated (Figure 3.14). If so, the 

best way to determine the real substrate of the PvcA enzyme is to identify the small 

compound A first, and then we may get an idea about what E and X are. 

 

 

 

 

Figure 3.14 Proposed function of the unknown macromolecule E and the relationship between the 

PvcA substrate X and the unknown small compound A. 
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3.4 Material and Methods 

Buffers and common biochemicals were purchased from Fisher Scientific or 

Sigma, and were used without further purification. Organic solvents were stored 

over molecular sieves, and imidazole used in column chromatography was 

recrystallized from ethyl acetate. 

3.4.1 Cloning of pvcA GenesA [40] 

 The PapvcA gene was amplified from Pseudomonas aeruginosa genomic 

DNA using primers to incorporate the restriction sites at 5’ and 3’ ends, and 

subcloned into a modified pET15bTEV plasmid [40]. Sequences of XnpvcA and 

AhpvcA genes were identified through an NCBI BLAST search originating from the 

PapvcA sequence. The genes for XnPvcA and AhPvcA were synthesized 

commercially (Genewiz, Inc.) including added 5’ (NdeI for XnpvcA, XcoI for AhpvcA) 

and 3’ (BamHI) sequences. The synthetic genes were subcloned into the 

pET15bTEV plasmid for expression, similarly as PapvcA. 

    AhpvcA was also cloned into the multiple cloning site 1 (MCS1) of the 

pETDuet-1 vector with the restriction sites XcoI and BamHI, while XnpvcB 

(described in Chapter 2) was inserted into the multiple cloning site 2 (MCS2) of 

this plasmid using NdeI and XhoI. This dual expression vector was constructed for 

expression of two proteins at the same time. 

__________________ 

A Plasmids containing the pvcA genes were constructed by Eric Drake and Geoff Lippa 
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E. coli 10G cells were transformed with these expression vectors and stored 

in 10% (v/v) glycerol at -80 °C. 

3.4.2 Heterologous Expression of the PvcA Proteins 

Plasmids containing the pvcA genes were isolated from 10G cells with 

Promega Wizard kit and stored at -20 °C. E. coli BL21(DE3) cells were transformed 

with the isolated plasmid and transformants were selected by growth on LB plates 

containing carbenicillin. Single colonies were picked and used to inoculate 5 mL 

LB, which was incubated at 37 °C with shaking at 250 rpm overnight. Overnight 

cultures were then added to a flask containing 800 mL LB supplemented with 100 

µg/mL carbenicillin. The cultures were grown at 37 °C with rotary shaking until an 

optical density of ~0.6 at 600 nm was achieved, and then cold shocked on ice to 

~18 °C. 1 mM IPTG was added to the cultures in order to induce recombinant 

protein expression. The cultures were then shaken at 18 °C for 16 hours. After 

centrifugation at 3993 x g for 20 minutes, 4-5 g cells were harvested from one liter 

of medium. The cell paste was stored at -80 °C until needed.  

3.4.3 Purification of the PvcA Proteins 

Purification of the PvcA proteins was accomplished by immobilized-metal 

affinity chromatography. Frozen cell paste (typically 3-4 g) was suspended in 20 

mL of buffer composed of 50 mM Na2HPO4, pH 7.8, 250 mM NaCl, 10 mM 

imidazole, 0.2 mM TCEP and 10% (v/v) glycerol. The cell suspension was thawed 

on ice and before lysis 250 units of benzonase (Novagen) and 0.5 mM 
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phenylmethylsulfonyl fluoride were added. The cells were lysed by two passages 

through a French Press at 10,000 psi. The cell debris was removed by 

centrifugation at 26892 x g for 35 minutes. The supernatant was applied to a 1 mL 

HisPurTM Ni-NTA column (Thermo Scientific) which was pre-equilibrated in the 

buffer that was used to lyse the cells. After sample loading, the column was washed 

with 15 mL lysis buffer, and a step gradient consisting of 25 mL of lysis buffer 

containing 50 mM imidazole, followed by 25 mL of lysis buffer with 300 mM 

imidazole was used to elute the protein. The purity of the protein was checked by 

SDS-PAGE, and the pooled protein fractions were dialyzed against 50 mM HEPES, 

pH 7.8, 50 mM NaCl and 10% (v/v) glycerol overnight at 4 °C. Proteins were then 

concentrated using an Amicon Ultra 9K MWCO centrifugation filter. 10% (v/v) 

glycerol was added afterwards and the concentration was determined 

spectrophotometrically using an extinction coefficient of 38,000 M-1cm-1 for 

PaPvcA, 41,000 M-1cm-1 for XnPvcA and 27,000 M-1cm-1 for AhPvcA at 280 nm. 

The protein sizes (PaPvcA ~37 kDa, XnPvcA ~38 kDa, AhPvcA ~37 kDa) and 

extinction coefficients were estimated using ExPASy’s “Protparam” tool. 

Concentrated proteins (~10 mg/mL) were aliquoted and stored at -80 °C.  

3.4.4 PvcA Activity Assays 

3.4.4.1 Activities of the Purified PvcA Enzymes  

Activities of the purified PvcA proteins were evaluated in the presence of the 

proposed substrates tyrosine and ribose-5-phosphate/ribulose-5-phosphate. 



111 
 

Typical reaction mixtures contained 500 μM D, L-tyrosine, 500 μM D-(+)-ribose-5-

phosphate, 5 units of phosphoriboisomerase (Sigma) and 300 nM PvcA enzyme 

(all three PvcA homologs were examined individually) in 1 mL 50 mM HEPES, pH 

7.8, 150 mM NaCl. Ribulose-5-phosphate was generated in situ from ribose-5-

phosphate in the reaction catalyzed by phosphoriboisomerase. Short time 

reactions were monitored spectrophotometrically (200-500 nm) using a Carey 50 

Bio UV-vis spectrophotometer. Scans of the reaction mixtures were acquired every 

0.5 minute for about 20 minutes at room temperature. Long time reactions were 

monitored by HPLC at 280 nm to determine whether the substrate tyrosine was 

consumed and the product was formed over time. Aliquots were removed from the 

reaction mixture every 1 hour in the first 5 hours and 16 hours after its incubation 

at room temperature, and were analyzed by HPLC.   

