ABSTRACT

CHEN, TZU-YU. Study of Isonitrileforming Enzymes and Their ApplicatiangUnder the
directionof Dr. Wei-chen Chany

Isonitrile, also known as isocyanide, a intriguing synthon in chemical synthesis. In
nature secondary metabolites contaigiisonitrile have showwirulence, antimicrobial activities,
and metal acquisitiorDue tothe biological properties of isonitriteontaining natural products,
the biosynthetic pathway and the corresponding enzymedved in producing the valuable
compaindshave 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 assagi®pimentind protein
crystal structure determinati@me 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 fororatcatalyzed bynontheme iron and 2
oxoglutarate depender(Fe/20Q enzymes, where amN-alkylglycine moiety $ used as a
biosynthonfor N[ ond installation To elucidate the reaction wleganism, we characterize
several Fe/20@lependent enzymes involved isonitrile-containing peptides and polyketides.
Using mechanistic probe design/synthesis, protein-rayX structures, in vitro
biochemical/biophysical assays, amd silico analysis, our results reveal that the isonitrile
installation involves two sequeatireactions. Following an Fe(I\jxo catalyzed €H bond
cleavage, an imine species is produced. In the second reaction, decarbeagsisted
desaturation of theimie i nt er medi ate affords the NIC moie
a highly similar strategy is employed in the isonitrile formation, but also establish a plausible

reaction pathway for this chemically unprecedented reaction.



Based orin silico studes, similarbiosyntheticstrategyis applied in isonitrilecontaining
peptides (NGpeptides) biosynthesis. Due to unique property of isonitrile moietyp&ides are
knownto chelate and transport metals in bacteria. Previously reported literaturestsdgtne
potential NCpeptide inMycobacterium tuberculosigMtb) is related to the survival d¥tb in
mouse macrophages, highlighting the importance of this mysterious product. In Chapter 3, we
develop a strategy farecisely annotate and effectively paeeNC-peptides and further test their
metal binding specificity. UsingH NMR titration and high resolution MS, we demonstrate three
NC-peptides, including the one frokitb, bind copperbut notzinc.

In Chapter 4, an alternativgonitrile group instdtion strategy involving a condensation
reaction between an amino groupLefryptophan/tyrosine and a carboxyl group of ribuiése
phosphate is studied.he isonitrile synthase reactions appear to be mysterious and cannot be
explained by simply adaptintpe currenknowledge of enzyme catalysis. In thiedatures, the
activities of isonitrile synthases were only established through the coupled reaction with the
downstream enzymes. Herein, we first demonstratitro activitiesand substrate preferenfos
isonitrile synthasesNe further investigatéhe diverse desaturation outconoéghe downstream
Fe/20G enzyme®ased on our resulta plausible carbocation speciefiksly utilized to trigger
C=C bond installation to construct vinyl isonitrile ambcyanoacrylate moieties found in

isonitrile-containing natural products.
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CHAPTER 1
Introduction of Isonitriles & Non-hemelron and 2-oxoglutarate DependentEnzyme

1.1 Isonitriles in Chemistry and Biology

Isonitrile, alsoknown as isocyadee is uniquefunctional groupthat contais a nitrogen
carbon triple bond moietyNI C). From a chemistry point of viewhe isonitrile group bears the
zwitterionic character, therefore,dain serve as a nucleophile, an electrophila metal ligand
(Scheme 1.1)Due toits diverseroles isonitrile group is a useful synthon and hasnbe@ely
used in the organic synthesis and organometallic chemistry. For examplesnipisyedin
multicomponent reactions, such as the Ugi reaction and the Passerini reaction, to build
heterocycles and peptidés! Moreover, insging a radical into isonitrilés an efficient strategy
for the construction of nitrogen heterocycdf®3. From a biology point of viewgquite a few
isonitrile-containing natural producteaveshown a wide range e@ttractive biological properties
including cytotoxicity, antibacterial activity and amtialarial activity®®® For examplekalihinol
F has been used to alleviate the copper toxicity insWdiln 6 s [°H Additmrmakyeseveral
isonitrile-containing natural products have been demonstrated to be responsible for metal chelation
and transpdation in cell(*%-12

Nu

¢ %)
0 + -
R—N=—C : <«—>» R—N=C :

0
Schemel.l Electronic properties of isonitril®&u: nucleophile, E: electrophile.
Isonitriles were considered as mpatural products until the first naturally occurring
isonitrile, xanthocillin, was isolated fromencillium notatumin 19491% To date, isonitrile

containing natural compounds have been isolated from terrestrial as well as marine sources,



including bacterid**® fungit”'® nudibranch mollusé®! and marine spongég+?2 (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, suckipdésphan and
tyrosinel®2224l Alternatively, a different strategy involving decarboxtilen of a glycinyl moiety

has been utilized to install the isonitrile functionalti§2>28! Additionally, snce the majority of

the marine isonitrilecontaining compounds contain a terpenoid carbon scaffold, it has been
postulated that the isonitrile group along with otNeatom containing functional groups, such as
isocyanate, istiiocyanate and formamide, can be installed through decoration of the terpenoid
skeletor’>® However, the corresponding biosynthesis remains to be elucidated. Due to the unique
chemical structure and broad bioicg activities of isonitrilecontaining natural products, their

bi osynthetic pathways and the corresponding m

medi ci nal chemi stsé attention.
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Figure 1.1 Some representatiexamples of isonitrikcontaining natural products.
1.2 Fe/20G Dependent Enzymes

Since the identification of the first ndreme iron and-»xoglutarate dependent (Fe/20G)
enzyme in 1966, Fe/20G enzymes have been reported to catalyze a wide rangeoofsraacti
naturel®™ In these reactions, 20&@hd Q are used as esubstrateto generate a reactive Fe(IV)
0x0 species succinate and CQ. Reactions catalyzed by Fe/20G enzymes include

hydroxylationl®l  desaturatiof??33 halogenatio®* epoxidation’® cyclizatiort*®*"1 and

3



epimerizatiof® (Schemel.2). Moreower, Fe/20G enzymes have been identified to participate in

the modifications and repairs of macromolecules, such as DNA, RNA and pftéths.

Schemel.2 Different types of FROG enzymecatalyzed reactions.

The reaction mechanism of Fe/20G enzyme was proposed by Hahedland Ginzler
in 19821421 By reacting with 20G and molecular oxygen, Fe(ll) is converted to the corresponding
Fe(IV)-oxo species along with the production of £idd succinate (Figurk.2A, 1Y 2).[314344]
The reactive Fe(I\pxo species therbatracts a hydrogen atom from the substrate to generate a
substrate radical, and simultaneously, the Fe@x€ intermediate is reduced to the Fe(iH
species (Figurd.2A, 2Y 3). In the hydroxylation reaction, the formation ofCCbond produces
the hydpxylated product as well as the Fe(ll) specidss step is also known as oxygebound.
The proposed intermediat2 was first trapped and characterized in 288%! In addition, the
majority of Fe/20G enzymes share a conservedXHisp/Glu-Xq-His motif, where two His
residues ana Glu or an Asp residue serve as the ligands to coordinate the iron center and form

octahedral complexes (Figute2B).[4>46]



R-H o 0,,20G6 RA
2 (o]
H,0 Hi His
2 "/"'l|=e"‘ Is succ—lFle'V = IFIe'V 0, binding site ’/
H,0 “SAsp/Glu “NAsp/Glu .
2 .
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succ 206G /* Vi s
2; Z ™\
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Fe™ 3

Figure 1.2 (A) Thereaction cycleof Fe/20G enzymeatalyzed hydroxylationB) The active
site of tdudne Eoh@eIRBA ID: 10S7), where the iron is coordinated with 20G, two

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



CHAPTER 2
Isonitrile Formation through Decarboxylation-assisted Desaturation
*Part of thisChapter is published on
Angew. Chem. InEd.202Q 59, 736%7371andACS Catal2022 12, 22702279

2.1 Introduction

In 2017, two structurally similar isonitrdeontaining peptidegiand5) were isolated from
Streptomyces coeruleorubidU$RRL18370%%1 ScoAE were identified to effect4 and 5
formation Compound4 and 5 share a similar structural scaffold with other two isonkrile
containing antibiotics, SF2369 and SF2768, which were isolated fkotmomycetesand
Streptomycesrespectively (Figur@.1A).*7-#8 The biosynthetic pathway fof was proposed
(Figure2.1B). Briefly, ScoC, an acyl carrier proteligase adds crotonic acid onto ScoB, an acyl
carrier protein. ScoD is proposed to catalyze additioa glycine onto ScoBethered crotonic
acid. Subsequently, ScoE, anZe( enzyme, converts the glycingbiety to the isonitrile group.

It is followed by ScoA, a nonribosomal peptide synthetase (NRPS), catalyzed condensation
reaction betweerdO and an L-lysine. Last,4 is reductively released via reductase domain to

complete4 biosynthesis.
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Figure 2.1 (A) Structures oft and5 that were isolated from SceB-catalyzed reactiond.and5
are structurally similar with SF2368nd SF2768(B) Proposed functions of SceR in the

biosynthesis ofl.

Through the Xray structural characterization of the zimound ScoE, the first mechanism
investigation of Fe/20G enzyme catalyzed isonitrile installation was reported &(20leme
2.1A).1%61 The reaction proceeds through an imine formation followed by second hydroxylation to
afford 12 (8Y 11Y 12). After decarboxylation and dehydration, the corresponding isonitrile
product9 is produced. Due tthe absence of the substr&ta the reported ScoE crystal, h@v
bindsin the active site remains to be investigatied2020, Liet al. constructed the enzyme
substrate complex model based on the previously reported ScoE stifttusing quantum
mechanical/molecular mechanical calculation and moleculaardynsimulation, they proposed

that a reaction pathway involving hydroxylation of imine intermedi@dg 11d315) followed by



decarboxylation ¥2d39) is less likely due to a high energy barrier (ScheéniB, pathway I).

Alternatively, the iron centerould serveas an electron relay station to lower the energy barrier

for the decarboxylation sted%d39) (Scheme2.1B, pathway Il).Although several mechanism

have been proposed, timtial reaction site and thdentity of on-pathway intermediate rematio

be verified
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Scheme2.1 (A and B Proposed mechanishaccounfor ScoEcatlyzed isonitrile installation
and mechanism supported kyuantum mechanical/molecular mechanical calculation and

molecular dynamic simulation

2.2 Investigation of Fe/20G Enzyme Catalyzed Isonitrile Formation Mechanism

2.2.1 Enzyme Candidates

In comparson with ScoAE from Streptomyces coeruleorubidddRRL18370, similar

biosynthetic clusters iM. tuberculosisH37Rv[*15%51 Mycobacterium marinurstrain M9 S,

8



avermtilis MA-4680°%%% and S. thioluteusDSM 400279 were characterized or proposed to
catalyze isonitrilecontaining peptide§-igure2.2). Additionally, isonitrile contaning polyketides

have also been reported. Analogous to ScoE, corresponding Fe/20G enzymes, AecA and AmcA,
are identified in the biosynthetic gene clusters of aerocyanidin and amycomicin, resp&étively.

Thereforethese results support treasimilar machinery may be use for isonitrile installation.

Rv0097

Mpycobacterium tuberculosis H37Rv -D| )Ui ) . Fe/20G-dependentoxygenase NRPS
MmakE
Mycobacterium marinum strain M m m > Dualfunction thioesterase PKS
Sav607 Acyl-ACP ligase . Hydroxylase
Streptomyces avermitilis MA-4680 m ), )
ScoE Acyl carrier protein (ACP) P450
Streptomyces coeruleorubidus NRRL18370 -:) )U D
SfaA
Streptomyces thioluteus DSM 40027 -:>| DU D -
AecA
Chromobacterium sp. ATCC 53434 -:>D| )| >
AmcA
Amycolatopsis sp. AA4 m p| D | P | >

Figure 2.2 Schematic representation of the conserved biosynthetic gene clusters that are proposed
to be involved in the biosynthesis of isonitrdentaining peptids and polyketideSNRPS:

nonribosomal peptide synthetafkS: polyketide synthase.
2.22 Using X-ray Crystallography to Trap On-pathway Intermediate

Initial structural characterization of ScoE performed by Haatial.in 2018 showedhe
zinc boundScoEstructure?®! Incorporation of Zrikely resultsfrom protein purification when Zn
was copurified. Additionally, the potential substrate and 20G binding \8iee occupied by
choline and acetate. To overcome igsies of zinc and other ligands contaminations, ScoE was
purified & the metafree protein and wnstituted with Fe(ll) prior to crystallization. The
structure of8 and irorbound ScoE was solved at a resolution of 2.18 Awbyking with our

collaboravrs, Dr. Jiahai Zhou and Dr. Jinfeng Chen (Figii@A). The overall structure of ScoE



cont athred i @ ed-standnds, bstrandsvassémble in 8 chéracteristic jelly roll
fold or Swiss roll fold A Dali search for structural homologs suggests ScoE is similar to several
Fe/20G enzymes including carbapenem synthase CarC (B@8 40J8, Z score 20.0) and a

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

In ScoE, the mononuclear iron center located in the jelly roll is coordinated by His132,
Aspl34, and His295 (Figur@.3B). These residues represent a conserwtis2-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 densit§ isfvisualized in the active site, consistent
with the previously reported structure zific-bound ScoE2! Notably, 8 has hydrogen bonding
interactions with the surrounding residues including Gly128, Lys1930Tyiyr96, Tyr135, and
Arg310. A sequence comparison of isonitfieming Fe/20G enzymes reveals that these residues
are highly conserved, indicating a common substrate binding arrangement and reaction pathway
are likely employed to enable isonitrile foarmt i o n . | mp o r&stuctdrd rgveals hato EAF e
one of C5 hydrogen atom is pointing toward the iron center, hinting at the plausgibbgien atom

transfer(HAT) site.

