
ABSTRACT 

CHEN, TZU-YU. Study of Isonitrile-forming Enzymes and Their Applications. (Under the 

direction of Dr. Wei-chen Chang). 

 

Isonitrile, also known as isocyanide, is an intriguing synthon in chemical synthesis. In 

nature, secondary metabolites containing isonitrile have shown virulence, antimicrobial activities, 

and metal acquisition. Due to the biological properties of isonitrile-containing natural products, 

the biosynthetic pathway and the corresponding enzymes involved in producing the valuable 

compounds have been studied. Although several enzymes have been identified, or predicted, to 

catalyze isonitrile installation, the detailed mechanism remains to be elucidated. Therefore, a 

combinatorial approach including organic synthesis, biochemical assays development and protein 

crystal structure determination are applied to reveal the mechanism of isonitrile formation. 

Two fundamentally distinct approaches are utilized to install isonitrile groups in nature. 

The Chapter 2 is focused on the isonitrile formation catalyzed by non-heme iron and 2-

oxoglutarate dependent (Fe/2OG) enzymes, where an N-alkylglycine moiety is used as a 

biosynthon for NſC bond installation. To elucidate the reaction mechanism, we characterize 

several Fe/2OG-dependent enzymes involved in isonitrile-containing peptides and polyketides. 

Using mechanistic probe design/synthesis, protein X-ray structures, in vitro 

biochemical/biophysical assays, and in silico analysis, our results reveal that the isonitrile 

installation involves two sequential reactions. Following an Fe(IV)-oxo catalyzed C-H bond 

cleavage, an imine species is produced. In the second reaction, decarboxylation-assisted 

desaturation of the imine intermediate affords the NſC moiety. Our results not only demonstrate 

a highly similar strategy is employed in the isonitrile formation, but also establish a plausible 

reaction pathway for this chemically unprecedented reaction.  



Based on in silico studies, similar biosynthetic strategy is applied in isonitrile-containing 

peptides (NC-peptides) biosynthesis. Due to unique property of isonitrile moiety, NC-peptides are 

known to chelate and transport metals in bacteria. Previously reported literatures suggested the 

potential NC-peptide in Mycobacterium tuberculosis (Mtb) is related to the survival of Mtb in 

mouse macrophages, highlighting the importance of this mysterious product. In Chapter 3, we 

develop a strategy to precisely annotate and effectively prepare NC-peptides and further test their 

metal binding specificity. Using 1H NMR titration and high resolution MS, we demonstrate three 

NC-peptides, including the one from Mtb, bind copper, but not zinc.  

In Chapter 4, an alternative isonitrile group installation strategy involving a condensation 

reaction between an amino group of L-tryptophan/tyrosine and a carboxyl group of ribulose-5-

phosphate is studied. The isonitrile synthase reactions appear to be mysterious and cannot be 

explained by simply adapting the current knowledge of enzyme catalysis. In the literatures, the 

activities of isonitrile synthases were only established through the coupled reaction with the 

downstream enzymes. Herein, we first demonstrate in vitro activities and substrate preference for 

isonitrile synthases. We further investigate the diverse desaturation outcomes of the downstream 

Fe/2OG enzymes. Based on our results, a plausible carbocation species is likely utilized to trigger 

C=C bond installation to construct vinyl isonitrile and isocyanoacrylate moieties found in 

isonitrile-containing natural products. 
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CHAPTER 1 

Introduction  of Isonitriles &  Non-heme I ron and 2-oxoglutarate Dependent Enzyme 

1.1 Isonitriles in Chemistry and Biology 

Isonitrile, also known as isocyanide, is unique functional group that contains a nitrogen 

carbon triple bond moiety (-NſC). From a chemistry point of view, the isonitrile group bears the 

zwitterionic character, therefore, it can serve as a nucleophile, an electrophile or a metal ligand 

(Scheme 1.1). Due to its diverse roles, isonitrile group is a useful synthon and has been widely 

used in the organic synthesis and organometallic chemistry. For example, it is employed in 

multicomponent reactions, such as the Ugi reaction and the Passerini reaction, to build 

heterocycles and peptides.[1-3] Moreover, inserting a radical into isonitrile is an efficient strategy 

for the construction of nitrogen heterocycles.[4-5] From a biology point of view, quite a few 

isonitrile-containing natural products have shown a wide range of attractive biological properties 

including cytotoxicity, antibacterial activity and anti-malarial activity.[6-8] For example, kalihinol 

F has been used to alleviate the copper toxicity in Wilsonôs disease.[9] Additionally, several 

isonitrile-containing natural products have been demonstrated to be responsible for metal chelation 

and transportation in cell.[10-12] 

 

Scheme 1.1. Electronic properties of isonitrile. Nu: nucleophile, E: electrophile. 

Isonitriles were considered as non-natural products until the first naturally occurring 

isonitrile, xanthocillin, was isolated from Penicillium notatum in 1949.[13] To date, isonitrile-

containing natural compounds have been isolated from terrestrial as well as marine sources, 
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including bacteria,[14-16] fungi,[17-19] nudibranch molluscs[20] and marine sponges[7,21-22] (Figure 

1.1). For some of those obtained from terrestrial sources, the isonitrile group is biosynthesized 

through the modification of the amino group of aromatic amino acids, such as tryptophan and 

tyrosine.[8,23-24] Alternatively, a different strategy involving decarboxylation of a glycinyl moiety 

has been utilized to install the isonitrile functionality.[10,25-28] Additionally, since the majority of 

the marine isonitrile-containing compounds contain a terpenoid carbon scaffold, it has been 

postulated that the isonitrile group along with other N-atom containing functional groups, such as 

isocyanate, isothiocyanate and formamide, can be installed through decoration of the terpenoid 

skeleton.[7,29] However, the corresponding biosynthesis remains to be elucidated. Due to the unique 

chemical structure and broad biological activities of isonitrile-containing natural products, their 

biosynthetic pathways and the corresponding mechanisms have attracted chemical biologistsô and 

medicinal chemistsô attention. 
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Figure 1.1. Some representative examples of isonitrile-containing natural products. 

1.2 Fe/2OG Dependent Enzymes 

Since the identification of the first non-heme iron and 2-oxoglutarate dependent (Fe/2OG) 

enzyme in 1966, Fe/2OG enzymes have been reported to catalyze a wide range of reactions in 

nature.[30] In these reactions, 2OG and O2 are used as co-substrates to generate a reactive Fe(IV)-

oxo species, succinate, and CO2. Reactions catalyzed by Fe/2OG enzymes include 

hydroxylation,[31] desaturation,[32-33] halogenation,[34] epoxidation,[35] cyclization[36-37] and 
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epimerization[38] (Scheme 1.2). Moreover, Fe/2OG enzymes have been identified to participate in 

the modifications and repairs of macromolecules, such as DNA, RNA and proteins.[39-41]  

 

Scheme 1.2. Different types of Fe/2OG enzyme-catalyzed reactions. 

The reaction mechanism of Fe/2OG enzyme was proposed by Hanauske-Abel and Günzler 

in 1982.[42] By reacting with 2OG and molecular oxygen, Fe(II) is converted to the corresponding 

Fe(IV)-oxo species along with the production of CO2 and succinate (Figure 1.2A, 1Ÿ2).[31,43-44] 

The reactive Fe(IV)-oxo species then abstracts a hydrogen atom from the substrate to generate a 

substrate radical, and simultaneously, the Fe(IV)-oxo intermediate is reduced to the Fe(III)-OH 

species (Figure 1.2A, 2Ÿ3). In the hydroxylation reaction, the formation of C-O bond produces 

the hydroxylated product as well as the Fe(II) species. This step is also known as oxygen-rebound. 

The proposed intermediate 2 was first trapped and characterized in 2003.[43-44] In addition, the 

majority of Fe/2OG enzymes share a conserved His-X-Asp/Glu-Xn-His motif, where two His 

residues and a Glu or an Asp residue serve as the ligands to coordinate the iron center and form 

octahedral complexes (Figure 1.2B).[45-46]  
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Figure 1.2. (A) The reaction cycle of Fe/2OG enzyme-catalyzed hydroxylation. (B) The active 

site of TauDÅ2OGÅtaurine complex (PDB ID: 1OS7), where the iron is coordinated with 2OG, two 

His residues (His99 and His 255) and an Asp residue (Asp101). 
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CHAPTER 2 

Isonitrile Formation through Decarboxylation-assisted Desaturation 

*Part of this Chapter is published on  

Angew. Chem. Int. Ed. 2020, 59, 7367-7371 and ACS Catal. 2022, 12, 2270-2279 

2.1 Introduction  

In 2017, two structurally similar isonitrile-containing peptides (4 and 5) were isolated from 

Streptomyces coeruleorubidus NRRL18370.[25] ScoA-E were identified to effect 4 and 5 

formation. Compound 4 and 5 share a similar structural scaffold with other two isonitrile-

containing antibiotics, SF2369 and SF2768, which were isolated from Actinomycetes and 

Streptomyces, respectively (Figure 2.1A).[47-48] The biosynthetic pathway for 4 was proposed 

(Figure 2.1B). Briefly, ScoC, an acyl carrier protein ligase, adds crotonic acid onto ScoB, an acyl 

carrier protein. ScoD is proposed to catalyze addition of a glycine onto ScoB-tethered crotonic 

acid. Subsequently, ScoE, an Fe/2OG enzyme, converts the glycinyl moiety to the isonitrile group. 

It is followed by ScoA, a nonribosomal peptide synthetase (NRPS), catalyzed condensation 

reaction between 10 and an L-lysine. Last, 4 is reductively released via reductase domain to 

complete 4 biosynthesis. 
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Figure 2.1. (A) Structures of 4 and 5 that were isolated from ScoA-E-catalyzed reactions. 4 and 5 

are structurally similar with SF2369 and SF2768. (B) Proposed functions of ScoA-E in the 

biosynthesis of 4. 

Through the X-ray structural characterization of the zinc-bound ScoE, the first mechanism 

investigation of Fe/2OG enzyme catalyzed isonitrile installation was reported in 2018 (Scheme 

2.1A).[26] The reaction proceeds through an imine formation followed by second hydroxylation to 

afford 12 (8Ÿ11Ÿ12). After decarboxylation and dehydration, the corresponding isonitrile 

product 9 is produced. Due to the absence of the substrate 8 in the reported ScoE crystal, how 8 

binds in the active site remains to be investigated. In 2020, Li et al. constructed the enzyme-

substrate complex model based on the previously reported ScoE structure.[49] Using quantum 

mechanical/molecular mechanical calculation and molecular dynamic simulation, they proposed 

that a reaction pathway involving hydroxylation of imine intermediate (8ʤ11ʤ15) followed by 
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decarboxylation (12ʤ9) is less likely due to a high energy barrier (Scheme 2.1B, pathway I). 

Alternatively, the iron center could serve as an electron relay station to lower the energy barrier 

for the decarboxylation step (15ʤ9) (Scheme 2.1B, pathway II). Although several mechanism 

have been proposed, the initial reaction site and the identity of on-pathway intermediate remain to 

be verified. 

 

Scheme 2.1. (A and B) Proposed mechanisms account for ScoE-catalyzed isonitrile installation 

and mechanism supported by quantum mechanical/molecular mechanical calculation and 

molecular dynamic simulation. 

2.2 Investigation of Fe/2OG Enzyme Catalyzed Isonitrile Formation Mechanism 

2.2.1 Enzyme Candidates  
 

In comparison with ScoA-E from Streptomyces coeruleorubidus NRRL18370, similar 

biosynthetic clusters in M. tuberculosis H37Rv,[11,50-51] Mycobacterium marinum strain M,[25] S. 
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avermitilis MA-4680[52-53] and S. thioluteus DSM 40027[10] were characterized or proposed to 

catalyze isonitrile-containing peptides (Figure 2.2). Additionally, isonitrile-containing polyketides 

have also been reported. Analogous to ScoE, corresponding Fe/2OG enzymes, AecA and AmcA, 

are identified in the biosynthetic gene clusters of aerocyanidin and amycomicin, respectively.[15] 

Therefore, these results support that a similar machinery may be use for isonitrile installation. 

 

Figure 2.2. Schematic representation of the conserved biosynthetic gene clusters that are proposed 

to be involved in the biosynthesis of isonitrile-containing peptides and polyketides. NRPS: 

nonribosomal peptide synthetase, PKS: polyketide synthase. 

2.2.2 Using X-ray Crystallography to Trap On-pathway Intermediate 

Initial structural characterization of ScoE performed by Harris et al. in 2018 showed the 

zinc bound ScoE structure.[26] Incorporation of Zn likely results from protein purification when Zn 

was co-purified. Additionally, the potential substrate and 2OG binding site were occupied by 

choline and acetate. To overcome the issues of zinc and other ligands contaminations, ScoE was 

purified as the metal-free protein and reconstituted with Fe(II) prior to crystallization. The 

structure of 8 and iron-bound ScoE was solved at a resolution of 2.18 Å by working with our 

collaborators, Dr. Jiahai Zhou and Dr. Jinfeng Chen (Figure 2.3A). The overall structure of ScoE 
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contains 8 Ŭ-helices and 15 ɓ-strands, in which 8 ɓ-strands assemble in a characteristic jelly roll 

fold or Swiss roll fold. A Dali search for structural homologs suggests ScoE is similar to several 

Fe/2OG enzymes including carbapenem synthase CarC (PDB code: 4OJ8, Z score 20.0) and a 

putative dioxygenase (PDB code: 4Y0E, Z score 26.7). 

In ScoE, the mononuclear iron center located in the jelly roll is coordinated by His132, 

Asp134, and His295 (Figure 2.3B). These residues represent a conserved 2-His-1-Asp/Glu 

coordination triad used to bind iron in this enzyme family. In addition, a tartrate (TAR) molecule 

and two water molecules are observed in the structure, thus providing an octahedron geometry for 

the iron center. Moreover, a clear electron density of 8 is visualized in the active site, consistent 

with the previously reported structure of zinc-bound ScoE.[26] Notably, 8 has hydrogen bonding 

interactions with the surrounding residues including Gly128, Lys193, Tyr101, Tyr96, Tyr135, and 

Arg310. A sequence comparison of isonitrile-forming Fe/2OG enzymes reveals that these residues 

are highly conserved, indicating a common substrate binding arrangement and reaction pathway 

are likely employed to enable isonitrile formation. Importantly, ScoEÅFeÅ8 structure reveals that 

one of C5 hydrogen atom is pointing toward the iron center, hinting at the plausible hydrogen atom 

transfer (HAT) site.  

To our surprise, after we expose ScoEÅFeÅ8Å2OG complex to O2, we were able to solve the 

X-ray crystal structures of ScoE in complex with 16 or 17 at a resolution of 2.17 and 1.99 Å, 

respectively. Capture of 16 and 17 in crystal structures indicate C5 position is the initial reaction 

site, and 16/17 may be the on-pathway intermediate or shunt product during isonitrile formation. 
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Figure 2.3. (A) Structure of ScoE is shown in cartoon model. In the active site, the 2-His-1-Asp 

coordination triad is shown in yellow stick format. The substrate 8 is colored in cyan, in which 8 

has hydrogen bonding interactions with the surrounding residues colored in light gray. (B) Active 

site of ScoE in the presence of 8 (PDB code: 6L6X), 16 (PDB code: 6L6W), or 17 (PDB code: 

7SCP). The 2-His-1-Asp coordination triad is shown in yellow stick format. Molecules 8, 16, and 

17 are colored in cyan. Iron and water molecules are shown in orange and red spheres, respectively. 

2.2.3 Using 13C-NMR to Monitor SfaA -catalyzed Reaction 

To delineate the product profile, in situ 13C-NMR using C5-13C-8 as the substrate was 

conducted. Due to 13C enrichment of 8 at C5 position, the enzymatic reactions could directly 

monitored by 13C-NMR without any purification. In the absence of 2OG, the substrate peak (ŭ ~47 

ppm) was detected, which shows as a triplet in the CïH coupling mode (Figure 2.4A, top trace). 

In the presence of 2OG, substrate consumption along with the formation of four peaks was 
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observed (Figure 2.4A, bottom trace). The red peak locates at Ḑ150 ppm has an identical chemical 

shift as the synthetic standard 9, wherein a singlet observed under the CïH coupling mode indicates 

there is no proton attached at the labeled carbon. Additionally, two peaks representing 17 and 18 

were also detected (17 and 18 with chemical shifts Ḑ165.6 and 164.7 ppm are colored in yellow 

and green, respectively). The identities of these peaks were verified by spiking with the synthetic 

standards. Furthermore, a peak at ŭ Ḑ91 ppm was also observed. This peak was shown as a doublet 

under the C-H coupling mode (J =163 Hz). The chemical shift change (45Ÿ91 ppm) could 

originate from 16 (Figure 2.4B). Alternatively, it may result from the glyoxylate produced through 

the decomposition of 16. To verify the origin of this peak, 13C NMR of a sample containing 

glyoxylate dissolved in Tris-HCl was recorded. In addition to glyoxylate (peaks that were detected 

in a sample containing glyoxylate dissolved in HEPES), two additional peaks with chemical shift 

of 175 and 91 ppm were observed (Figure 2.4C). These peaks are likely associated with the 

cyclized adduct 19 between glyoxylate and Tris. Taken together, these results support the 

formation of isonitrile product 9 along with unstable hemiaminal product 16. Compound 17 is a 

shunt product, whereas 18 is likely resulting from decomposition of 9. 
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Figure 2.4. (A) 13C NMR of SfaA-catalyzed reactions. In addition to 9, 17, and 18 are also 

produced, wherein 17 is a shunt product and 18 is associated with decomposition of 9. (B) 

Observation of glyoxylate-Tris adduct 19 suggests the formation of 16 during the first reaction of 

isonitrile formation. (C) 13C-NMR spectra of glyoxylate were recorded in HEPES and Tris buffer 

(top and bottom traces), respectively. An additional set of peaks associated with the formation of 

glyoxylate-Tris adduct 19 was detected in Tris, but not in HEPES. 
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2.2.4 Using Mössbauer Spectroscopy to Confirm Reaction Species & Initial Hydrogen 

Abstraction Site 

To confirm the requirement of an Fe(IV)-oxo to initiate C5-hydrogen atom transfer (HAT), 

we collaborated with Dr. Yisong Guoôs group at Carnegie Mellon University to conduct 

Mössbauer spectroscopy, a technique to determine the oxidation and spin state of iron. An oxygen-

free sample containing 1.9 mM SfaA, 1.8 mM 57Fe(II), 16.8 mM 2OG, and 18.7 mM 8 (or C5-

2H2-8) was prepared by rapidly mixing the mixture with an equal amount of an oxygen-saturated 

buffer solution (Ḑ1.8 mM O2 in 50 mM Tris-HCl, pH 7.5) at 4°C. The reaction was freeze-

quenched at various time points using a KinTek quench-flow instrument, and the samples were 

frozen via liquid ethane.[54] The Mºssbauer spectra of the initial SfaAÅFe(II)Å2OGÅ8 (or 

SfaAÅFe(II)Å2OGÅC5-2H2-8) complex exhibit a quadrupole doublet consistent with a high-spin 

ferrous species (isomer shift ŭ = 1.24 mmsī1 and quadrupole splitting |ȹEQ| = 2.74 mmsī1). For 

the sample quenched at 0.03 s, a 30% decrease of the SfaAÅFe(II)Å2OGÅC5-2H2-8 complex was 

observed along with the accumulation of a new species (ŭ = 0.31 mmsī1 and |ȹEQ| = 0.59 mmsī1), 

representing Ḑ17ï20% of total iron in the sample. This newly formed species shares similar 

spectral features as previously reported ferryl intermediates observed in several Fe/2OG enzymes. 

In a longer time point, a ferrous species (ŭ = 1.25 mmsī1 and |ȹEQ| = 1.90 mmsī1, Ḑ13% of total 

iron) was identified. This ferrous species was assigned as a potential product complex in the 

reaction. Compared to C5-2H2-8, using 8 results in a decreased accumulation of the ferryl 

intermediate (<5% of total iron at 0.03 s). This observation is most likely associated with the 

intrinsic H/D kinetic isotope effect when replacing the targeted C5-H to C5-2H. Taken together, 

these results support that a ferryl species is used to trigger HAT at the C5 position (Figure 2.5). 
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Figure 2.5. The Mössbauer spectroscopy reveals the involvement of an Fe(IV)-oxo species to 

activate C5-H of 8. The Mössbauer spectra of SfaAÅFe(II)Å2OGÅC5-2H2-8 and SfaAÅFe(II)Å2OGÅ8 

are shown in A and E. The spectra of the samples quenched at 0.03 s are shown in B and F. The 

difference spectra between A and B (BïA), E and F (FïE), and the spectral simulations (grey lines) 

are shown in C and G, which indicate the decrease of the quaternary complex (upward blue 

simulations in D and H), the accumulation of the ferryl intermediate (the red simulations in D and 

H) and the additional ferrous species representing the product complex (the green simulations in 

D and H). 

2.2.5 Using LC-MS to Reveal On-pathway Intermediate toward Isonitrile Formation  

Although an Fe(IV)-oxo has been identified as the key species to initiate HAT in isonitrile 

formation, it remains to be determined how the oxygen-rebound is assimilated to effect isonitrile 

formation. Alternatively, based on a computational analysis, it has been proposed that 

carboxyaldimine (11) produced during the first reaction may serve as the intermediate substrate to 
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trigger isonitrile formation (11Ÿ9). To establish the reaction mechanism, I chemically synthesized 

11 and tested it with SfaA and two previously uncharacterized homologs, AecA/AmcA identified 

in aerocyanidin/amycomicin biosynthesis. In Figure 2.6A, the isonitrile formation from 11 was 

consistently detected in the AecA, AmcA, and SfaA reactions, indicating its role as the common 

intermediate en route to NſC triple formation. 

In addition, the intermediacy of 11 is also corroborated by the observation of the binding 

of 8 in the active site of these enzymes. For the majority of Fe/2OG enzymes, the bidentate binding 

of 2OG to the Fe(II) center leads to generation of a weak optical absorption band (ŮḐ100ī200 

Mī1cmī1) centered around 500ī550 nm.[55-56] This optical feature results from the metal-to-ligand 

charge transfer (MLCT) of Fe(II) and 2OG in the enzyme active site. Sample solutions containing 

reconstituted enzyme, 2OG, substrate (8 or 11) with final concentrations of 1 mM of reconstituted 

enzyme, 20 mM 2OG, and 2 mM of substrate (100 mM Tris-HCl, pH 7.5) were prepared in a 

glovebox. The solutions were centrifuged at 10,000 rpm for 5 min before optical absorption 

measurements. An addition of primary substrate to the enzyme·Fe(II)·2OG ternary complex 

slightly increases the intensity and changes the overall shape of the MLCT band. This optical 

feature has been used to assess the binding of the substrate in several Fe/2OG enzymes. In here, 

upon an addition of 2OG to the SfaA·Fe(II) complex, a weak and broad MLCT band centered at 

Ḑ530 nm was developed (Figure 2.6B). An addition of the native substrate (8) significantly 

increases the intensity of this band, which is now centered at Ḑ540 nm along with two new features 

at 490 and 600 nm. In comparison, an addition of 11 also increases the intensity of the MLCT band 

of the SfaAÅFe(II)Å2OG complex with the concomitant development of two similar absorption 

shoulders. Analogously, adding 8 and 11 into the AmcAÅFe(II)Å2OG ternary complex resulted in 

similar changes (Figure 2.6B). Although the optical features induced by 11 are not as prominent 
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as those of 8, this observation clearly demonstrates that both 8 and 11 can bind to the iron center 

in the active site of SfaA and AmcA. 