3.4.4.2 In Vitro PvcA-XnPvcB Coupled Reactions 

The XnPvcB reaction was also coupled to the PvcA reaction, in order to detect 

the product formation in the PvcA reaction more easily. The purified XnPvcB 

enzyme (500 nM) with its co-substrates α-ketoglutarate (500 μM) and 

(NH4)2Fe(SO4)2 (10 μM) were added to the PvcA reactions described in Section 

3.4.4.1 and the reaction mixtures were monitored spectrophotometrically and by 

HPLC, as described above. 

3.4.4.3 Cofactor and Co-substrate Requirements 

To look for any cofactor or co-substrate requirements in the PvcA reaction, 
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some common cofactors and co-substrates listed in Table 3.2 were added into the 

PvcA-XnPvcB coupled reactions at appropriate concentrations. Various metal ions 

MgCl2(H2O)6, MnCl2(H2O)4, CaCl2(H2O)2, KCl, and ZnCl2 (100 μM) were prepared 

as cocktails and checked. (NH4)2Fe(SO4)2 and NaCl are required for the PvcB 

reaction so were always present. TPP (500 μM), PLP (500 μM), three forms of 

tetrahydrofolate (500 μM), ATP (500 μM) and SAM (500 μM) were examined 

individually.  

 

Table 3.2 Cofactors and co-substrates examined in the in vitro PvcA reaction 

Cofactor Metal ions Mg2+, Fe2+, Mn2+, Ca2+, K+, Na+, Zn2+ 

 Others Thiamine pyrophosphate, Pyridoxal phosphate, N5-Formyl-

THF, N5, N10-Methenyl-THF, N10-Formyl-THF, ATP 

Co-substrate S-Adenosyl methionine 

 

3.4.4.4 Activities of the Cell Lysates Hosting PvcA Proteins 

Reactions were also conducted with the E. coli cell lysates harboring the PvcA 

proteins instead of the purified PvcA enzymes. Tyrosine and ribose-5-

phosphate/ribulose-5-phosphate were added to the lysate from BL21(DE3) cells 

expressing PaPvcA, XnPvcA or AhPvcA. The XnPvcB enzyme with its co-

substrates Fe2+ and α-ketoglutarate were included to convert the PvcA product, to 

https://en.wikipedia.org/wiki/S-Adenosyl_methionine
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a readily detectable species. The reactions were incubated at room temperature 

for 5 hours or overnight and analyzed by HPLC. 

3.4.5 Expression of AhpvcA-XnpvcB/pETDuet-1 in E. coli and Metabolite 

Detection 

The pETDuet-1 vector containing the AhpvcA and XnpvcB genes was 

expressed in E. coli BL21(DE3) cells as described in Section 3.4.2. As a control, 

the cells transformed with no plasmid, the pETDuet-1 vector containing only the 

AhpvcA gene and the pACYCDuet-1 vector containing the XnpvcB gene were also 

grown. To check for protein expression in the cells with different plasmids, aliquots 

were removed from the growing cultures 5 hours after IPTG induction. The aliquots 

were incubated with 2 x SDS-PAGE gel loading buffer at 70 °C for 30 minutes with 

vortex for several times. After centrifugation at 21380 x g for 20 minutes, 

supernatants were loaded onto SDS-PAGE for analysis.  

To examine the metabolites produced by the cells harboring no plasmid or 

different plasmids, the culture medium from each culture was collected after the 

cells were spun down. 20 mL culture medium was extracted with 2 x 20 mL ethyl 

acetate. Organic phases were combined and dried by rotary evaporation. The 

residues were dissolved and diluted in methanol for HPLC analysis.  

3.4.6 Reaction Product Identification 

In order to identify the PvcA product, the plasmid XnpvcA/pET15b was 

overexpressed in E. coli BL21(DE3) cells as described in Section 3.4.2. The 
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expression of the XnPvcA protein is required for product formation, but whether 

the product would stay inside the cells or move out of the cells was unknown. Both 

the cell paste and culture medium were collected and saved. The cell lysate (0.3 g 

cells per mL HEPES buffer) or the culture medium (20 mL concentrated to 1 mL) 

was incubated with the purified XnPvcB enzyme (10 μM) and the additional 

substrates (500 μM α-KG and 100 μM (NH4)2Fe(SO4)2) in 50 mM HEPES, pH 7.8, 

150 mM NaCl with a total volume of 2 mL at room temperature for 2 hours. The 

reactions were then extracted with the same volume of ethyl acetate twice. The 

extracts were combined, dried and dissolved in 500 μL methanol for HPLC analysis. 

Both the cell lysate and the culture medium were fractionated. Dialysis of the 

cell lysate was performed to determine whether the product was a small molecule. 

The cell lysate was dialyzed in dialysis tubing (6,000-8,000 MWCO) against 

deionized H2O overnight at room temperature. The dialysate was frozen at -80 °C 

for 1 hour and lyophilized to dryness afterwards. The concentrated dialysate or the 

lysate retained inside the dialysis tubing was incubated with the purified XnPvcB 

enzyme and its co-substrates (α-KG and Fe2+) at room temperature for 2 hours. 

The product was extracted by ethyl acetate and detected by HPLC. 