To our surprise, 8Af2t0G cwenpaveemmeabloto OetheE AF e A
X-ray crystal structures of ScoE in complex wii or 17 at a resolution of 2.17 and 1.99 A,
respectivelyCapture ofLl6 and17in crystal structures indicate C5 positiigrthe initial reaction

site, andlL&/17 may be the ompathway intermediate ahunt product during isonitrile formation.

10
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Figure 2.3. (A) Structure of ScoE is shown in cartoon model. In the active site-iis-P-Asp
coordination triad is shown in yellow stick format. The subs®asecolored in cyan, in whicB

has hydrogen buling interactions with the surrounding residues colored in light gray. (B) Active
site of ScoE in the presence ®{PDB code: 6L6X),16 (PDB code: 6L6W), 047 (PDB code:

7SCP). The His-1-Asp coordination triad is shown in yellow stick format. Moles@gl6, and

17are colored in cyan. Iron and water molecules are shown in orange and red spheres, respectively.
2.23 Using ¥*C-NMR to Monitor SfaA -catalyzed Reaction

To delineate the product profilé situ 3 C-NMR using C5'3C-8 as the substrate was
conducted. Due td3C enrichment o8 at C5 position the enzymatic reactiorsould directly
monitored by 3°C-NMR wi t hout any purification. I~A7 t he a
ppm) was detected, which shows as a triplet in fhid Coupling mode (Figur@.4A, top trace).

In the presence of 20G, substrate consumption along with the formation ofeakis was

11



observed (Figur2.4A, bottom trace). The red peak locate®&50 ppm has an identical chemical
shift as thesynthetic standaré, wherein a singlet observed under thigd@oupling mode indicates
there is no proton attachetlthe labeled carbodditionally, two peaks representiig and18

were also detected 7 and18 with chemical shiftd165.6 and 164.7 ppm are colored in yellow
and green, respectively). The identities of these peaks were verified by spikinbesyimthetic
standards. Firh e r mo r e ,D9%appm waa &so abservad. This peak was shown as a doublet
under the €H coupling modeJ=163 Hz) . The chemical shift
originate froml6 (Figure2.4B). Alternatively, it may result from the glyoxylate prodddarough

the decomposition o16. To verify the origin of this peak3C NMR of a sample containing
glyoxylate dissolved in Tri¢lCl was recorded. In addition to glyoxylate (peaks that were detected
in a sample containing glyoxylate dissolved in HEPES), additional peaks with chemical shift

of 175 and 91 ppm were observed (FigardC). These peaks are likely associated with the
cyclized adductl9 between glyoxylate and Tris. Taken together, these results support the
formation of isonitrile produc® along with unstable hemiaminal produdi. Compoundl? is a

shunt product, whereds is likely resulting from decomposition &f

12
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Figure 24. (A) ¥*C NMR of SfaAcatalyzed reactions. In addition & 17, and 18 are also
produced wherein17 is a shunt prduct and18 is associated with decomposition @f (B)
Observation of glyoxylatdris adductl9 suggests the formation &6 during the first reaction of
isonitrile formation. (C}3C-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 adductl9was detected in Tris, but not in HEPES.
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2.24 Using Mossbauer Spectroscopy to Confirm Reaction Species &lnitial Hydrogen

Abstraction Site

To confirm the requirement of an Fe(PgXo to initiate Cshydrogen atom transf@HAT),
we <coll aborated wit h at@QarnegieYMelkon brgversio ccdnduct gr o u p
Mdossbauer spectroscopy, a techniquegierminehe oxidation and spin stateiodn. An oxygen
free sample containing 1.9 mM SfaA, 1.8 nif#e(ll), 16.8 mM 20G, and 18.7 mBl(or C5
H,-8) wasprepared by rapidly mixing the mixtuvgth an equal amount of an oxygeaturated
buffer solution D1.8 mM G in 50 mM TrisHCI, pH 7.5) at4°C. The reactiorwas freeze
guenched at various time points using a KinTek quéloet instrument and the samples were
frozen via liquid ethané® T h e M° ssbauer spectra o®B (ot he i n
Sf a AAF e (CBIH)-8) oA exhibit a quadrupole doublet consisteith a highspin
ferrous speci=ed24mmilsaomde rq usatdir futp oli ®2.74mpnis).tFori ng | o
the sample quenched at 0.03 s, a 30% decrease 8ffthe A A F e (CB-iH)-8canpiexiwas
observed along with the accumulation of a new spsci= 0.3lmmsta nd |=@D@MS?Y),
representingD17i 20% of total iron in the sample. This newly formed species shares similar
spectral features as previously reported ferryl intermediates observed in several Fe/20G enzymes.
In alonger time poing  f er r o u s 1.25mresé ane| s EEQI|90mmsE?!, D13% of total
iron) was identified. This ferrous species was assigned as a potential product complex in the
reaction. Compared t€5-?H.-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 targetedH@6 C52H. Taken together,

these results support that a ferryl species is used to thtfgeiat the C5 position (Figur2.5).
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Figure 2.5. The Mdssbauer spectroscopy reveals the involvement of an Fe{dv/3pecies to

activate C5H of 8. The Mdssbauer spectra®f a A AF e (CB-iH)-8h2d9GAAAFe (81 1 ) A2 0O
are shown in A and E. The spectrfathe samples quenched at 0.03 s are shown in B and F. The
difference spectra between A and B B, E and F (FE), 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).

2.25 Using LC-MS to Reveal Onpathway Intermediate toward Isonitrile Formation

Although an Fe(IVJoxo has been identified as the key species to initiate HAT in isonitrile
formation, it remains to be determined how the oxygdiound is assimilated to effect isonitrile
formation. Alternatively, based on a compigaal analysis, it has been proposed that

carboxyaldimine 11) produced during the first reaction may serve as the intermediate substrate to

15



trigger isonitrile formation{1Y 9). To establish the reaction mechani$ehemically synthesized

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

in aerocyanidin/amycomicin biosynthesis. In Fig@r@A, the isonitrile formation froml1 was

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

intermedi ate en route to NIC triple formation
In addition, the intermediacy dfl is also corroborated by the observation of the binding

of 8in the active sitefdhese enzymes. For the majority of Fe/20G enzymes, the bidentate binding

of 20G to the Fe(ll) center | eads DbO@e2®0 at i

Miem)) center ed a r% This opfical leatderésulta from the metaligand

charge transfer (MLCT) of Fe(ll) and 20G in the enzyme active site. Sample solutions containing

reconstituted enzyme, 20G, substr&er(11) with final concentrations of 1 mM of reconstituted

enzyme, 20 mM 20G, and 2 mM of substrate (100 mM-H@, 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 mary substrate to the enzyme-Fe(ll)-20G 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/20G enzymes. In here,

upon an ddition of 20G to the SfaA-Fe(ll) complex, a weak and broad MLCT band centered at

D530 nm was developed (Figug6B). An addition of the native substrat8) (significantly

increases the intensity of this band, which is now centeii@840 nm along withwo new features

at 490 and 600 nm. In comparison, an additiohlailso increases the intensdf the MLCT band

of t he SX06 Adplex(withlthe Aoncomitant development of two similar absorption

shoulders. Analogously, addi®gand11into the Ama& A F e (O tejndy2complex resulted in

similar changes (Figur2.6B). Although the optical features induced byare not as prominent

16



as those 08, this observation clearly demonstrates that 8adind11 can bind to the iron center

in the active sit®f SfaA and AmcA.
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Figure 2.6. (A) LC-MS analysis of the AmcA, AecA, and SfaA catalyzed reactions. Uslrag

the substrate, AmcA, AecA, and SfaA can all effect isonit@jédrmation. In the absence of 20G,

no obvious production & can be detecte(B) Optical absorption spectra showing the binding of
8and1lt o t he SFeé A2D@ complek. Difference absorption spectra reflecting the
binding of 20G (20 mM) to the SfaA-Fe(Il) complex (1 mM SfaA and 1 mfkf)Fare shown as

a gray solid line. Irthe presence @ (20 mM) and11 (20 mM), the corresponding spectra are
shown as red and blue solid lines, respectively. In addition, difference spectra reflecting the
bindi ng of 20G ( 20 FeaiiMjompilew (1 mM AmcA and A AM E9 in the

presaéce of8 (20 mM) andl1 (20 mM) are displayed as red and blue dashed lines, respectively.

2.2 6 Using Mutagenesisto Identify Critical Residues Involved in Enzymatic Reaction

Based on the structures of ScoE and SfaA, several reswleiesidentified to hawe
interacton with the substrate3. Specifically, Tyr96 and Tyr101 of ScoE show hydrogen binding
interaction with the nitrogen atom and -Cé&rboxylate of8. The conserved residues are also
identified in other isonitrildorming Fe/20G enzymd§igure 2.7A) To verify possible functions

of tyrosine residues, the corresponding tyrosine residues in SfaA (Tyr66/71) and AecA (Tyr63/68)

17



are mutated to phenylalanine. As revealedhbyitro assays, corresponding SfaA (Phe66/71) and
AecA (Phe63/68) variants aboliStand17 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) couldidunct

as a general base to facilitate the dehydratidr6ed obtainll.

A B

The conserved tyrosine residues
Y96 Y101 (in ScoE) 2-His/1-Asp used for iron chelation C-H coupling
ScoE 81  QQFLALGKRLGRPEAYYEPMYQHPEVTEIFVSSNVPENGKQIGVPKTGKFWHADYQFMPDPFGITLIYPQVIPEKNRGTY 160
Sav607 51  QEFLELGKRLGRPETYYEPMYHHPEVTEIFVSSNVPENGKQIGVPKTGKFWHADYQFMPDPFGITLIYPQVIPRQNRGTY 130
SfaA 51  AQYLELGKMFGRPVVYYEPMYKHPEFEEIFVSSNVPKDGKQIGVPKTGKFWHADYQFMPDPFGLTLIYPQVIPQKNRGTY 130
AmcA 51  DEFVEMGKRMGEPSSYYEPVYHHPDNPLIFVSSNVPKDGKQIGVPKTGKFWHADYQFMDKPYGLTLIYPQUVPQKNRGTY 130
AecA 48  AEFVRFGRRIGEICPYYEEMYRHPEHAEIFVSSNCEADGKRVGVPRTGKFWHSDYAFMRQPFAFTITYPQUSSLNRGTY 127

—+ Joy=163Hz

C-H decoupling
ScoE 161 FIDMGRAYDRLPEDLKKEISGTYCRHSVRKYFKIRPHOVYRPISEITEEVERKTPAWQPTTFTHPMTGETVLYISEGFT 240 SfaA Y71F
Sav607 131 FIDMGRAYDRLPEDLKKEIGGTYCRHSVRKYFKIRPHDVYRPISEIIEEVERKTPAVQPTTFTHPMTGETVLYISEGFT 210 = |
SfaA 131 YIDMGKAYERLPQELKDEVAGLYGVHSVRKYFKIRPHDVYRPISEILTEIEEHTPPVRQPLTFKHPLTGETVLYISEGFT 210
AmcA 131 FIDMGAAYEGLPESLKQEVADAVAVHSPRRFFKIRPSOVYRPVGELLAE IEERTPEVRHRAVWKHPVTGESVLYVSEGFT 210

AecA 128 FIDMAQUYRRLPAELKVRLEGATATHSVRRYFKIRPSDVYRPIGE ILAEVDSKTPAVAHPAVIRHPITGESILYASRGFT 207 SfaA YB6F
ScoE 241 VGIEDQDGKPLDEELLKRLFDATGQLDESFEHDNIHLQSFEQGDLLVWONRSLIHRARHTTTPEPTVSYRVIVHDERKL- 319 e

Sav607 211 IGVEDQDGEPLDDELLKRLFQATGQLDETFEHDNIHLQSFEQGDLLVWONRSLIHRARHTTTPEPTVSYRVTVHDERKL- 289
SfaA 211 VGLEDADGKPVESDLLQRLFEATGQLDDTFTHENIHLFHPEQGDLLIWONRSLIHRALHTTTPEPVVSFRVTVHDEHKL- 289

AmcA 211 TGLEDAKGEEIRGDLLSRLLDAVGQLDTTFEHENTHLQRFSEGDMLVWONRSLVHRALHTVTPEPAVSFRVTLYDEHPF- 289 1'10 lE)O 9'0

AecA 208 ESLTLAGDDADGAATLRELMVETGQTDDSFSHPNIQLLNISEGDIIVWONRRFVHHAKHSOKIEPTKTFRLTAYDGHPFS 287

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, whigdhe/t
asprtate used for iron chelation is colored in bl{B). **C-NMR spectra of the SfaA Y66F and
Y71F variants catalyzed reactions using'@5-8 as the substrate. Only the formation of a peak
with the chemical shift of 91 ppm was detected in both reactiordefithe CH coupling mode,

the peak appears as the doublet with a coupling constantdf 163 Hz.