 

Figure 2.6. (A) LC-MS analysis of the AmcA, AecA, and SfaA catalyzed reactions. Using 11 as 

the substrate, AmcA, AecA, and SfaA can all effect isonitrile (9) formation. In the absence of 2OG, 

no obvious production of 9 can be detected. (B) Optical absorption spectra showing the binding of 

8 and 11 to the SfaA/AmcAÅFe(II)Å2OG complex. Difference absorption spectra reflecting the 

binding of 2OG (20 mM) to the SfaA·Fe(II) complex (1 mM SfaA and 1 mM Fe2+) are shown as 

a gray solid line. In the presence of 8 (20 mM) and 11 (20 mM), the corresponding spectra are 

shown as red and blue solid lines, respectively. In addition, difference spectra reflecting the 

binding of 2OG (20 mM) to the AmcAÅFe(II) complex (1 mM AmcA and 1 mM Fe2+) in the 

presence of 8 (20 mM) and 11 (20 mM) are displayed as red and blue dashed lines, respectively. 

2.2.6 Using Mutagenesis to Identify Critical Residues Involved in Enzymatic Reaction 

Based on the structures of ScoE and SfaA, several residues were identified to have 

interaction with the substrate 8. Specifically, Tyr96 and Tyr101 of ScoE show hydrogen binding 

interaction with the nitrogen atom and C6-carboxylate of 8. The conserved residues are also 

identified in other isonitrile-forming Fe/2OG enzymes (Figure 2.7A). To verify possible functions 

of tyrosine residues, the corresponding tyrosine residues in SfaA (Tyr66/71) and AecA (Tyr63/68) 
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are mutated to phenylalanine. As revealed by in vitro assays, corresponding SfaA (Phe66/71) and 

AecA (Phe63/68) variants abolish 9 and 17 formation (Figure 2.7B). This observation reveals the 

critical role of these two conserved tyrosine residues in substrate positioning and highlights their 

potential function. For example, Tyr96 in ScoE (Tyr66 in SfaA or Tyr63 in AecA) could function 

as a general base to facilitate the dehydration of 16 to obtain 11. 

 

Figure 2.7. (A) Amino acid sequence alignment of ScoE, Sav607, SfaA, AmcA and AecA. The 

conserved tyrosine residues (Y96 and Y101 in ScoE) are colored in red, while 2-histidine/1-

aspartate used for iron chelation is colored in blue. (B) 13C-NMR spectra of the SfaA Y66F and 

Y71F variants catalyzed reactions using C5-13C-8 as the substrate. Only the formation of a peak 

with the chemical shift of 91 ppm was detected in both reactions. Under the C-H coupling mode, 

the peak appears as the doublet with a coupling constant (JC-H) of 163 Hz. 

2.3 Proposed Mechanism if  Isonitrile Installation  

From a glycinyl moiety of 8 to an isonitrile group of 9, an overall transformation involves 

two consecutive reactions (Figure 2.8A). The first reaction initiates from an Fe(IV)-oxo-triggered 

HAT at C5. Following HAT step, capture of the substrate radical by Fe(III)-OH yields hemiaminal 
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16. Formation of 16 is supported by the observation of the 16-bound ScoE crystal structure (PDB 

code: 6L6W) and the in situ NMR analysis. Subsequent dehydration of 16 results in 

carboxyaldimine 11. This step could be facilitated by a tyrosine residue, e.g. Tyr96 in ScoE, Tyr66 

in SfaA, and Tyr63 in AecA, as supported by mutagenesis studies. Taken together, the first reaction 

likely involves hydroxylation and dehydration. The second reaction is a decarboxylation-assisted 

desaturation of 11 to furnish 9. While the detailed mechanism remains to be elucidated, we 

collaborate with Dr. Hung-wen Liuôs group to conduct isotope-tracer experiments, implying a 

plausible reaction pathway. Specifically, the experiment using 18O2 or H2
18O reveals that C5 

oxygen of 17 is originated from molecular oxygen rather than H2
18O (Figure 2.8B). Additionally, 

incubating 17 did not result in 9 formation, while 17 is observed in crystallo. These results suggest 

that the second reaction might include a HAT step. Following HAT, decarboxylation and a single 

electron transfer generate 9 and Fe(II) (11Ÿ9). On the other hand, an oxygen rebound followed 

by tautomerization would furnish 17 (11Ÿ12Ÿ9) as supported by the isotope-tracer experiment. 
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Figure 2.8. (A) A proposed mechanism to account for the formation of isonitrile (9), a shunt 

product (17), and a decomposition product (18) formation. ET, electron transfer. (B) An LC-MS 

analysis of the AecA reaction under 18O2 and H2
18O conditions demonstrates the incorporation of 

the molecular oxygen (O2) into 17 (m/z 174.1Ÿ176.1). 

2.4 Conclusion and Outlook 

In summary, our results establish that Fe/2OG enzymes catalyzed isonitrile formation 

proceeds through two consecutive but distinctive reactions. Using a multifaceted approach 

including protein X-ray protein structure determination, mechanistic probe design, in situ NMR, 

isotope-tracer experiments and computational analysis, a plausible pathway was revealed. This 

four-electron oxidation takes place in a two-step sequence in which the first reaction results in the 

oxidation of the glycinyl moiety of the substrate to a carboxyaldimine (8Ÿ11). This reaction 

begins with hydrogen atom transfer at C5 position followed by hydroxyl rebound (e.g., 8Ÿ16) as 

inferred from the observation of an D/H KIE on Fe(IV)-oxo kinetic and 16 in the active site of 
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ScoE. This led to the proposal that the resulting carbinolamine (16) can undergo subsequent 

dehydration to yield the carboxyaldimine 11. Next, decarboxylation of 11 affords isonitrile 9. 

While the details of the isonitrile formation using 11 remain to be fully elucidated, the 

carboxyaldimine 11 also undergoes a side-reaction to afford 17, which can be observed in the 

enzyme active site in crystallo. An observation of O2 incorporation onto 17 suggests that a 

hydroxyl rebound step following HAT from 11 might take place (11Ÿ15Ÿ12Ÿ17). 

Our study not only demonstrates that a conserved strategy is very likely employed in 

isonitrile-containing peptide and polyketide natural products, but also establishes the plausible 

reaction mechanism of isonitrile group formation. Moreover, because a common mechanistic 

paradigm is used for the Fe/2OG enzyme-catalyzed NſC triple bond formation, we speculate that 

these enzymes may represent a strategy to annotate other uncharacterized isonitrile-containing 

natural products. To test our hypothesis, we use an uncharacterized homolog of ScoE, Rv0097 

from Mycobacteria tuberculosis (Mtb), to generate sequence similarity network (SSN) and 

genome neighborhood network (GNN).[57-58] Based on in silico analysis, several novel homologs 

were identified, and some of them are found in pathogenic bacteria (Figure 2.9). More discussion 

is described in Chapter 3. 
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Figure 2.9. Sequence similarity network (SSN) of Rv0097, an uncharacterized homolog of ScoE, 

responsible for isonitrile formation. Initial blast of Rv0097 contains 8966 homologs. After genome 

neighborhood network (GNN) analysis, hits contain both Rv0097 and Rv0098, a thioesterase that 

provides a substrate for Rv0097, are down to 394 homologs. Potential isonitrile peptides (NC-

peptides) in pathogenic bacteria are highlighted in different colors. 

2.5 Experimental Sections 

2.5.1 Compound Preparation 

 

To a solution of methyl (S)-3-hydroxybutyrate (2.4 mL, 21.5 mmol) in dichloromethane 

(44 mL) was added trimethylamine (Et3N, 3.6 mL, 25.8 mmol) followed by methanesulfonyl 
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chloride (MsCl, 1.8 mL, 23.7 mmol) dropwise in ice bath. After addition, the reaction was kept 

stirring at same temperature for ~1 hour. The crude product was subjected to silica gel and purified 

by silica gel column chromatography (n-hexanes/ethyl acetate = 2/1 (v/v)) to give 20 as a colorless 

oil (4.21 g, 99% yield). 1H NMR (600 MHz, CDCl3) ŭ 5.16-5.11 (m, 1H), 3.71 (s, 3H), 3.03 (s, 

3H), 2.79 (dd, J = 8.7 and 16.5 Hz, 1H), 2.58 (dd, J = 4.2 and 16.8 Hz, 1H), 1.51 (d, J = 6.6 Hz, 

3H); 13C NMR (150 MHz, CDCl3) ŭ 170.3, 75.9, 52.2, 41.1, 38.4, 21.7. 

To a solution of 20 (4.21 g, 21.4 mmol) in formamide (22 mL) was added sodium azide 

(NaN3, 5.57 g, 85.7 mmol) at room temperature. After addition, the reaction was warmed up to 

55°C and kept stirring overnight. Subsequently, the reaction was cooled backed to room 

temperature and quenched with water. The mixture was then extracted with ethyl acetate, and the 

organic layer was combined, washed with brine, dried with MgSO4, and concentrated under 

reduced pressure to give 21 as a colorless oil (2.71 g, 89 % yield). 1H NMR (600 MHz, CDCl3) ŭ 

3.99-3.94 (m, 1H), 3.72 (s, 3H), 2.52 (dd, J = 7.8 and 16.2 Hz, 1H), 2.44 (dd, J = 5.7 and 15.9 Hz, 

1H), 1.32 (d, J = 6.6 Hz, 3H); 13C NMR (150 MHz, CDCl3) ŭ 171.1, 54.4, 52.1, 41.0, 19.6. 

To a solution of 21 (2.71 g, 18.9 mmol) in ethyl acetate (40 mL) was added catalytic amount 

of 10% Pd/C at room temperature. After addition, the reaction was treated with H2 with Parr Shaker 

Equipment at 55 psi overnight. Subsequently, Pd/C was removed by filtration, and the filtrate was 

carefully concentrated under reduced pressure to give 22 as a colorless oil (1.85 g, 84 % yield). 1H 

NMR (500 MHz, CDCl3) ŭ 4.00-3.93 (m, 1H), 3.72 (s, 3H), 2.52 (dd, J = 8.3 and 15.8 Hz, 1H), 

2.44 (dd, J = 5.8 and 16.2 Hz, 1H), 1.63 (br s, 1H), 1.32 (d, J = 6.5 Hz, 3H). 

To a solution of 22 (2.00 g, 17.1 mmol) in THF (79 mL) was added triethylamine (Et3N, 

2.8 mL, 20.5 mmol), and followed by methyl bromoacetate (1.7 mL, 18.8 mmol) at room 
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temperature. Subsequently, the reaction was heated up to at 50°C and stirred for 5 hours. After 

cooling back to room temperature, the mixture was quenched with water and extracted with ethyl 

acetate, and the combined organic layers were washed with brine, dried using MgSO4 and 

concentrated under reduced pressure. It is followed by silica gel column chromatography (n-

hexanes/ethyl acetate = 1/1 (v/v)) to give compound 23 as a yellow oil (1.33 g, 41 % yield). 1H 

NMR (600 MHz, CDCl3) d 3.73 (s, 3H), 3.68 (s, 3H), 3.47 (d, J = 17.4 Hz, 1H), 3.44 (d, J = 17.4 

Hz, 1H), 3.17-3.11 (m, 1H), 2.49 (dd, J = 6.6 and 15.6 Hz, 1H), 2.37 (dd, J = 6.0 and 15.6 Hz, 

1H), 1.14 (d, J = 6.6 Hz, 3H); 13C NMR (150 MHz, CDCl3) d 172.6, 172.5, 52.1, 51.8, 50.2, 48.3, 

41.4, 20.3. 

To a solution of compound 23 (189 mg, 1.0 mmol) in 1,4-dioxane (5 mL) and water (5 mL) 

was added lithium hydroxide (43.1 mg, 1.8 mmol) at room temperature. The mixture was stirred 

at room temperature for 5 hours and followed by solvent removal to give compound 8 in its lithium 

salt form (171 mg, quant. yield). 1H NMR (600 MHz, D2O) d 3.34 (d, J = 16.2 Hz, 1H), 3.32 (d, J 

= 16.2 Hz, 1H), 3.20-3.14 (m, 1H), 2.49 (dd, J = 5.7 and 14.7 Hz, 1H), 2.22 (dd, J = 7.8 and 14.4 

Hz, 1H), 1.16 (d, J = 6.6 Hz, 3H); 13C NMR (150 MHz, D2O) d 180.1, 177.0, 51.0, 48.7, 42.9, 

18.0. 

For preparation of compound 5-2H2-23, methyl bromoacetate-2,2-2H2 was used. 

Compound 5-2H2-23 was obtained as a yellow oil (45 % yield). 1H NMR (600 MHz, CDCl3) d 

3.72 (s, 3H), 3.68 (s, 3H), 3.17-3.10 (m, 1H), 2.47 (dd, J = 6.6 and 15.6 Hz, 1H), 2.36 (dd, J = 6.3 

and 15.3 Hz, 1H), 2.23 (br s, 1H), 1.13 (d, J = 6.0 Hz, 3H); 13C NMR (150 MHz, CDCl3) d 172.8, 

172.6, 52.0, 51.8, 50.1, 47.8 (quint., JC-D = 20.9 Hz), 41.5, 20.4. 
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Following the procedure described above, 5-2H2-8 was obtained. 1H NMR (600 MHz, D2O) 

d 3.06-3.00 (m, 1H), 2.44 (dd, J = 5.7 and 14.1 Hz, 1H), 2.11 (dd, J = 8.1 and 14.1 Hz, 1H), 1.18 

(d, J = 6.6 Hz, 3H); 13C NMR (150 MHz, D2O) d 180.8, 178.7, 50.6, 48.8 (quint., JC-D = 20.3 Hz), 

44.0, 18.6. 

Compound 5-13C-23, was prepared by analogous manner by using ethyl bromoacetate-2-

13C was used as substrate and obtained as a yellow oil (54 % yield). 1H NMR (600 MHz, CDCl3) 

d 4.19 (q, J = 7.2 Hz, 2H), 3.69 (s, 3H), 3.46 (dd, JH-H = 17.4 Hz, JC-H = 136.8 Hz, 1H), 3.41 (dd, 

J = 17.1 Hz, JC-H = 136.5 Hz, 1H), 3.18-3.12 (m, 1H), 2.51 (dd, J = 6.6 and 15.6 Hz, 1H), 2.38 (dd, 

J = 6.0 and 15.6 Hz, 1H), 1.27 (t, J = 7.2 Hz, 3H), 1.15 (d, J = 6.0 Hz, 3H); 13C NMR (150 MHz, 

CDCl3) d 172.6, 172.2 (d, JC-C = 58.5 Hz), 61.3 (d, JC-C = 73.5 Hz), 51.6 (d, JC-C = 63.0 Hz), 50.2, 

48.6, 41.4 (d, JC-C = 3.0 Hz), 20.4 (d, JC-C = 3.0 Hz), 14.3. 

Following by the procedure described above, compound 5-13C-8 was obtained. 1H NMR 

(600 MHz, D2O) d 3.17 (dd, JH-H = 16.5 Hz, JC-H = 135.3 Hz, 1H), 3.14 (dd, JH-H = 16.8 Hz, JC-H = 

135.0 Hz, 1H), 2.99-2.93 (m, 1H), 2.43 (dd, J = 6.0 and 13.8 Hz, 1H), 2.05 (dd, J = 8.4 and 13.8 

Hz, 1H), 1.04 (d, J = 6.0 Hz, 3H); 13C NMR (150 MHz, D2O) d 181.1, 179.5 (d, JC-C = 52.5 Hz), 

50.5, 49.8, 44.6 (d, JC-C = 3.0 Hz), 19.0 (d, JC-C = 1.5 Hz). 

Following the same procedure, compound 24 was prepared analogously by reacting 22 

with ethyl chloroglyoxylate. Compound 24 was obtained as a yellow oil (1.76 g, 67 % yield). 1H 

NMR (600 MHz, CDCl3) ŭ 4.40-4.33 (m, 1H), 4.35 (q, J = 7.2 Hz, 2H), 3.71 (s, 3H), 2.59 (d, J = 

5.4 Hz, 2H), 1.38 (t, J = 7.2 Hz, 3H), 1.30 (d, J = 7.2 Hz, 3H); 13C NMR (150 MHz, CDCl3) ŭ 

171.6, 160.7, 155.9, 63.4, 52.0, 42.9, 39.5, 19.8, 14.1. 
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Same hydrolysis procedure was applied to obtain compound 17 as the lithium salt form. 

1H NMR (600 MHz, D2O) ŭ 4.18-4.11 (m, 1H), 2.47 (dd, J = 7.2 and 17.4 Hz, 1H), 2.34 (dd, J = 

9.0 and 16.8 Hz, 1H), 1.21 (d, J = 8.4 Hz, 3H); 13C NMR (150 MHz, D2O) ŭ 179.9, 166.4, 164.0, 

44.0, 43.7, 19.2. 

 

To a solution of 21 (2.87 g, 20.0 mmol) in dry diethyl ether (61 mL) was added 

triphenylphosphine (PPh3, 5.25 g, 20.0 mmol) at room temperature. After addition, the reaction 

was kept stirring at room temperature for 2 hours. Subsequently, ethyl glyoxalate (50% in toluene, 

4.1 mL, 20.0 mmol) was added to the reaction at same temperature. After overnight, the reaction 

was monitored by TLC, and directly purified by silica gel column chromatography (n-

hexanes/ethyl acetate = 2/1 (v/v)) to give 25 as a yellow oil (2.81 g, 70% yield). 1H NMR (600 

MHz, CDCl3) ŭ 7.76 (s, 1H), 4.34 (q, J = 7.2 Hz, 2H), 3.91-3.84 (m, 1H), 3.64 (s, 3H), 2.74 (dd, J 

= 8.4 and 16.5 Hz, 1H), 2.59 (dd, J = 4.8 and 16.2 Hz, 1H), 1.34 (t, J = 7.2 Hz, 3H), 1.29 (d, J = 

6.6 Hz, 3H); 13C NMR (150 MHz, CDCl3) ŭ 171.7, 163.1, 153.5, 62.6, 62.0, 51.7, 41.2, 21.8, 14.3. 

To a solution of 25 (536.5 mg, 2.67 mmol) in 1,4-dioxane (13 mL) and water (8 mL) was 

added 1M lithium hydroxide aqueous solution (LiOH, 5.07 mL, 5.07 mmol) at room temperature. 

The reaction was kept stirring at same temperature for 1 hour, and monitored by TLC. After the 

completion of the reaction, the solvent was removed under reduced pressure to give 11 in its 

lithium salt form (quant. yield). 1H NMR (600 MHz, D2O) ŭ 7.73 (s, 1H), 3.74-3.68 (m, 1H), 2.38 
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(d, J = 6.6 Hz, 2H), 1.18 (d, J = 6.6 Hz, 3H); 13C NMR (150 MHz, D2O) ŭ 180.3, 171.1, 159.0, 

62.5, 45.4, 21.0. 

22 (1.58 g, 13.5 mmol) dissolved in ethyl formate (20.6 mL) was warmed up to 65°C and 

kept stirring at same temperature overnight. Subsequently, the reaction was cooled backed to room 

temperature followed by concentration under reduced pressure. The crude product was purified by 

silica gel column chromatography (pure ethyl acetate) to give 26 as a yellow oil (724 mg, 37% 

yield). Compound 26 presents as two rotamers in a ratio of 4:1. Major rotamer: 1H NMR (500 

MHz, CDCl3) ŭ 8.10 (s, 1H), 6.22 (br s, 1H), 4.48-4.40 (m, 1H), 3.69 (s, 3H), 2.58-2.52 (m, 2H), 

1.26 (d, J = 6.5 Hz, 3H). Minor rotamer: 1H NMR (500 MHz, CDCl3) ŭ 8.13 (s, 1H), 5.91 (br s, 

1H), 4.03-3.95 (m, 1H), 3.69 (s, 3H), 2.58-2.52 (m, 2H), 1.30 (d, J = 6.5 Hz, 3H); 13C NMR (125 

MHz, CDCl3) ŭ 172.1 (171.2), 160.5 (163.7), 51.9 (52.1), 40.8 (45.2), 39.7 (42.0), 20.1 (22.1). 

To a solution of 26 (1.58 g, 13.5 mmol) in chloromethane (3.5 mL) was added 

triphenylphosphine (PPh3, 238.0 mg, 0.91 mmol) followed by addition of trimethylamine (Et3N, 

0.11 mL, 0.91 mmol) and carbon tetrabromide (CBr4, 255.0 mg, 0.77 mmol) in ice bath. After 

addition, the reaction was kept stirring at same temperature until no starting material could be 

detected by TLC. The crude product was purified by silica gel column chromatography (n-

hexanes/ethyl acetate = 3/1 (v/v)) to give compound 27 as a yellow oil. 1H NMR (600 MHz, 

CDCl3) ŭ 4.14-4.08 (m, 1H), 3.74 (s, 3H), 2.76 (dd, J = 7.2 and 15.6 Hz, 1H), 2.59-2.54 (m, 1H), 

1.46-1.44 (m, 3H); 13C NMR (150 MHz, CDCl3) ŭ 169.8, 156.2 (isocyananide carbon), 52.3, 46.6 

(t, J = 6.8 Hz, ɓ-carbon), 41.5, 21.6. 

Applying the same hydrolysis procedure described above, compound 9 was obtained 

(quant. yield). 1H NMR (600 MHz, D2O) ŭ 4.11-4.05 (m, 1H), 2.58-2.53 (m, 1H), 2.51-2.46 (m, 
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1H), 1.40-1.38 (m, 3H); 13C NMR (150 MHz, D2O) ŭ 178.1, 149.8 (t, J = 6.8 Hz, isocyananide 

carbon), 48.4 (t, J = 5.3 Hz, ɓ-carbon), 44.7, 20.6. 

2.5.2 Protein Over-expression and Purification 

For protein expression in Escherichia coli (E. coli), amcA and aecA genes (GenBank 

accession No. ATY12796.1 and AUH51997.1) from Amycolatopsis sp. AA4 and 

Chromobacterium sp. ATCC 53434 were codon-optimized, synthesized, and inserted into the 

pET28a(+) vector between the NdeI and XhoI sites with a 6×His tag attached to the N-terminus. 

For SfaA, the sfaA-containing plasmid information was reported in the literature. 

The recombinant plasmid was transformed into E. coli BL21 (DE3) competent cells and 

grown in LB medium containing 50 ɛg/mL kanamycin at 37ÁC with shaking at 220 rpm. Protein 

expression was induced by adding IPTG to a final concentration of 0.6 mM when the OD600 

reached ~ 0.6, and the culture was kept growing overnight at 18°C. The cells were harvested by 

centrifugation at 6,000 × g for 15 min at 4°C. Cell pellets were resuspended in the dialysis buffer 

(100 mM Tris-HCl, 5 mM imidazole, pH 7.5) and lysed by sonication on ice for 10 min with 30-

sec on/off cycles. The cell lysate was clarified by centrifugation at 22,000 × g for 20 min at 8°C. 