Size-exclusion chromatography was performed to isolate the metabolite from 

the culture medium. 3 mL culture medium (concentrated from 30 mL) was 

fractionated on a 105 cm x 1 cm column filled with Bio-Gel P2 resin (Bio-Rad) at 

0.2 mL/min with deionized H2O as the eluent. ~35 fractions were collected and 
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each fraction contained 5 mL eluent. 500 μL aliquots from each fraction were 

incubated with 100 μM α-KG, 100 μM ascorbic acid, 2 μM (NH4)2Fe(SO4)2 and 400 

nM XnPvcB in 500 μL buffer (50 mM HEPES pH 7.8, 150 mM NaCl) at room 

temperature and were monitored spectrophotometrically for 5 minutes. The 

fractions which triggered the absorbance increase at 310 nm were lyophilized and 

further analyzed by 1H-NMR spectroscopy. For NMR analysis, the dried material 

was dissolved in 600 μL D2O. 

To further examine the components in the fraction, 1 mM α-KG, 1 mM ascorbic 

acid, 50 μM (NH4)2Fe(SO4)2 and 10 μM XnPvcB were added to the NMR sample 

described above. The reaction was incubated at room temperature for 1 hour and 

then quenched by introducing the methylating reagent TMS-CHN2. 1 mL ethyl 

acetate containing 100 mM methanol and 50 mM TMS-CHN2 was added to the 600 

μL reaction solution. The solution was vortexed for 5 minutes. The organic phase 

was then taken and evaporated to dryness. The residue was dissolved in 600 μL 

methanol-d4 and analyzed by 1H-NMR spectroscopy. 

3.4.7 Substrate Identification 

3.4.7.1 Tracking of Tyrosine in the Biosynthetic Pathway of 

Isocyanovinylphenol in E. coli  

The vector AhpvcA-XnpvcB/pETDuet-1 was expressed in E. coli as described 

in section 3.4.5. Two hours after induction by 1 mM IPTG, 3,5-ring-D2 tyrosine was 

added to a 100 mL culture to a final concentration of 0.5 mM. The culture was 
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shaken at 18 °C and aliquots (5 mL) were removed from the growing culture 10 

minutes, 20 minutes, 1 hour, 2 hours, 3 hours and 5 hours after addition of the 

labeled tyrosine, and were then extracted with 8 mL ethyl acetate. After the phases 

separated, the organic phases were dried by rotary evaporation and dissolved in 

500 μL methanol for MS analysis.  

The tyrosine analog, m-fluoro tyrosine was added to the culture that 

expressed AhPvcA and XnPvcB proteins, similarly. Metabolites were extracted 

from the culture medium (5 mL) before adding m-fluoro tyrosine, 1 hour, 2 hours, 

5 hours, and 16 hours after its addition by ethyl acetate, and analyzed by HPLC. 

3.4.7.2 Tracking of the Isonitrile Carbon in the Biosynthetic Pathway of 

Isocyanovinylphenol in E. coli  

The pETDuet-1 vector containing the AhpvcA and XnpvcB genes was 

transformed into BL21(DE3) cells for expression as described in section 3.4.5. 

After 1 mM IPTG was added to the culture to induce protein expression, the growth 

of the cells was continued at 18 °C for 2 hours. Then the cultures were 

supplemented with 0.5% D-[1-13C], D-[2-13C], D-[3-13C], D-[4-13C], D-[5-13C], D-[6-

13C] and D-[UL-13C6] glucoses separately. To isolate enough material for 13C-NMR 

analysis, 5 mL cultures supplemented with various 13C glucoses were grown at 

18 °C for another 5 hours, followed by metabolite extraction by 8 mL ethyl acetate. 

The organic phases were dried by rotary evaporation and the residues were 

dissolved in 600 μL methanol-d4 for 13C-NMR analysis. To determine the time 
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course of the incorporation of 13C into the product, 1 mL aliquots were removed 

from 5 mL cultures 10 minutes, 20 minutes, 40 minutes and 2 hours after adding 

13C labeled glucoses, and were extracted with 1 mL ethyl acetate twice. Organic 

layers were combined, dried under a stream of N2 gas, dissolved in 300 μL 

methanol and analyzed by mass spectrometry. 

3.4.7.3 Looking for the Substrate in a Phosphorylated Metabolite Library 

A library containing 167 phosphorylated compounds was kindly donated by Dr. 

Karen Allen [118]. The names of the compounds are listed in Table 3.3. These 

compounds were spread in two 96 well plates and each well contained 20 μL 

compound with a concentration of 2 mM. To rapidly screen this library by the PvcA 

reaction, 5 μL compound from each well was mixed with 95 μL mixture containing 

100 μM D, L-tyrosine, 100 μM MgCl2, 100 μM ascorbic acid, 200 μM α-

ketoglutarate, 1.5 μM PaPvcA and 4.7 μM PaPvcB. All of the reactions were 

incubated at room temperature for 5 hours and the color change of the reaction 

solutions was observed. The experiment was repeated three times.  
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Table 3.3 List of the compounds in the phosphorylated metabolite library 