2.3 Proposed Mechanismif Isonitrile Installation

From a glycinyl moiety 08 to an isonitrile group d®, an overall transformation involves
two consecuve reactions (Figur@.8A). The first reaction initiates from an Fe(Fgxo-triggered

HAT at C5. Following HAT step, capture of the substrate radical by F€fHl)yields hemiaminal
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16. Formation ofL6 is supported by the observation of tt@bound Scokerystal structure (PDB
code: 6L6W) and thein situ NMR analysis. Subsequent dehydration ¥ results in
carboxyaldiminell. This step could be facilitated by a tyrosine residue, e.g. Tyr96 in ScoE, Tyr66
in SfaA, and Tyr63 in AecA, as supported by mutagenstudies. Taken together, the first reaction
likely involves hydroxylation and dehydration. The second reaction is a decarboxgasisted
desaturation ofl1 to furnish9. While the detailed mechanism remains to be elucidated,
collaborate with DrHungwe n Li ud s (g r isotogetrateo experamergsmplying a
plausible reaction pathwayppecifically, he experiment usingO, or H'0 reveals that C5
oxygen of17is originated from molecular oxygen rather thas®@ (Figure 28B). Additionally,
incubatingl7 did not result irD formation, whilel7is observedn crystalla These results suggest
that the second reaction might include a HAT step. Following HAT, decarboxylation and a single
electron transfer genera®eand Fe(ll) (1Y 9). On tre other hand, an oxygen rebound followed

by tautomerization would furnish7 (11Y 12Y 9) as supported by the isotefracer experiment.
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Figure 2.8. (A) A proposed mechanism to account for the formation of isoni@lea shunt
product (7), and a decoposition product18) formation. ET, electron transfer. (B) An LX@S
analysis of the AecA reaction undé®, andH.*®0 conditionsdemonstrates the incorporation of

the molecular oxygen @into17(m/z1 74 . 1Y176. 1) .

2.4 Conclusion and Outlook

In summary our results establish th&e/20G enzymes catalyzed isonitrile formation
proceed through two consecutive but distinctive reactiollsing a multifaceted approach
including protein Xray proteinstructuredetermination mechanistic probe desigm, situ NMR,
isotopetracer experimentand computational analysis, a plausible pathway was revelies.
four-electron oxidation takes place in a tat@p sequence in which the first reaction results in the
oxidation of the glycinylmoiety of the substrate to arboxyaldimine §Y 11). This reaction
begins with hydrogen atom transfrC5 positiorfollowed by hydroxyl rebound (e.c8Y 16) as

inferred from the observation of &/H KIE on Fe(IV)-oxo kinetic and 16 in the active site of
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ScoE. This led to the proposdhat the resulting carbinolamind @ can undergo subsequent
dehydration to yield the carboxyaldimidd. Next, decarboxylation ofL1 affords isonitrile 9.

While the details of the isitrile formation usingll remain to be fully elucidated, the
carboxyddimine 11 also undergoes a sideaction to affordl7, which can be observed in the
enzyme active sitén crystalla An observation ofO. incorporation ontol7 suggests that a

hydroxyl rebound step following HAT frorhl might take placel(lY 15Y 12Y 17).

Our study not only demonstrates tlzatonserved strategy igery likely employed in
isonitrile-containing peptide and polyketide natural produbtd also establishes the plausible
reactionmechanism ofsonitrile group formation.Moreover, becausea common mechanistic
paradigmis usedor the Fe/20G enzymeatalyzed N C triple bond formationwe speculatéhat
these enzymes may represerdtiategy toannotate other uncharacterizisgnitrile-containing
natural products. To test our hypotlsesie usean uncharacterizedomolog of ScoE, Rv0097
from Mycobacteriatuberculosis(Mtb), to generate sequence similarity network (SSN) and
genome neighborhood network (GNR/}*®! Based orin silico analysis, seeral novel homologs
wereidentified, and some of them diauind inpathogenic bacteria (Figug9). More discussion

is described in Chapter 3.
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Hansen's disease

Pulmonary infection,
Lymphadenitis,
Skin infection ...

Figure 2.9. Sequence similarity network (SSN) of Rv00@#,uncharacterized homolog of S¢oE

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

neighborhood network (GNN) analysis, hits contain both Rv0097 and Ryva@li®esterase that

provides a substrate for Rv0O0%te down to 394 homologs. Potential isonitpleptides (NE

peptides) in pathogenic bacteria are highlighted in different colors

2.5 Experimental Sections

2.5.1 Compound Preparation
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To a solution of methyl§)-3-hydroxybutyrate (2.4 mL, 21.5 mmol) in dichloromethane

(44 mL) was added trimethylamine ¢Nt 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 suljesileth gel and purified

by silica gel column chromatographyliexanes/ethyl acetate = 2/1 (v/v)) to gi@=as a colorless

oil (4.21 g, 99% yield)'H NMR (600 MHz, CDCJ) 115.165.11 (m, 1H), 3.71 (s, 3H), 3.03 (s,
3H), 2.79 (dd,J = 8.7 and 16.5 Hz, 1H), 2.58 (dii= 4.2 and 16.8 Hz, 1H), 1.51 (@= 6.6 Hz,

3H); 13C NMR (150 MHz, CDGJ) i1170.3, 75.9, 52.2, 41.1, 38.4, 21.7.

To a solution o0 (4.21 g, 21.4 mmol) in fonamide (22 mL) was added sodium azide
(NaNs, 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 waldre mixture was then extracted with ethyl acetate, and the
organic layer was combined, washed with brine, dried with Mg®@d concentrated under
reduced pressure to gi2d as a colorless o{R.71 g, 89 % yield)!H NMR (600 MHz, CDCJ) U
3.993.94(m, 1H), 3.72 (s, 3H), 2.52 (dd= 7.8 and 16.2 Hz, 1H), 2.44 (db= 5.7 and 15.9 Hz,

1H), 1.32 (dJ = 6.6 Hz, 3H)*C NMR (150 MHz, CDGJ) 1171.1, 54.4, 52.1, 41.0, 19.6.

To a solution 0R1(2.71 g, 18.9 mmol) in ethyl acetate (40 mgs added catalytic amount
of 10% Pd/C at room temperature. After addition, the reaction was treated.witthHParr Shaker
Equipment at 55 psi overnight. Subsequently, Pd/C was removed by filtration, and the filtrate was
carefully concentrated under temkd pressure to giv&2 as a colorless of{lL.85 g, 84 % yield}H
NMR (500 MHz, CDC}) 1 4.00-3.93(m, 1H), 3.72 (s, 3H), 2.52 (dd,= 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,6.5 Hz, 3H).

To a solution o2 (2.00 g, 17.1 mmol) in THF (79 mL) was added triethylamineNEt

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: slig&O
concentrated under reduced pressure. It is followed by silica gel column chromatography (
hexanes/ethyl acetate = 1/1 (v/v)) to give compo2®ds a yellow oil (1.33 %1 % yield).'H

NMR (600 MHz, CDC}) d 3.73 (s, 3H), 3.68 (s, 3H), 3.47 (0= 17.4 Hz, 1H), 3.44 (dl= 17.4

Hz, 1H), 3.7-3.11 (m, 1H), 2.49 (ddJ = 6.6 and 15.6 Hz, 1H), 2.37 (ddl= 6.0 and 15.6 Hz,

1H), 1.14 (dJ = 6.6 Hz, 3H);"*C NMR (150 MHz,CDCl;) d172.6, 172.5, 52.1, 51.8, 50.2, 48.3,

41.4, 20.3.

To a solution of compoun2B (189 mg, 1.0 mmol) in 1;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 temperate for 5 hours and followed by solvent removal to give comp@8umds lithium
salt form (171 mg, quant. yield} NMR (600 MHz, 20O) d 3.34 (d,J = 16.2 Hz, 1H), 3.32 (d]
= 16.2 Hz, 1H), 20-3.14 (m, 1H), 2.49 (ddJ = 5.7 and 14.7 Hz, 1H), 2.22dd) = 7.8 and 14.4
Hz, 1H), 1.16 (d,) = 6.6 Hz, 3H)*C NMR (150 MHz, RO) d 180.1, 177.0, 51.0, 48.7, 42.9,

18.0.

For preparation of compound-?B>-23, methyl bromoacetat® 2-2H, was used.
Compound $H-23 was obtained as a yellow oil (45 % yieldd NMR (600 MHz, CDCJ) d
3.72 (s, 3H), 3.68 (s, 3H), ¥48B.10 (m, 1H), 2.47 (ddJ = 6.6 and 15.6 Hz, 1H), 2.36 (dbi= 6.3
and 15.3 Hz, 1H), 2.23 (br s, 1H), 1.13Jd; 6.0 Hz, 3H)23C NMR (150 MHz, CDGJ) d 172.8,

172.6, 52.0, 51.8, 50.1, 47.8 (qujdc.o = 20.9 Hz), 41.5, 20.4.
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Following the procedure described abovéHs-8 was obtainedH NMR (600 MHz, DO)
d 3.06-3.00 (m, 1H), 2.44 (ddJ = 5.7 and 14.1 Hz, 1H), 2.11 (d8i= 8.1 and 14.1 Hz, 1H), 1.18
(d,J=6.6 Hz, 3H):*C NMR (150 MHz, DO) d 180.8, 178.7, 50.6, 48.8 (quinlgp = 20.3 Hz),

44.0, 18.6.

Compound 5°C-23, was prepared by analogous manner by using ethyl bromoa2etate
13C was used as substrate and obtained as a yellow oil (54 % Ji¢NMR (600 MHz, CDCY)
d 4.19 (q,d = 7.2 Hz, 2H), 3.69 (s, 3H), 3.46 (diln= 17.4 Hz Jc.h = 136.8 Hz, 1H), 3.41 (dd,
J=17.1 HzJcn= 136.5 Hz, 1H), 38-3.12 (m, 1H), 2.51 (ddJ = 6.6 and 15.6 Hz, 1H), 2.38 (dd,
J=6.0 and 15.6 Hz, 1H), 1.27 (t= 7.2 Hz, 3H), 1.15 (d] = 6.0Hz, 3H);3C NMR (150 MHz,
CDCl) d172.6, 172.2 (djcc = 58.5 Hz), 61.3 (dlc.c = 73.5 Hz), 51.6 (djcc = 63.0 Hz), 50.2,

48.6, 41.4 (dJcc = 3.0 Hz), 20.4 (dJcc = 3.0 Hz), 14.3.

Following by the procedure described above, compouhi€-B wasobtained*H NMR
(600 MHz, O)d 3.17 (ddJu-+=16.5 HzJc-H= 135.3 Hz, 1H), 3.14 (ddn.+=16.8 HzJc-H=
135.0 Hz, 1H), 2.9-2.98 (m, 1H), 2.43 (ddJ = 6.0 and 13.8 Hz, 1H), 2.05 (d#i= 8.4 and 13.8
Hz, 1H), 1.04 (dJ = 6.0 Hz, 3H)13C NMR (150 MHz, DO) d 181.1, 179.5 (dJcc = 52.5 Hz),

50.5, 49.8, 44.6 (dlc.c = 3.0 Hz), 19.0 (dJc.c = 1.5 Hz).

Following the same procedure, compou¥iwas prepared analogously by reactifty
with ethyl chloroglyoxylate. Compourzit was obtained as a yelv oil (1.76 g, 67 % yield)H
NMR (600 MHz, CDCY) i 4.40-4.33 (m, 1H), 4.35 (gJ = 7.2 Hz, 2H), 3.71 (s, 3H), 2.59 (@=
5.4 Hz, 2H), 1.38 () = 7.2 Hz, 3H), 1.30 (dJ = 7.2 Hz, 3H) *C NMR (150 MHz, CDGJ) i

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 kb to obtain compound?7 as the lithium salt form.
'H NMR (600 MHz, DO) Ui 4.18-4.11 (m, 1H), 2.47 (ddJ = 7.2 and 17.4 Hz, 1H), 2.34 (dil=

9.0 and 16.8 Hz, 1H), 1.21 (@ = 84 Hz, 3H);**C NMR (150 MHz, RO) {i179.9, 166.4, 164.0,

44,0, 43.7,19.2
\/O\ﬁo Hofo
N, O 1) PPhs, Et,0 SN0 LiOH SN og
/‘\)L S — )\)L ;s /’\)L
O 2) o] o 1,4-dioxane/ H,0 oH
21 /\OJ|\90 25 "
o |

NH, O /\OJLH M PPh;, Et;N, CBr, /"ﬁ)‘i LioH M
P P e _— >
o o DCM o~ 1,4-dioxane/ H,0 OH

22 26 27 9

To a solution of21 (2.87 g, 20.0 mmol) in dry diethyl ether (61 mL) was added
triphenylphosphine (PRh5.25 g, 20.0 mmol) at room temperature. After addition, the reaction
was kept stirring at room temperature for 2180 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 (
hexanes/ethyl acetate2#1 (v/v)) to give25 as a yellow oil (2.81 g, 70% yield)4 NMR (600

MHz, CDCh) i 7.76 (s, 1H), 4.34 (dl = 7.2 Hz, 2H), 31-3.84(m, 1H), 3.64 (s, 3H), 2.74 (dd,

= 8.4 and 16.5 Hz, 1H), 2.59 (d#i= 4.8 and 16.2 Hz, 1H), 1.34 &= 7.2 Hz, 3H),1.29 (d,J =