The supernatant was applied to a Ni-NTA agarose column equilibrated with the dialysis buffer. 

After thorough washing of the column using the dialysis buffer, the target protein was eluted with 

the elution buffer (100 mM Tris-HCl, 250 mM imidazole, pH 7.5). The fractions containing the 

target protein were pooled and concentrated using 10-K filter (Pall®). It is followed by a two-step 

dialysis at 4°C in which the first against a buffer contains 100 mM Tris-HCl and 5 mM EDTA (pH 

7.5) for 12 h, and then against a buffer contains 100 mM Tris-HCl (pH 7.5) for 12 h. The dialyzed 

sample was collected and for stored in -80°C for the subsequent applications. Protein concentration 

was determined by UV absorption at 280 nm using the ProtParam tool (http://ca.expasy.org). 
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Protein purity was assessed by sodium dodecyl sulphateïpolyacrylamide gel electrophoresis 

(SDS-PAGE) stained with Coomassie Brilliant Blue (Appendices A-1). 

2.5.3 LC-MS Experiments 

Isonitrile formation was detected through derivatization of isonitrile group with 

tetrazine.[59-60] A reaction solution containing enzyme, Fe(II), 2OG, and 8 with final concentrations 

of 0.125 mM of enzymes, 0.1 mM Fe(II), 2.5 mM 2OG, and 1 mM of 8 in a total volume of 200 

µL (100 mM Tris-HCl pH 7.5) was exposed to air at 4°C. After 4 h, the reactions were ceased by 

adding of an equal volume of a solution that contains 5 mM of tetrazine dissolved in methanol. 

After incubating reaction mixtures at 43°C for 30 min, the samples were subjected to centrifugation 

at 12,000 rpm for 20 min to precipitate the protein. An aliquot from the reaction mixture was 

injected into LC-MS. The control experiments were conducted under the same experimental 

conditions without adding 2OG. Compound 9 was synthesized and derivatized in an analogous 

manner to serve as product standard. 

Similar experimental conditions were applied for substrate analog 11 with the following 

modifications: the freshly prepared 11 was used each time and the pH of the reaction was increased 

to 8.0 (Tris-HCl, 100 mM). Besides AecA and AmcA, SfaA was also tested.  

For detection of 17,[61] the reactions were quenched by adding an equal volume of methanol 

solution that contains 50 mM of 3-nitrophenylhydrazine, 50 mM of 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide. A pyridine solution (10% in methanol (v/v)) was then added 

to the reaction mixture with a volumetric ratio of 1:0.5 (the reaction mixture:pyridine solution). 

After incubating the reaction mixtures at 43°C for 30 min, the samples were subjected to 

centrifugation at 12,000 rpm for 20 min. Compound 17 was prepared and used as the standard. 



   

30 

 

For the detection of 9 and 17 derivatives, liquid chromatography (LC) with detection by 

mass spectrometry (MS) was conducted on an Agilent Technologies (Santa Clara, CA) 1200 

system coupled to an Agilent Technologies 6120 quadrupole mass spectrometer. The enzymatic 

reactions were chromatographed on an Agilent Zorbax Extend-C18 column (4.6x50 mm, 1.8 ɛm). 

For the detection of 9, the following gradient program is used: 0ï3 min 80% A, 3ï4 min 80 Ÿ 

72% A, 4ï6 min 72% A, 6ï7.5 min 72% Ÿ 80% A. The flow rate is 0.4 mL/min. Solvent A 

contains 0.1% formic acid in H2O and solvent B is acetonitrile. For the detection of 17, an isocratic 

elution conditions (40% methanol + 60% water with 0.1% formic acid, 0.4 mL/min) was used. 

Mass spectra were monitored with electrospray ionization in positive mode (ESI+). The associated 

Agilent MassHunter and OpenLAB software packages were used for data collection and analysis. 

The LC-MS chromatograms shown were collected using selective ion monitoring mode. 

2.5.3 13C-NMR Experiments 

Reaction mixtures containing SfaA, Fe(II), ascorbate, 5-13C-8, 2OG with the final 

concentration of 0.22 mM SfaA, 0.2 mM Fe(II), 3.0 mM ascorbate, 2.0 mM 5-13C-8, and 0, 3.0 or 

5.0 mM of 2OG with final volume of 700 ɛL in 50 mM TRIS (pH 7.64) were prepared. The 

reaction mixtures were left on a plate rotator with a speed of 70 rpm for 14 hours at 4°C. Prior to 

NMR, 30 ɛL of d6-DMSO was added to the reaction and followed by centrifugation at 14,000 rpm 

for 5 minutes. The supernatant was then transferred to the NMR tubes. The 13C NMR spectra were 

recorded using Bruker NEO 700 MHz with 16 (decoupling mode) and 64 (coupling mode) scans, 

respectively. 
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CHAPTER 3 

Identification and Elucidation of Isonitrile Peptide Natural Product Function in Pathogenic 

Mycobacteria 

3.1 Introduction  

Isonitrile-peptides (NC-peptides) are small molecules constituted of the amino acid 

backbone and the isonitrile moiety found in archaea. The NſC bond of the NC-peptides impart its 

metal binding feature, enabling organisms that contain it to capture extracellular metals, including 

iron, copper or zinc.[10-12,62] The NC-peptide is composed of the isonitrile moiety and the amino 

acid backbone (Figure 3.1A). Based on highly similar biosynthetic genes deployed in the formation 

of NC-peptides, their constructions include synthesis of isonitrile moiety (Chapter 2) followed by 

NRPS catalyzed amide formation to install the isonitrile moiety onto the amino acid backbone. 

Nature uses this strategy to produce structurally distinct NC-peptides, in which they have shown 

to involve metal homeostasis. Obtaining NC-peptides from different producing organisms would 

be necessary to reveal metal binding selectivity. While using NRPS can annotate the structural 

insight of the amino acid backbone,[63-65] the inability to determine the structure of isonitrile moiety 

has led to a challenge to predict the structure of NC-peptides in different producing organisms. 

Notably, given that all characterized Fe/2OG isonitrilase from Streptomyces use a standalone 

substrate, one hypothesis is that the corresponding Fe/2OG enzymes from Mycobacteria also take 

the standalone substrate. However, the recent publication by Gokhale et al. suggested that a carrier-

protein tethered substrate is used in 28 formation in Mtb (Figure 3.1B).[11] In contrast, studies on 

the same enzyme, Rv0097, by Zhang et al. revealed that Rv0097 can accommodate standalone 

substrate.[66]  
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NC-peptides are known to bind metals including copper, iron and zinc. The NC group 

necessitate the binding of metals in NC-peptides, in which the zwitterionic feature of the isonitrile 

enables the terminal carbon for metal chelation. Several studies were performed to assess whether 

NC-peptide in Mtb is associated with copper or zinc transport. However, NC-peptide can either 

bind with copper or zinc depending on the conditions. Specifically, under the conditions of copper 

starvation or chelation, the NC-peptide biosynthetic gene cluster expression in Mtb and M. 

marinum was strongly induced, thus suggest its role in copper homeostasis.[12] By contrast, 

compared to wild-type Mtb and M. marinum, lower zinc level were observed in Sautonôs medium 

with variants that knockout out the NC-peptide biosynthetic genes, where the growth of Mtb 

variant could be restored only upon zinc supplementation.[11,25] Moreover, MS analysis of the 

extracted metabolites from Mtb cells revealed that the NC-peptide contains a mixture of 

compounds with various alkyl lengths.[11] These earlier studies suggest that NC-peptides might 

play important roles in metal homeostasis. Therefore, developing a strategy to predict and to 

prepare these novel NC-peptides is necessary to help establish their metal binding selectivity and 

biological function. 
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Figure 3.1. (A) Isonitrile-containing natural products are composed of the isonitrile moiety with 

amino acid backbone. (B) Proposed functions of Rv0097-0101 in the biosynthesis of 28, where 

the alkyl chain length of isonitrile moieties remain unclear. Based on tandem MS results, R is 

proposed to be ranging from decyl to hexadecyl group. 

3.2 Analysis of Substrate Scope for Isonitrile Formation 

To investigate substrate selectivity of isonitrile moiety from different producing organisms, 

we first characterize in vitro activities of the corresponding Fe/2OG enzymes, Rv0097 and MmaE 

from Mtb and M. marinum, respectively. Rv0097 was initially suggested to take carrier-protein 

tethered substrate with a long alkyl side chain (Figure 3.1B).[11] However, compared to heptyl-8, 

reacting Rv0097 with heptyl-8-SNAc, a carrier-protein tethered substrate mimic, ~7-fold less 

isonitrile product was observed. This result indicates that substrate 8 is a standalone carboxylic 
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acid rather than carrier-protein tethered. To provide some insight for substrate recognition, we 

started the collaboration with Dr. Zhouôs group and solved the crystal structures of Rv0097 and 

MmaE bound with heptyl-8 at a resolution of 2.05 and 2.13Å, respectively. Both enzymes contain 

a typical cupin-fold. The iron in the active site is coordinated by two histidines and one aspartate, 

in which the remaining sites are open for coordination by 2-oxoglutarate and O2 (Figure 3.2B and 

C). The structure of heptyl-8 bound Rv0097 reveals that the initial annotation of Rv0097 

accommodates a carrier-protein tethered substrate is unlikely because binding of a bulky carrier-

protein in the active site requires room that is not available in the Rv0097 active site. Instead, the 

structures reveal that C5-H cleavage would occur on a standalone substrate, such as heptyl-8. 

Importantly, the heptyl chain of 8 projects into a long hydrophobic binding pocket. This tunnel 

terminates at the A202, T203, and G204 in Rv0097 (Figure 3.2B), where E237, G238, and F239 

is applied in ScoE (Figure 3.2A). As the result, the hydrophobic binding pocket among different 

isonitrilases likely play crucial roles for substrate selectivity. 
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Figure 3.2. (A) Active sites of ScoE with methyl-8 colored in black, PDB ID: 6L6X. (B) Active 

sites of Rv0097 with heptyl-8 colored in yellow. (C) Active sites of MmaE with heptyl-8 colored 

in yellow. 2Fo-Fc (light gray mesh, contoured at 1.0 ů) electron density map for methyl-8 and 

heptyl-8. Dashed lines illustrate distances between C5 and iron. The active site residues are shown 

in stick format, and iron is shown as an orange sphere. (D) Superposition of ScoEÅFeÅmethyl-8 

and Rv0097ÅFeÅheptyl-8. A hydrophobic binding pocket is observed to be critical for substrate 

recognition among Fe/2OG enzymes. 

The finding of heptyl-8 in the Rv0097 active site suggested that the substrate for the 

enzyme is a standalone substrate with a longer alkyl chain. In the structure of MmaE, a highly 

similar hydrophobic binding pocket is also observed. To verify that Rv0097 and MmaE can 

catalyze isonitrile formation, we carried out biochemical assays. After reacting enzyme (Rv0097 
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or MmaE) with substrates with various alkyl chain length (n=1-15), tetrazine was added to 

derivatize isonitrile into pyrazole and analyzed by MS. In the Figure 3.3, Rv0097 and MmaE can 

accommodate the substrate with an alkyl chain ranging from 5 to 13. Importantly, the reactivity 

decreased more than 3-fold when the alkyl chain length (n) is longer than 11 or shorter than 7, 

where undecyl substrate (n=11) shows slightly higher reactivity in both enzymes. This observation 

corroborates with the X-ray structure and is different from the literature reports where Rv0097 

shows no preference for substrate with a longer alkyl chain (n=7-11).[11,66] 

 

Figure 3.3. Substrate Preference for Rv0097 and MmaE. Both enzymes prefer substrates with long 

alkyl chain, where undecyl substrate (n=11) shows slightly higher reactivity. 

3.3 General Synthetic Scheme for NC-peptides 

To access these molecules and to establish their metal binding preferences, we applied the 

results of the substrate selectivity of Fe/2OG enzymes along with the NRPS assembly to annotate 

the structure of NC-peptide in Mtb, and the synthesis of 4, 5, and 28 was developed (Scheme 3.1). 

Based on the biosynthetic studies of NC-peptides identified in S. thioluteus and S. coeruleorubidus, 

and the resemblance among the biosynthetic gene clusters in Mtb, the biosynthetic operon (rv0097-

rv0101 in Mtb), likely employ an analogous strategy to biosynthesize 28. Rv0097-Rv0100 result 

in isonitrile moiety production which is then introduced to the peptide backbone via NRPS 



   

37 

 

Rv0101. A reductase domain of Rv0101 then releases the thioester-bound NC-peptide as 

corresponding alcohol (Figure 3.1). Because Rv0101 has two adenylation domains, different from 

4 and 5, the backbone of 28 contains two amino acids, lysine (or ornithine) and phenylalanine. 

Because the previous studies suggested that Rv0097 has no obvious selectivity toward substrate 

with a long alkyl chain, the 28 is suggested to contain various alky chain (n=10-16).[11] MS analysis 

of the metabolites from Mtb reveals that 28 with different alky chains is produced at different 

levels and 28 also consists of ornithine-phenylalanine.[11] While 28 consisting of ornithine-

phenylalanine corroborates with the earlier MS study of the metabolomics studies of Mtb, our in 

vitro assay and the X-ray structure of Rv0097 reveals that 28 with undecyl chain is likely a 

preferred substrate.  

These observations help annotate the structure of 28, in which 28 contains the ornithine-

phenylalanine backbone and the two isonitrile moieties have the undecyl chain. To develop a 

common synthetic strategy that can be employed in 28 and other NC-peptides, we consider 

preparing the isonitrile moiety and the amino acid backbone as the starting units, in which the 

condensation reaction can lead to the targeted molecule. The synthesis of isonitrile moiety starts 

with formation of the ɓ-substituted acrylate ester 29 using Witting reaction. Following 1,4-addition 

with a chiral amine[67-68] and deprotection, the key intermediate 30 was prepared, in which the C3-

stereochemistry was verified by Marfey's reagent (Appendices A-2).[69] During the preparation of 

28, because the reactive nature isonitrile will be hydrolyzed to formyl group under acidic 

condition, dehydration of the N-formyl group was applied as the last step before condensation 

(Scheme 3.1). To effect coupling reaction, 30 was converted to the N-succinimide 31. Since the 

terminal reductase domain of Rv0101 likely catalyzes a four-electron reduction the thioester to the 

corresponding alcohol, the ornithine-phenyl backbone was prepared by reduction of the 
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carboxylate of phenylalanine to introduce the alcohol moiety. A coupling reaction with ornithine 

furnishes the amino acid backbone. Condensation of 32 and 33 followed by removal of TBS group 

afforded the 28 in an overall yield of 3.89% (11 steps for longest linear sequence). Similar synthetic 

scheme is applied to prepare 4 and 5 (NC-peptides found in Streptomyces, detailed synthetic 

scheme in section 3.6.1). 

 

Scheme 3.1. Total synthesis of 28. Reagents and conditions: (a) dodecanal, tert-butyl 2-

(triphenylphosphoranylidene)acetate, THF, 0Ÿ23ÁC, 87%. (b) (R)-(+)-N-benzyl-1-

phenylethylamine, n-butyllithium, THF, -78°C, 69%. (c) (i) trifluoroacetic acid (TFA), DCM, 

23°C; (ii) Pd/C, MeOH, H2, 23°C, 71% over 2 steps. (d) (i) trimethylsilane (TMSCl), MeOH, 

0Ÿ23ÁC; (ii) ethyl formate, 55°C; (iii) lithium hydroxide (LiOH), THF/ H2O, 23°C, 38% over 3 

steps. (e) (i) N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

(EDC), THF, 0Ÿ23ÁC; (ii) burgess reagent, CHCl3, 65°C, 69% over 2 steps. (f) 33, trimethylamine 

(Et3N), THF, 0Ÿ23ÁC, 39%. (g) tetra-n-butylammonium fluoride (TBAF), THF, 0Ÿ23ÁC, 88%. 

3.4 Insight into the Selective Metal Binding of NC-peptides 

To establish the preference of metal binding for NC-peptides (4, 5, and 28), NMR and high-

resolution MS are applied. I tested the binding of 28 with Cu(I), Cu(II) and Zn(II). Because 28 has 

been suggested to bind zinc that only zinc can restore the growth of phenotype Mtb variant that 
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knockouts out the NC-peptide biosynthetic genes,[11] I first tested its binding with zinc. 

Unexpectedly, however, we did not observe any shift in 1H-NMR when adding zinc to the reaction 

(Figure 3.4A). This observation contradict to the literature reports. On the other hand, Glickman 

et al. revealed that the NC-peptide biosynthetic gene cluster expression in Mtb and M. marinum is 

strongly induced under copper starvation, thus suggesting the role of NC-peptide in copper 

homeostasis.[12] To ensure that Cu(I) is not oxidized to Cu(II), samples were prepared in the 

oxygen-free glove box. Through addition of Cu(I), obvious peaks shift occurred (Figure 3.4B). We 

observed a diagnostic peak shift on protons at ŭ 2.55, 3.04, and 3.95 ppm in 1H-NMR. Meanwhile, 

while the paramagnetic property of Cu(II) induces the peak broadening in 1H-NMR, obvious 

changes were also observed. These peak shifts of 28 most likely result from the binding of the 

isonitrile moiety to the copper, strongly suggesting that 28 is selective to copper but not zinc.  
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Figure 3.4. NMR titration of NC-peptides (4, 5, or 28) with metal source (Zn(II) or Cu(I)). (A) No 

obvious shift is observed when titrating 28 with Zn(II), suggesting 28 does not bind to Zn(II). (B-

D) However, protons shift are observed upon the addition of Cu(I), indicating the formation of 

NC-peptideÅCu(I) complex. Interestingly, the stoichiometry between NC-peptides (4, 5, or 28) and 

Cu(I) is different. For 4 and 5, the molar ratio between 4/5 and Cu(I) is 2 to 1, while 1 to 1 ratio is 

observed in 28. All samples are prepared in oxygen-free glove box.  

In addition, we also carried out the NMR titration using 4 and 5. As shown in Figure 3.4C, 

3.4D, and Appendices A-3, both Cu(I) and Cu(II) resulted in peaks shift of 4 and 5. Unexpectedly, 

a close comparison of 1H-NMR and high-resolution MS spectra revealed that the stoichiometry of 

copper to NC-peptides changes based on the structure of NC-peptides and the oxidation state of 

copper. Consistent with the earlier study by Tan et al.,[62] the peak shift of ɓ-protons on isonitrile 

fragments (ŭ 4.07/4.07 ppm) are completed at a molar ratio of 1 to 2 (Cu(I) to 4/5), suggesting two 

NC-peptides (four isonitrile groups) are deployed for one copper binding.  However, Ŭ-protons on 
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isonitrile fragments (ŭ ~2.45/2.45 ppm) and Ů-protons on lysine backbone (ŭ 3.04/3.04 ppm) in 4/5 

stop shifting until a molar ratio of 1 to 1 (Cu(I) to 4/5), hinting a different binding mode could be 

utilized. Indeed, an ion of m/z 385.13/427.14 (molecular formula of 

C16H26CuN4O3/C18H28CuN4O4) in 4/5 was observed in HRMS (Figure 3.5), where their retention 

time are different form the corresponding complex with molar ratio of 1 to 2 (Cu(I) to 4/5). 

Interestingly, when Cu(II) was utilized, the 1 to 2 (Cu(II) to 4/5) complex become a dominant 

form, highlighting the stoichiometry of copper to NC-peptides may be sensitive to the oxidation 

state of copper. In the presence of 28, the peak shift of ɓ-protons on isonitrile fragments (ŭ 3.95 

ppm) completed when the molar ratio of Cu(I) to 28 above 0.5, implying the binding of 28 is 

different from 4/5 (Figure 3.4B). Moreover, Ŭ-protons on isonitrile fragments (ŭ ~2.55 ppm) and 

ŭ-proton on ornithine scaffold (ŭ 3.04 ppm) finish shifting until a molar ratio of 1 to 1 (Cu(I) to 

28). In 28, we observed an major ion of m/z 798.50 (molecular formula of C44H73CuN5O4), 

indicating the molar ratio of 1 to 1 (Cu(I) to 28) (Figure 3.5). A diagnostic isotope occurring from 

the natural abundance of 65Cu isotope was observed, resulting in an ion of m/z 800.50. Similar with 

4/5, the stoichiometry of copper to 28 redirects to 1 to 2 when Cu(II) is used (Figure 3.5).  
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Figure 3.5. High resolution mass spectrometry (HRMS) analysis of NC-peptideÅCu complex. (A, 

E and I) Both 1 to 1 and 1 to 2 complexes (Cu(I) to 4/5/28) were observed, where the retention 

time for 1 to 1 complex is different from 1 to 2 complex. (B, F and J) When replacing Cu(II) with 

Cu(I), the 1 to 2 complex (Cu(I) to 4/5/28) is the dominant species. (CD, GH, and KL) The 

corresponding isotope distribution for NC-peptideÅCu complex. Moreover, [M+2] peak from 65Cu 

isotope is observed in all complexes, coincided with the natural isotope abundance of copper. 

To further investigate the potential factor that controls the stoichiometry of Cu(I) to 

different NC-peptides, 36 was prepared, where an additional phenylalanine moiety is incorporated 

into the peptide backbone of 4/5. According to NMR titration and HRMS results, the complex with 

molar ratio of 1 to 1 (Cu(I) to 36) is observed, indicating the role of amino acid backbone in Cu(I) 

binding stoichiometry (Figure 3.6). Although the detailed binding mode remains to be carefully 

examined, these results clearly suggest that NC-peptides show preferential toward copper rather 

than zinc. The oxidation state of copper and the composition of amino acid backbone in NC-

peptides also play roles in the metal binding stoichiometry determination. 
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Figure 3.6. (AB) NMR titration and HRMS analysis of 36 with Cu(I). With an addition 

phenylalanine on the peptide backbone of 4/5, the molar ratio of 36 to Cu(I) becomes 1 to 1, 

highlighting the peptide backbone has potential effect on the stoichiometry. (CD) The 

corresponding isotope distribution for 36ÅCu complex. Moreover, [M+2] peak from 65Cu isotope 

is observed, coincided with the natural isotope abundance of copper. 

3.5 Conclusion and Outlook 

In summary, we determine the structures of two Fe/2OG isonitrile forming enzymes from 

Mtb and M. marinum in the presence of the substrate and use biological assays to determine for 

the substrate preference of these enzymes. Our results reveal that Fe/2OG enzymes take standalone 

substrates, but not protein-tethered substrates, and serve as a gatekeeper to determine the isonitrile 

moiety selectivity among NC-peptides. Moreover, we apply the insights of studying Fe/2OG 

enzymes and the highly conserved biosynthetic strategy used in NC-peptide formation to annotate 

the structure of 28 in Mtb. The synthesis is then developed. While 28 was characterized using 

metabolomics MS, it has not been prepared and tested. Our in vitro assays using 1H-NMR and 

high resolution MS clearly show that 28 is selective toward both Cu(I) and Cu(II) binding, 
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supporting the observation that the biosynthetic gene cluster expression is induced under copper 

starvation conditions. Along with the other two NC-peptides (4 and 5), while they all show copper 

preference, the stoichiometry between ligand (4, 5 and 28) and metal is clearly different in the 

presence of Cu(I) and Cu(II). In 4 and 5, as others identified,[10,62] two molecules of NC-peptide 

are used for one molecule of Cu(II) binding. However, switching from Cu(II) to Cu(I), a molar 

ratio of 1 to 1 (Cu to 4/5) is observed, suggesting an alternative binding ratio. Different from 4/5, 

one equivalent of 28 preferentially binds one equivalent of Cu(I), which is potentially due to 

distinct peptide backbone than 4/5. In short, our studies provide a roadmap for prediction, synthesis 

and investigating physiological roles of other uncharacterized NC-peptides. 