# Name # Name 

1 p-Nitrophenylphosphate (pNPP) 85 Allose-6-phosphate 

2 Pyridoxal-5'-phosphate 86 Ribitol-1-phosphate 

3 Pyrophosphate (Ppi or POP) 87 Ribonate-5-phosphate 

4 Glycerol-phosphate (GP) 88 Arabinonate-5-phosphate 

5 Coenzyme A (CoA) 89 Sorbitol-1-phosphate 

6 O-Phosphorylethanolamine 90 Mannitol-6-phosphate 

7 Acetyl-phosphate 91 D-Mannonate-6-phosphate 

8 

3-Phosphoglyceric acid (glycerol 3 

phosphate) 92 D-Allitol-6-phosphate 

9 

2-Phosphoglyceric acid (glycerol 2-

phosphate) 93 D-Allonate-6-phosphate 

10 DL-Glyceraldehyde 3-phosphate 94 D-Xylitol-5-phosphate 

11 Carbamoyl phosphate 95 D-2-Deoxy-ribitol-5-phosphate 

12 Imidodiphosphate (PNP) 96 D-2-Deoxy-ribonate-5-phosphate 

13 Thiamine pyrophosphate 97 D-Xylulose-5-phosphate 

14 Phosphonoformic acid (PFA) 98 D-Threonate-4-phosphate 

15 N-Phosphonomethyl glycine (PMG) 99 D-Galactitol-6-phosphate 

16 

DL-2-Amino-3-phosphonopropionic acid 

(APPA) 100 D-Erythronate-4-phosphate 

17 Phospho(enol)pyruvic acid (PEP) 101 Iso-erythritol-4-phosphate 

18 Riboflavin-5-phosphate (FMN) 102 D-Ribulose-5-phosphate 

19 

β-Nicotinamide adenine dinucleotide 

phosphate (NADP) 103 D-Threitol-4-phosphate 

20 Phosphocholine 104 D-Lyxonate-5-phosphate 

21 Erythrose 4-phosphate 105 D-Tagatose-6-phosphate 

22 Arabinose 5-phosphate 106 L-Ribulose-5-phosphate 

23 D-Ribose 5-phosphate 107 L-Erythronate-4-phosphate 

24 2-Deoxyribose 5-phosphate  108 D-2-Keto-glucose-6-phosphate 

25 5-Phosphoribosyl-1-pyrophosphate 109 D-3-Deoxy-glucose-6-phosphate 

26 α-D-Glucose-1-phosphate 110 D-3-Deoxy-gluconate-6-phosphate 

27 D-Glucose-6-phosphate 111 D-3-Deoxy-sorbitol-6-phosphate 

28 2-Deoxy-D-glucose 6-phosphate 112 D-Altronate-6-phosphate 

29 α-D-Glucose 1,6-bisphosphate  113 D-Psicose-6-phosphate 

30 α D-Galactose 1-phosphate 114 L-Sorbose-1-phosphate 

31 D-Fructose 6-phosphate 115 D-Iditol-6-phosphate 

32 D-Fructose 1,6-bisphosphate  116 D-Sedoheptulose-7-phosphate 

33 α-Mannose 1-phosphate 117 D-Glucose-3-phosphate 
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34 Mannose 6-phosphate 118 D-Glucitol-3-phosphate 

35 Trehalose-6-phosphate 119 D-Gluconate-3-phosphate 

36 Sucrose 6-phosphate 120 Adenosine 3',5'-diphosphate 

37 O-Phospho-L-serine 121 D-Arabitol-5-phosphate 

38 O-Phospho-L-threonine 122 D-Xylose-3-phosphate 

39 O-Phospho-L-tyrosine 123 D-Xylitol-3-phosphate 

40 6-Phosphogluconic acid 124 D-Xylonate-3-phosphate 

41 ATP 125 D-Allose-3-phosphate 

42 ADP 126 D-Allitol-3-phosphate 

43 5'-AMP 127 D-Allonate-3-phosphate 

44 3'-AMP 128 D-Glucose-3,5-diphosphate 

45 dAMP 129 D-Glucitol-3,5-diphohsphate 

46 UTP 130 Dihydroxyacetone phosphate (DHAP) 

47 UDP  131 Glycolic Acid-O-P 

48 UMP  132 L-Ribose-5-P       

49 dUMP 133 L-Ribitol-5-P     

50 TTP 134 L-Ribonate-5-P     

51 TDP 135 L-Arabinose-5-P   

52 TMP (dTMP) 136 L-Arabitol-5-P     

53 CTP 137 L-Arabinonate-5-P 

54 CDP 138 L-Arabitol-1-P     

55 CMP 139 D-Xylose-5-P       

56 dCMP 140 D-Xylonate-5-P     

57 GTP 141 L-Xylose-3-P       

58 GDP 142 L-Xylonate-3-P     

59 GMP  143 L-Xylitol-3-P     

60 dGMP 144 L-Xylose-5-P       

61 ITP 145 L-Xylonate-5-P     

62 IDP 146 L-Xylitol-5-P     

63 IMP 147 D-Mannose-2-P     

64 2'AMP 148 D-Mannitol-2-P     

65 dATP 149 L-Sorbose-4-P     

66 dCTP 150 D-Glucuronic acid-5-P 

67 dGTP 151 D-Glucuronicitol-5-P 

68 dTTP 152 D-Glucurononate-5-P 

69 Glucosamine 6 phosphate 153 D-Lyxose-5-P       

70 

2-Keto-3-deoxy-6-phosphogluconate 

(KDPG) 154 L-Lyxose-5-P       

71 Galactonate-6-phosphate 155 L-Lyxitol-5-P     

72 Beta-Glucose-1,6-bisphosphate 156 D-Arabitol-1-P     
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73 

D-Glycero-beta-D-manno-heptose-1,7-

bisphosphate 157 D-Arabitol-4-P     

74 

2-Keto-3-deoxy-D-glycero-D-

galactonononic acid-9-phosphate 158 D-Glucitol-2-P     

75 N-Acetylneuraminic acid-9-phosphate 159 L-Glucose-3-P     

76 

D-Glycero-alpha-D-manno-heptose-1,7-

bisphosphate 160 L-Glucitol-3-P     

77 Galactose-6-phosphate 161 L-Gluconate-3-P   

78 

3-Deoxy-D-manno-2-octoulosonate-8-

phosphate 162 D-Galactitol-1-P   

79 

a-D-Glucosamine-1-phosphate (not 

stable) 163 D-Galactitol-5-P   

80 Histidinol-phosphate (not stable) 164 D-Mannitol-1-P     

81 N-Acetyl-mannosamine-6-phosphate 165 D-Mannitol-4-P     

82 Uridine-5'-diphosphoglucuronic acid  166 D-Mannitol-5-P     

83 2-Deoxy-6-phophoglucitol 167 

L-Gulonic acid-2-Methylene Hydroxy 

phosphoric acid 

84 2-Deoxy-6-phosphogluconate   

 

3.4.7.4 Searching for the Substrate in the Major Metabolic Pathways 

The substrate which provides the isonitrile carbon in the PvcA reaction was 

sought in the major metabolic pathways, including the Embden-Meyerhof-Parnas 

(the most common type of glycolysis), the pentose phosphate pathway, and the 

Entner-Doudoroff pathway (a variant of glycolysis in some organisms). The 

metabolites related to glycerol metabolism were also tested. In the PvcA-XnPvcB 

assays described in Section 3.4.4.2, ribose-5-phosphate/ribulose-5-phosphate 

was replaced with the compounds listed in Table 3.4 and the other components 

remained unchanged.  