6.6 Hz, 3H);'*C NMR (150 MHz, CDCJ) i171.7, 163.1, 153.5, 62.6, 62.0, 51.7, 41.2, 21.8, 14.3.

To a solution o5 (536.5 mg, 2.67 mmol) in 1;dioxane (13 mL) and water (8 mL) was
added 1M lithium hydroxide aqueous solution (LiOH, 5.07 g1/ 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 1@ igivies

lithium salt form (quant. yield:H NMR (600 MHz, DO) ti7.73 (s, 1H), 34-3.68 (m, 1H), 2.38
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(d,J = 6.6 Hz, 2H), 1.18 (d] = 6.6 Hz, 3H);*3C NMR (150 MHz, RO) i 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 sme 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 2fvas a yellow oil(724 mg, 37%
yield). Compound®6 presents as two rotamers in a ratio of 4fhjor rotamer:*H NMR (500
MHz, CDCk) 118.10 (s, 1H), 6.22 (br s, 1H), 841.40 (m, 1H), 3.69 (s, 3H), 2&2.52 (m, 2H),

1.26 (d,J = 6.5 Hz, 3H).Minor rotamer:H NMR (500 MHz, CDC})&i 8. 13 (s, 1H),
1H), 4.033.95(m, 1H), 3.69 (s, 3H), 262.52 (m, 2H), 1.30 (dJ = 6.5 Hz,3H); 3C NMR (125

MHz, CDCl) 1172.1 (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 of26 (1.58 g, 13.5 mmol) in chloromethane (3.5 mL) was added
triphenylphosphine (PBh238.0 mg, 0.91 mmol) followed by addii@f trimethylamine (EN,
0.11 mL, 0.91 mmol) and carbon tetrabromide (CB65.0 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 wagifped by silica gel column chromatographg- (
hexanes/ethyl acetate = 3/1 (v/v)) to give compoRfidis a yellow oil.*H NMR (600 MHz,
CDCl) 114.14-4.08 (m, 1H), 3.74 (s, 3H), 2.76 (dd= 7.2 and 15.6 Hz, 1H), 28.54 (m, 1H),
1.46-1.44 (m, 3H), 1°C NMR (150 MHz, CDQJ) 11169.8, 156.2 (isocyananidarbon), 52.3, 46.6

t,J= 6. 8-caiban), 415, 21.6.

Applying the same hydrolysis prabere described above, compoufidvas obtained

(quant. yield)*H NMR (600 MHz, O) Ui 4.11-4.05 (m, 1H), 2.8-2.53 (m, 1H), 251-2.46 (m,
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1H), 140-1.38 (m, 3H);3C NMR (150 MHz, DO) Ui 178.1, 149.8 (tJ = 6.8 Hz, isocyananide

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

2.5.2 Protein Over-expression and Purification

For protein expression ikscherichia coli(E. coli), amcA and aecA genes (GenBank
accession No. ATY12796.1 and AUH51997.1) froimycolatopsis sp.AA4 and
Chromobacterium spATCC 5344 were codoioptimized, synthesized, and inserted into the
pPET28a(+) vector between tiNdel andXhol sites with a 6xHis tag attached to theddminus.

For SfaA, thesfaAcontaining plasmid informatiowas reported in the literature.

The recombinant plasid was transformed int&. coliBL21 (DE3) competent cells and
grown in LB mediumcorti ni ng 50 & g/ mC withashalanmat 220 rppm.&Ptoteid 7 A
expression was induced by adding IPTG to a final concentration of 0.6 mM when #e OD
reached ~ 0.6, and the culture was kept growwvegrnight at 18C. The cells were harvested by
centriugation at 6,000 x g for 15 min at@. Cell pellets were resuspended in the dialysis buffer
(200 mM TrisHCI, 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 centrifugaait?2,000 x g for 20 min at°g€.

The supernatant was applied to aNNIA 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 TrgICl, 250 mM imidazole, pH 7.5). The fractions containing the
target protein were pooled and concentrated usiAg filfer (Pall®). It is followed by a twestep
dialysis at 4C in which the first against a buffer contains 100 mM-HGI and 5 mM EDTA (pH

7.5) for 12 h, and then against a buffer contains 100 mMH@k(pH 7.5) for 12 h. The dialyzed
sample wasollected and for stored #80°C for the subsequent applications. Protein concentration
was determined by UV absorption at 280 nm using the PrniP#wol (http://ca.expasy.org).
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Protein purity wasassessed by sodium dodecyl sulphatdyacrylamide gelelectrophoresis

(SDSPAGE) stained with Coomassie BrilliaBlue (AppendicesA-1).

2.53 LC-MS Experiments

Isonitrile formation was detected througtlerivatization of isoritrile group with
tetrazind>%-% A reaction solution containing enzyme, Fe(ll), 20G, &mdth final concentrations
of 0.125 mM of enzymg 0.1 mM Fe(ll), 2.5 mM 20G, and 1 mM 8fin a totl volume of 200
ML (100 mM TrisHCI pH 7.5) was expged to air at 4C. After 4 h, the reactions were ceased by
adding of an equal volume of a solution that contains 5 mMtiziee dissolved in methanol.
After incubating reaction mixtuseat 43C for 30min, the samples were subjected to centrifugation
at 12,000 rpm for 20 min to precipitate the protein. An aliquot from the reaction eniwias
injected into LGMS. The control experiments were conducted urttier sameexperimental
conditions without addig 20G.Compound9 was synthesized and deriized in an analogous

manner to serve as product standard

Similar experimental conditions were applied for substrate aridlogth the following
modifications: the freshly preparéd was used each time anetpH of the reaction was increased

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

For detection 017,5% the reactions were quenched by adding an equal volume of methanol
solution that ontains 50 mM of 3Jitrophenylhydrazine, 50 mM of -éthyl-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 reactixture:pyridine solution).
After incubaing the reaction mixtures at 43 for 30 min, the samples were subjected to

centrifugation at 12,000 rpm for 20 min. Compoundvas preparednd used as the standard.
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For the detection d® and 17 derivatives, liquid chromatography (LC) witleteéction 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 Ex@d@dcobt mn (4. 6 x50 mm, 1
For the detection d®, the following gradient program is used:30min 80% A, 34 mi n 80 Y
72% A, 46 min 72% A, 67 . 5 min 72% Y 80% A. The flow rat
contains 0.1% formic acid inJ® and solvent B is acatirile. For the detection df7, 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 modg. (B8 associated
Agilent MassHunter an@penLAB software packages were used for data collection and analysis.

The LGMS chromatograms shown were collected using selective ion monitoring mode.

2.53 13C-NMR Experiments

Reaction mixtures containing SfaA, Fe(ll), ascorbaté’(s8, 20G with the ihal
concentration of 0.22 mM SfaA, 0.2 mM Fe(ll), 3.0 mM ascorbate, 2.0 Mi@-8, and 0, 3.0 or
5.0 mM of 20G with final vol ume of 700 €L in
reaction mixtures were left on a plate rotator with @espof 70 rpm fol4 hours at 4C. Prior to
NMR, 3 6-BMSO wds added to the reaction and followed by centrifugation at 14,000 rpm
for 5 minutes. The supernatant was then transferred to the NMR tubé$CTWeIR spectra were
recorded using Bruker NEO 700 MHz with {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-peptidey are small molecules ostituted of the amino acid
backboneandthes oni tri l e moi ety found ipeptidsimpditdsea. Th
metal binding feature, enabling organisms that contain it to capture extracellular metals, including
iron, copper or zin€%1262 The NGpeptide is composed of the isonitrile moiety and the amino
acid backbone (Figure 3.1Aased on highly similar biosynthetic genes deployed in the formation
of NC-peptides, their constructions inclusgnthesis ofsonitrile moiety (Chapter 2) folload by
NRPS catalyzed amide formation to install the isonitrile moiety onto the amino acid backbone.
Nature uses this strategy to produce structurally distinepbi@tides, in which they have shown
to involve metal homeostasis. Obtaining {g€ptides from dferent producing organisms would
be necessary tevealmetal binding selectivity. WhileisingNRPScan annotat¢he structural
insight of the amino acid backboli&®! the inability to determine theructure disonitrile moiety
has led to a challenge to predict the structure ofpdftidesin different producing organisms.
Notably, gven that all characterized Fe/20G isonitrilase frBtneptomycesise a standalone
substrate, one hypothesis is that the cormeding Fe/20G enzymes froMycobacteriaalso take
the standalone substrate. However, the recent publication by Gokhale et al. suggested that a carrier
protein tethered substrate is use@@&formation inMtb (Figure3.1B).*Y In contrast, studies on
the same enzyme, Rv0097, by Zhang et al. revealed that RvO097 can accommodate standalone

substratéd®®!
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NC-peptices are known to bind metals including copper, iron and zinc.NKheroup
necessitate theindingof metals inNC-peptides, in which the zwitterionic feature of the isonitrile
enables the terminal carbon for metal chelation. Several studies were pertomasedss whether
NC-peptide inMtb is associated with cger or zinc transport. HowevelC-peptide can either
bind with copper or zindepending on the conditionSpecifically, under the conditions of copper
starvation or chelation, the N@eptide biosgthetic gene cluster expression Ntb and M.
marinumwas strongly induced, thus suggest its role in copper homeosthdly. contrast,
compared to wildypeMtb andM. marinum | ower zinc | evel were
with variants that knockout out the N&&ptide biosynthetic gegewhere the growth oMtb
variant coull be restored only upon zinc supplementafibf?! Moreover, MS analysis of the
extracted metabolites fronMitb cells revealedthat the NCpeptide contains a mixture of
compounds with various alkyl lengthi$"! Theseearlier studiesuggest that N@eptides might
play important roles in metal homeostadiverefore, developing a strategy to predict émd
prepare these novel N@eptidess necessary thelp establish theimetal bindingselectivity and

biological function
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Figure 3.1 (A) Isonitrile-containing natural products are composed of the isonitrile moiety with
amino acid backbongB) Proposed functions d®vO0970101in the biosynthesis 28, where
the alkyl chan 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 forIsonitrile Formation

To investigate substrate selectivity of isonitrile moiety fidifferent producing organisms,
we first characterize vitro activities ofthe correspondinge/20G enzymes, Rv0097 and MmaE
from Mtb and M. marinum respectivelyRv0097 was initially suggested to take carpeotein
tethered substrate with a long allsjtle chain Figure3.1B).'Y However, comparetb hepty}8,
reacting Rv097 with heptyl8-SNAc, a carrietprotein tethered substrate mimie7-fold less

isonitrile product was observed. This result indicaled substrate8 is a standalonearboxylic
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acid rather tharcarrierprotein tetheredTo provide some insight for substrate recognition, we
started the collaborationi t h  Dr . Zahdosoiv@dhe cgystad sirgpctures of Rv0097 and
MmaE bound wittheptyl8 at a resolution of 2.05 and 2.13A, respectivBigth enzymes contain

a typical cupinfold. The iron in the active site is coordinated by two histidines and one aspartate,
in which the remaining sites are open for coordination-by@lutarate and £Figure3.2B and

C). The structure ofheptyt8 bound Rv0097reveat that the initial annotation of Rv0097
accommodates a carriprotein tethered substrateuslikely because binding of a bulky carrer
protein in the active siteequires room that is not aNable in the Rv0097 active sitinstead, the
structures revéahat G-H cleavage would occur on a standalone substrate, sukcbpag8.
Importantly, the heptyl chain 08 projects into a long hydrophobic binding pocket. This tunnel
terminates at th&202, T203, and G204 in RvO0gFigure3.2B), where E237, G238, and F239
is applied in ScoEFigure3.2A). 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 witimethy}8 colored in blackPDB ID: 6L6X (B) Active
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and

recognition among Fe/20G enzymes.

R v Oohemyi8Aarhgdkophobic binding pockds observed to be critical for substrate

el e«

The finding ofheptyt8 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 MmaEya highl

similar hydrophobic binichg pocket is also observedo 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 substratewith various alkyl chain lengtlin=1-15), terazine was added to
derivatize isonitrile into pyrazole and analyzed by.M$the Figure8.3 Rv0097 and MmaE can
accommodate the substratelwén alkyl chain ranging from t® 13 Importantly, the reactivity
decreased more thanf@d whenthe alkyl chan length (n)is longer than 1Dbr shorter than,7
where undecyl substrate (n=11) shows slightly higbéactivity in both enzymed his observation
corroborates with the Xay structure and is different from the literature reports where Rv0097

shows no peference for substrate with a longékyl chain (n=711).[*.66]

1001 =3 Rv0097
2 — MmaE
HO__O 2
g
Fel20G o
NH O enzyme NC © o 504
A Aoy — WAK £
OH OH ©
n-1 h-1 @
8 9
0

1 3 5 7 9 11 13 15

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

alkyl chain, where undecyl substrate (n=11) shdwghtsy higher reactivity.
3.3 General Synthetic Scheme foNC-peptides

To access these molecules and to establish their metal binding preferences, we applied the
results of the substrate selectivity of Fe/20G enzymes along with the NRPS assembly te annota
the structure of N@eptide inMtb, and the synthesis df 5, and28 was developed (Scheme B.1
Based on the biosynthetic studies of-{Néptides identified i%. thioluteusindS. coeruleorubidys
and the resemblance among the biosynthetic generslirskdtb, the biosynthetic operon (rv0097
rv0101 inMtb), likely employ an analogous strategy to biosynthe2&drv0097Rv0100 result
in isonitrile moiety production which is then introduced to the peptide backbone via NRPS
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Rv0101. A reductase domain &v0101 then releases the thioedieund NCpeptide as
corresponding alcohol (FiguB1l). Because Rv0101 has two adenylation domains, different from
4 and5, the backbone a28 contains two amino acids, lysine (or ornithine) and phenylalanine.
Becauseéhe previous studies suggested tRaD097 ha no obvious selectivity toward substrate
with a long alkyl chain, th28is suggested to contain various alky chain (r£6P*!! MS analysis

of the metabolites fronMtb reveals thaR8 with different alky chains is produced at different
levels and28 also consists of ornithinghenylalaniné'*! While 28 consistingof ornithine
phenylalanine corroborates with the earlier MS stoidhe metabolomics studies Bftb, ourin

vitro assay and the -Xay structure of Rv0097 reveals tHz8 with undecyl chain idikely a

preferred substrate.