Based on in silico studies (Figure 2.9), more NC-peptides related to pathogenic bacteria 

remain to be discovered. For example, M. lepromatosis is one of species cause Hansenôs disease 

(also known as leprosy). Leprosy was once feared as a highly contagious and devastating disease, 

and it can affect the nerves, skin, and eyes. Another large group identified in Figure 2.9 is 

associated with nocardiosis. Based on CDC studies, it has been estimated that 500-1,000 new cases 

of nocardiosis infection occur every year in the United States. Several homologs are associated 

with nocardiosis-related species, such as N. brasiliensis and N. flavorosea. Other pathogens, 

including Corynebacterium provencense, Rhodococcus fascians, Aquimarina sp., Segniliparus 

rugosus, etc., are also identified. We expect the strategy developed in our current studies may be 

applied to discover and to prepare uncharacterized NC-peptides in these pathogenic bacteria. 
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3.6 Experimental Sections 

3.6.1 Compound Preparation 

 

Adapted to the reported literatures,[67-68] (R)-ɓ-amino acids were synthesized. To a solution 

of tert-butyl 2-(triphenylphosphoranylidene)acetate (5.00 g, 13.28 mmol) in dry tetrahydrofuran 

(THF, 25.1 mL) was added octanal (2.1 mL, 13.28 mmol) at room temperature. After addition, the 

mixture was kept stirring overnight. Subsequently, the solvent was concentrated under reduced 

pressure, and the crude product was purified by silica gel column chromatography (pure n-

hexanes) to give desired compound heptyl-29 (2.79 g, 93% yield). 1H NMR (700 MHz, CDCl3) d 

6.85 (dt, J = 7.0 and 15.4 Hz, 1H), 5.73 (dt, J = 1.5 and 15.4 Hz, 1H), 2.18-2.13 (m, 2H), 1.48 (s, 

9H), 1.41-1.45 (m, 2H), 1.33-124 (m, 8H), 0.88 (t, J = 7.0 Hz, 3H); 13C NMR (176 MHz, CDCl3) 

d 166.3, 148.2, 123.1, 80.0, 32.2, 31.8, 29.2, 29.2, 28.3, 28.2, 22.7, 14.1. 

To a solution of (R)-(+)-N-benzyl-1-phenylethylamine (2.4 mL, 11.62 mmol) in dry 

tetrahydrofuran (THF, 20.8 mL) was added n-butyllithium (1.8 M in hexane, 6.9 mL, 12.45 mmol) 

at -78°C dropwise. After addition, the mixture was kept stirring at same temperature for 30 minutes 

followed by the addition of heptyl-29 (8.30 mmol) in tetrahydrofuran. Subsequently, the mixture 

was stirred until no starting material was detected by TLC. The reaction was quenched with 

saturated ammonium chloride aqueous solution and extracted with ethyl acetate, and the combined 

organic layers were washed with brine, dried using MgSO4 and concentrated under reduced 

pressure. The crude product was purified by silica gel column chromatography (n-hexanes/ethyl 
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acetate = 30/1 (v/v)) to give desired compound heptyl-35 (3.28 g, 90% yield). 1H NMR (500 MHz, 

CDCl3) d 7.43 (d, J = 7.0 Hz, 2H), 7.36-7.28 (m, 6H), 7.25-7.20 (m, 2H), 3.82 (q, J = 6.7 Hz, 1H), 

3.80 (d, J = 16.0 Hz, 1H), 3.49 (d, J = 15.0 Hz, 1H), 3.33-3.26 (m, 1H), 1.96 (dd, J = 3.5 and 14.5 

Hz, 1H), 1.87 (dd, J = 9.5 and 14.5 Hz, 1H), 1.60-1.54 (m, 1H), 1.49-1.46 (m, 1H), 1.40 (s, 9H), 

1.33 (d, J = 7.0 Hz, 3H), 1.31-1.17 (m, 10H), 0.90 (t, J = 7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3) 

d 172.4, 143.3, 142.2, 128.3, 128.2, 128.2, 128.0, 127.0, 126.6, 80.0, 58.5, 54.1, 50.2, 38.0, 33.6, 

32.0, 29.7, 29.4, 28.2, 27.0, 22.8, 20.6, 14.2. 

To a solution of heptyl-35 (3.28 g, 7.49 mmol) in chloroform (CHCl3, 18.7 mL) was added 

trifluoroacetic acid (TFA, 9.2 mL, 119.93 mmol) at room temperature. After addition, the mixture 

was kept stirring at same temperature overnight. Subsequently, the solvent was concentrated under 

reduced pressure, and the crude product was purified by silica gel column chromatography (n-

hexanes/ethyl acetate = 1/1 (v/v)) to give desired acid intermediate. To a solution of acid 

intermediate (2.55 g, 6.68 mmol) in methanol (MeOH, 13.4 mL) was added catalytic amount of 

Pd/C at room temperature, and the reaction mixture was treated with H2 balloon overnight. 

Subsequently, Pd/C was removed via filtration using celite, and the filtrate was concentrated under 

reduced pressure to give heptyl-30 (1.14 g, 81% yield over 2 steps). 1H NMR (500 MHz, d6-

DMSO) d 8.11 (br s, 3H), 3.37-3.28 (m, 1H), 2.61 (dd, J = 6.5 and 17.0 Hz, 1H), 2.56 (dd, J = 6.0 

and 17.0 Hz, 1H), 1.63-1.48 (m, 2H), 1.37-1.17 (m, 10H), 0.85 (t, J = 6.7 Hz, 3H); 13C NMR (125 

MHz, d6-DMSO) d 171.7, 47.5, 36.7, 32.1, 31.1, 28.6, 28.4, 24.4, 22.0, 13.9. 

To a solution of heptyl-30 (1.13 g, 6.06 mmol) in methanol (12.9 mL) was added 

trimethylsilane (TMSCl, 3.1 mL, 24.25 mmol) at 0°C. After addition, the reaction was kept stirring 

at room temperature overnight. The reaction mixture was concentrated under reduced pressure and 
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then re-dissolved in water. Subsequently, saturated aqueous sodium carbonate solution was 

carefully added to the crude product at 0°C until pH around 8. The mixture was extracted with 

ethyl acetate, and the combined organic layers were washed with brine, dried using MgSO4 and 

concentrated under reduced pressure to give heptyl-22. Following the reported literatures,[27-28] 

heptyl-23 was synthesized. To a solution of heptyl-22 (393.8 mg, 1.95 mmol) in THF (9.8 mL) 

was added trimethylamine (Et3N, 0.33 mL, 2.35 mmol) and followed by methyl bromoacetate 

(0.20 mL, 2.15 mmol) at room temperature. After addition, the reaction was kept stirring at same 

temperature until no starting material was detected by TLC. The crude product was purified by 

silica gel column chromatography (n-hexanes/ethyl acetate = 1/2 (v/v)) to give heptyl-23 (424.0 

mg, 57% yield over 2 steps). 1H NMR (500 MHz, CDCl3) d 3.71 (s, 3H), 3.67 (s, 3H), 3.42 (s, 

2H), 2.98-2.92 (m, 1H), 2.44-2.35 (m, 2H), 1.82 (br s, 1H), 1.51-1.36 (m, 2H), 1.36-1.18 (m, 10H), 

0.87 (t, J = 6.7 Hz, 3H); 13C NMR (125 MHz, CDCl3) d 173.0, 172.8, 54.7, 51.9, 51.7, 48.4, 39.3, 

34.6, 31.9, 29.7, 29.3, 25.7, 22.7, 14.2.   

To a solution of heptyl-23 (424.0 mg, 1.55 mmol) in 1,4-dioxane (7.8 mL) and water (4.6 

mL) was added lithium hydroxide solution (LiOH, 1M in H2O, 3.1 mL, 3.10 mmol) at room 

temperature. The mixture was kept stirring at room temperature until no starting material was 

detected by TLC. After solvent removal through evaporation, heptyl-8 was obtained (quant. yield). 

1H NMR (500 MHz, D2O) d 3.18 (d, J = 16.0 Hz, 1H), 3.13 (d, J = 16.0 Hz, 1H), 2.91-2.83 (m, 

1H), 2.28-2.18 (m, 2H), 1.47-1.39 (m, 1H), 1.38-1.28 (m, 1H), 1.31-1.18 (m, 10H), 0.83 (t, J = 6.2 

Hz, 3H); 13C NMR (125 MHz, D2O) d 180.9, 178.8, 55.2, 49.6, 41.8, 33.2, 31.2, 29.1, 28.5, 24.9, 

22.1, 13.6.    
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Pentyl-29 (882.50 mg, quant. yield) was prepared analogously by using hexanal as a 

reagent. 1H NMR (500 MHz, CDCl3) d 6.85 (dt, J = 7.0 and 15.5 Hz, 1H), 5.72 (dt, J = 1.7 and 

15.7 Hz, 1H), 2.20-2.10 (m, 2H), 1.47 (s, 9H), 1.45-1.41 (m, 2H), 1.33-1.26 (m, 4H), 0.88 (t, J = 

6.7 Hz, 3H); 13C NMR (125 MHz, CDCl3) d 166.3, 148.3, 123.0, 80.0, 32.1, 31.4, 28.3, 27.9, 22.5, 

14.0. 

Pentyl-35 (1.41 g, 84% yield). 1H NMR (700 MHz, CDCl3) d 7.43 (d, J = 7.7 Hz, 2H), 

7.36-7.28 (m, 6H), 7.25-7.21 (m, 2H), 3.82 (q, J = 7.0 Hz, 1H), 3.79 (d, J = 14.7 Hz, 1H), 3.49 (d, 

J = 15.4 Hz, 1H), 3.32-3.27 (m, 1H), 1.96 (dd, J = 3.5 and 14.0 Hz, 1H), 1.88 (dd, J = 9.4 and 14.0 

Hz, 1H), 1.59-1.55 (m, 1H), 1.48-1.45 (m, 1H), 1.40 (s, 9H), 1.33 (d, J = 7.0 Hz, 3H), 1.32-1.13 

(m, 6H), 0.89 (t, J = 7.3 Hz, 3H); 13C NMR (176 MHz, CDCl3) d 172.4, 143.3, 142.2, 128.3, 128.2, 

128.2, 128.1, 127.0, 126.6, 80.0, 58.5, 54.1, 50.2, 38.0, 33.6, 31.9, 28.2, 26.7, 22.8, 20.6, 14.2. 

Pentyl-30 (530.8 mg, 97% yield over 2 steps). 1H NMR (500 MHz, d6-DMSO) d 8.30 (br 

s, 3H), 3.41-3.28 (m, 1H), 2.75 (dd, J = 6.0 and 16.5 Hz, 1H), 2.66 (dd, J = 6.7 and 16.2 Hz, 1H), 

1.67-1.57 (m, 1H), 1.57-1.48 (m, 1H), 1.38-1.15 (m, 6H), 0.85 (t, J = 7.0 Hz, 3H); 13C NMR (125 

MHz, d6-DMSO) d 170.4, 51.8, 47.4, 36.5, 31.9, 30.8, 24.0, 13.8. 

Pentyl-23 (129.60 mg, 16% yield over 2 steps). 1H NMR (500 MHz, CDCl3) d 3.71 (s, 3H), 

3.67 (s, 3H), 3.41 (s, 2H), 2.98-2.92 (m, 1H), 2.43-2.35 (m, 2H), 1.83 (br s, 1H), 1.49-1.35 (m, 

2H), 1.35-1.22 (m, 6H), 0.87 (t, J = 7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3) d 172.9, 172.8, 

54.6, 51.9, 51.7, 48.4, 39.3, 34.5, 31.9, 25.4, 22.6, 14.1.  

Pentyl-8 was prepared by same hydrolysis procedure. 1H NMR (500 MHz, D2O) d 3.13 (s, 

2H), 2.87-2.82 (m, 1H), 2.28 (dd, J = 6.0 and 14.5 Hz, 1H), 2.16 (dd, J = 7.0 and 14.5 Hz, 1H), 
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1.43-1.31 (m, 2H), 1.31-1.17 (m, 6H), 0.80 (t, J = 6.7 Hz, 3H); 13C NMR (125 MHz, D2O) d 181.1, 

179.0, 55.0, 49.6, 41.9, 33.1, 31.1, 24.3, 21.8, 13.3.  

Nonyl-29 (3.55 g, 70% yield) was prepared analogously by using decyl aldehyde as a 

reagent. 1H NMR (500 MHz, CDCl3) d 6.85 (dt, J = 7.0 and 15.5 Hz, 1H), 5.73 (dt, J = 1.5 and 

15.5 Hz, 1H), 2.20-2.11 (m, 2H), 1.48 (s, 9H), 1.45-1.39 (m, 2H), 1.31-1.23 (m, 12H), 0.88 (t, J = 

7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3) d 166.3, 148.3, 123.0, 80.0, 32.2, 32.0, 29.6, 29.5, 29.4, 

29.3, 28.3, 28.2, 22.8, 14.2. 

Nonyl-35 (1.76 g, 54% yield). 1H NMR (700 MHz, CDCl3) d 7.44 (d, J = 7.7 Hz, 2H), 

7.38-7.30 (m, 6H), 7.28-7.23 (m, 2H), 3.84 (q, J = 6.6 Hz, 1H), 3.81 (d, J = 14.7 Hz, 1H), 3.50 (d, 

J = 15.4 Hz, 1H), 3.34-3.29 (m, 1H), 1.98 (dd, J = 2.8 and 14.7 Hz, 1H), 1.89 (dd, J = 9.4 and 14.7 

Hz, 1H), 1.61-1.55 (m, 1H), 1.52-1.46 (m, 1H), 1.42 (s, 9H), 1.35 (d, J = 7.0 Hz, 3H), 1.34-1.16 

(m, 14H), 0.92 (t, J = 6.6 Hz, 3H); 13C NMR (176 MHz, CDCl3) d 172.4, 143.3, 142.2, 128.3, 

128.2, 128.2, 128.0, 127.0, 126.6, 80.0, 58.5, 54.1, 50.2, 38.0, 32.0, 29.8, 29.7, 29.5, 28.2, 27.0, 

22.8, 20.6, 14.2. 

Nonyl-30 (1.25 g, 84% yield over 2 steps). 1H NMR (500 MHz, d6-DMSO) d 8.19 (br s, 

3H), 3.37-3.27 (m, 1H), 2.65 (dd, J = 5.7 and 16.5 Hz, 1H), 2.54 (dd, J = 6.5 and 16.5 Hz, 1H), 

1.65-1.56 (m, 1H), 1.55-1.47 (m, 1H), 1.36-1.10 (m, 14H), 0.82 (t, J = 6.7 Hz, 3H); 13C NMR (125 

MHz, d6-DMSO) d 171.6, 47.5, 36.7, 32.1, 31.3, 28.9, 28.8, 28.7, 28.7, 24.5, 22.1, 13.9. 

Nonyl-23 (522.7 mg, 59% yield over 2 steps). 1H NMR (500 MHz, CDCl3) d 3.72 (s, 3H), 

3.68 (s, 3H), 3.42 (s, 2H), 2.99-2.91 (m, 1H), 2.46-2.34 (m, 2H), 1.77 (br s, 1H), 1.49-1.38 (m, 

2H), 1.35-1.21 (m, 14H), 0.87 (t, J = 6.7 Hz, 3H); 13C NMR (125 MHz, CDCl3) d 173.0, 172.9, 

54.7, 51.9, 51.7, 48.4, 39.3, 34.6, 32.0, 29.8, 29.6,  29.4, 25.7, 22.8, 14.2.   
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Nonyl-8 was prepared by same hydrolysis procedure. 1H NMR (500 MHz, D2O) d 3.22 (d, 

J = 16.5 Hz, 1H), 3.10 (d, J = 16.0 Hz, 1H), 2.90-2.82 (m, 1H), 2.30 (dd, J = 4.5 and 15.0 Hz, 1H), 

2.16 (dd, J = 8.5 and 15.0 Hz, 1H), 1.50-1.42 (m, 1H), 1.38-1.17 (m, 15H), 0.85 (t, J = 6.7 Hz, 

3H); 13C NMR (125 MHz, D2O) d 181.0, 179.4, 55.4, 49.9, 42.0, 33.7, 31.8, 29.7, 29.5, 29.5, 29.2, 

25.6, 22.5, 13.8. 

Undecyl-29 (14.77 g, 87% yield) was prepared analogously by using dodecanal as a 

reagent. 1H NMR (500 MHz, CDCl3) d 6.85 (dt, J = 7.0 and 15.5 Hz, 1H), 5.72 (dt, J = 1.7 and 

15.5 Hz, 1H), 2.20-2.10 (m, 2H), 1.47 (s, 9H), 1.45-1.39 (m, 2H), 1.32-1.22 (m, 16H), 0.88 (t, J = 

6.7 Hz, 3H); 13C NMR (125 MHz, CDCl3) d 166.3, 148.3, 123.0, 80.0, 32.2, 32.0, 29.7, 29.7, 29.6, 

29.5, 29.4, 29.3, 28.3, 28.2, 22.8, 14.2. 

Undecyl-35 (22.73 g, 69% yield). 1H NMR (500 MHz, CDCl3) d 7.38 (d, J = 7.0 Hz, 2H), 

7.31-7.22 (m, 6H), 7.20-7.15 (m, 2H), 3.77 (q, J = 6.5 Hz, 1H), 3.74 (d, J = 15.5Hz, 1H), 3.44 (d, 

J = 15.0 Hz, 1H), 3.28-3.18 (m, 1H), 1.91 (dd, J = 3.5 and 15.0 Hz, 1H), 1.82 (dd, J = 9.2 and 15.0 

Hz, 1H), 1.55-1.49 (m, 1H), 1.46-1.38 (m, 1H), 1.35 (s, 9H), 1.28 (d, J = 7.0 Hz, 3H), 1.26-1.10 

(m, 18H), 0.85 (t, J = 7.0 Hz, 3H); 13C NMR (176 MHz, CDCl3) d 172.4, 143.3, 142.2, 128.3, 

128.2, 128.2, 128.0, 127.0, 126.6, 80.0, 58.5, 54.1, 50.2, 38.0, 33.6, 32.0, 29.8, 29.8, 29.8, 29.7, 

29.5, 28.2, 27.0, 22.8, 20.6, 14.2. 

Undecyl-30 (7.99 g, 71% yield over 2 steps). 1H NMR (500 MHz, d6-DMSO) d 12.61 (br 

s, 1H), 8.08 (br s, 2H), 3.36-3.30 (m, 1H), 2.63 (dd, J = 4.7 and 12.5 Hz, 1H), 2.57 (dd, J = 4.7 

and 12.0 Hz, 1H), 1.63-1.57 (m, 1H), 1.56-1.50 (m, 1H), 1.36-1.19 (m, 18H), 0.85 (t, J = 5.0 Hz, 

3H); 13C NMR (125 MHz, d6-DMSO) d 171.5, 47.4, 36.6, 32.0, 31.1, 28.9, 28.9, 28.8, 28.6, 28.6, 

28.6, 24.3, 21.9, 13.8. 
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Undecyl-23 (522.8 mg, 56% yield over 2 steps). 1H NMR (500 MHz, CDCl3) d 3.72 (s, 

3H), 3.68 (s, 3H), 3.42 (s, 2H), 2.99-2.92 (m, 1H), 2.45-2.35 (m, 2H), 1.76 (br s, 1H), 1.50-1.37 

(m, 2H), 1.35-1.20 (m, 18H), 0.87 (t, J = 7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3) d 173.0, 172.9, 

54.7, 51.9, 51.7, 48.4, 39.3, 34.6, 32.0, 29.8, 29.7, 29.7, 29.7, 29.6, 29.4, 25.7, 22.8, 14.2.   

Undecyl-8 was prepared by same hydrolysis procedure. 1H NMR (500 MHz, D2O) d 3.27 

(d, J = 16.5 Hz, 1H), 3.14 (d, J = 16.5 Hz, 1H), 2.94-2.86 (m, 1H), 2.35 (dd, J = 4.0 and 15.5 Hz, 

1H), 2.16 (dd, J = 8.5 and 15.0 Hz, 1H), 1.53-1.45 (m, 1H), 1.37-1.19 (m, 19H), 0.86 (t, J = 6.2 

Hz, 3H); 13C NMR (125 MHz, D2O) d 180.5, 178.8, 55.4, 49.6, 41.4, 33.6, 31.9, 29.9, 29.8, 29.7, 

29.7, 29.4, 25.7, 22.5, 13.8.    

Tridecyl-29 (3.20 g, 88% yield) was prepared analogously by using freshly prepared 

tetradecanal[70] as a reagent. 1H NMR (500 MHz, CDCl3) d 6.85 (dt, J = 7.0 and 15.5 Hz, 1H), 5.72 

(dt, J = 1.5 and 15.5 Hz, 1H), 2.20-2.11 (m, 2H), 1.48 (s, 9H), 1.45-1.40 (m, 2H), 1.31-1.24 (m, 

20H), 0.88 (t, J = 7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3) d 166.3, 148.3, 123.0, 80.0, 32.2, 

32.0, 29.8, 29.8, 29.8, 29.7, 29.6, 29.5, 29.5, 29.3, 28.3, 28.2, 22.8, 14.2. 

Tridecyl-35 (4.21 g, 78% yield). 1H NMR (500 MHz, CDCl3) d 7.43 (d, J = 7.5 Hz, 2H), 

7.36-7.27 (m, 6H), 7.27-7.17 (m, 2H), 3.82 (q, J = 7.2 Hz, 1H), 3.79 (d, J = 15.5Hz, 1H), 3.48 (d, 

J = 15.0 Hz, 1H), 3.33-3.26 (m, 1H), 1.96 (dd, J = 3.5 and 14.5 Hz, 1H), 1.87 (dd, J = 9.5 and 14.5 

Hz, 1H), 1.61-1.51 (m, 2H), 1.40 (s, 9H), 1.33 (d, J = 7.0 Hz, 3H), 1.31-1.19 (m, 22H), 0.89 (t, J 

= 6.5 Hz, 3H); 13C NMR (125 MHz, CDCl3) d 172.4, 143.3, 142.2, 128.3, 128.2, 128.2, 128.0, 

127.0, 126.6, 80.0, 58.5, 54.1, 50.2, 32.0, 29.8, 29.8, 29.7, 29.5, 28.2, 27.0, 22.8, 20.6, 14.2. 