Some of the metabolites in Table 3.4 were purchased from Sigma and were 
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added to the PvcA-XnPvcB coupled reactions to a final concentration of 1 mM. 

These compounds included glucose, glucose-6-phosphate, fructose-6-phosphate, 

fructose-1,6-bisphosphate, 2-phosphoglycerate, phosphoenolpyruvate, 6-

phosphogluconate, ribose-5-phosphate, erythrose-4-phosphate and glycerol. 

Other compounds were synthesized from the reactions catalyzed by the purchased 

enzymes (Scheme 3.4). Products formed in these enzymatic reactions were not 

further purified and the final concentrations of them were not determined. Instead, 

the crude reaction mixtures were directly added to the PvcA-XnPvcB coupled 

reactions for examination. 
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Table 3.4 List of the metabolitesB examined in the in vitro PvcA reaction 

Embden-Meyerhof-

Parnas 

Entner-Doudoroff 

pathway 

Pentose phosphate 

pathway 

Glycerol 

metabolism 

Glucose 6-Phosphogluconolactone Ribulose-5-P Glycerol 

Glucose-6-P 6-Phosphogluconate Ribose-5-P Glycerol-3-P 

Fructose-6-P KDPG Erythrose-4-P  

 

 

Fructose-1,6-bisP  

 

 

 

 

 

Glyceraldehyde-3-P 

Dihydroxyacetone-P 

1,3-Bisphosphoglycerate 

3-Phosphoglycerate 

2-Phosphoglycerate 

Phosphoenolpyruvate 

Pyruvate 

B The metabolites involved in two or more pathways are only listed once. For example, 6-P-

gluconolactone is a common intermediate involved in the Entner-Doudoroff and the pentose 

phosphate pathways, but is listed in the former one. glyceraldehyde-3-P is a cross point of the 

Embden-Meyerhof-Parnas and glycerol metabolism, and is shown in the former one. 
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Scheme 3.4 Enzymatic reactions to synthesize metabolites in the Embden-Meyerhof-Parnas, the 

pentose phosphate pathway, the Entner-Doudoroff pathway and glycerol metabolism. Enzymes are 

colored red. 

 

3.4.7.5 Looking for the Substrate in the Metabolite Pool 

3.4.7.5.1 Metabolites Extracted from E. coli Cells 

E. coli BL21(DE3) cells were grown in 500 mL LB medium at 37 °C to an 

optical density (600 nm) of 1.0 and were then centrifuged at 3993 x g for 20 minutes. 

The supernatant was discarded and the cell pellet was suspended in 5 mL 50 mM 
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HEPES, pH 7.8, 150 mM NaCl. 20 mL cold (-20 °C) acetonitrile/methanol/water 

(40/40/20) was added to the cell suspension, which was vortexed and incubated 

at -20 °C for 15 minutes, followed by centrifugation at 26892 x g and 4 °C for 15 

minutes. The supernatant was transferred to a new tube and the cell pellet was 

extracted by the same solvent again at 4 °C for 10 minutes. After 10 min 

centrifugation at 4 °C, the supernatant was removed and combined with the 

previous one. Organic solvents were evaporated under vacuum and the remaining 

solution was frozen at -80 °C for 1 hour and then lyophilized to dryness.  

Dried material was dissolved in 1 mL 50 mM HEPES, pH 7.8, 150 mM NaCl 

and to which 2 mM D, L-tyrosine, 2 mM α-KG, 0.2 mM (NH4)2Fe(SO4)2, 1.7 μM 

AhPvcA or XnPvcA, and 1.5 μM XnPvcB were added. The reaction was incubated 

at room temperature for 1 hour and then extracted with 1 mL ethyl acetate. The 

extract was dried and dissolved in 100 μL methanol for HPLC analysis. 

3.4.7.5.2 Metabolites in the E. coli cell lysates 

E. coli BL21(DE3) cells were transformed with different plasmids including 

pET15b, XnPvcB/pET15b, PGDH/pET20b, PqsA/pET14b and ACP2/pET14b, 

respectively. Transformants as well as the cells containing no plasmid were grown 

in 100 mL LB medium at 37 °C to OD600 ~0.6. 1 mM IPTG was added to each 

culture to induce protein expression and the growth was continued at 18 °C for 5 

hours. Cells were harvested by centrifugation at 3993 x g for 20 minutes and stored 

at -80 °C until needed. The cell pastes were suspended in 50 mM HEPES, pH 7.8, 
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150 mM NaCl (0.25 g cell per mL buffer) and lysed by one passage through a 

French Press at 10,000 psi. Cell debris was removed by centrifugation. 800 μL 

supernatants were combined with 500 μM tyrosine, 500 μM α-KG, 100 μM ascorbic 

acid and 50 μM (NH4)2Fe(SO4)2. 3.5 μM XnPvcA and 3.7 μM XnPvcB were added 

to initiate the reactions. The reactions were incubated at room temperature for 5 

hours, followed by 1 mL ethyl acetate extractions. The extracts were dried under 

a stream of N2 gas, dissolved in 100 μL methanol and analyzed by HPLC.  

3.4.7.5.3 MS Analyses of the E. coli Cell Lysate Before and After the PvcA 

Reaction 

10 mL lysate (0.3 g cell per mL lysate) from E. coli cells expressing XnPvcB 

was prepared as described in Section 3.4.7.4.2. 10 μM XnPvcA was added to 5 

mL lysate and the other 5 mL lysate was left untreated. Both samples were 

incubated at room temperature for 3 hours, followed by centrifugation in an Amicon 

Ultra centrifugal filter (9K MWCO). Small molecules passing through the filter 

membrane from each sample were collected, frozen and lyophilized. Dried 

samples were sent to the West Coast Metabolomics Center (University of 

California, Davis) for MS analysis. 