These observations help annotate the structug8,ah which 28 contains the ornithine
phenylabnine backbone and the two isonitrile moieties have the undecyl chain. To develop a
common synthetic strategy that can be employe@8rand other NGpeptides, we consider
preparing the isonitrile moiety and the amino acid backbone as the startingrumitsch the
condensation reactiacan leado the targeted molecule. The synthesis of isonitrile moiety starts
wi t h f or masubstituted acrflatetesia® using Witting reaction. Following 1;dddition
with a chiral amin€”-% and deprotection, the key intermedia@was preparedn whichthe C3
stereochemistry was \ied by Marfey's reagerappendices A2).1%% During the preparation of
28, becase the reactive nature isonitrile will be hydrolyzed to formyl group under acidic
condition, dehydration of thBl-formyl group was applied as the last step before condensation
(Scheme 3.1 To effect coupling reactiqr80 was converted to thi-succinimide31. Since the
terminal reductase domain of Rv0101 likely catalyzes adteotron reduction the thioester to the

corresponding alcohol, the ornithiplenyl backbone was prepared by reduction of the
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carboxylate of phenylalanine to introduce the alcohaiety. A coupling reaction with ornithine
furnishes the amino acid backbone. Condensati@2 ahd33 followed by removal of TBS group
afforded the&8in an overall yield of 3.89% (11 steps for longest linear sequedioai)ar synthetic
scheme is applietb prepare4 and5 (NC-peptides found irStreptomycesdetaied synthetic

scheme in section 3.6.1

l Ph Ph d
A\

Ph NH " Ph |\ )
Ph p=)l\ J< w NH, O i) TMSCI, MeOH
’WO 3 (o) o __nBuli BuLi J< i) TFA, DCM 2 i) Ethyl formate
THF 10 THF ") Pd/C, MeOH 10 iii) LIOH, THF/ H,0
87% 29 69% 71%, 2 steps 38%, 3 steps
lNH o ; NC H, otes R=TBS, 347 _°
i) NHS, EDC, THF EEN, 34
WOH ii) Burgess reagent o OSu THE CN THF
10 = 88%
CHCl, 399 0 R=H,2

31 69%, 2 steps 32

Scheme 3.1 Total synthesis 0f28. Reagents and conditions: (a) dodecanalt-butyl 2-
(triphenylphosphoranylidene)aceta , THF, 0Y23ACR-(+)8bepaytl- ( b)
phenylethylaminen-butyllithium, THF, -78°C, 69%. (c) (i) trifluoroacetic acid (TFA), DCM,

23°C; (ii) Pd/C, MeOH, K 23°C, 71% over 2 steps. (d) (i) trimethylsilane (TMSCI), MeOH,
OY23AC; (i i) 5°€;t(iih fthHium hydroxide (Li@H), TBF/ HO, 23°C, 38% over 3

steps. (e) (i)N-hydroxysuccinimide (NHS), -gthyl3-(3-dimethylaminopropyl)carbodiimide
(EDC), THF, O0Y23AC:; ¢ 657C)69% over§ stepss &3, trinettyylamite, CHCI

(EtN), THF, OY23AC, ndawy!| @gnmomnméwumafl uoride (TBAF)
3.4 Insight into the SelectiveM etal Binding of NC-peptides

To establish the preference of metal binding forpéEptides4, 5, and28), NMR and high
resolution MS are applietitested the binding &8 with Cu(l), Cu(ll) and Zn(ll) Becaus&8 has

been suggested to bind zinc that only zinc can restore the growth of phekibbypariant that
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knockouts out the N@eptide biosynthetic gengs! | first tested its binding with zinc.
Unexpectedly, however, we did not observe any shifliNMR when adding zinc to the reaction
(Figure3.4A). This observation contradict to the literature reports. On the other hand, Glickman

et al. revealethat the NCpeptide biosynthetic gene cluster expressiadtimandM. marinumis

strongly induced under copper starvation, thus suggesting the role -pleptide in copper
homeostasi8? To ensure that Cu(l) is not oxidized to Cu(ll), samples were prepared in the
oxygenfree glove box. Through addition of Cu(l), obvious peak sbcurred Figure3.4B). We

observed a diagnostic peak shifton protonsat2 . 55, 3. 0 4IH-NMR. MeaBwhi®5 pp m
while the paramagnetic property of Cu(ll) induces the peak broadenitg-NMR, obvious

changes were alsdserved These peak shifts @8 most likely result from the binding of the

isonitrile moiety to tle copper, strongly suggesting tR8tis selective to copper but not zinc.
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Figure 3.4. NMR titration of NGpeptides4, 5, or 28) with metal source (Zn(ll) or Cu(l)jJA) No

obviousshift is observed when titratir8 with Zn(ll), suggestin@8 doesnot bind to Zn(ll).(B-

D) However, protons shift are observed upon the addition of Cu(l), indicating the formation of
NCpeptideACu(l) compl ex. | nt erpegides4rsgpr2g)andt he st
Cu(l) is different. Fod and5, the molaratio betwee/5 and Cu(l) is 2 td, while 1 to 1 ratio is

observed i28. All samples are prepared in oxygiee glove box.

In addition, we also carried out the NMR titration usfrand5. As shown in Figur8.4C,
34D, andAppendices A3, both Cu() and Cu(ll) resulted in peaks shifté&nd5. Unexpectedly,
a close comparison &f-NMR and highresolution MS spectra revealed that the stoichiometry of
copper to NGpeptideschangedased on the structure of Nigptides and thexidation state of
copper. Consistent with the earlier study by ®ral®?t h e p e a kprosohsiori isonitilé b
fragments (04 4.07/4.07 ppm) ar e 45 cuggestiegttveod at
NCpeptides (four isonitrile groups)-pratoneondepl 0
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isonitrilefragnent s (U0 ~2. 4Hrdt4%h spopm) | ysd n@ badskbone
stop shifting until a molar ratio of 1 to 1 (Cu(l)46b), 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 HRS (Figure3.5), where their retention

time are different form the corresponding complex with molar ratio of 1 to 2 (Cud}5jo
Interestingly, when Cu(llas utilized, the 1 to 2 (Cu(ll) t@/5) complexbecome a dominant

form, highlighting the stoichiometry of copper to N€ptides may be sensitive to the oxidation

state of copper. In the presence28f the peak shifof b-pr ot ons on i sonitril e
ppm) completed when the molar ratio of Cu(l)2® above 0.5, implying the binding &8 is
different from4/5 (Figure3.4B) . Mor@oweémopnsUon isonitrile frag
t-proton on ornithineséaf ol d (U0 3. 04 ppm) finish shifting
28). In 28, we observed an major ion af/z 798.50 (molecular formula of @H73CUNsOs),

indicating the molar ratio of 1 to 1 (Cu(l) 28) (Figure 3.9. A diagnostic isotope occung from

the natural abundance §€Cu isotope was observed, resulting in an iom&800.50. Similar with

4/5, the stoichiometry of copper &8 redirects to 1 to 2 when Cu(ll) is usdddure3.5).
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Figure 3.5. High resolution mass spectrometry (HBManalysis of Népeptidéd C u
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E and I) Bothl to 1and 1 to 2 complexg€u(l) 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(ll) with

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

corresponding isotope distribution fdC-peptidé\ C u

¢ oMuopebverx[M+2] peak fron¥Cu

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

To further investigate the potential facttirat controk the stoichiometry of Cu(l) to

differentNC-peptides36 wasprepared, where an additional phenylalammeeetyis incorporated

into the peptide backbone 46. According to NMR titration and HRS results, the complex with

molar ratio of 1 to 1 (Cu(l) t86) is observed, indicating the role of amino acid backbone in Cu(l)

binding stoichiometryKigure 3.6). Although the detailed binding mode remains to be carefully

examined, these resultiearly suggest that NGpeptides show preferential toward copper rather

than zinc. The oxidation state of copper d@hd composition omino acid backbona NC-

peptidesalsoplay roles in the metal binding stoichiometigtermination
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Figure 3.6. (AB) NMR titration and HRMS analysisof 36 with Cu(l). With an addition
phenylalanine orthe peptide backbone df5, the molar ratioof 36 to Cu(l) becomes 1o 1,
highlighting the peptide backbone has potential effect on dtwéchiometry (CD) The
corresponding isotopdistribution for36A Cu ¢ o Mopebverx[M+2] peak fromi°Cu isotope

is observed, coincided with the natural isotope abundance of copper.
3.5 Conclusion and Outlook

In summarywe determinghe structures of two Fe/20G isonitrile forming enzymes from
Mtb andM. marinumin the presence of the substrate asd biological assays to determfioe
the substrate preferencéthese enzymes. Our results revtbat Fe/20G enzymes take standalone
substratesbut not proteirtethered substratesnd serve as atgpkeeper to determine the isonitrile
moiety selectivity among N@eptides Moreover, we applyhe insights of studying Fe/20G
enzymes and the highly conserved biosynthetic strategy usedpepile formation to annotate
the structure o8 in Mth. The gnthesisis then developed. Whil28 was characterized using
metabolomics MS, it has not been prepared and testedn@itro assays usingH-NMR and

high resolution MS clearly showhat 28 is selective toward both Cu(l) and Cu(ll) binding,
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supporting tle observation that the biosynthetic gene cluster expression is induced under copper
starvation conditions. Along with the other two M€ptides 4 and5), while they all show copper
preference, the stoichiometry between ligahd5(and 28) and metal is @arly differentin the
presence of Cu(l) and Cu(lln 4 and5, as others identified?®®? two molecules of Népeptide

are used for one molecule of Cu(ll) binding. However, switching from Cu(ll) to Cu(l), a mola
ratio of 1 to 1 (Cu ta@l/5) is observed, suggesting an alternative binding r&titlerent from4/5,

one equivalenbf 28 preferentiallybinds one equivalentf Cu(l), which is potentially due to
distinct peptide backbone thdfb. In short, our studigsrovide a roadmap for prediction, synthesis

and investigating physiological roles of other uncharacterizegh&fsfides.

Based onin silico studies (Figure.9), more NGpeptides related to pathogenic bacteria
remain to be discovered. For examplk,lepromatosisis one of speciescausekansendés di s e
(also known as leprosyl.eprosy was once feared as a highly contagious and devastating,disease
and it can affect the nerves, skin, and eyes. Another large group identifladguire 2.9 is
associated withocardiosisBased on CDC studigshas been estimated that 50@00 new cases
of nocardiosis infection occur every yaarthe United States. Several homologs associated
with nocardiosisrelated species, such &bk brasiliensisand N. flavorosea Other pathogens,
including Corynebacterium provencensehodococcus fasciangdquimarina sp. Segniliparus
rugosus etc., are also identifietlVe expect thetrategydeveloped in our current studiemy be

applied to discoveand to prepare uncharacterizd@-peptides in these pathogenic bacteria
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3.6 Experimental Sectiors

3.6.1 Compound Preparation

Ph Ph

-0 PhSP—)L J< )< /\P , n-BuLi J< 1) TFA, DCM e ©
M w W 2) PdIC, MeOH Wo“
30
/O\Ep Hojfo
1) TMSCI, MeOH NH 0 LiOH NH O
m’ WO/ dixoane/ H,0 WOH
o

23 8
Et;N, THF

Adapted to the reported literatuf@s®! (R)-b-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 kepstirring overnight. Subsequently, the solvent was concentrated under reduced
pressure, and the crude product was purified by silica gel column chromatography-(pure
hexanes) to give desired compoumeptyt29 (2.79 g, 93% vyield)H NMR (700 MHz, CDC)) d
6.85 (dt,J = 7.0 and 15.4 Hz, 1H), 5.73 (dt= 1.5 and 15.4 Hz, 1H), 2.1813 (m, 2H), 1.48 (s,
9H), 1.4%1.45 (m, 2H), 1.33.24 (m, 8H), 0.88 (tJ = 7.0 Hz, 3H);*C NMR (176 MHz, CDGJ)

d166.3, 148.2, 123.1, 80.0, 32.2, 31.8, 29.2, 29.2, 28.3, 237, 14.1.