Tridecyl-30 (1.73 g, 75% yield over 2 steps). 1H NMR (500 MHz, d6-DMSO) d 8.06 (br s, 

3H), 3.36-3.30 (m, 1H), 2.59-2.56 (m, 1H), 2.52-2.48 (m, 1H), 1.62-1.48 (m, 2H), 1.38-1.15 (m, 
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22H), 0.85 (t, J = 6.7 Hz, 3H); 13C NMR (125 MHz, d6-DMSO) d 171.7, 47.5, 36.7, 32.1, 31.3, 

29.0, 29.0, 29.0, 28.9, 28.7, 28.7 ,24.4, 22.1, 13.9. 

Tridecyl-23 (1.07 g, 49% yield over 2 steps). 1H NMR (500 MHz, CDCl3) d 3.71 (s, 3H), 

3.66 (s, 3H), 3.41 (s, 2H), 2.98-2.90 (m, 1H), 2.44-2.34 (m, 2H), 2.00 (br s, 1H), 1.48-1.35 (m, 

2H), 1.31-1.20 (m, 22H), 0.86 (t, J = 7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3) d 172.9, 172.8, 

54.7, 51.9, 51.7, 48.4, 39.2, 34.5, 32.0, 29.7, 29.7, 29.7, 29.6, 29.6, 29.4, 25.7, 22.2, 14.2. 

Tridecyl-8 was prepared by same hydrolysis procedure. 1H NMR (500 MHz, D2O) d 3.24 

(d, J = 16.0 Hz, 1H), 3.09 (d, J = 16.5 Hz, 1H), 2.92-2.82 (m, 1H), 2.33 (dd, J = 3.5 and 15.5 Hz, 

1H), 2.12 (dd, J = 9.2 and 15.5 Hz, 1H), 1.53-1.43 (m, 1H), 1.36-1.18 (m, 23H), 0.86 (t, J = 6.5 

Hz, 3H); 13C NMR (125 MHz, D2O) d 180.7, 179.4, 55.4, 49.9, 41.8, 33.9, 31.9, 30.0, 29.9, 29.9, 

29.9, 29.9, 29.8, 29.8, 29.4, 25.8, 22.6, 13.8. 

Pentadecyl-29 (3.26 g, 74% yield) was prepared analogously by using freshly prepared 

palmitaldehyde as a reagent. 1H NMR (500 MHz, CDCl3) d 6.85 (dt, J = 7.0 and 15.5 Hz, 1H), 

5.72 (dt, J = 1.7 and 16.0 Hz, 1H), 2.18-2.11 (m, 2H), 1.48 (s, 9H), 1.45-1.39 (m, 2H), 1.28-1.25 

(m, 24H), 0.88 (t, J = 6.7 Hz, 3H); 13C NMR (125 MHz, CDCl3) d 166.3, 148.3, 123.0, 80.0, 32.2, 

32.0, 29.8, 29.8, 29.8, 29.7, 29.7, 29.6, 29.6, 29.5, 29.5, 29.3, 28.3, 28.2, 22.8, 14.2. 

Pentadecyl-35 (3.97 g, 75% yield). 1H NMR (500 MHz, CDCl3) d 7.43 (d, J = 7.0 Hz, 2H), 

7.36-7.27 (m, 6H), 7.26-7.20 (m, 2H), 3.82 (q, J = 7.0 Hz, 1H), 3.79 (d, J = 14.5Hz, 1H), 3.48 (d, 

J = 15.0 Hz, 1H), 3.33-3.26 (m, 1H), 1.96 (dd, J = 3.5 and 14.5 Hz, 1H), 1.87 (dd, J = 9.5 and 14.5 

Hz, 1H), 1.60-1.53 (m, 2H), 1.40 (s, 9H), 1.33 (d, J = 7.0 Hz, 3H), 1.28-1.26 (m, 26H), 0.89 (t, J 

= 6.7 Hz, 3H); 13C NMR (125 MHz, CDCl3) d 172.4, 143.3, 143.3, 128.3, 128.2, 128.2, 128.0, 
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127.0, 126.6, 80.0, 58.5, 54.1, 50.2, 38.0, 33.6, 32.0, 29.8, 29.8, 29.8, 29.7, 29.5, 28.2, 27.0, 22.8, 

20.6, 14.2. 

Pentadecyl-30 (1.16 g, 54% yield over 2 steps). 1H NMR (500 MHz, d6-DMSO) d 8.00 (br 

s, 3H), 3.35-3.33 (m, 1H), 2.59-2.55 (m, 1H), 2.52-2.49 (m, 1H), 1.62-1.47 (m, 2H), 1.38-1.15 (m, 

26H), 0.85 (t, J = 7.0 Hz, 3H); 13C NMR (125 MHz, d6-DMSO) d 171.7, 47.5, 36.6, 32.1, 31.3, 

29.0, 29.0, 29.0, 28.9, 28.7, 28.7, 24.4, 22.1, 13.9. 

Pentadecyl-23 (927.10 mg, 62% yield over 2 steps). 1H NMR (500 MHz, CDCl3) d 3.73 

(s, 3H), 3.69 (s, 3H), 3.46 (s, 2H), 3.03-2.96 (m, 1H), 2.48-2.41 (m, 2H), 1.51-1.42 (m, 2H), 1.34-

1.21 (m, 26H), 0.88 (t, J = 6.7 Hz, 3H). 

Pentadecyl-8 was prepared by same hydrolysis procedure. 1H NMR (500 MHz, D2O) d 

3.26 (d, J = 16.0 Hz, 1H), 3.09 (d, J = 16.0 Hz, 1H), 2.90-2.82 (m, 1H), 2.34 (d, J = 15.0 Hz, 1H), 

2.13 (dd, J = 9.0 and 15.5 Hz, 1H), 1.52-1.43 (m, 1H), 1.35-1.20 (m, 27H), 0.86 (t, J = 6.5 Hz, 

3H).  

 

Adapted to the reported literature,[71] 37 (3.0 g, 14.1 mmol, 14% yield over 6 steps) was 

synthesized by using D-norvaline (11.7 g, 100 mmol) as a starting material. 1H NMR (500 MHz, 

CDCl3) ŭ 4.60 (br s, 1H), 3.85-3.77 (m, 1H), 2.77 (dd, J = 4.2 and 17.2 Hz, 1H), 2.52 (dd, J = 4.0 

and 17.0 Hz, 1H), 1.62-1.56 (m, 2H), 1.45 (s, 9H), 1.43-1.35 (m, 2H), 0.95 (t, J = 7.2 Hz, 3H). 

Adapted to the reported literature,[72] propyl-22 was prepared. Compound 37 (1.0 g, 4.9 

mmol) was mixed with hydrochloric acid (6N HCl, 79 mL) at room temperature, and the mixture 
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was heated to reflux overnight. Subsequently, the solution was concentrated under reduced 

pressure to yield the corresponding acid without further purification. To a solution of this acid in 

methanol (10 mL) was added trimethylsilane (TMSCl, 2.5 mL, 19.6 mmol) at 0°C. After addition, 

the reaction was stirred at room temperature overnight. The reaction mixture was concentrated 

under reduced pressure and then re-dissolved in water. Subsequently, saturated aqueous sodium 

carbonate solution was carefully added to the crude product at 0°C until pH around 8. The mixture 

was extracted with ethyl acetate, and the combined organic layers were washed with brine, dried 

using MgSO4 and concentrated under reduced pressure to give propyl-22 (389.6 mg, 55% yield 

over 2 steps). 1H NMR (500 MHz, CDCl3) ŭ 3.67 (s, 3H), 3.22-3.13 (m, 1H), 2.47 (dd, J = 4.0 and 

15.5 Hz, 1H), 2.62 (dd, J = 9.0 and 15.5 Hz, 1H), 1.72 (br s, 2H), 1.43-1.30 (m, 4H), 0.91 (t, J = 

7.0 Hz, 3H). 

Propyl-23 (191.1 mg, 70% yield) was prepared by using propyl-22 as a starting material. 

1H NMR (500 MHz, CDCl3) ŭ 3.71 (s, 3H), 3.67 (s, 3H), 3.42 (s, 2H), 3.00-2.93 (m, 1H), 2.41 (d, 

J = 6.0 Hz, 2H), 1.94 (br s, 1H), 1.48-1.31 (m, 4H), 0.90 (t, J = 6.7 Hz, 3H); 13C NMR (125 MHz, 

CDCl3) ŭ 172.9, 172.8, 54.4, 51.9, 51.7, 48.4, 39.2, 36.7, 18.9, 14.2. 

Propyl-8 was prepared by same hydrolysis procedure. 1H NMR (500 MHz, D2O) ŭ 3.14 (s, 

2H), 2.89-2.82 (m, 1H), 2.32 (dd, J = 6.2 and 14.2 Hz, 1H), 2.15 (dd, J = 7.5 and 14.5 Hz, 1H), 

1.43-1.23 (m, 4H), 0.85 (t, J = 7.0 Hz, 3H); 13C NMR (125 MHz, D2O) ŭ 183.8, 181.8, 57.3, 52.2, 

44.7, 38.2, 20.6, 16.0. 
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To a solution of heptyl-22 (514.0 mg, 2.55 mmol) in tetrahydrofuran (THF, 12.8 mL) was 

added trimethylamine (Et3N, 1.07 mL, 7.66 mmol) and followed by benzyl chloroformate (CbzCl, 

0.54 mL, 3.83 mmol) at 0°C. After addition, the reaction was kept stirring until no starting material 

was detected by TLC.  The crude product was purified by silica gel column chromatography (n-

hexanes/ethyl acetate = 5/1 (v/v)) to give 38-methyl ester (675.0 mg, 79% yield). Same hydrolysis 

procedure was applied to obtain 38 (577.10 mg, 89% yield) by using 38-methyl ester as a starting 

material. 1H NMR (500 MHz, CDCl3) ŭ 7.38-7.28 (m, 5H), 5.20-5.12 (m, 1H), 5.12-5.04 (m, 2H), 

4.02-3.91 (m, 1H), 2.68-2.43 (m, 2H), 1.61-1.48 (m, 2H), 1.42-1.17 (m, 10H), 0.87 (t, J = 6.7 Hz, 

3H). 

To a solution of 38 (577.10 mg, 1.80 mmol) in dimethylformamide (DMF, 12.8 mL) was 

added 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, 378.63 mg, 1.98 mmol), 

hydroxybenzotriazole (HOBt, 274.94 mg, 1.80 mmol), freshly prepared N-acetylcysteamine 

(SNAc, 542.40 mg, 4.55 mmol), and trimethylamine (Et3N, 0.50 mL, 3.59 mmol) at 0°C. After 

addition, the reaction was warmed back to room temperature and kept stirring overnight. 

Subsequently, the reaction was quenched with water, extracted with ethyl acetate, and the 

combined organic layers were washed with brine, dried using MgSO4 and concentrated under 

reduced pressure. The crude product was purified by silica gel column chromatography (n-

hexanes/ethyl acetate = 6/1 (v/v)) to give desired 39 (303.1 mg, 40% yield). 1H NMR (600 MHz, 
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CDCl3) ŭ 7.38-7.28 (m, 5H), 6.11 (br s, 1H), 5.07 (s, 2H), 4.96 (d, J = 9.6 Hz, 1H), 4.08-3.95 (m, 

1H), 3.52-3.43 (m, 1H), 3.26-3.18 (m, 1H), 3.06-2.95 (m, 2H), 2.79 (dd, J = 4.8 and 14.4 Hz, 1H), 

2.68 (dd, J = 7.2 and 14.4 Hz, 1H), 1.96 (s, 3H), 1.56-1.44 (m, 2H), 1.40-1.19 (m, 10H), 0.88 (t, J 

= 6.9 Hz, 3H). 

Adapted to the reported literature,[73] 40 was prepared. To a solution of 39 (303.1 mg, 0.72 

mmol) in trifluoroacetic acid (TFA, 11.0 mL) was added thioanisole (3.38 mL, 28.69 mmol) at 

room temperature. After addition, the reaction was kept stirring until no starting material was 

detected by TLC.  The crude product was purified by silica gel column chromatography (n-

hexanes/ethyl acetate = 1/4 (v/v)) to give 40 (quant. yield). 1H NMR (700 MHz, d4-methanol) d 

3.63-3.56 (m, 1H), 3.37 (t, J = 6.7 Hz, 2H), 3.01 (t, J = 6.7 Hz, 2H), 3.03 (dd, J = 4.9 and 16.8 Hz, 

1H), 2.93 (dd, J = 7.4 and 16.5 Hz, 1H), 1.93 (s, 3H), 1.69-1.62 (m, 2H), 1.44-1.37 (m, 2H), 1.37-

1.27 (m, 8H), 0.91 (t, J = 7.0 Hz, 3H); 13C NMR (176 MHz, d4-methanol) d 197.8, 173.5, 49.8, 

46.1, 39.6, 33.6, 32.8, 30.2, 30.0, 29.7, 26.1, 23.6, 22.5, 14.3. 

To a solution of 40 (0.72 mmol) in tetrahydrofuran (THF, 3.6 mL) was added 

trimethylamine (Et3N, 0.12 mL, 0.86 mmol) and followed by tert-butyl bromoacetate (0.12 mL, 

0.79 mmol) at room temperature. After addition, the reaction was kept stirring at same temperature 

until no starting material was detected by TLC. The crude product was purified by silica gel 

column chromatography (n-hexanes/ethyl acetate = 1/4 (v/v)) to give 41 (120.3 mg, 42% yield). 

1H NMR (500 MHz, CDCl3) d 6.29 (br s, 1H), 3.48-3.38 (m, 1H), 3.33 (d, J = 17.0 Hz, 1H), 3.28 

(d, J = 17.0 Hz, 1H), 3.10-2.98 (m, 3H), 2.72-2.59 (m, 2H), 2.20 (br s, 1H), 1.95 (s, 3H), 1.45 (s, 

9H), 1.53-1.39 (m, 2H), 1.35-1.20 (m, 10H), 0.86 (t, J = 6.7 Hz, 3H); 13C NMR (125 MHz, CDCl3) 
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ŭ 198.7, 171.7, 170.5, 81.7, 55.4, 49.0, 48.7, 39.3, 34.2, 31.8, 29.7, 29.2, 29.1, 28.2, 25.6, 23.2, 

22.7, 14.1. 

To a solution of 41 (120.3 mg, 0.30 mmol) in chloroform (CHCl3, 3 mL) was added 

trifluoroacetic acid (TFA, 0.37 mL, 4.78 mmol) at room temperature. After addition, the reaction 

was slowly warmed up to 50°C and kept stirring at same temperature until no starting material was 

detected by TLC. After solvent removal through evaporation, heptyl-8-SNAc was obtained as a 

TFA salt (quant. yield). 1H NMR (500 MHz, d6-DMSO) d 8.54 (br s, 2H), 8.08 (br s, 1H), 3.67 (d, 

J = 17.0 Hz, 1H), 3.62 (d, J = 17.0 Hz, 1H), 3.48-3.40 (m, 1H), 3.31-3.19 (m, 2H), 2.96-2.81 (m, 

4H), 1.86 (s, 3H), 1.63-1.53 (m, 1H), 1.50-1.40 (m, 1H), 1.23-1.00 (m, 10H), 0.65 (t, J = 6.7 Hz, 

3H); 13C NMR (125 MHz, d6-DMSO) ŭ 199.9, 176.9, 170.5, 58.0, 47.7, 45.2, 41.1, 33.6, 32.6, 

31.0, 30.8, 30.2, 27.1, 24.4, 22.9, 15.5. 

 

42 was prepared based on the reported literature.[27-28] To a suspension of 42 (1.73 g, 12.62 

mmol) in dry tetrahydrofuran (THF, 25.2 mL) was added N-hydroxysuccinimide (NHS, 1.60 g, 

13.88 mmol) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, 2.66 g, 13.88 mmol) at 

0°C. After addition, the reaction was warmed to room temperature and kept stirring overnight. 

Subsequently, the solvent was concentrated under reduced pressure, and the crude product was 

purified by silica gel column chromatography (pure ethyl acetate) to give desired compound 43 

(2.12 g, 74% yield). To a solution of 42-succinimide ester (2.12 g, 9.31 mmol) in chloroform 

(CHCl3, 31 mL) was added burgess reagent (3.35 g, 14.05 mmol) at room temperature. After 

addition, the reaction was carefully heated to reflux for 1.5 hours. Subsequently, the solvent was 
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concentrated under reduced pressure, and the crude product was purified by silica gel column 

chromatography (n-hexanes/ethyl acetate = 1/1 (v/v)) to give desired compound 43 (1.14 g, 58% 

yield). 1H NMR (500 MHz, CDCl3) d 4.16-4.07 (m, 1H), 3.04 (dd, J = 6.7 and 16.2 Hz, 1H), 2.86 

(dd, J = 6.7 and 16.7 Hz, 1H), 2.81 (s, 4H), 1.49 (d, J = 7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3) 

d 168.8, 164.7, 157.3 (t, J = 3.6 Hz, isocyananide carbon), 45.8 (t, J = 6.3 Hz, ɓ-carbon), 38.1, 

25.5, 21.1. 

44 was prepared based on the reported literature.[62] To a solution of 44 (2.01 mmol) in dry 

tetrahydrofuran (THF, 13.4 mL) was added trimethylamine (Et3N, 1.7 mL, 12.07 mmol) and 43 

(1.14 g, 5.43 mmol) at 0°C. After addition, the reaction was warmed to room temperature and kept 

stirring for 4 hours. Subsequently, the solvent was concentrated under reduced pressure, and the 

crude product was purified by silica gel column chromatography (pure ethyl acetate) to give 

desired compound 5 (252.20 mg, 34% yield). The 1H-NMR and 13C-NMR were consistent with 

the reported literature. 1H NMR (700 MHz, d6-DMSO) d 7.96 (br s, 1H), 7.93 (d, J = 7.0 Hz, 1H), 

4.15-4.06 (m, 2H), 4.05-3.94 (m, 2H), 3.92-3.84 (m, 1H), 3.15-2.96 (m, 2H), 2.55-2.46 (m, 2H), 

2.45-2.32 (m, 2H), 2.02 (s, 3H), 1.52-1.47 (m, 1H), 1.46-1.20 (m, 11H); 13C NMR (176 MHz, d6-

DMSO) d 170.1, 167.9, 167.8, 155.1 (t, J = 4.6 Hz, isocyananide carbon), 155.0 (t, J = 4.6 Hz, 

isocyananide carbon), 65.3, 47.2, 47.0 (t, J = 5.5 Hz, ɓ-carbon), 46.9 (t, J = 5.5 Hz, ɓ-carbon), 

42.4, 42.2, 38.2, 30.1, 28.7, 22.5, 20.9, 20.8, 20.5. 

To a solution of 5 (33.90 mg, 0.093 mmol) in methanol (MeOH, 1 mL) was added 

potassium carbonate (K2CO3, 128.55 mg, 0.93 mmol) and water (0.1 mL) at room temperature. 

After addition, the reaction was kept stirring at same temperature for 1.5 hours. Subsequently, the 

resulting solids were removed via filtration using celite, and the filtrate was concentrated under 
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reduced pressure to give desired compound 4 (23.60 mg, 79% yield). The 1H-NMR and 13C-NMR 

were consistent with the reported literature. 1H NMR (700 MHz, d6-DMSO) d 7.94 (br s, 1H), 7.71 

(d, J = 6.8 Hz, 1H), 4.65-4.53 (m, 1H), 4.13-4.00 (m, 2H), 3.74-3.64 (m, 1H), 3.37-3.30 (m, 1H), 

3.27-3.21 (m, 1H), 3.09-2.96 (m, 2H), 2.49-2.43 (m, 2H), 2.41-2.33 (m, 2H), 1.57-1.48 (m, 1H), 

1.45-1.16 (m, 11H); 13C NMR (176 MHz, d6-DMSO) d 167.7, 154.9 (t, J = 4.6 Hz, isocyananide 

carbon), 63.2, 50.4, 47.1 (t, J = 5.5 Hz, ɓ-carbon), 46.9 (t, J = 5.5 Hz, ɓ-carbon), 42.2, 42.2, 38.3, 

30.3, 28.9, 22.7, 20.9. 

 

To a solution of L-phenylalanine (9.91 g, 60.00 mmol) in sodium hydroxide aqueous 

solution (NaOH, 2M, 30 mL) was added benzyl chloroformate (CbzCl, 9.4 mL, 60.00 mmol) and 

sodium hydroxide aqueous solution (NaOH, 2M, 33 mL) alternatively at 0°C. After addition, the 

reaction was warmed to room temperature and kept stirring for 2.5 hours. Subsequently, ethyl ether 

was added. Aqueous layer was collected and adjusted pH to ~3 by 1N HCl aqueous solution. The 

resulting mixture was extracted with ethyl acetate, and the combined organic layers were washed 

with brine, dried using MgSO4 and concentrated under reduced pressure to give desired compound 

45 (15.27 g, 51.01 mmol) without further purification. To a solution of 45 (15.27 g, 51.01 mmol) 

in dry tetrahydrofuran (THF, 102 mL) was added N,N-diisopropylethylamine (DIPEA, 9.8 mL, 

56.11 mmol) and isobutyl chloroformate (6.6 mL, 51.01 mmol) at -10°C. After addition, the 

reaction was kept stirring at same temperature for 1 hour. Subsequently, the resulting solids were 
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removed via filtration using celite. Sodium borohydride (NaBH4, 2.89 g, 76.51 mmol) was added 

to the filtrate followed by cold water (17 mL) at -10°C. After addition, the reaction was kept 

stirring at same temperature for additional 1 hour. The mixture was quenched with water and 

extracted with ethyl acetate, and the combined organic layers were washed with brine, dried using 

MgSO4 and concentrated under reduced pressure. The crude product was purified by silica gel 

column chromatography (n-hexanes/ethyl acetate = 2/1 (v/v)) to give desired compound 46 (5.12 

g, 30% yield). 1H NMR (500 MHz, CDCl3) d 7.40-7.13 (m, 10H), 5.08 (s, 2H), 4.99-4.89 (br s, 

1H), 4.00-3.90 (m, 1H), 3.69 (dd, J = 3.5 and 11.5 Hz, 1H), 3.59 (dd, J = 5.0 and 11.5 Hz, 1H), 

2.87 (d, J = 7.5 Hz, 2H). 

To a solution of 46 (5.12 g, 17.94 mmol) in dry dimethylformamide (DMF, 89.7 mL) was 

added tert-butyldimethylsilyl chloride (TBSCl, 4.06 g, 26.92 mmol) and imidazole (ImH, 3.05 g, 

44.85 mmol) at room temperature. After addition, the mixture was kept stirring at same 

temperature overnight. Subsequently, the reaction was quenched with water and extracted with 

ethyl acetate, and the combined organic layers were washed with brine, dried using MgSO4 and 

concentrated under reduced pressure. The crude product was purified by silica gel column 

chromatography (n-hexanes/ethyl acetate = 4/1 (v/v)) to give desired compound 47 (6.95 g, 97% 

yield). 1H NMR (500 MHz, CDCl3) d 7.32-7.04 (m, 10H), 5.00 (s, 2H), 4.92 (d, J = 8.0 Hz, 1H), 

3.89-3.78 (m, 1H), 3.49-3.38 (m, 2H), 2.78(d, J = 7.5 Hz, 1H), 0.83 (s, 9H), -0.04 (s, 3H), -0.05 

(s, 3H). 