3.4.7.5.4 Fractionation of the E. coli Cell Lysate Hosting XnPvcB  

The lysate from E. coli cells expressing XnPvcB was fractionated to isolate 

the substrate. The cell pastes were suspended in HEPES buffer and were lysed 

by French Press as described in Section 3.4.7.4.2. The lysate was then centrifuged 
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at 26892 x g for 40 minutes. The cell free extract (supernatant) and the cell debris 

(pellet) were saved and examined in the XnPvcA-XnPvcB coupled reactions, 

separately. The cell free extract was then applied to an Amicon Ultra 9K MWCO 

centrifugal filter for separation of macromolecules and metabolites. The spin 

columns were centrifuged at 4 °C and 10760 x g for 45 minutes. The flow through 

and the solution retained above the filter membrane were collected and checked 

in the XnPvcA-XnPvcB coupled reactions, separately. Centrifugal filters with 

different molecular weight cut-offs (3K, 20K, 50K and 100K) were also tried.   

The XnPvcA-XnPvcB coupled assays were conducted to check samples from 

each step of fractionation. Generally, to ~500 μL buffer containing the different 

parts of fractionation, 500 μM tyrosine, 500 μM α-KG, 100 μM ascorbic acid, 50 μM 

(NH4)2Fe(SO4)2, 3.5 μM XnPvcA and 3.7 μM XnPvcB were added. The reactions 

were incubated at room temperature for 4 hours, and then extracted by 1 mL ethyl 

acetate. Extracts were dried and dissolved in 100 μL methanol for HPLC analysis. 

Preparation of the macromolecules by dialysis 

To further remove the small molecules from the solution retained above the 

membrane of the centrifugal filter described above, the solution (5-10 mL) was put 

in dialysis tubing (6,000-8,000 MWCO) and dialyzed against 2 x 1 L 10 mM HEPES, 

pH 7.8, 30 mM NaCl at 4 °C overnight. The dialyzed cell free extract was used as 

the source of the macromolecules in the XnPvcA reaction. 

Fractionation of the proteins by ammonium sulfate precipitation 
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Proteins in the cell lysate were susceptible to degradation by proteases over 

time so the dialyzed cell free extract could not be kept long. In order for easier 

access to the macromolecules, the dialyzed cell free extract was further treated by 

ammonium sulfate. The proteins in the cell free extract were first precipitated by 

30% ammonium sulfate. Solid ammonium sulfate was added slowly to the lysate 

solution to a final concentration of 30% (179 g per liter of solution) and the solution 

was stirred at room temperature for 15 minutes, followed by centrifugation at 4 °C 

and 26892 x g for 20 minutes. The supernatant was separated from the pellet and 

a 70% ammonium sulfate precipitation was performed with the supernatant by 

slowly adding 273 g of solid ammonium sulfate per liter of supernatant solution. 

The solution was stirred and centrifuged as above. The pellets from the 30% and 

70% ammonium sulfate precipitations were resuspended in HEPES buffer, 

dialyzed against the buffer at 4 °C for several hours and then tested in the XnPvcA-

XnPvcB coupled reactions.  

Purification of the macromolecules by ion exchange chromatography 

Ion exchange chromatography was performed to further purify the 

macromolecule required for the PvcA reaction. After dialyzing away most of the 

small molecules, the cell free extract was loaded onto a 1 mL HiTrapTM Q HP anion 

exchange or a 1 mL HiTrapTM SP HP cation exchange column for purification. The 

anion exchange column was pre-equilibrated and washed with 20 mL 20 mM Tris, 

pH 7.8. 100 mL Tris buffer containing a gradient of NaCl (0 mM-1 M) was used to 
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eluent the macromolecules that bind to the column. Similarly, the cation exchange 

column was tried and 50 mM HEPES, pH 7.8 with NaCl was used as the elution 

buffer during the purification. 500 μL aliquots from each fraction were combined 

with small molecules and examined in the XnPvcA-XnPvcB coupled reactions. 

Separation of the molecules by size-exclusion chromatography 

Size-exclusion chromatography was performed to separate macromolecules 

and small molecules, and more importantly, to isolate the small compound required 

for the PvcA reaction. The cell free extract was fractionated on a 105 cm x 1 cm 

column filled with Bio-Gel P2 resin (Bio-Rad). The column was pre-equilibrated in 

10% methanol and run at 0.2 mL/min with the same solvent. 3 mL fractions were 

collected and 300 μL aliquots from each fraction were checked in the XnPvcA-

XnPvcB reactions. The fractions which supported the PvcA reaction were frozen 

and lyophilized. Dried material was dissolved in 600 μL D2O for NMR analysis and 

was further purified by anion exchange chromatography. 

Isolation of the small molecules by anion exchange chromatography 

The active small molecules isolated from the size-exclusion column described 

above were further purified by anion exchange chromatography. Dried material 

was dissolved in 2 mL deionized H2O and fractionated on 1 mL HiTrapTM Q HP 

anion exchange column. The column was pre-equilibrated and washed with 

deionized H2O, and a gradient of NaCl (50 mL) from 0 mM to 1 M was used to 

elute the molecules that bind to the column. 3 mL fractions were collected and 300 
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μL aliquots from each fraction were checked in the XnPvcA-XnPvcB reactions. The 

fractions which supported the PvcA reaction were lyophilized to dryness and 

further analyzed by NMR spectroscopy and mass spectrometry. 