To a solution of R)-(+)-N-benzytl-phenylethylamine (2.4 mL, 11.62 mmol) in dry
tetrahydrofuran (THF, 20.8 mL) was addefutyllithium (1.8 M in hexane, 6.9 mL, 12.45 mmol)
at-78°C dropwise. After addition, the mixture was kept stirringgane temperature for 30 minutes
followed by the addition ofieptyl29 (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 aquesakition and extracted with ethyl acetate, and the combined
organic layers were washed with brine, dried using Mg&@l concentrated under reduced

pressure. The crude product was purified by silica gel column chromatograpbygnes/ethyl
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acetate = 30/ (v/v)) to give desired compoumhepty+35(3.28 g, 90% yield)H NMR (500 MHz,
CDCls) d7.43 (d,J= 7.0 Hz, 2H), 7.36.28 (m, 6H), 7.25.20 (m, 2H), 3.82 (g1 = 6.7 Hz, 1H),

3.80 (d,J = 16.0 Hz, 1H), 3.49 (dl = 15.0 Hz, 1H), 3.33.26 (m, 1H), 196 (dd,J= 3.5 and 14.5

Hz, 1H), 1.87 (ddJ = 9.5 and 14.5 Hz, 1H), 1.6D54 (m, 1H), 1.49.46 (m, 1H), 1.40 (s, 9H),
1.33 (d,J=7.0 Hz, 3H), 1.311.17 (m, 10H), 0.90 (] = 7.0 Hz, 3H)13C NMR (125 MHz, CDGJ)
d172.4, 143.3, 142.2, 128.3, 128128.2, 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 oheptyt35(3.28 g, 7.49 mmol) in chloroform (CH£[L8.7 mL) was added
trifluoroacetic acid (TFA, 9.2 mL, 119.93 mmol) at rotemperature. 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 (
hexanes/ethyl acetate #11(v/v)) to give desiredacid intermediate To a solution ofacid
intermediatg(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 witlalldon overnight.
Subsequetly, Pd/C was removed via filtration using celite, and the filtrate was concentrated under
reduced pressure to giveepty+30 (1.14 g, 81% vyield over 2 stepsH NMR (500 MHz, de-
DMS0)d 8.11 (br s, 3H), 3.33.28 (m, 1H), 2.61 (ddl = 6.5 and 17.0 HZH), 2.56 (dd,J= 6.0
and 17.0 Hz, 1H), 1.63.48 (m, 2H), 1.371.17 (m, 10H), 0.85 (] = 6.7 Hz, 3H)33C NMR (125

MHz, de-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 ofheptyt30 (1.13 g, 6.06 mmol) in methanollZ.9 mL) was added
trimethylsilane (TMSCI, 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

46



then redissolved in water. Subsequentlyaturated 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 usingafidSO
concentrated under daced pressure to giveeptyt22. Following the reported literatus&’-2!
heptyt23 was synthesized. To a solution teptyt22 (393.8 mg, 1.95 mmol) in THF (9.8 mL)

was added trimethylamine @&, 0.33 mL, 2.35mmol) and followed by methyl bromoacetate
(0.20 mL, 2.15 mmol) at room temperature. After addition, the reaction was kept stirring at same
temperaturauntil no starting material was detected by TLXhe crude product was purified by
silica gel column chmmatography rif-hexanes/ethyl acetate = 1/2 (v/v)) to gheptyt23 (424.0

mg, 57% yield over 2 stepsdd NMR (500 MHz, CDCJ) d 3.71 (s, 3H), 3.67 (s, 3H), 3.42 (s,
2H), 2.982.92 (m, 1H), 2.44.35 (m, 2H), 1.82 (br s, 1H), 18136 (m, 2H), 1.36..18 (n, 10H),

0.87 (t,J=6.7 Hz, 3H);"*C NMR (125 MHz, CDG) d173.0, 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 oheptyt23 (424.0 mg, 1.55 mmol) in 1sdioxane (7.8 mL) and water (4.6
mL) was added littum hydroxide solution (LiIOH, 1M in kD, 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 evaporatieptyl8 was obtained (quant. ya.
IH NMR (500 MHz, DO) d 3.18 (d,J = 16.0 Hz, 1H), 3.13 (d] = 16.0 Hz, 1H), 2.92.83 (m,
1H), 2.282.18 (m, 2H), 1.47..39 (m, 1H), 1.38.28 (m, 1H), 1.311.18 (m, 10H), 0.83 (1= 6.2
Hz, 3H);*C NMR (125 MHz, DO) d 180.9, 178.8, 55.2, 49.614, 33.2, 31.2, 29.1, 28.5, 24.9,

22.1, 13.6.
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Pertyl-29 (882.50 mg, quant. yield) was prepared analogously by using hexanal as a
reagentH NMR (500 MHz, CDCJ) d 6.85 (dt,J = 7.0 and 15.5 Hz, 1H), 5.72 (dt= 1.7 and
15.7 Hz, 1H), 2.2¢2.10 (m, 2H, 1.47 (s, 9H), 1.48.41 (m, 2H), 1.33..26 (m, 4H), 0.88 (t] =
6.7 Hz, 3H);1*C NMR (125 MHz, CDGJ) d 166.3, 148.3, 123.0, 80.0, 32.1, 31.4, 28.3, 27.9, 22.5,

14.0.

Pertyl-35 (1.41 g, 84% yield)'H NMR (700 MHz, CDCY) d 7.43 (d,J = 7.7 Hz, 2H),
7.36-7.28 (m, 6H), 7.25.21 (m, 2H), 3.82 (g] = 7.0 Hz, 1H), 3.79 (d] = 14.7 Hz, 1H), 3.49 (d,
J=15.4 Hz, 1H), 3.33.27 (m, 1H), 1.96 (dd = 3.5 and 14.0 Hz, 1H), 1.88 (di= 9.4 and 14.0
Hz, 1H), 1.591.55 (m, 1H), 1.48.45 (m, 1H), 1.40 (s, 91.33 (d,J = 7.0 Hz, 3H), 1.321.13
(m, 6H), 0.89 (tJ = 7.3 Hz, 3H)23C NMR (176 MHz, CDCJ) d172.4, 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.

Pertyl-30 (530.8 mg97% yield over 2 stepsiH NMR (500 MHz,ds-DMSO) d 8.30 (br
s, 3H), 3.413.28 (m, 1H), 2.75 (ddl = 6.0 and 16.5 Hz, 1H), 2.66 (dii= 6.7 and 16.2 Hz, 1H),
1.67-1.57 (m, 1H), 1.571.48 (m, 1H), 1.38.15 (m, 6H), 0.85 () = 7.0 Hz, 3H):}3C NMR (15

MHz, de-DMS0O)d 170.4, 51.8, 47.4, 36.5, 31.9, 30.8, 24.0, 13.8.

Pertyl-23(129.60 mg, 16% yield over 2 step$).NMR (500 MHz, CDCJ) d 3.71 (s, 3H),
3.67 (s, 3H), 3.41 (s, 2H), 2.9892 (m, 1H), 2.42.35 (m, 2H), 1.83 (br s, 1H), 14935 (m,
2H), 1.351.22 (m, 6H), 0.87 (t) = 7.0 Hz, 3H);}3C NMR (125 MHz, CDGJ) 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.

Pertyl-8 was prepared by same hydrolysis procediteNMR (500 MHz, DO) d 3.13 (s,

2H), 2.872.82 (m, 1H),2.28 (dd,J = 6.0 and 14.5 Hz, 1H), 2.16 (ddi= 7.0 and 14.5 Hz, 1H),
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1.431.31 (m, 2H), 1.341.17 (m, 6H), 0.80 (t] = 6.7 Hz, 3H)3C NMR (125 MHz, DO)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) waprepared analogously by using decyl aldehyde as a
reagentH NMR (500 MHz, CDCJ) d 6.85 (dt,J = 7.0 and 15.5 Hz, 1H), 5.73 (dt= 1.5 and
15.5 Hz, 1H), 2.2€2.11 (m, 2H), 1.48 (s, 9H), 1.4639 (m, 2H), 1.341.23 (m, 12H), 0.88 (] =
7.0 Hz, 3H)1*C NMR (125 MHz, CDCJ) 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)!H NMR (700 MHz, CDC4) d 7.44 (d,J = 7.7 Hz, 2H),
7.387.30 (m, 6H), 7.2§.23 (m, 2H), 3.84 (] = 6.6 Hz, H), 3.81 (dJ = 14.7 Hz, 1H), 3.50 (d,
J=15.4 Hz, 1H), 3.38.29 (m, 1H), 1.98 (ddl = 2.8 and 14.7 Hz, 1H), 1.89 (dbx 9.4 and 14.7
Hz, 1H), 1.621.55 (m, 1H), 1.52.46 (m, 1H), 1.42 (s, 9H), 1.35 @= 7.0 Hz, 3H), 1.34..16
(m, 14H), 0.92 (t,) = 6.6 Hz, 3H);:3C NMR (176 MHz, CDGJ) 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 stepsH NMR (500 MHz,ds-DMSO) d 8.19 (br s,
3H), 3.3%3.27 (m, 1H), 2.65 (dd] = 5.7 and 16.5 Hz, 1H), 2.54 (ddl= 6.5 and 16.5 Hz, 1H),
1.651.56 (m, 1H), 1.58..47 (m, 1H), 1.34..10 (m, 14H), 0.82 (1= 6.7 Hz, 3H)*C NMR (125

MHz, de-DMSO)d 171.6, 47.5, 36.7, 32.1, 3138.9, 28.8, 28.7, 28.7, 24.5, 22.1, 13.9.

Nonyl-23 (522.7 mg, 59% yield over 2 step¥ NMR (500 MHz, CDC4) d 3.72 (s, 3H),
3.68 (s, 3H), 3.42 (s, 2H), 2.9991 (m, 1H), 2.4€.34 (m, 2H), 1.77 (br s, 1H), 14938 (m,
2H), 1.351.21 (m, 14H), 0.8Tt, J = 6.7 Hz, 3H):"3C NMR (125 MHz, CDGJ) 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 procediteéNMR (500 MHz, RO) d 3.22 (d,
J=16.5 Hz, 1H), 3.10 (d, = 16.0 Hz, 1H), 2.9®.82 (m, 1H), 2.30 (dd}= 4.5 and 15.0 Hz, 1H),
2.16 (dd,J = 8.5 and 15.0 Hz, 1H), 1.58042 (m, 1H), 1.38.17 (m, 15H), 0.85 () = 6.7 Hz,
3H); 3C NMR (125 MHz, RO)d 181.0, 179.4, 55.4, 49.9, 42.0, 33.7, 31.8, 29.7, 29.5, 29.2,
25.6, 22.5, 13.8.
Undeql-29 (14.77 g, 87% vyield) was prepared analogously by using dodecanal as a
reagentH NMR (500 MHz, CDCJ) d 6.85 (dt,J = 7.0 and 15.5 Hz, 1H), 5.72 (dt= 1.7 and
15.5 Hz, 1H), 2.22.10 (m, 2H), 1.47 (s, 9H), 1.4539 (m, 2H), 1.321.22 (m, 16H), 0.88 (] =
6.7 Hz, 3H);1*C NMR (125 MHz, CDGJ) 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.

Undeql-35(22.73 g, 69% yield)H NMR (500 MHz, CDC4) d 7.38 (d,J = 7.0 Hz, 2H),
7.31:7.22 (m, 6H), 7.2€7.15 (m, 2H), 3.77 (g] = 6.5 Hz, 1H), 3.74 (d] = 15.5Hz, 1H), 3.44 (d,
J=15.0 Hz, 1H), 3.28.18 (m, 1H), 1.91 (dd = 3.5 and 15.0 Hz, 1H), 1.82 (di 9.2 and 15.0
Hz, 1H), 1.551.49 (m, 1H), 1.46..38 (m, 1H) 1.35 (s, 9H), 1.28 (d} = 7.0 Hz, 3H), 1.26..10
(m, 18H), 0.85 (t,J = 7.0 Hz, 3H)::*C NMR (176 MHz, CDGJ) 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, 28.227.0, 22.8, 20.6, 14.2.

Undeg1-30(7.99 g, 71% yield over 2 stepsH NMR (500 MHz,dse-DMSQO)d 12.61 (br
s, 1H), 8.08 (br s, 2H), 3.38.30 (m, 1H), 2.63 (dd] = 4.7 and 12.5 Hz, 1H), 2.57 (dii= 4.7
and 12.0 Hz, 1H), 1.63.57 (m, 1H), 1.56..50 (m,1H), 1.361.19 (m, 18H), 0.85 (1] = 5.0 Hz,
3H); *C NMR (125 MHz,ds-DMS0O)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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Undeg/l-23 (522.8 mg, 56% yield over 2 stepdi NMR (500 MHz, CDC}) d 3.72 (s,
3H), 3.68(s, 3H), 3.42 (s, 2H), 2.99.92 (m, 1H), 2.48.35 (m, 2H), 1.76 (br s, 1H), 1.8037
(m, 2H), 1.351.20 (m, 18H), 0.87 (= 7.0 Hz, 3H):*C NMR (125 MHz, CDCJ) 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, 29.7299%625.7, 22.8, 14.2.

UndegI-8 was prepared by same hydrolysis procedtHeNMR (500 MHz, 2O) d 3.27
(d,J=16.5 Hz, 1H), 3.14 (d] = 16.5 Hz, 1H), 2.92.86 (m, 1H), 2.35 (dd] = 4.0 and 15.5 Hz,
1H), 2.16 (dd,J = 8.5 and 15.0 Hz, 1H), 1.5B45 (m, 1H), 1.371.19 (m, 19H), 0.86 (1] = 6.2
Hz, 3H);°C NMR (125 MHz, DO) 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.