To a solution of 47 (6.95 g, 17.39 mmol) in methanol (MeOH, 35 mL) was added catalytic 

amount of Pd(OH)2/C at room temperature, and the reaction mixture was treated with H2 balloon 

overnight. Subsequently, Pd(OH)2/C was removed via filtration using celite, and the filtrate was 
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concentrated under reduced pressure to give 48 (4.58 g, 99% yield). 1H NMR (500 MHz, d4-

methanol) d 7.36-7.29 (m, 2H), 7.28-7.20 (m, 3H), 3.68 (dd, J = 4.0 and 10.5 Hz, 1H), 3.54 (dd, J 

= 5.5 and 10.5 Hz, 1H), 3.30-3.24 (m, 1H), 2.87 (dd, J = 8.0 and 13.5 Hz, 1H), 2.79 (dd, J = 7.0 

and 10.5 Hz, 1H), 0.94 (s, 9H), 0.09 (s, 3H), 0.08 (s, 3H); 13C NMR (125 MHz, d4-methanol) d 

138.4, 130.3, 129.7, 127.9, 65.0, 55.4, 38.3, 26.3, 19.2, -5.38. 

49 was prepared analogously by using L-ornithine as a starting material. To a solution of 

49 (604.20 mg, 1.51 mmol) in dichloromethane (DCM, 10.8 mL) was added 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC, 318.19 mg, 1.66 mmol), hydroxybenzotriazole (HOBt, 

231.05mg, 1.51 mmol), 48 (440.68 mg, 1.66 mmol), and trimethylamine (Et3N, 0.42 mL, 3.02 

mmol) at 0°C. After addition, the reaction was warmed back to room temperature and kept stirring 

overnight. Subsequently, the solvent was concentrated under reduced pressure, and the crude 

product was purified by silica gel column chromatography (n-hexanes/ethyl acetate = 4/1 (v/v)) to 

give desired 50 (837.8 mg, 86% yield). 1H NMR (700 MHz, CDCl3) ŭ 7.38-7.28 (m, 9H), 7.27-

7.24 (m, 3H), 7.21-7.16 (m, 3H), 6.38 (br s, 1H), 5.34 (br s, 1H), 5.14-5.02 (m, 4H), 4.84 (br s, 

1H), 4.23-4.18 (m, 1H), 4.18-4.12 (m, 1H), 3.55-3.47 (m, 2H), 3.30-3.28 (m, 1H), 3.18-3.10 (m, 

1H), 2.88-2.76 (m, 2H), 1.84-1.76 (m, 1H), 1.59-1.55 (m, 1H), 1.54-1.44 (m, 2H), 0.91 (s, 9H), 

0.04 (s, 3H), 0.03 (s, 3H); 13C NMR (176 MHz, CDCl3) d 170.8, 156.8, 156.3, 138.0, 136.6, 129.5, 

128.7, 128.6, 128.5, 128.3, 128.2, 128.2, 128.2, 126.5, 67.2, 66.8, 62.9, 54.3, 52.0, 40.2, 37.2, 30.2, 

26.2, 26.0, 18.3, -5.3, -5.3. 

To a solution of 50 (837.8 mg, 1.29 mmol) in methanol (MeOH, 9.0 mL) was added 

catalytic amount of Pd(OH)2/C at room temperature, and the reaction mixture was treated with H2 

balloon overnight. Subsequently, Pd(OH)2/C was removed via filtration using celite, and the 
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filtrate was concentrated under reduced pressure to give 33 (quant. yield). 1H NMR (500 MHz, 

CDCl3) ŭ 7.57 (d, J = 9.0 Hz, 1H), 7.28-7.26 (m, 1H), 7.24-7.15 (m, 3H), 4.22-4.11 (m, 1H), 3.55 

(dd, J = 3.5 and 10.0 Hz, 1H), 3.51 (dd, J = 4.5 and 10.0 Hz, 1H), 3.36-3.31 (m, 1H), 3.17 (br s, 

4H), 2.90 (dd, J = 7.5 and 13.5 Hz, 1H), 2.79 (dd, J = 7.2 and 13.5 Hz, 1H), 2.79-2.70 (m, 2H), 

1.80-1.69 (m, 1H), 1.58-1.41 (m, 3H), 0.92 (s, 9H), 0.05 (s, 3H), 0.04 (s, 3H); 13C NMR (125 MHz, 

CDCl3) d 174.3, 138.4, 129.5, 128.4, 126.4, 63.3, 54.7, 51.4, 40.9, 37.3, 32.4, 27.3, 26.0, 18.3, -

5.2, -5.3. 

 

32 was prepared analogously by using 31 as a starting material. 1H NMR (500 MHz, 

CDCl3) ŭ 4.06-3.94 (m, 1H), 3.04 (dd, J = 7.2 and 16.2 Hz, 1H), 2.89 (dd, J = 6.7 and 16.7 Hz, 

1H), 2.87-2.68 (m, 4H), 1.78-1.64 (m, 2H), 1.60-1.50 (m, 1H), 1.40-1.39 (m, 1H), 1.36-1.18 (m, 

16H), 0.87 (t, J = 6.7 Hz, 3H); 13C NMR (125 MHz, CDCl3) ŭ 168.7, 164.9, 158.1 (isocyananide 

carbon), 50.6 (ɓ-carbon), 37.0, 34.4, 31.9, 29.6, 29.5, 29.3, 29.3, 28.7, 25.6, 25.5, 22.7, 14.1. 

34 (521.7 mg, 44% yield) was prepared analogously by using 32 and 33. 1H NMR (700 

MHz, CDCl3) ŭ 7.28-7.24 (m, 1H), 7.24-7.18 (m, 2H), 7.18-7.09 (m, 3H), 6.67 (br s, 2H), 4.51 (br 

s, 1H), 4.15-4.06 (m, 1H), 4.05-3.93 (m, 2H), 3.56-3.46 (m, 2H), 3.46-3.36 (m, 1H), 3.15-3.05 (m, 

1H), 2.85 (dd, J = 7.7 and 13.3 Hz, 1H), 2.77 (dd, J = 7.0 and 14.0 Hz, 1H), 2.57-2.48 (m, 1H), 

2.45-2.30 (m, 3H), 1.86-1.77 (m, 1H), 1.64-1.45 (m, 9H), 1.42-1.17 (m, 34H), 0.90 (s, 9H), 0.86 

(t, J = 7.0 Hz, 6H), 0.03 (s, 3H), 0.02 (s, 3H); 13C NMR (176 MHz, CDCl3) d 170.8, 168.9, 168.9, 

155.8 (isocyananide carbon), 155.7 (isocyananide carbon), 137.9, 129.3, 128.3, 126.3, 62.9, 52.6, 

52.5 (ɓ-carbon), 52.5 (ɓ-carbon), 52.2, 42.4, 42.2, 38.7, 36.9, 34.7, 34.7, 31.8, 31.8, 30.2, 29.6, 
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29.5, 29.5, 29.5, 29.5, 29.5, 29.4, 29.4, 29.4, 29.3, 29.3, 28.9, 28.9, 25.9, 25.7, 25.7, 25.6, 22.6, 

22.6, 18.2, 14.0, 14.0, -5.4. 

To a solution of 34 (613.6 mg, 0.72 mmol) in dry tetrahydrofuran (THF, 9.8 mL) was added 

tetra-n-butylammonium fluoride (TBAF, 1M in THF, 3.61 mL, 3.61 mmol) at 0°C. After addition, 

the reaction was kept stirring at same temperature until no starting material was detected by TLC.  

Subsequently, the solvent was concentrated under reduced pressure, and the crude product was 

purified by silica gel column chromatography (n-hexanes/ethyl acetate = 1/3 (v/v)) to give desired 

28 (467.90 mg, 88% yield). 1H NMR (700 MHz, d6-DMSO) ŭ 8.13 (d, J = 8.4 Hz, 1H), 8.01 (t, J 

= 5.6 Hz, 1H), 7.72 (d, J = 8.4 Hz, 1H), 7.28-7.10 (m, 5H), 4.74 (t, J = 5.6 Hz, 1H), 4.32-4.24 (m, 

1H), 3.99-3.91 (m, 2H), 3.91-3.83 (m, 1H), 3.34-3.31 (m, 1H), 3.30-3.24 (m, 1H), 3.09-2.98 (m, 

2H), 2.84 (dd, J = 5.9 and 13.6 Hz, 1H), 2.63 (dd, J = 7.7 and 14.0 Hz, 1H), 2.56 (dd, J = 8.4 and 

14.7 Hz, 1H), 2.48-2.35 (m, 3H), 1.60-1.33 (m, 12H), 1.32-1.15 (m, 32H), 0.85 (t, J = 7.0 Hz, 6H); 

13C NMR (176 MHz, d6-DMSO) d 170.9, 168.0, 167.9, 155.6 (isocyananide carbon), 155.6 

(isocyananide carbon), 138.9, 129.0, 127.9, 125.7, 62.1, 52.3, 52.1, 51.6 (ɓ-carbon), 51.6 (ɓ-

carbon), 40.8, 40.6, 38.2, 36.3, 33.7, 33.6, 31.3, 31.3, 29.8, 29.0, 29.0, 29.0, 29.0 28.9, 28.9, 28.8, 

28.8, 28.7, 28.7, 28.3, 28.2, 25.4, 25.0, 25.0, 22.1, 22.1, 13.8, 13.8. 

 

51 was prepared analogously using L-lysine as a starting material. 1H NMR (500 MHz, d4-

methanol) ŭ 7.31-7.23 (m, 4H), 7.22-7.17 (m, 1H), 4.19-4.11 (m, 1H), 3.78 (dd, J = 5.5 and 7.2 

Hz, 1H), 3.63 (dd, J = 5.0 and 10.0 Hz, 1H), 3.58 (dd, J = 5.5 and 10.0 Hz, 1H), 2.94 (dd, J = 6.5 
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and 14.0 Hz, 1H), 2.93 (t, J = 7.7 Hz, 2H), 2.81 (dd, J = 7.5 and 14.0 Hz, 1H), 1.92-1.83 (m, 1H), 

1.82-1.75 (m, 1H), 1.75-1.65 (m, 2H), 1.53-1.42 (m, 2H), 0.92 (s, 9H), 0.06 (s, 3H), 0.05 (s, 3H); 

13C NMR (125 MHz, d4-methanol) ŭ 170.7, 139.5, 130.2, 129.4, 127.5, 64.9, 54.6, 54.3, 40.3, 37.7, 

32.9, 28.1, 26.4, 23.1, 19.1, -5.2. 

52 was prepared analogously using 51 and 43 as a starting material. 1H NMR (500 MHz, 

CDCl3) ŭ 7.26-7.20 (m, 2H), 7.19-7.12 (m, 3H), 6.97 (d, J = 8.0 Hz, 1H), 6.66 (dd, J = 4.5 and 7.5 

Hz, 1H), 6.36 (d, J = 8.5 Hz, 1H), 4.46-4.37 (m, 1H), 4.22-4.08 (m, 3H), 3.60-3.51 (m, 1H), 3.51-

3.45 (m, 2H), 2.89-2.84 (m, 1H), 2.81 (dd, J = 5.2 and 13.2 Hz, 1H), 2.77 (dd, J = 6.5 and 13.5 

Hz, 1H), 2.57 (dd, J = 10.5 and 14.0 Hz, 1H), 2.47 (dd, J = 9.7 and 13.7 Hz, 1H), 2.40-2.26 (m, 

2H), 1.85-1.74 (m, 1H), 1.61-1.45 (m, 4H), 1.40 (t, J = 6.7 Hz, 3H), 1.40 (t, J = 6.7 Hz, 3H), 1.38-

1.31 (m, 1H), 0.89 (s, 9H), 0.02 (s, 3H), 0.01 (s, 3H); 13C NMR (125 MHz, CDCl3) ŭ 170.6, 168.9, 

168.8, 154.2 (isocyananide carbon), 154.2 (isocyananide carbon), 137.9, 129.3, 128.4, 126.4, 62.7, 

53.3, 51.7, 48.2 (t, J = 6.6 Hz, ɓ-carbon), 48.2 (t, J = 6.6 Hz, ɓ-carbon), 43.8, 43.7, 39.1, 36.9, 

31.5, 28.5, 25.9, 22.8, 21.6, 21.5, 18.2, -5.4, -5.4. 

Similar deprotection condition was applied to obtain 36. 1H NMR (700 MHz, d6-DMSO) 

ŭ 8.08 (d, J = 7.7 Hz, 1H), 7.98 (t, J = 5.6 Hz, 1H), 7.73 (d, J = 8.4 Hz, 1H), 7.28-7.11 (m, 5H), 

4.75 (br s, 1H), 4.25-4.19 (m, 1H), 4.10-4.02 (m, 2H), 3.91-3.84 (m, 1H), 3.35-3.30 (m, 1H), 3.30-

3.25 (m, 1H), 3.06-2.96 (m, 2H), 2.84 (dd, J = 5.6 and 14.0 Hz, 1H), 2.63 (dd, J = 8.0 and 13.6 

Hz, 1H), 2.56 (dd, J = 8.4 and 14.7 Hz, 1H), 2.45 (dd, J = 8.4 and 14.7 Hz, 1H), 2.42-2.34 (m, 

2H), 1.60-1.52 (m, 1H), 1.47-1.40 (m, 1H), 1.40-1.33 (m, 2H), 1.30 (t, J = 6.1 Hz, 3H), 1.30 (t, J 

= 6.1 Hz, 3H), 1.24-1.18 (m, 2H); 13C NMR (176 MHz, d6-DMSO) d 171.0, 167.9, 167.8, 154.9 

(t, J = 4.7 Hz, isocyananide carbon), 154.9 (t, J = 4.7 Hz, isocyananide carbon), 139.0, 129.1, 
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128.0, 125.8, 62.3, 52.4, 52.3, 47.0 (t, J = 5.7 Hz, ɓ-carbon), 47.0 (t, J = 5.7 Hz, ɓ-carbon), 42.2, 

42.1, 38.4, 36.3, 31.9, 28.7, 22.6, 210, 20.9. 

3.6.2 Protein Over-expression and Purification 

The DNA sequences encoding Rv0097 from Mycobacterium tuberculosis H37Rv (NCBI 

Reference Sequence: WP_003400786.1) and MmaE from M. marinum (NCBI Reference 

Sequence: WP_094358060.1) were codon-optimized for overexpression in E. coli, synthesized, 

and inserted into expression vector pET-28a between the NdeI and XhoI sites with a 6xHis tag 

attached to the N-terminus. 

The plasmids listed above were transformed into E. coli BL21 (DE3) cells (New England 

Biolabs, MA) with chaperone protein (GroEL). The transformed E. coli cells were cultivated in 

Terrific Broth (TB) medium containing 50 µg mLӇ1 kanamycin, 35 µg mLӇ1 chloramphenicol, and 

0.1% arabinose at 37°C. After the optical density at 600 nm (OD600) reached around 0.6, isopropyl 

ɓ-D-1-thiogalactopyranoside (IPTG), was added into the culture with a final concentration of 0.5 

mM. The cells were incubated further for 16 h at 18°C and then were harvested by centrifugation 

(6000 Ȗ g for 25 min at 4°C). The cell pellets were collected and stored at Ӈ20°C. For protein 

purification, cell pellets were re-suspended in the lysis buffer (100 mM Tris 

(tris(hydroxymethyl)aminomethane), 5 mM imidazole, pH 7.5). After sonication and 

centrifugation (22 000 Ȗ g for 25 min at 8°C), the solution was subjected to immobilized metal 

affinity chromatography. The supernatant was loaded onto a nickel-nitrilotriacetic acid (Ni-NTA) 

agarose column that was equilibrated with the lysis buffer. The column was washed using the lysis 

buffer (Ḑ7 volume to the resin). The target proteins were then eluted with the elution buffer (100 

mM Tris-HCl, 250 mM imidazole, pH 7.5, Ḑ5 volume to the resin). The pooled protein fractions 
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were concentrated using protein concentrator (10-K Pall®). After concentration, a two-step 

dialysis was applied at 4°C. The proteins were first dialyzed in a buffer contains 100 mM Tris-

HCl and 5 mM ethylenediaminetetraacetic acid (EDTA, pH 7.5) followed by second and third 

dialysis in a buffer contains 100 mM Tris-HCl (pH 7.5) for 12 h. After dialysis, the proteins were 

aliquoted and stored at -80°C. Protein concentration was determined by UV absorption at 280 nm 

using a calculated molar absorptivity of 45380 M-1cm-1 for Rv0097 and MmaE 

(http://ca.expasy.org). The purities of proteins were shown by SDSïPAGE, and the gel is 

visualized using Coomassie-stain (Appendices A-4). 

3.6.3 In vitro A ssays of Rv0097 and MmaE Catalyzed Reactions 

Liquid chromatography (LC) with detection by mass spectrometry (MS) was conducted on 

an Agilent Technologies (Santa Clara, CA) 1200 system coupled to an Agilent Technologies 6120 

quadrupole mass spectrometer. The enzymatic reactions were chromatographed on an Agilent 

Zorbax Extend-C18 column (4.6x50 mm, 1.8 µm). For the detection of isonitrile derivation, the 

following gradient program is used: 0-3 min 80% A, 3-4 min 80 ʤ 72% A, 4-6 min 72% A, 6-7.5 

min 72% ʤ 80% A. The flow rate is 0.4 mL/min. Solvent A contains 0.1% formic acid in H2O, 

and solvent B is acetonitrile. Mass spectra were monitored with electrospray ionization in positive 

mode (ESI+). The associated Agilent MassHunter and OpenLAB software packages were used for 

data collection and analysis.  

Formation of isonitrile was detected through derivatization of isonitrile group with 

tetrazine.[59-60] A reaction solution containing enzyme, Fe(II), 2OG, and substrate with final 

concentrations of 0.12 mM of enzyme (Rv0097 or MmaE), 0.1 mM Fe(II), 2.0 mM 2OG, and 1 

mM substrate (n=1~15) in a total volume of 200 µL (100 mM Tris-HCl pH 7.5) was exposed to 
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air at 4°C. After overnight, the reactions were ceased by adding of an equal volume of a solution 

that contains 5 mM of tetrazine dissolved in methanol. After incubating reaction mixtures at 43°C 

for 30 min, the samples were subjected to centrifugation at 14,500 rpm for 30 min to precipitate 

the protein. An aliquot from the reaction mixture was injected into LC-MS. The control 

experiments were conducted under the same experimental conditions without adding 2OG. 

3.6.4 1H-NMR Titration of Isonitrile -containing Peptides with M etals 

All samples were prepared in the glove box to avoid Cu(I) oxidation. Samples containing 

NC-peptide (4, 5, 28, or 36) and metal source (Cu(I), Cu(II), or Zn(II)) with final concentrations 

of 25 mM NC-peptide and 6.25 mM metal in a total volume of 450 µL d6-DMSO. The mixed 

solution was transferred into NMR tube, sealed with NMR cap, and wrapped with parafilm before 

NMR tubes were brought out from the glove box. The 1H-NMR spectra were recorded using 

Bruker NEO 700 MHz. Subsequently, NMR tubes were brought back to the glove box followed 

by addition of varying amounts of metal sources as indicated in the 1H-NMR spectra. This process 

was repeated until no proton was shifted in spectra. Metal sources used in this study: Cu(I) from 

[(CH3CN)4Cu]PF6, Cu(II) from CuCl2, Zn(II) from ZnBr2. 

3.6.5 In Silico Analysis for Rv0097 Homologs 

The sequence similarity network (SSN) of Rv0097 is generated via the EFI-EST website 

(https://efi.igb.illinois.edu/efi-est/).[57-58] Using Rv0097 as a query, initial number of sequences 

retrieved has 8,966 homologs through UniProt BLAST. To filter off uninterested homologs, 

Rv0098 is used as hook through genome neighborhood network (GNN) analysis 

(https://efi.igb.illinois.edu/efi-gnt/). With this method, hits contain both Rv0097 and Rv0098 are 

down to 394 homologs. The SSN is visualized by Cytoscape_v3.10.0,[74] and hits with over 65% 

identity are connected with edge. Database version: UniProt: 2023-01 / InterPro: 93. 
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3.6.6 Verification of C3-stereochemistry of 30 using Marfey's reagent 

To a solution of 1mM nonyl-amine compound ((R)-30, (S)-30 or rac-30) in 50 uL Tris-

HCl (50 mM, pH 7.5) was added 20 uL of 1M NaHCO3(aq) and 100 uL of 10% (w/v) 1-fluoro-2-

4-dinitrophenyl-5-L-alanine amide (Marfey's reagent, 10 mg in 1 mL MeCN). After addition, 

samples were incubated at 43°C for ~1 hour. Subsequently, 20 uL of 1 M HCl(aq)  was added to 

quench the reactions. Prior LC-MS, the samples were subjected to centrifugation at 14,500 rpm 

for 30 min. 

Liquid chromatography (LC) with detection by mass spectrometry (MS) was conducted on 

an Agilent Technologies (Santa Clara, CA) 1200 system coupled to an Agilent Technologies 6120 

quadrupole mass spectrometer. The enzymatic reactions were chromatographed on an Agilent 

Zorbax Extend-C18 column (4.6x50 mm, 1.8 µm). For the separation of two stereoisomers, the 

following gradient program is used: 0-3 min 35% A, 3-6 min 35 Ÿ 10% A, 6-10 min 10% A, 10-

13 min 10% Ÿ 35% A. The flow rate is 0.5 mL/min. Solvent A contains 0.1% formic acid in H2O, 

and solvent B is methanol. Mass spectra were monitored with electrospray ionization in positive 

mode (ESI+). The associated Agilent MassHunter and OpenLAB software packages were used for 

data collection and analysis.  
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CHAPTER 4 

Isonitrile Formation through Condensation Reaction and Downstream Divergent 

Desaturation Pathways 

*Part of this Chapter is published on Nature Communications 2022, 13, 5343 

4.1 Introduction  

The first isonitrile synthase, IsnA, was characterized in 2005.[23-24] By screening DNA from 

various environmental samples (eDNA), isnA (isonitrile synthase) and isnB (Fe/2OG enzyme) 

genes were identified and demonstrated to be responsible for the production of (E)-3-(2-

isocyanovinyl)-1H-indole (53) (Scheme 4.1). Through inverse-labeling feeding experiments, the 

carbonyl carbon (C2) of ribulose-5-phosphate was identified as the origin of the isonitrile carbon 

source.[24] Therefore, IsnA is responsible for isonitrile product 54 formation through a 

condensation reaction between the primary amino group of L-tryptophan and the carbonyl group 

of ribulose-5-phosphate. Subsequently, 54 undergoes IsnB-catalyzed oxidative decarboxylation to 

produce 53 in which the olefin group was installed in trans-orientation. Instead of L-tryptophan 

used for 54 production, L-tyrosine was used for 55 formation. 55 has been identified to be involved 

in the biosynthesis of rhabduscin and byelyankacin which is a potential insecticide candidate and 

melanogenesis inhibitor.[8,75-76] 
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Scheme 4.1. Proposed biosynthetic pathway for 53 and 56 formation. 