3.4.8 HPLC Analyses 

HPLC was utilized to detect the product formation in the PvcA reaction and 

the PvcA-XnPvcB coupled reactions, as well as the metabolite produced by the 

cells overexpressing AhPvcA and XnPvcB proteins. For analysis, 10 µL samples 

were injected into a Shimadzu LC-10 Ai Series separations module equipped with 

a Shimadzu SPD-20A UV-vis detector and a 150 x 4.6 mm C18 reverse phase 

column (Sigma-Aldrich). The overall system was controlled using LC Solutions 

software. The UV detector was set at 280 or 310 nm. Compounds were separated 

by using a gradient method in which a mobile phase of H2O supplemented with 

0.1% formic acid (Solvent A) and MeOH (Solvent B) was used: t = 0 min, 5%B; t = 

5 min, 5%B; t = 30 min, 30%B; t = 35 min, 30%B; t = 45 min, 80%; t = 50 min, 

80%B; t = 55 min, 5%B; t = 60 min, 5%B. 

3.4.9 MS AnalysesC 

All the samples were analyzed by direct-infusion positive-ion ESI on the LTQ 

Orbitrap. Samples were prepared in 80% methanol/1.25% formic acid and were 

drawn into a 250 μL Hamilton syringe and infused at 3 μL/min. Selected ion 

____________________ 

C MS analyses were performed by Brian Mooney 
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monitoring FTMS data were collected over 2 minutes of infusion. Data were 

examined in xcalibur. 
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CHAPTER 4 

Thesis Summary and Future Directions 

 

4.1 Thesis Summary 

A remarkable variety of isonitrile-containing natural products have been found 

in both terrestrial and marine environments. Many of them are produced by 

bacterial pathogens as secondary metabolites. The gene clusters related to 

isonitrile biosynthesis have been identified in a lot of species, and they commonly 

encode an isonitrile synthase (IsnA or PvcA) and an Fe2+, α-ketoglutarate 

dependent oxygenase (IsnB or PvcB). Although functions of the PvcA and PvcB 

proteins have been assigned, the catalytic and chemical mechanisms of these 

novel enzymes remained uncharacterized.  

4.1.1 Characterization of Three PvcB Homologous Proteins, the Non-Heme 

Fe2+, α-Ketoglutarate Dependent Oxygenases 

Chapter 2 described an investigation of the reactions catalyzed by three PvcB 

proteins from the homologous pathways in P. aeruginosa, E. amylovora and X. 

nematophila. They were hypothesized to carry out oxidative reactions on the 

tyrosine isonitrile and generate different products. By synthesizing the putative 

substrate tyrosine isonitrile and heterologously expressing the proteins in E. coli, 

we were able to reconstitute and characterize the in vitro activities of these three 

PvcB proteins by UV-visible spectroscopy and HPLC. Product formed in each 
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reaction was identified by 1H-NMR spectroscopy and LC-mass spectrometry. 

Steady-state and transient-state kinetic studies were performed to determine the 

mechanisms of these reactions. Substrate analogs were synthesized and 

examined in the reactions to look for potential enzyme inhibitors. 

This study provides the in vitro data to support the functional assignment of 

PvcB as a non-heme Fe2+, α-ketoglutarate dependent oxygenase to act on the 

putative substrate tyrosine isonitrile. In contrast to the PaPvcB and EaPvcB 

reactions which catalyzed desaturation of the substrate, the XnPvcB carries out an 

oxidative decarboxylation on tyrosine isonitrile. Further examination of three 

enzymes in the active sites revealed subtle differences between XnPvcB and 

PaPvcB or EaPvcB. Although different products were made in the PaPvcB and 

XnPvcB reactions, a common intermediate was proposed to be generated by both 

enzymes. Failure to trap this intermediate revealed its absence in the XnPvcB 

reaction. The PvcB proteins exhibited tolerance for the substrate analog 3-nitro 

tyrosine isonitrile, but were not able to convert the other analog 4-nitro 

phenylalanine isonitrile, which might be used in the future inhibition studies of the 

PvcB reactions. 
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4.1.2 Characterization of the Reaction Catalyzed by PvcA, an Isonitrile 

Synthase 

Chapter 3 described a study of the PvcA protein, a novel isonitrile synthase 

proposed to convert the amino group of tyrosine or tryptophan into the isonitrile 

group. The in vitro activity assays were performed with the PvcA proteins which 

were from the homologous pathways in P. aeruginosa, X. nematophila and A. 

hydrophila and were heterologously expressed in E. coli. Purified proteins or the 

crude lysates were used as the enzyme source in the reactions with the putative 

substrates tyrosine and ribulose-5-phosphate, but no activities were found. 

Expression of the XnPvcA protein in E. coli revealed the presence of the product 

in both the cell lysate and the culture medium. The product was further identified 

as tyrosine isonitrile, the predicted product of the PvcA reaction. Co-expression of 

the AhPvcA and XnPvcB proteins in E. coli resulted in isocyanovinylphenol 

production. In vivo feeding studies using 3,5-ring-D2 tyrosine and m-fluoro tyrosine 

in this pathway revealed the rapid incorporation of the tyrosine benzene ring into 

isocyanovinylphenol, demonstrating tyrosine to be one of the substrates in the 

PvcA reaction. Labeling studies using 13C labeled glucose in the same pathway 

revealed the ability of both glucose C2 and C3 to be incorporated into the isonitrile 

group, implying that the source of the isonitrile carbon came from the pentose 

phosphate pathway. This unknown substrate, which provides the isonitrile carbon, 

was sought broadly in a phosphorylated metabolite library, the central metabolic 
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pathways and the metabolite pool of E. coli cells, and it was only found in the E. 

coli crude lysate. Fractionation of the cell lysate identified two molecules, one is a 

macromolecule and one is a small compound, that were both required for PvcA 

activity. 
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4.2 Future Directions 

4.2.1 Mechanistic Studies of the PvcB Reactions  

The remaining questions in regarding to the PvcB reactions in this 

investigation include: 

A. Identification of the intermediate observed in short-time PaPvcB reactions by 

mass spectrometry; determination of the reason for its absence in the XnPvcB 

reaction. 