Tridecyt29 (3.20 g, 88% vyield) was prepared analogously by using freshlyapeep
tetradecané as a reagentH NMR (500 MHz, CDC}) d6.85 (dtJ= 7.0 and 15.5 Hz, 1H), 5.72
(dt,J= 1.5 and 15.5 Hz, 1H), 2.2011 (m, 2H), 1.48 (s, 9H), 1.4640 (m, 2H), 1.311.24 (m,
20H), 0.88 (t,J = 7.0 Hz, 3H)*C NMR (125 MHz, CDGCJ) d 166.3, 148.3, 123.0, 80.0, 32.2,

32.0, 3.8, 29.8, 29.8, 29.7, 29.6, 29.5, 29.5, 29.3, 28.3, 28.2, 22.8, 14.2.

Tridecy+35 (4.21 g, 78% yield)*H NMR (500 MHz, CDCY) d 7.43 (d,J = 7.5 Hz, 2H),
7.367.27 (m, 6H), 7.277.17 (m, 2H), 3.82 (¢] = 7.2 Hz, 1H), 3.79 (d] = 15.5Hz, 1H), 3.48 (d,
J=15.0 Hz, 1H), 3.33.26 (m, 1H), 1.96 (dd = 3.5 and 14.5 Hz, 1H), 1.87 (di= 9.5 and 14.5
Hz, 1H), 1.611.51 (m, 2H), 1.40 (s, 9H), 1.33 (@= 7.0 Hz, 3H), 1.311.19 (m, 22H), 0.89 (1]
= 6.5 Hz, 3H)13C NMR (125 MHz, CDGJ) d 172.4, 143.3, 122, 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.

Tridecyk30(1.73 g, 75% vyield over 2 step$H NMR (500 MHz,ds-DMS0) d 8.06 (br s,

3H), 3.363.30 (m, 1H), 2.52.56 (m, H), 2.522.48 (m, 1H), 1.62.48 (m, 2H), 1.38.15 (m,
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22H), 0.85 (tJ = 6.7 Hz, 3H);"*C NMR (125 MHz,ds-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.

Tridecyk23 (1.07 g, 49% vyield over 2 stepsd NMR (500 MHz, CDC#) d 3.71 (s, 3H),
3.66 (s, 3H), 3.41 (s, 2H), 2.9890 (m, 1H), 2.4€.34 (m, 2H), 2.00 (br s, 1H), 1.4835 (m,
2H), 1.321.20 (m, 22H), 0.86 (] = 7.0 Hz, 3H):}3C NMR (125 MHz, CDCJ) d 172.9, 172.8,
54.7,51.9,51.7,48.4, 39.2, 343.0, 29.7, 29.7, 29.7, 29.6, 29.6, 29.4, 25.7, 22.2, 14.2.

Tridecyt8 was prepared by same hydrolysis procediteNMR (500 MHz, DO) d 3.24
(d, J=16.0 Hz, 1H), 3.09 (d = 16.5 Hz, 1H), 2.92.82 (m, 1H), 2.33 (dd] = 3.5 and 15.5 Hz,
1H), 2.12 (ddJ = 9.2 and 15.5 Hz, 1H), 1.5B43 (m, 1H), 1.36..18 (m, 23H), 0.86 (1] = 6.5
Hz, 3H);°C NMR (125 MHz, DO) 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.

PentadecyP9 (3.26 g, 74% ield) was prepared analogously by using freshly prepared
palmitaldehyde as a reageti NMR (500 MHz, CDC4) d 6.85 (dt,J = 7.0 and 15.5 Hz, 1H),
5.72 (dt,J= 1.7 and 16.0 Hz, 1H), 2.4811 (m, 2H), 1.48 (s, 9H), 1.4639 (m, 2H), 1.28..25
(m, 24H),0.88 (t,J = 6.7 Hz, 3H)*3C NMR (125 MHz, CDCJ) 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.

PentadecyB5 (3.97 g, 75% yield)*H NMR (500 MHz, CDGY) d 7.43 (d,J = 7.0 Hz 2H),
7.367.27 (m, 6H), 7.26.20 (m, 2H), 3.82 (q] = 7.0 Hz, 1H), 3.79 (d] = 14.5Hz, 1H), 3.48 (d,
J=15.0 Hz, 1H), 3.33.26 (m, 1H), 1.96 (dd = 3.5 and 14.5 Hz, 1H), 1.87 (dbs 9.5 and 14.5
Hz, 1H), 1.661.53 (m, 2H), 1.40 (s, 9H), 1.33 @@= 7.0 Hz, 3H), 1.28..26 (m, 26H), 0.89 (1]

= 6.7 Hz, 3H)*C NMR (125 MHz, CDQ) 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.

PentadecyBO0 (1.16 g, 54% vyield over 2 stepsf NMR (500 MHz,ds-DMSQ) d 8.00 (br
s, 3H), 3.353.33 (m, 1H), 2.52.55 (m, 1H), 2.52.49 (m, 1H), 1.62.47 (m, 2H), 1.38.15 (m,
26H), 0.85 (tJ = 7.0 Hz, 3H);**C NMR (125 MHz,ds-DMSO) d 171.7, 47.536.6, 32.1, 31.3,

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

PentadecyR3 (927.10 mg, 62% yield over 2 step¥)l NMR (500 MHz, CDCJ) d 3.73
(s, 3H), 3.69 (s, 3H), 3.46 (s, 2H), 3-236 (M, 1H), 2.48.41 (m, 2H), 1.511.42 (m, 2H), 1.34

121 (m, 26H), 0.88 () = 6.7 Hz, 3H).

PentadecyB was prepared by same hydrolysis procedtieNMR (500 MHz, DO) d
3.26 (d,J=16.0 Hz, 1H), 3.09 (dl = 16.0 Hz, 1H), 2.92.82 (m, 1H), 2.34 (d] = 15.0 Hz, 1H),
2.13 (dd,J = 9.0 and 15.5 Hz, 1H),.32-1.43 (m, 1H), 1.38..20 (m, 27H), 0.86 (t) = 6.5 Hz,
3H).
/O\Eo \E

o
~ Br
NH 6N HCI NH, O T™SCI NH, O \OJ\/ , Et;N NH O NH O

LiOH
/\/’\/CN /\/k)l\ /\/k)l\ /\/'\)j\ - > /\/k)L
reflux OH  MeOH OMe THF (o) OH

dixoane/ H,0
37 30 22 23 8

Adapted to the reported literatyfd! 37 (3.0 g, 14.1 mmol, 14% vyield over 6 steps) was
synthesized by using-norvaline (11.7 g, 100 mmol) as a starting matefidINMR (500 MHz,
CDChk) U4 4.60 (247 (msiH), 2H \ddl=482 a8db17.2 Hz, 1H), 2.52 (dil= 4.0

and 17.0 Hz, 1H), 1.62.56 (m, 2H), 1.45 (s, 9H), 1.4835 (m, 2H), 0.95 () = 7.2 Hz 3H).

Adapted to the reported literatufé, propyl-22 was prepared. Compourd¥ (1.0 g, 4.9

mmol) was mixed with hydrochloric acid (6N HCI, 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 furtheifipation. To a solution of this acid in
methanol (10 mL) was added trimethylsilane (TMSCI, 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 pressuredatien redissolved 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 witlriedne,
using MgSQ and concentrated under reduced pressure topgigyl-22 (389.6 mg, 55% vyield

over 2 steps)}H NMR (500 MHz, CDCY) G 3. 6 7 -3(18 (m, 1B1)12.47 (d@ = 4202and

15.5 Hz, 1H), 2.62 (dd] = 9.0 and 15.5 Hz, 1H), 1.72 (br s, 2H), +%30 (m, 4H), 0.91 () =

7.0 Hz, 3H).

Propyl-23 (191.1 mg, 70% yield) was prepared by ugimgpyl-22 as a starting matetia
HNMR (500 MHz,CDCd) & 3. 71 (s, 3H), 3-2637(m,(H),2.413d) ,
J=6.0 Hz, 2H), 1.94 (br s, 1H), 141831 (m, 4H), 0.90 (t) = 6.7 Hz, 3H);!3C NMR (125 MHz,

CDClk) 0 172.9, 172.8, 54.891421.9, 51.7, 48. 4,

Propyl-8 was prepared by same hydrolysis procedité&lMR (500 MHz, RO) U 3. 14
2H), 2.892.82 (m, 1H), 2.32 (dd] = 6.2 and 14.2 Hz, 1H), 2.15 (d#l= 7.5 and 14.5 Hz, 1H),
1.431.23 (m, 4H), 0.85 (J= 7.0 Hz, 3H)®*C NMR (125 MHz,RO) U 183.8, 181.

44.7, 38.2, 20.6, 16.0.
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To a solution oheptyl-22 (514.0 mg, 2.55 mmol) itetrahydrofura{THF, 12.8 mL) was
added trimethylamine (BN, 1.07 mL, 7.66 mmol) and followed by benzyl chlormofate (CbzCl,
0.54 mL, 3.83 mmol) @°C. After addition, the reaction was kept stirring until no starting material
was detected by TLCThe crude product was purified by silica gel column chromatography (
hexanes/ethyl acetate = 5/1 (v/v)) to gB&methyl ester(675.0 mg, 79% yieldSame hydrolysis
procedure was applied to obt&é (577.10 mg, 89% yield) by usir@3-methyl estelas a starting
material H NMR (500 MHz, CDC) U -728 (8),&H), 5.26.12 (m, 1H), 5.15.04 (m, 2H),
4.023.91 (m, 1H), 2.6&.43 (m, 2H), 1.611.48 (m, 2H), 1.42.17 (m, 10H), 0.87 (1= 6.7 Hz,

3H).

To a solution 088 (577.10 mg, 1.80 mmol) idimethylformamidg DMF, 12.8 mL) was
added 1ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, 378.63 mg, 1.98 mmol),
hydroxybenzotriazole (HOBt, 274.94 mg, 1.80 mmol), freshly prep&reatetylcysteamine
(SNACc, 542.40 mg, 4.55 mmol), and trimethylaminesEt0.50 mL, 3.59 mmol) &°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 M@8® concentrated der
reduced pressure. The crude product was purified by silica gel column chromatography (

hexanes/ethyl acetate = 6/1 (v/v)) to give desB@@B03.1 mg, 40% yield}H NMR (600 MHz,
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CDClk) U -728 (81,&H), 6.11 (br s, 1H), 5.07 (s, 2H), 4.96)(d,9.6 Hz, 1H), 4.08.95 (m,
1H), 3.523.43 (m, 1H), 3.26.18 (m, 1H), 3.08.95 (m, 2H), 2.79 (dd} = 4.8 and 14.4 Hz, 1H),
2.68 (dd,J = 7.2 and 14.4 Hz, 1H), 1.96 (s, 3H), :5@4 (m, 2H), 1.44L.19 (m, 10H), 0.88 (]

= 6.9 Hz, 3H).

Adapted to theeported literatur€?! 40 was prepared. To a solution28 (303.1 mg, 0.72
mmol) in trifluoroacetic acid (TFA, 11.0 mL) was added thioanisole (3.38 mL, 28.69 mmol) at
room temperatureAfter addition, the reaction was kept stirring until no starting material was
detected § TLC. The crude product was purified by silica gel column chromatography (
hexanes/ethyl acetate = 1/4 (v/v)) to ga@(quant. yield)*H NMR (700 MHz,ds;-methanol)d
3.633.56 (m, 1H), 3.37 ()= 6.7 Hz, 2H), 3.01 (] = 6.7 Hz, 2H), 3.03 (dd] = 4.9 and 16.8 Hz,
1H), 2.93 (ddJ = 7.4 and 16.5 Hz, 1H), 1.93 (s, 3H), 2582 (m, 2H), 1.44..37 (m, 2H), 1.37
1.27 (m, 8H), 0.91 (t) = 7.0 Hz, 3H)#3C NMR (176 MHz,ds-methanol)d 197.8, 173.5, 49.8,

46.1, 39.6, 33.6, 32.8, 30.2, 30.0, 29.7, 28316, 22.5, 14.3.

To a solution of40 (0.72 mmol) in tetrahydrofuran(THF, 3.6 mL) was added
trimethylamine (EfN, 0.12 mL, 0.86 mmol) and followed hgrt-butyl bromoacetate (0.12 mL,
0.79 mmol) at room temperature. After addition, the reaction wasteaptig at same temperature
until no starting material was detected by TLThe crude product was purified by silica gel
column chromatography+{hexanes/ethyl acetate = 1/4 (v/v)) to gie(120.3 mg, 42% vyield).
IH NMR (500 MHz, CDCJ) d 6.29 (br s, 1B 3.483.38 (m, 1H), 3.33 (d] = 17.0 Hz, 1H), 3.28
(d,J=17.0 Hz, 1H), 3.12.98 (m, 3H), 2.72.59 (m, 2H), 2.20 (br s, 1H), 1.95 (s, 3H), 1.45 (s,

9H), 1.531.39 (m, 2H), 1.38..20 (m, 10H), 0.86 (il = 6.7 Hz, 3H)*3C NMR (125 MHz, CDCJ)
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v

u 19191.77170.5, 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 of41 (120.3 mg, 0.30 mmolin chloroform (CHC4, 3 mL) was added
trifluoroacetic acid (TFA, 0.37 mL, 4.78 mmol) at room temperaturterAfddition, the reaction
was slowly warmed up to 50°C and kept stirring at same tempetattilreo starting material was
detected by TLCAfter solvent removal through evaporatidigptyt8-SNAc was obtained as a
TFA salt (quant. yield):H NMR (500 MHz, ds-DMSO) d 8.54 (br s, 2H), 8.08 (br s, 1H), 3.67 (d,
J=17.0 Hz, 1H), 3.62 (dl = 17.0 Hz, 1H), 3.48.40 (m, 1H), 3.3B.19 (m, 2H), 2.9€.81 (m,
4H), 1.86 (s, 3H), 1.63.53 (m, 1H), 1.5@..40 (m, 1H), 1.2&.00 (m, 10H), 0.65 (t] = 6.7 Hz,
3H); 13C NMR (125 MHz,d:DMSO) & 199.9, 176.9, 170.5, 58.