In 1990s, the potential pyoverdine chromophore biosynthetic gene cluster, pvcABCD, was 

identified.[77-78] Pyoverdine belongs to a group of green-fluorescent molecules, consisting of a 

cyclic peptide moiety and a chromophore (Scheme 4.2A). In addition to serving as an iron 

transporter, pyoverdine also plays an important role in virulence and infection of P. aeruginosa 

that causes severe acute and chronic infections in human.[79] Furthermore, based on the mutation 

studies, the pvc operon is proposed to be associated with biofilm formation in P. aeruginosa.[79-80] 

However, the function of the genes was not assigned. In 2008, pvcABCD was demonstrated to be 

responsible for producing paerucumarin, an isonitrile functionalized coumarin (Scheme 4.2B), but 

not pyoverdine formation.[81] Based on sequence analysis, PvcA and PvcB are IsnA and IsnB 

homologs, respectively. Thus, the function of PvcA is proposed to introduce the isonitrile group.[81] 

Subsequently, 55 undergoes PvcB-catalyzed desaturation to produce 57 followed by PvcC/D-

catalyzed reactions to complete paerucumarin biosynthesis. 



   

71 

 

 

Scheme 4.2. (A) A representative structure of Pyoverdine. Pyoverdine is a group of green-

fluorescent molecules composed of three parts: (i) a conserved fluorescent dihydroxyquinoline 

chromophore; (ii) an acyl side chain bound to the amino group of pyoverdine chromophore (R is 

either a glutamic acid, a Ŭ-ketoglutaric acid, a succinic acid or a malic acid); (iii) a variable peptide 

chain bound to the carboxyl group of pyoverdine chromophore by an amide group. The ñfOHOrnò 

represses N5-formyl-N5-hydroxyornithine. (B) Proposed biosynthetic pathway for paerucumarin. 

After studying the PvcB homologs from different organisms, diverse outcomes was 

reported in 2015.[82-83] Briefly, formation of the hydroxylated intermediate 58 was proposed to be 

involved in all PvcB catalyzed reactions. But different products could be generated using 58 as the 

key intermediate (Scheme 4.3). For the PvcB from P. aeruginosa and Erwinia amylovora, an anti-

elimination pathway driven by the proton abstraction from the Ŭ-carbon was proposed to produce 
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57. In contrast, PvcB from Xenorhabdus nematophila, could expel the hydroxyl group with the 

assistance of decarboxylation to form 56. However, the products of PvcB analogs were only 

investigated using LC-MS analysis due to the instability of the product. 

 

Scheme 4.3. Two different desaturation pathways that are catalyzed by PvcB homologs. 

In this project, we aim to establish in vitro activity of isonitrile synthase by itself. While, 

several homologs have been proposed to catalyze isonitrile formation using L-tryptophan (or L-

tyrosine) with ribulose-5-phosphate, due to instability of isonitrile product, only few of them were 

characterized. Second, the in vitro activity for the downstream Fe/2OG enzymes will be 

investigated, wherein diverse product profile, vinyl isonitrile 56 or isocyanoacrylate 57 formation, 

is observed between different IsnB homologs. Furthermore, the proposed on-pathway intermediate 

58 and corresponding mechanism will be verified and discussed. 

4.2 Isonitrile Formation through Condensation Reaction 

4.2.1 Establishing In Vitro  Activity of Isonitrile Synthases 

Although isonitrile synthase was proposed to install the isonitrile group by using an L-

tryptophan/tyrosine and a ribulose-5-phosphate as substrates, the corresponding mechanistic 

studies remain to be elucidated. In 2005, the in vitro activity of IsnA from an environmental sample 
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was established through the coupled reaction with a Fe/2OG enzyme.[24] Similarly, the in vitro 

activities of two IsnA homologs, AmbI1-I2 and WelI1, were reported (Scheme 4.4).[84-86] In the 

AmbI, deuterium-enriched d5-L-tryptophan was incubated in a reaction mixture containing 

rubulose-5-phosphate, AmbI1 and AmbI2.[84] A peak with the identical retention time as synthetic 

54 was identified in the mass shift of +5, establishing this newly formed peak arises from the 

isotopically labeled L-tryptophan. Moreover, this peak was absent when AmbI3, Fe(II) and 2OG 

were included in the reaction, suggesting 54 was rapidly utilized by AmbI3. Although the in vitro 

activities of isonitrile synthases that utilize L-tryptophan as a substrate were reported, the activities 

of isonitrile synthases that utilize L-tyrosine as a substrate, such as PIsnA and PvcA, have not been 

investigated. Therefore, the investigation of the activities of isonitrile synthases and further 

mechanistic elucidation is required to reveal how isonitrile is installed. 

 

Scheme 4.4. Proposed biosynthetic pathway for vinyl isonitrile formation catalyzed by AmbI1-3 

and WelI1/3. 

Prior to the in vitro studies, PIsnA from P. luminescens was over-expressed and purified 

through a Ni-NTA agarose column. After several attempts, ammonium sulfate was found to be 

able to stabilize PIsnA. After incubating PIsnA with L-tryptophan and ribose-5-phosphate, a 

tautomerically equivalent sugar of ribulose-5-phosphate, a peak (m/z 190.1) with same retention 

time of synthetic 55 was observed (Figure 4.1). Moreover, this peak was absent when PIsnB, Fe(II) 

and 2OG were included in the reaction, while a peak (m/z 144.1) with same retention time of 
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PIsnB-catalyzed isonitrile product 56 was observed.[87] Taken together, these results reveal that 

PIsnA is responsible for the biosynthesis of 55, and 55 serves as the substrate for PIsnB to generate 

56. 

0.5 2.0 3.5 5.0 6.5 8.0
 

Figure 4.1. LC-MS chromatograms of in vitro PIsnA studies. After incubating PIsnA reaction 

with PIsnB, the formation of 56 was observed, suggesting PIsnA catalyzes the formation of 55 

which is directly utilized by PIsnB.  

Even though we can establish the in vitro activity of PIsnA using L-tyrosine and ribose-5-

phosphate, the low-yield and instability of PIsnA may hinder further studies including substrate 

specificity and mechanistic studies that require reasonable quantity of proteins. Therefore, other 

homologs are over-expressed, including PaPvcA, AhPvcA, AmbI1, and WelI1 from P. aeruginosa 

PAO1, Aeromonas hydrophila, Fischerella ambigua UTEX 1903 and Hapalosiphon welwitschii  

UHIC-52-3, respectively. After several attempts, we could not obtain soluble PaPvcA and 

AhPvcA. However, soluble AmbI1 and WelI1 were obtained, where the yield of WelI1 is 4-fold 

higher than PIsnA. Although WelI1 is proposed to take L-tryptophan and ribulose-5-phosphate as 

substrates, the in vitro activity was not. The activity of WelI1 was only characterized by couple 

reaction with the downstream enzyme, WelI3.[85-86,88] 
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4.2.2 Substrate Preference for Newly Identified Isonitrile Synthases 

With AmbI1/WelI1 in hand, we first test their in vitro activity using L-tryptophan and 

ribose-5-phosphate as substrates. To our surprise, compared to PIsnA that is sensitive to 

temperature change, formation of 54 could only be detected when carrying out reactions at 37°C 

with AmbI1/WelI1 (Figure 4.2A). Furthermore, we also tested the substrate preference with 

various sugars and amino acids. Several sugars involved in pentose phosphate pathway were 

screened, including glyceraldehyde-3-phosphate, ribulose-5-phosphate, ribose-5-phosphate, 

fructose-6-phosphate, glucose-6-phosphate, mannose-6-phosphate, and glucosamine-6-phosphate. 

Among them, only ribulose-5-phosphate and ribose-5-phosphate could be taken as a substrate for 

WelI1, consistent with the earlier studies in IsnA.[24] Interestingly, in addition to L-tryptophan, 

WelI1 also catalyze isonitrile formation using L-tyrosine as a substrate (Figure 4.2B). However, 

with amino acid that has the inverted chirality at Ŭ position, i.e., L-tryptophan to D-tryptophan, 

formation of 54 is not observed. 

 

Figure 4.2. (A) LC-MS chromatograms of in vitro AmbI1 studies. Both substrates, ribose-5-

phosphate (R-5-P) and L-tryptophan, are required for 54 formation (m/z 213.1). (B) LC-MS 

chromatograms of in vitro WelI1 studies. Among all sugars tested, only ribulose-5-phosphate (Ru-

5-P) and ribose-5-phosphate (R-5-P) could be taken as a substrate. Interestingly, L-tyrosine could 

also be a substrate for WelI1 to produce product with m/z 192.1, while D-tryptophan cannot. 
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We accessed the turnover of isonitrile synthases. Prior to mechanistic studies, if we could 

increase the turnover number, we could then reduce the amount of proteins used. After incubating 

WelI1 with d5-L-tryptophan and ribose-5-phosphate at 37°C, non-deuterium labeled 54 standard 

with known concentration was added to access turnover number of the enzymatic reaction. By 

comparison of integration between [m] (from added standard) and [m+5] (from enzymatic 

reaction), the concentration of isonitrile product was obtained. The results were repeated three 

times independently. Surprisingly, a linear correlation is observed between protein concentration 

and product formation, where only one equivalent of 54 was formed (Figure 4.3A). This result 

indicates WelI1 can only catalyze single-turnover reaction. Moreover, if we incubate WelI1 with 

54 followed by addition of the substrates, d5-L-tryptophan and ribose-5-phosphate, the decrease of 

formation of d5-54 was observed when concentration of 54 increased (Figure 4.3B). These result 

clearly establish the isonitrile product 54 inhibits WelI1 reaction, which could be explained why 

single-turnover reaction is observed in WelI1. While these results provide insight on isonitrile 

synthase reaction, the reaction mechanism still remains to be investigated. For example, what are 

the factors control the substrate preference for isonitrile synthases? How products inhibit the 

reaction?  What is the mechanism for isonitrile biosynthesis? Further studies are currently ongoing. 

 

Figure 4.3. (A) Single-turnover WelI1-catalyzed isonitrile formation, where one WelI1 only 

catalyze one 54 formation. (B) Product 54 inhibition observed in WelI1 reaction.  
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4.3 Elucidation of Divergent Desaturation Pathways in the Formation of Vinyl Isonitrile 

and Isocyanoacrylate 

4.3.1 In Vitro Characterization of PIsnB- and PvcB-Catalyzed Reactions 

 

To establish the reaction profile of the PvcB- and PIsnB-catalyzed reactions, we first 

carried out in vitro assays. Both enzymes were expressed as N-His6-tagged proteins. The reactions 

include reconstituted enzyme/substrate 55/2OG/ascorbate in a ratio of 1/5/15/10, with a final 

concentration of 0.1 mM of reconstituted enzyme in Tris-HCl (50 mM, pH 7.7). The enzymatic 

reactions were analyzed using LC-MS. In the PIsnB-catalyzed reaction, the major product with an 

m/z value corresponding to the vinyl isonitrile was detected (m/z 190.1Ÿ144.1, Figure 4.4A). 

Identity of this peak was verified using the synthetic standard of 56. On the other hand, formation 

of a peak with an m/z value matching isocyanoacrylate (57) was observed in the PvcB-catalyzed 

reaction (m/z 190.1Ÿ188.1, Figure 4.4B). In both cases, a minor peak with an m/z value consistent 

with hydroxylation was also detected (m/z 190.1Ÿ206.1). Notably, 57 is not very stable and 

readily decomposes to 59 through hydration of the isonitrile group. This observation is in 

accordance with the literature where 57 was only characterized by derivatization.[82] 
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Figure 4.4. (A) LC-MS chromatograms of PIsnB- and PvcB-catalyzed reactions. A) In the PIsnB 

reaction, conversion of 55 to vinyl isonitrile 56 was identified (m/z 190.1Ÿ144.1, purple). (B) 

Isocyanoacrylate 57 was detected as the dominant product in the PvcB-catalyzed reaction (m/z 

190.1Ÿ188.1, red). In both PIsnB- or PvcB-catalyzed reactions, a minor hydroxylation product (m/z 

206.1, yellow) was detected. The intensity of the hydroxylated peak is magnified 10-fold for clear 

visualization. 

4.3.2 X-ray Crystal Structure of Substrate-Bound PIsnB 

 

To understand the molecular insight that leads to the observed selectivity of PvcB and 

PIsnB, we collaborated with Dr. Yan Zhangôs group to obtain the crystal structure of the ternary 

complex (PlsnBÅMnÅ55) at a resolution of 1.98 Å. Out of a dozen metal ions screened, manganese 

(Mn) improves the melting temperature of PlsnB by more than ten degrees, suggesting that Mn 

ion effectively stabilizes the protein, possibly through coordination to the iron-binding site. 

Analogous to other Fe/2OG enzymes, PlsnB has two four-stranded ɓ-sheet in the center, a.k.a., 

jelly roll or Swiss roll. The metal ion is coordinated by His101, Asp103, His250, and three water 

molecules (Figure 4.5A). The benzene ring of 55 locates in a hydrophobic pocket formed by 

Tyr106, Ile159, Trp102, and Met105 (Figure 4.5B). While the ample space of the hydrophobic 
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pocket allows the rotation of the benzene ring, the ˊ-ˊ stacking of the phenyl ring of 55 and His101 

may result in a preferred orientation as the observed in the crystal structure. The hydrophobicity 

of the pocket also plays a role in substrate recognition. Notably, no obvious interactions for the 

para-hydroxyl group can be identified, thus suggesting other functional groups, e.g., fluoride (60), 

can be accommodated in the active site pocket.  

 

Figure 4.5. Structure of PlsnBÅMnÅ55. (A) FoFc omit map of the PlsnB active site upon 

incorporating the native substrate (55) in co-crystallization experiment, contoured to 3ů and shown 

in green mesh. The omit map was calculated with no ligand information to avoid phase bias. The 

chemical structure of the substrate was then superimposed onto the density for consistency 

comparison. (B) The hydrophobic pocket close to the aromatic side chain of 55 is shown as 

semitransparent surface, while no obvious interactions for the para-hydroxyl group can be 

identified. 
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4.3.3 The Active Site Reveals a Plausible Strategy to Prevent Isonitrile Chelation to the 

I ron Center and Hints at the Substrate Flexibility  

 

While isonitrile is a potent and a common ligand to iron, coordination of isonitrile to the 

iron in the active site inactivates PIsnB as demonstrated by Mössbauer spectroscopy previously. 

The substrate-bound structure reveals how PIsnB prevents isonitrile chelation to the iron while 

maintaining catalytic efficiency. Because the carboxylate group has hydrogen bonds with Gly104 

and an iron-coordinated water, such orientation enforces the isonitrile moiety to point away from 

the iron center (Figure 4.6A). Unlike the carboxylate group, the isonitrile moiety of the substrate 

is not restricted in space, wherein no apparent interaction is identified within 5 Å of the isonitrile 

group (Figure 4.6B). The ample space accommodating the isonitrile group and the well-positioned 

carboxylate group in the active site suggest that other groups, e.g., formyl group (61), proton 

(phloretic acid, 62) and the substrate analog with the opposite chirality (D-55), may also fit into 

the active site. Indeed, the N-formyl moiety has been identified in several natural products, 

including fumiformamide, melanocin E, and fumicicolin A.[18-19,89]  
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Figure 4.6. (A) Hydrophilic interactions of the carboxylate group of 55 with Arg265, Gly104 and 

a water molecule. Arg265 has a cation-p interaction with Trp74. (B) Surface representation of 55 

in the active site of PlsnB. Compound 55 is shown in the sticks. The circle indicates the region that 

can accommodate potential functional groups in addition to the isonitrile moiety. 

4.3.4 LC-MS and 13C-NMR Reveal Substrate Flexibility of  Fe/2OG Enzymes 

 

To validate our observations revealed by in silico analysis, analogs D-55 and 61 were 

chemically prepared and incubated with PlsnB, PvcB, and another previous uncharacterized 

homolog from Aeromonas hydrophila (referred as PIsnB-Ah). Indeed, L-55, the analog with the 

opposite chirality of 55, was converted to 57 and 56 by PvcB and PlsnBs, respectively (m/z 

190.1Ÿ188.1 (57) and 144.1 (55), Figure 4.7A). Furthermore, 59 and 63 were produced at the 

expense of 61 by PvcB and PlsnBs (m/z 208.1Ÿ206.1 (59) and 162.1 (63), Figure 4.7B). 

Additionally, PIsnB can also catalyze 4-vinylphenol formation using phloretic acid 62 as the 

substrate (Figure 4.7C). Together, the LC-MS results support the aforementioned observation. 

Importantly, these observations demonstrate the substrate flexibility and the reaction selectivity of 

PIsnBs and PvcB.  
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Figure 4.7. (A and B) Product profiles of PIsnB, PvcB and PIsnB-Ah catalyzed reactions using L-

55, D-55, and 61 as substrates. Products associated with desaturation, hydroxylation and 

decarboxylation-desaturation are color-coded with red, yellow and purple, respectively. (C) LC-

MS chromatograms of PIsnB-catalyzed conversion of phloretic acid (62) to 4-vinylphenol was 

identified (m/z 165.1Ÿ119.1). The peak produced in the enzymatic reaction has the same retention 

time and isotope distribution as the standard of 4-vinylphenol.  

To further support the LC-MS results, structures of 59 and 63 are confirmed by 13C-NMR 

using [2-13C-]-61 as the substrate (Figure 4.8). In the PIsnB-catalyzed reaction, three peaks with 

chemical shifts of 119, 120, and 124 ppm were observed (Figure 4.8). Similar to [2-13C-]-61 

exhibits two peaks (ŭ 56.8 and 61.2 ppm) representing two tautomers in the solution state, 63 

shows two peaks at 120 and 124 ppm.[90] The third peak (ŭ 119 ppm) most likely originates from 

the other stereoisomer with the cis-geometry of the double bond. On the other hand, in the PvcB-

catalyzed reaction, two peaks at 132 and 133 ppm are consistent with formation of 59 (Figure 4.8). 

A minor peak at 120 ppm was also detected. While the configuration, i.e., cis-vs. trans-isomer, of 

the newly installed olefin of 59 and 63 remains to be determined, LC-MS and NMR results 

demonstrated that PIsnB and PvcB can accommodate substrate analogs and effect chemically 

divergent desaturations.  
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Figure 4.8. 13C-NMR spectra of PIsnB- or PvcB-catalyzed reactions using [2-13C]-61. Compound 

63 (purple) with vinyl formyl group was observed in the PIsnB reaction, while N-formylacrylate 

(59) (red) was detected as the dominant product in the PvcB reaction. Compounds 61, 59, and 63 

are highlighted in blue, red, and purple, respectively. 

4.3.5 Fluorinated Substrate Analog and Hydroxylated Probes Reveal Plausible Pathway of 

the PIsnB- and PvcB-catalyzed Desaturation 

 

In the PIsnB-catalyzed reaction, alternation of the para-substituent from an electron-

donating group, e.g., hydroxyl group, to an electron withdrawing group, e.g., fluoride, changes the 

reactivity from decarboxylation-assisted desaturation to hydroxylation, thus weighing against the 
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pathway includes hydroxylation as an intermediate. If a carbocation species is deployed by PvcB, 

due to electron-withdrawing property of fluoride that destabilizes the carbocation, one would 

expect 60 to impede isocyanoacrylate formation, thus directing the reaction outcome. In contrast, 

if desaturation undergoes hydroxylation followed by dehydration as proposed previously or other 

pathways involving an electron-transfer promoted CïC bond cleavage, 60 could decrease product 

formation, but should not influence product distribution. To test this hypothesis, substrate analog 

with a fluoride appended at the para-position (60) was synthesized. The enzymatic reactions using 

60 was carried out. As shown in Figure 4.9A, under the similar conditions, while similar level of 

the substrate consumption was detected, only the peak with an m/z value corresponds to 

hydroxylation was detected in both PIsnB and PvcB. Formation of a hydroxylated product using 

60 is consistent with the mechanism involves the intermediacy of cation. Nevertheless, it could 

also be caused by dissociation of that species from the active site prior to dehydration or the 

fluoride-substitution may induces the departure of the hydroxylated compound (64).  

To further elucidate the reaction pathway, the proposed hydroxylated intermediates (65 and 

64 with the para-substituent being H or F) were prepared and investigated. Under the condition of 

enzyme to substrate ratio of 1:20 with the final enzyme concentration of 100 µM, no obvious new 

peak can be detected (Figure 4.9B). Taken together, while we cannot completely rule out the 

pathway includes a hydroxylated intermediate, these results support the intermediacy of a benzylic 

carbocation in the PIsnB and PvcB-catalyzed desaturation. While pathways include oxygen-

rebound and two sequential hydrogen atom abstraction processes have been included in several 

Fe/2OG enzymes catalyzed desaturation through in vitro as well as computational studies, our 

results imply that a benzylic cation is likely utilized to affect decarboxylation and deprotonation 

in the PIsnB- and PvcB-catalyzed chemically divergent desaturations (Figure 4.9C). 
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Figure 4.9. (A) When the para-substituent is replaced by fluoride (60), PvcB and PIsnB only 

catalyze hydroxylation (m/z 192.1Ÿ208.1). Products associated with desaturations (m/z 

192.1Ÿ146.1 or 190.1) were not detected. (B) UV-Vis-LC chromatograms of PIsnB- and PvcB-

catalyzed reactions using proposed hydroxylated intermediate (65 or 64) as the substrate. Under 

the conditions of enzyme to substrate ratio of 1:20, no obvious new peaks can be detected after 16 

hours incubation. Vinyl isonitrile product standard (66 and 67) were also prepared and are shown 

in the bottom trace of each panel (ɚ266). (C) Proposed mechanism for PIsnB and PvcB catalyzed 

desaturation reactions using 55 as the substrate. Following HAT step, a hydroxylated intermediate 

or a benzylic cation may serve as a common species to afford 57 and 56 via deprotonation (pathway 

a, blue arrow) and decarboxylation (pathway b, red arrow), respectively. Based on our results, a 

benzylic cation is more likely deployed in 56 and 57 biosynthesis. 
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4.3.6 Sequence Comparison Helps Forecast the Reaction Selectivity 

 

Highly similar active sites but different reactivities deployed by PIsnB and PvcB suggest 

that other residues not identified by structural comparison might be important for the observed 

selectivity. To identify these residues, we carried out a sequence alignment analysis of the Fe/2OG 

enzymes that have been reported to catalyze vinyl isonitrile and isocyanoacrylate production 

(Figure 4.10). The comparison revealed that these enzymes contain divergent sequences at 

conserved positions. We annotate enzymes that catalyze vinyl isonitrile formation as PIsnB-type 

and those can effect isocyanoacrylate formation as PvcB-type for clarification. In PIsnB-type 

enzymes, a positively charged residue including lysine or arginine is conserved at the K107 

position of PIsnB. In contrast, PvcB-type enzymes have a leucine at this position. Moreover, 

PIsnB-type enzymes occupy a conserved residue including a nitrogen-containing side chain such 

as asparagine or histidine at the N188 position of PIsnB in the downstream region. In contrast, 

PvcB-type enzymes have a cysteine at this position. The side-by-side comparison of F2/2OG 

enzymes with characterized reactivity provides a simple method to forecast the reaction selectivity, 

therefore it can be used for the product prediction of unknown enzyme. To test this hypothesis, a 

PIsnB-type orthologue from Aeromonas hydrophila, referred to PIsnB-Ah, with an unidentified 

function was purified and investigated. This enzyme shows a similar activity and selectivity as of 

PIsnB and can accommodate analogs D-55 and 61 (Figure 4.10). Notably, while this analysis 

provides a simple method to predict reaction selectivity, single-point mutations, including K113L 

and N194C of PIsnB-Ah, does not alter the product profile, and indicates other residues are also 

involved in dictating the reaction selectivity.  
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Figure 4.10. (A) Summary of PIsnB- and PvcB-type enzymes. Based on the structural scaffold 

identified in rhabduscin, byelyankacin, xanthocillin, paerucumarin, and 63, the corresponding 

Fe/2OG enzymes are categorized into PIsnB- or PvcB-type enzymes. (B) Amino acid sequence 

alignments of enzymes shown in panel A. Two residues are identified to be associated with 

reaction selectivity. In PIsnB-type enzymes, a positively charged residue including lysine or 

arginine is conserved at the K107 position of PIsnB. In contrast, PvcB-type enzymes have a leucine 

at this position. Moreover, in the downstream region, PIsnB-type enzymes occupy a conserved 

residue with nitrogen-containing side chain, such as asparagine or histidine, at the N188 position 

of PIsnB. In contrast, PvcB-type enzymes have a cysteine at this position. Additionally, the 

conserved arginine residue (R265 in PIsnB) is colored in gray, while 2-histidine and 1-aspartate 

used for iron chelation are colored in blue. 