B. Preparation of more substrate analogs to determine substrate tolerance for the 

PvcB enzymes; identification of the substrate features that enable 

transformations in the PvcB reactions. 

C. Investigation of the mechanisms underlying different activities of the PaPvcB 

and XnPvcB enzymes. 

4.2.1.1 Determine the Intermediates in the PvcB Reactions 

An intermediate was observed in HPLC spectra of the PaPvcB short-time 

reactions and needs to be determined by LC-mass spectrometry. In order to 

generate enough material for identification, several quenched samples will be 

combined. Time scales of the substrate consumption, the intermediate formation 

and decay, and the product generation in the PvcB reactions can be further 

explored by analyzing a series of samples quenched at different times. But in order 

to have accurate measurements, the species in the reactions should be stabilized. 

One way to achieve this goal is to isolate the compounds from the reaction 
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mixtures by ethyl acetate extraction. HPLC methods can also be modified to allow 

shorter time of each analysis. Since the intermediate was not observed in the 

XnPvcB reaction, a standard of this proposed intermediate can be synthesized and 

tested in both PvcB reactions to determine whether it is a common intermediate 

used by the PvcB enzymes.  

4.2.1.2 Investigate the Substrate Tolerance for the PvcB Enzymes 

3-nitro tyrosine isonitrile could be converted by the PvcB enzymes while 4-

nitro phenylalanine failed. To better interpret this result, more tyrosine isonitrile 

analogs, with different substitutions on the benzene ring will be synthesized and 

tested in the PvcB reactions. The importance of the hydroxyl group on the benzene 

ring will be determined in this way. In addition, compounds which can serve as the 

substrates in the PvcB reactions could be tested for turnover efficiency, and 

compared to each other. This may provide insight into the structure and chemical 

mechanism of the PvcB enzyme.  

4.2.1.3 Probe the Reason that Accounts for the Different Activities Exhibited 

by PvcB Homologs 

The substrate docking and homology models generated to compare the active 

sites of PaPvcB, EaPvcB and XnPvcB proteins revealed subtle differences. 

XnPvcB has an arginine residue (position 108) whereas PaPvcB and EaPvcB have 

a leucine (position 116). Arg168 of PaPvcB is conserved in EaPvcB but replaced 

by a Lysine in XnPvcB. The differences in the active sites may be an important 
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determinant of reaction specificity. To check this possibility, mutations on Leu116 or 

Arg168 of PaPvcB can be made. The structures of the mutants will be examined to 

ensure the correct folding of the proteins, and the functions of the mutants will be 

analyzed biochemically. In addition, mutagenesis of other key residues (highly 

conserved) in the active sites of the PvcB proteins will allow us to gain a deeper 

understanding of the chemical mechanisms unitized by this family of enzymes. 

Last, but not least, the structures of the PvcB enzymes could be compared to those 

of the IsnB homologs which use tryptophan isonitrile as the substrates.  

 

 

 

 

 

 

 

 

 

 

 

 



138 
 

4.2.2 Future Studies of the PvcA proteins  

Although a lot of efforts were made to reconstitute the PvcA reaction in vitro, 

the results obtained so far indicate the substrate which provides the isonitrile 

carbon has not been identified successfully. The latest experiments revealed two 

molecules from the E. coli lysate, a macromolecule, which is probably a common 

metabolic enzyme, and a small molecule, possibly with a phosphorylated group 

are both essential to PvcA activity. The possible roles that these two molecules 

play in the PvcA reaction were proposed in Chapter 3, and need to be 

demonstrated next. Compared to the macromolecule identification, it’s more 

feasible to determine the small molecule first. In fact, we have already performed 

MS analysis to identify the small molecule a couple of times, but no good results 

were obtained because of the complexity of the samples, the low concentration of 

the compound in the samples and the unpredictable behavior of this compound in 

MS. Efforts should be made to further purify and enrich the small compound by 

size-exclusion and ion-exchange chromatography. Different solvents could be 

utilized to optimize the separation, but stability of the small compound under 

different conditions should be noted. The detection of the small compound is 

facilitated by the PvcA reaction, in which a decrease of the amount of this 

compound could be monitored. But the reaction is only working in the presence of 

the macromolecule. Therefore, to make the reaction system as simple as possible, 

further purification of the macromolecule is also required. Fractionation of the 
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macromolecule by ion-exchange chromatography resulted in the loss of the active 

macromolecule, for some unknown reasons. Thus, size-exclusion chromatography 

followed by ammonium sulfate precipitation could be used to get purer 

macromolecules. What’s more, the conditions of the PvcA reactions could be 

optimized. Effects of some factors including temperature, reaction time, buffer and 

the concentrations of the added substrates and enzymes on the final product 

formation should be determined. Overall, identifying the small molecule will provide 

insight into the real substrate of the PvcA reaction, and thus is the most important 

mission for now. 

After the substrate for the PvcA enzyme is identified, in vitro reconstitution 

assays could be performed in the pure substrate-directed reactions with different 

PvcA enzymes. The activities will be characterized by UV-visible spectroscopy. 

Since the product of the PvcA reaction is unstable, the XnPvcB reaction will still be 

coupled to facilitate product detection. Following activity assays, transient kinetics 

will be used to determine the catalytic constants Km, kcat and Kcat/Km in different 

PvcA reactions and the turnover efficiency of each PvcA enzyme will be compared. 

Transient kinetics will be performed to detect and identify the intermediates in the 

reactions. In addition, mutagenesis studies and crystallography investigations 

would be performed to unravel the knowledge underlying the mechanism of the 

isonitrile group formation.  

The reactions catalyzed by IsnA, WelI1 and AmbI1 utilize tryptophan and 
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ribulose-5-P as the substrates, while the substrates for our PvcA enzymes are 

tyrosine and an unknown compound. Thus, it is interesting to investigate the 

reason for the substrate specificity of these enzymes, probably through the 

crystallography studies.  
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