   

88 

 

4.4 Conclusion and Outlook 

In summary, we establish in vitro activity of isonitrile synthases, including PIsnA, AmbI1, 

and WelI1. Through substrate screening, only two sugars, ribulose-5-phosphate and ribose-5-

phosphate, can be taken as the substrate for all enzymes, while L-tryptophan /L-tyrosine can both 

be utilized by WelI1 reaction. Because isonitrile synthases can only carry out single-turnover 

reactions and the product show obvious activity inhibition, studying how to improve turnover 

number is our next goal. For example, a protein-protein interaction may be involved, e.g., the 

downstream Fe/2OG enzymes may assist the release of isonitrile product produced by isonitrile 

synthase. An alternative strategy is using 13C-labeled ribulose-5-phosphate to follow the reactions. 

With 13C enrichment of labeled substrate in 13C-NMR, we may be able to identify putative 

intermediate(s) during isonitrile formation, further providing insights on the possible reaction 

mechanism. Indeed, similar strategy using 13C-labeled ribulose-5-phosphate was applied to study 

the mechanism of RibB (3,4-dihydroxy-2-butanone 4 phosphate synthase) in riboflavin 

biosynthesis.[91]  

In the Chapter 4, the diverse product profiles of downstream Fe/2OG enzymes and the 

corresponding mechanism are discussed. Although PIsnB and PvcB both take 55 as a substrate, 

divergent desaturation pathways in the formation of vinyl isonitrile 56 and isocyanoacrylate 57 is 

established. Reaction pathways leading to 56 and 57 formation are revealed using protein structure, 

molecular modeling, and in vitro assays with substrate and analogs. Our findings suggest that a 

carbocation species may be deployed to enable decarboxylation and deprotonation. Furthermore, 

a sequence alignment of Fe/2OG enzymes reveals that divergent sequences at conserved positions 

are associated with the reaction selectivity. This observation is validated via reconstitution of an 

uncharacterized enzyme, PIsnB-Ah. Furthermore, as suggested by the substrate-bound protein 
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structure, the ample space around the isonitrile group suggests that other groups can be used to 

replace the isonitrile group. Indeed, all investigated enzymes, i.e., PvcB, PIsnB, and PIsnB-Ah, 

can accommodate analogs with the opposite chirality and a formyl group, while catalyzing 

desaturations. Taken together, these findings not only uncover the strategies of Fe/2OG enzymes 

to enable divergent desaturations, but also delineate the diverse chemistries catalyzed by Fe/2OG 

enzymes in natural product biosynthesis. 

4.5 Experimental Sections 

4.5.1 Compound Preparation 

Compounds 54, 55, 56, 60, 66 and 67 were prepared following the literature 

procedure.[84,87] 

 

Adapted from the reported literature,[87] [2-13C]-61 was prepared. To a solution of L-

tyrosine-2-13C (250.0 mg, 1.37 mmol) in methanol (4.6 mL) was added trimethylsilyl chloride 

(TMSCl, 0.7 mL, 5.49 mmol) at 0°C. After addition, the mixture was kept stirring at room 

temperature overnight. Subsequently, the solvent was removed under reduced pressure to give 

compound 68 without further purification (quant. yield). 1H NMR (500 MHz, D2O) d 7.18 (d, J = 

8.0 Hz, 2H), 6.92 (d, J = 8.5 Hz, 2H), 4.57-4.22 (dm, JC-H = 149.0 Hz, 1H), 3.86 (s, 3H), 3.25-3.31 

(m, 1H), 3.15-3.22 (m, 1H); 13C NMR (125 MHz, D2O) d 54.1. 

To a suspension of compound 68 (1.37 mmol) in acetonitrile (4.6 mL) was added sodium 

formate (HCO2Na, 186.6 mg, 2.74 mmol) at room temperature. Subsequently, the reaction was 
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brought to reflux until no starting material was detected by TLC. After cooling down to room 

temperature, the crude product was concentrated under reduced pressure and purified by silica gel 

column chromatography (pure ethyl acetate) to give compound 69 (244.2 mg, 79% yield). 

Compound 69 presents as two tautomers in a ratio of 1:0.13. Major tautomer: 1H NMR (500 MHz, 

CD3OD) d 8.01 (d, J = 5.5 Hz, 1H), 7.00 (d, J = 8.5 Hz, 2H), 6.70 (d, J = 8.5 Hz, 2H), 4.90-4.52 

(ddd, J = 5.5 and 7.5 Hz, JC-H = 143.5 Hz, 1H), 3.70 (s, 3H), 3.018-3.01 (m, 1H), 2.93-2.86 (m, 

1H); 13C NMR (125 MHz, CD3OD) d 54.0. Minor tautomer: 1H NMR (500 MHz, CD3OD) d 7.66 

(d, J = 1.5 Hz, 1H), 7.02 (d, J = 8.5 Hz, 2H), 6.72 (d, J = 8.5 Hz, 2H), 4.20-4.50 (ddd, J = 4.5 and 

10.0 Hz, JC-H = 140.5 Hz, 1H), 3.75 (s, 3H), 3.10-3.17 (m, 1H), 2.76-2.83 (m, 1H); 13C NMR (125 

MHz, CD3OD) d 58.4. 

To a solution of compound 69 (244.2 mg, 1.1 mmol) in 1,4-dioxane (5.5 mL) and water 

(4.2 mL) was added lithium hydroxide solution (LiOH, 1M in H2O, 1.2 mL, 1.2 mmol) at room 

temperature. The mixture was kept stirring at room temperature until no starting material was 

detected by TLC. After solvent removal, [2-13C]-61 was obtained in its lithium salt form (quant. 

yield). [2-13C]-61 presents as two tautomers in a ratio of 1:0.15. Major tautomer: 1H NMR (500 

MHz, D2O) d 7.87 (d, J = 5.0 Hz, 1H), 6.92 (d, J = 8.5 Hz, 2H), 6.52 (d, J = 8.5 Hz, 2H), 4.51-

4.17 (ddd, J = 5.0 and 8.0 Hz, JC-H = 142.0 Hz, 1H), 2.96-2.90 (m, 1H), 2.79-2.71 (m, 1H); 13C 

NMR (125 MHz, D2O) d 177.9, 163.5, 130.4, 123.3, 118.3, 55.3, 36.3. Minor tautomer: 1H NMR 

(500 MHz, D2O) d 7.40 (d, J = 1.5 Hz, 1H), 6.90 (d, J = 7.0 Hz, 2H), 6.53 (d, J = 7.0 Hz, 2H), 

3.82-4.14 (ddd, J = 4.0 and 9.5 Hz, JC-H = 140.0 Hz, 1H), 2.96-3.01 (m, 1H), 2.61-2.68 (m, 1H); 

13C NMR (125 MHz, D2O) d 178.3, 163.7, 130.8, 123.3, 118.4, 59.7, 36.6. 
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Compound 61 was prepared in an analogous manner of [2-13C]-61 preparation. Compound 

61 presents as two tautomers in a ratio of 1:0.15. Major tautomer: 1H NMR (500 MHz, D2O) d 

7.85 (s, 1H), 6.92 (d, J = 8.0 Hz, 2H), 6.52 (d, J = 7.5 Hz, 2H), 4.33 (dd, J = 5.0 and 8.0 Hz, 1H), 

2.93 (dd, J = 5.0 and 14.0 Hz, 1H), 2.75 (dd, J = 8.0 and 14.5 Hz, 1H); 13C NMR (125 MHz, D2O) 

d 178.1, 163.5, 130.4, 123.5, 118.1, 55.3, 36.5. Minor tautomer: 1H NMR (500 MHz, D2O) d 7.37 

(s, 1H), 6.89 (d, J = 8.0 Hz, 2H), 6.54 (d, J = 7.5 Hz, 2H), 3.96 (dd, J = 4.5 and 9.5 Hz, 1H), 2.98 

(dd, J = 4.0 and 14.0 Hz, 1H), 2.64 (dd, J = 9.0 and 14.0 Hz, 1H); 13C NMR (125 MHz, D2O) d 

166.6, 163.2, 130.8, 123.4, 118.2, 59.7, 38.4. 

 

Adapted from the reported literature,[87] 64 and 65 were prepared. To a solution of methyl 

2-isocyanoacetate (254.6 mg, 2.57 mmol) in acetonitrile (MeCN, 14 mL) was added 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU, 0.38 mL, 2.57 mmol) at room temperature. After the 

mixture was stirred for 1 hour, a solution of benzaldehyde (0.30 mL, 2.92 mmol) in acetonitrile 

(MeCN, 14 mmol) was added into the mixture dropwise at room temperature. Subsequently, the 

reaction was kept stirring at same temperature until no starting material was detected by TLC. The 

crude product was concentrated under reduced pressure and purified by silica gel column 

chromatography (n-hexanes/ ethyl acetate = 1/1 (v/v)) to give compound 70 (55.9 mg, 11% yield). 

1H NMR (500 MHz, CDCl3) d 7.59-7.46 (m, 5H), 5.85 (d, J = 7.5 Hz, 1H), 4.79 (d, J = 8.0 Hz, 
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1H), 4.00 (s, 3H); 13C NMR (125 MHz, CDCl3) d 170.9, 156.4, 138.9, 129.0, 128.8, 125.6, 82.2, 

75.3, 52.9. 

To a solution of 70 (55.9 mg, 0.27 mmol) in 1,4-dioxane (1.4 mL) was added lithium 

hydroxide solution (LiOH, 1M in H2O, 0.27 mL, 0.27 mmol) followed by water (1.4 mL) at room 

temperature. The mixture was kept stirring at same temperature until no starting material was 

detected by TLC. After solvent removal, 64 was obtained in its lithium salt form (quant. yield) 

along with the corresponding formyl compound with the ratio of ~1:0.1. 1H NMR (500 MHz, D2O) 

d 7.48-7.33 (m, 5H), 5.54 (d, J = 7.5 Hz, 1H), 4.42 (d, J = 7.5 Hz, 1H); 13C NMR (125 MHz, D2O) 

d 177.8, 157.1, 139.2, 129.0, 128.9, 125.8, 84.2, 76.5. 

Compound 71 (51.3 mg, 8.1% yield) was prepared in an analogous manner of 70 

preparation by using 4-fluorobenzaldehyde as a starting material. 1H NMR (500 MHz, CDCl3) d 

7.51-7.45 (m, 2H), 7.28-7.24 (m, 2H), 5.84 (d, J = 8.0 Hz, 1H), 4.77 (d, J = 8.0 Hz, 1H), 4.01 (s, 

3H); 13C NMR (125 MHz, CDCl3) d 170.8, 162.9 (d, JF-C = 246.2 Hz), 156.3, 134.8 (d, JF-C = 3.2 

Hz), 127.5 (d, JF-C = 8.3 Hz), 116.0 (d, JF-C = 21.6 Hz), 81.6, 75.3, 53.0. 

Compound 65 (quant. yield) was obtained along with the corresponding formyl compound 

with the ratio of ~1:0.1. 1H NMR (500 MHz, D2O) d 7.43-7.35 (m, 2H), 7.20-7.14 (m, 2H), 5.53 

(d, J = 7.5 Hz, 1H), 4.41 (d, J = 7.5 Hz, 1H); 13C NMR (125 MHz, D2O) d 177.7, 162.6 (d, JF-C = 

243.7 Hz), 157.0, 135.1 (d, JF-C = 3.1Hz), 128.0 (d, JF-C = 8.6 Hz), 115.7 (d, JF-C = 21.6 Hz), 83.6, 

76.4; 19F NMR (564 MHz, D2O) d -113.7. 
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4.5.2 Protein Over-expression and Purification 

The DNA sequences encoding PIsnB, PvcB and PIsnB-Ah from Photorhabdus 

luminescens (NCBI Reference Sequence: WP_011147037.1), Pseudomonas aeruginosa PAO1 

(NCBI Reference Sequence: AAC21672.1) and Aeromonas hydrophila (NCBI Reference 

Sequence: WP_017765143.1) were codon-optimized for overexpression in E. coli, synthesized, 

and inserted into expression vector pET-28a.  

The plasmid encoding pisnB, pvcB or pisnB-Ah gene was transformed into E. coli BL21 

(DE3) cells (New England Biolabs, MA). A single colony was picked and incubated with 100 mL 

Luria-Bertani (LB) and 100 µL kanamycin at 37°C for ~ 16 hours. The cells were used as starting 

culture for large-scale expression with a volumetric ratio of 1:80 of starting culture to growth 

media. After inoculation, the cells were growing at 37°C. Upon optical density at 600 nm (OD600) 

reached of ~ 0.6, IPTG with final concentration of 1.0 mM was added to the culture. The cells 

were growing at 18°C for 15 hours before harvesting by centrifugation at 8°C. To obtain the 

protein, the cells were suspended in an ice-chilled buffer (100 mM Tris, pH 7.5), and lysed by 

sonication. The resulting lysate was subjected to centrifugation for 30 minutes at 22,000 rpm at 

4°C, and the supernatant was loaded onto a Ni-NTA agarose column. The column was washed 

with 6 volumes of buffer containing 10 mM imidazole (100 mM Tris, pH 7.5). Subsequently, the 

desired protein was eluted using buffer containing 250 mM imidazole (100 mM Tris, pH 7.5). 

Fractions containing desired protein were observed by sulfateïpolyacrylamide gel electrophoresis 

(SDS-PAGE), and concentrated to a volume of approximately 3 mL using Pull® 10K centrifugal 

filter. The protein solution was then dialyzed against 2 L of buffer with 5 mM EDTA and 100 mM 

Tris (pH 7.5), and then twice against 2 L of 100 mM Tris buffer (pH 7.5). Protein concentration 

was determined by UV absorption at 280 nm using a calculated molar absorptivity of 43890, 41160 
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and 41035 M-1cm-1 for PIsnB, PvcB and PIsnB-Ah, respectively (http://ca.expasy.org). The 

purities of proteins were shown by SDSïPAGE, and the gel is visualized using Coomassie-stain 

(Appendices A-5).  

The plasmids encoding p.isnA gene was transformed into E. coli BL21 (DE3) cells (New 

England Biolabs, MA). The over-expression and purification were carried out following the above 

procedure. To avoid removing any potential co-factor(s), the collected protein solution was 

dialyzed against 2L of buffer with 200 mM (NH4)2SO4 (pH 7.50) once. Protein concentration was 

determined by UV absorption at 280 nm using a calculated molar absorptivity of 37025 M-1cm-1 

for PIsnA (http://ca.expasy.org). The purities of proteins were shown by sodium dodecyl sulfateï

polyacrylamide gel electrophoresis (SDSïPAGE), and the gel is visualized using Coomassie-stain 

(Appendices A-5).  

The plasmids encoding ambi1 or weli1 gene was transformed into E. coli BL21 (DE3) cells 

(New England Biolabs, MA). The over-expression and purification were carried out following the 

above procedure. The collected protein solution was dialyzed against 2L of buffer with 100 mM 

Tris buffer (pH 7.5) twice. Protein concentration was determined by UV absorption at 280 nm 

using a calculated molar absorptivity of 39880 and 38390 M-1cm-1 for AmbI1 and WelI1, 

respectively (http://ca.expasy.org). The purities of proteins were shown by sodium dodecyl 

sulfateïpolyacrylamide gel electrophoresis (SDSïPAGE), and the gel is visualized using 

Coomassie-stain (Appendices A-5). 

4.5.3 In Vitro assays of isonitrile synthases 

A gradient elution using solvent A (20 mM ammoniumacetate aqueous solution) and 

solvent B (acetonitrile) with a flow rate of 0.35 mL/min was applied. Starting with an isocratic 

http://ca.expasy.org/
http://ca.expasy.org/
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system of 10% solvent A and 90% solvent B, followed by a gradient of 90-60% solvent B from 4 

to 8 min. The system was then kept isocratic with 60% solvent B from 8 to 13 min, and then a 

gradient from 60-90% solvent B was applied from 13 to 17 min. The column was allowed to re-

equilibrate for 9 min under initial conditions before subsequent sample injections. 

For the in vitro activity test, reaction mixtures containing final concentration of 0.24 mM 

protein (PIsnA, AmbI1, or WelI1), 5 mM sugar, and 5 mM amino acid with final volume of 200 

µL in 50 Mm Tris (pH 7.68) were prepared. Reactions were carried out at 37°C overnight and 

quenched using 200 µL of acetonitrile. Prior to LC-MS analysis, all samples were centrifuged at 

14,500 g for 30 min to remove the protein. 

For turnover test, reaction mixtures containing final concentration of various concentration 

of WelI1 (0, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.45 mM), 10 mM ribose-5-phosphate, and 5 mM d5-

L-tryptophan with final volume of 200 µL in 50 Mm Tris (pH 7.68) were prepared. Reactions were 

carried out at 37°C overnight and quenched using 200 µL of acetonitrile. Subsequently, all samples 

were centrifuged at 14,500 g for 30 min to remove the protein. Prior to LC-MS analysis, all samples 

were mixed with a solution of 55 with known concentration. The results are repeated three times 

independently. 

For product inhibition test, reaction mixtures containing final concentration of 0.24 mM 

WelI1 were pre-incubated with various concentration of 55 (0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.5, 1.0 

mM) followed by addition of final concentration of 5 mM ribose-5-phosphate, 5 mM d5-L-

tryptophan, and 5 mM d4-succinate as an internal standard. Reactions were carried out at 37°C 

overnight and quenched using 200 µL of acetonitrile. Prior to LC-MS analysis, all samples were 

centrifuged at 14,500 g for 30 min to remove the protein. 
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4.5.4 In Vitro assays of PvcB, PIsnB, and PIsnB-Ah catalyzed reactions 

A gradient elution using solvent A (20 mM ammoniumacetate aqueous solution) and 

solvent B (acetonitrile) with a flow rate of 0.35 mL/min was applied. Starting with an isocratic 

system of 10% solvent A and 90% solvent B, followed by a gradient of 90-60% solvent B from 4 

to 8 min. The system was then kept isocratic with 60% solvent B from 8 to 13 min, and then a 

gradient from 60-90% solvent B was applied from 13 to 17 min. The column was allowed to re-

equilibrate for 9 min under initial conditions before subsequent sample injections. 

Reaction mixtures including enzyme, Fe(II), substrate, 2OG, and ascorbate with the final 

concentration of 0.12 mM enzyme, 0.1 mM Fe(II), 3 mM 2OG, 0.5 mM substrate, and 2 mM 

ascorbate with final volume of 200 µL in 50 mM Tris (pH 7.68) were prepared. Reactions were 

carried out at 4°C. Reaction samples were quenched using 200 µL of acetonitrile at 10 mins. Prior 

to LC-MS analysis, all samples were centrifuged at 12,000 g for 30 min to remove the protein. 

4.5.5 Using 13C-NMR Spectroscopy to Follow the Enzymatic Reactions 

Reaction mixtures containing protein (PIsnB or PvcB), Fe(II), [2-13C]-61, 2OG, and 

ascorbate with the final concentration of 0.48 mM protein (PIsnB or PvcB), 0.4 mM Fe(II), 12.0 

mM 2OG, 2.0 mM [2-13C]-61, and 8.0 mM ascorbate with final volume of 600 µL in 50 Mm Tris 

(pH 7.68) were prepared. The reaction mixtures were shaking with a speed of 220 rpm for 17 h at 

18°C. Prior to NMR measurement, 30 µL of d6-DMSO was added to the reaction followed by 

centrifugation at 12,000×g for 30 min. The supernatant was then transferred to the NMR tubes. 

The 13C-NMR spectra were recorded using Bruker NEO 700 MHz. The NMR spectra plotted using 

MestReNova. 
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A-1. Coomassie-stained SDS-PAGE (L: lysate, Su: supernatant after centrifuge, F: flow-through, 

W: wash, E: elution and M: marker). Units of molecular weight markers are kilodalton (kDa). 

 

A-2. Verification of C3-stereochemistry of 30 by using Marfey's reagent. 
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A-3. NMR titration analysis of 4, 5, 28, and 36 with Cu(II). 

 

A-4. Coomassie-stained SDS-PAGE (L: lysate, Su: supernatant after centrifuge, F: flow-through, 

W: wash, E: elution and M: marker). Units of molecular weight markers are kilodalton (kDa). 
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A-5. Coomassie-stained SDS-PAGE (L: lysate, Su: supernatant after centrifuge, F: flow-through, 

W: wash, E: elution and M: marker). Units of molecular weight markers are kilodalton (kDa).  
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A-6. 1H and 13C NMR of compound 20. 
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A-7. 1H and 13C NMR of compound 21. 
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A-8. 1H NMR of compound 22. 
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A-9. 1H and 13C NMR of compound 23. 
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A-10. 1H and 13C NMR of compound 8. 
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A-11. 1H and 13C NMR of compound 5-2H2-23. 
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A-12. 1H and 13C NMR of compound 5-2H2-8. 
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A-13. 1H and 13C NMR of compound 5-13C-23. 
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A-14. 1H and 13C NMR of compound 5-13C-8. 



   

121 

 

 

 

A-15. 1H and 13C NMR of compound 24. 
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A-16. 1H and 13C NMR of compound 17. 
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A-17. 1H and 13C NMR of compound 25. 
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A-18. 1H and 13C NMR of compound 11. 
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A-19. 1H and 13C NMR of compound 26. 



   

126 

 

 

A-20. 1H and 13C NMR of compound 27. 



   

127 

 

 

A-21. 1H and 13C NMR of compound 9. 
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A-22. 1H and 13C NMR of compound heptyl-29. 
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A-23. 1H and 13C NMR of compound heptyl-35. 
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A-24. 1H and 13C NMR of compound heptyl-30. 