31.0, 30.8, 30.2, 27.1, 24.4, 22.9, 15.5.

o H,N
| 2 OAc n n

NH O 1) NHS, EDC, THF /D'li)ol\ Et;N 44 NH, mr \/m\o/.\c K,CO, mr \/\O/\rl‘j\oH
_ — = — T
OLi 2) Burgess reagent, CHCl, OSu THF oN MeOH/ H,0 oN
42 43 5 4

42 was prepared based on the reported liter&(f8.To a suspension @2 (1.73 g, 12.62
mmol) in dry tetrahydrofuran (THF, 25.2 mL) was addétdydroxysuccinimide (NHS, 1.60 g,
13.88 mmol) and -ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, 2.66 g, 13.88 mmol) at
0°C. After addition, the reactiowas 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 chromatographpute ethyl acetate) to give desired compoutii
(2.12 9,74% vyield). To a solution o#2-succinimideester(2.12 g, 9.31 mmol) in chloroform
(CHClz, 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. Subseqtiemtplvent was
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concentrated under reduced pressure, and the crude product was purified by silica gel column
chromatographyrnthexanes/ethyl acetate = 1/1 (v/v)) to give desired compdariil.14 g, 58%

yield). '"H NMR (500 MHz, CDC) d 4.164.07 (m, 1H)3.04 (ddJ= 6.7 and 16.2 Hz, 1H), 2.86
(dd,J=6.7 and 16.7 Hz, 1H), 2.81 (s, 4H), 1.49Jd,7.0 Hz, 3H)3C NMR (125 MHz, CDCJ)

d 168.8, 164.7, 157.3 (§ = 3.6 Hz, isocyananide carbon), 45.8)( 6 . 3-caiban), 384,

25.5, 21.1.

44 was pepared based on the reported literattftd.o a solution o4 (2.01 mmol) in dry
tetrahydrofuran (THF, 13.4 mL) was added trimethylamineNEL.7 mL, 12.07 mmol) and3
(1.14 g, 5.43 mmol) at 0°C.fier 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 chromatographye(ethyl acetate) to give
desired compoun8 (252.20 mg, 34% vyield). Th#H-NMR and'*C-NMR were consistent with
the reported literaturéHd NMR (700 MHz,ds-DMS0) d 7.96 (br s, 1H), 7.93 (d,= 7.0 Hz, 1H),
4.154.06 (m, 2H), 4.08.94 (m, 2H), 3.938.84 (m, 1H), 3.18.96 (m, M), 2.552.46 (m, 2H),
2.452.32 (m, 2H), 2.02 (s, 3H), 1.8247 (m, 1H), 1.46..20 (m, 11H)*3C NMR (176 MHz,de-
DMSO)d 170.1, 167.9, 167.8, 155.1 = 4.6 Hz, isocyananide carbon), 155.0J(t 4.6 Hz,
isocyananide carbon), 65.3, 47.2, 47.Q0@& 5 . 5-caiban), 460 (t)= 5. 5-caiban), b

42.4,42.2,38.2, 30.1, 28.7, 22.5, 20.9, 20.8, 20.5.

To a solution of5 (33.90 mg, 0.093 mmol) in methanol (MeOH, 1 mL) was added
potassium carbonate {§€0s, 128.55 mg, 0.93 mmol) and water (0.1 mLy@m 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 conmapti(23.60 mg, 79% yield). ThiH-NMR and*C-NMR
were consistent with the reported literatdkd¢ NMR (700 MHz,ds-DMSQO)d 7.94 (br s, 1H), 7.71
(d, J= 6.8 Hz, 1H), 4.65.53 (m, 1H), 4.131.00 (m, 2H), 3.748.64 (m, 1H), 3.3B.30 (M, 1H),
3.27:3.21 (m 1H), 3.092.96 (M, 2H), 2.42.43 (m, 2H), 2.42.33 (M, 2H), 1.57..48 (m, 1H),
1.451.16 (m, 11H)23C NMR (176 MHz,ds-DMSO) d 167.7, 154.9 (t) = 4.6 Hz, isocyananide
carbon), 63.2,50.4,47.1 = 5. 5-catban), 468 ()= 5 . 5-caibha),42.B 42.2, 38.3,

30.3, 28.9, 22.7, 20.9.

o
N
Pd(OH),/C

o o
CbzCl, NaOH 1) DIPEA, THF TBSCI, Im
OH ———— OH ——— OH ————— 0TBS ————— > oTBS
NH, H0 NHCbz 2) NaBH,, H,0 NHCbz DMF NHCbz MeOH NH,

HCI
45 46 47 48

O'Bu

OTBS

NH
2 Ph

Ph
o o
CbzCl, NaOH EDC, HOBt, Et;N 0 Pd(OH),/C o
—— — ——
HZN’\/\l)LOH H0 CszN/\/\‘)LOH bem CszN/\/\‘)J\H MeOH HZN/\/\‘)LH
NH, NHCbz NHCbz OTBS NH, oTBS
49 50 33

To a solution ofL-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 bg€ll&gtikous solution. The
resulting mixture was extracted with ethyl acetate, and the combined organic layers were washed
with brine, dried using MgS£and concentrated under reduced pressure to give desired compound
45 (15.27 g, 51.01 mmol) without furtheurification. To a solution 045 (15.27 g, 51.01 mmol)
in dry tetrahydrofuran (THF, 102 mL) was add€¢dN-diisopropylethylamine (DIPEA, 9.8 mL,

56.11 mmol) and isobutyl chloroformate (6.6 mL, 51.01 mmolh1&fC. After addition, the

reaction was keptisting at same temperature for 1 hour. Subsequently, the resulting solids were
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removed via filtration using celite. Sodium borohydride (NaBH89 g, 76.51 mmol) was added

to the filtrate followed by cold water (17 mL) &t0°C. After addition, the reacth 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
MgSQs and concentrated under reduced pressure. Thie @roduct was purified by silica gel
column chromatography{hexanes/ethyl acetate = 2/1 (v/v)) to give desired compd@aris.12

g, 30% vyield).!H NMR (500 MHz, CDCJ) d 7.407.13 (m, 10H), 5.08 (s, 2H), 4.9889 (br s,

1H), 4.003.90 (m, 1H), 3.69 (ddJ = 3.5 and 11.5 Hz, 1H), 3.59 (d#i= 5.0 and 11.5 Hz, 1H),

2.87 (d,J= 7.5 Hz, 2H).

To a solution o#6(5.12 g, 17.94 mmol) in dry dimethylformamide (DMF, 89.7 mL) was

addedtert-butyldimethylsilyl chloride (TBSCI, 4.06 g, 26.92 mmol) and imidaZtieH, 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 washedbnvie, dried using MgS{Cand
concentrated under reduced pressure. The crude product was purified by silica gel column
chromatographynthexanes/ethyl acetate = 4/1 (v/v)) to give desired compdurtd.95 g, 97%

yield). *H NMR (500 MHz, CDCY) d 7.327.04 (m, 10H), 5.00 (s, 2H), 4.92 (d= 8.0 Hz, 1H),
3.893.78 (m, 1H), 3.488.38 (m, 2H), 2.78(dJ) = 7.5 Hz, 1H), 0.83 (s, 9H)(.04 (s, 3H);0.05

(s, 3H).

To a solution o#47 (6.95 g, 17.39 mmol) in methanol (MeOH, 35 mL) was added catalytic
amount ofPd(OH)/C at room temperature, and the reaction mixture was treated withlldon

overnight. Subsequently, Pd(O¥ was removed via filtration using celite, and the filtrate was
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concentrated under reduced pressure to ¢8¢4.58 g, 99% yield)*H NMR (500 MHz, ds-
methanol)d 7.367.29 (m, 2H), 7.2&.20 (m, 3H), 3.68 (ddl = 4.0 and 10.5 Hz, 1H), 3.54 (dd,
=5.5 and 10.5 Hz, 1H), 3.3024 (m, 1H), 2.87 (dd] = 8.0 and 13.5 Hz, 1H), 2.79 (d#i= 7.0
and 10.5 Hz, 1H), 0.94 (s, 9H), 0.09 (s, 3HR8(s, 3H)*C NMR (125 MHz,ds-methanol)d

138.4, 130.3, 129.7, 127.9, 65.0, 55.4, 38.3, 26.3, 193%5.

49 was prepared analogously by usirgrnithine as a starting material. To a solution of
49 (604.20 mg, 1.51 mmol) imichloromethang DCM, 10.8 mL) was added -kthy}3-(3-
dimethylaminopropyl)carbodiimide (EDC, 318.19 mg, 1.66 mmol), hydroxybenzotriazole (HOB,
231.05mg, 1.51 mmol}¥8 (440.68 mg, 1.66 mmol), and trimethylamines({t0.42 mL, 3.02
mmol) at0°C. After addition, the reaction was waed 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 chromatographlygxanes/ethyl acetate = 4/1 (v/v)) to
give desiredb0 (837.8 mg, 86% yield)'H NMR (700 MHz, CDCY) U -728 (81,89H), 7.27
7.24 (m, 3H), 7.297.16 (m, 3H), 6.38 (br s, 1H), 5.34 (br s, 1H), 551@2 (m, 4H), 4.84 (br s,
1H), 4.234.18 (m, 1H), 4.181.12 (m, 1H), 3.58.47 (m, 2H), 3.368.28 (m, 1H), 3.18.10 (m,
1H), 2.882.76 (m, 2H), 1.84..76 (m, 1H), 1.591.55 (m, 1H), 1.54..44 (m, 2H), 0.91 (s, 9H),
0.04 (s, 3H), 0.03 (s, 3HYC NMR (176 MHz, CDGJ) 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@2237.2, 3

26.2, 26.0, 18.35.3,-5.3.

To a solution of50 (837.8 mg, 1.29 mmol) in methanol (MeOH, 9.0 mL) was added
catalytic amount of Pd(OHC at room temperature, and the reaction mixture was treated with H

balloon overnight. Subsequently, Pd(Qld) wasremoved via filtration using celite, and the
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filtrate was concentrated under reduced pressure to3g@iyguant. yield)*H NMR (500 MHz,
CDCL) § 7J=9.0 Hz( 1H), 7.2&.26 (m, 1H), 7.24.15 (m, 3H), 4.22.11 (m, 1H), 3.55
(dd,J = 3.5 and 1@ Hz, 1H), 3.51 (ddJ = 4.5 and 10.0 Hz, 1H), 3.3531 (m, 1H), 3.17 (br s,
4H), 2.90 (dd,J = 7.5 and 13.5 Hz, 1H), 2.79 (dii= 7.2 and 13.5 Hz, 1H), 2.7870 (m, 2H),
1.80-1.69 (m, 1H), 1.58..41 (m, 3H), 0.92 (s, 9H), 0.05 (s, 3H), 0.04 (s, 3f);:NMR (125 MHz,

CDCls) 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.

o Ph Ph Ph
J; NC O o NC O o

o
2

W 1) NHS, EDC, THF \HU Et;N 33 O-NH OTBS  1gaF O NH OH

_—
10 OH 2) Burgess reagent, CHCI, 10 OSu THF CN THF CN
31 32 o 34 0 28

32 was prepared analogously by usiBfj as a starting materiatH NMR (500 MHz,
CDClL) U -394 (M 61H), 3.04 (dd] = 7.2 and 16.2 Hz, 1H), 2.89 (ddi= 6.7 and 16.7 Hz,
1H), 2.872.68 (m, 4H), 1.78.64 (m, 2H), 1.6€..50 (m, 1H), 1.441.39 (m, 1H), 1.36..18 (m,
16H), 0.87 (tJ = 6.7 Hz, 3H)3C NMR (125 MHz, CDGJ)) U 1 6 8 158.] (isdcyidanide

car bon)-carbdn))37.6, 34.4031.9, 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 uihand33. *H NMR (700
MHz, CDCk) U -724 (&,8H), 7.24.18 (m, 2H), 718-7.09 (m, 3H), 6.67 (br s, 2H), 4.51 (br
s, 1H), 4.154.06 (m, 1H), 4.08.93 (m, 2H), 3.58.46 (M, 2H), 3.46.36 (M, 1H), 3.18.05 (m,
1H), 2.85 (ddJ = 7.7 and 13.3 Hz, 1H), 2.77 (d#i= 7.0 and 14.0 Hz, 1H), 2.57.48 (m, 1H),
2.452.30 (m, 3H)1.861.77 (m, 1H), 1.64..45 (m, 9H), 1.42..17 (m, 34H), 0.90 (s, 9H), 0.86
(t, J= 7.0 Hz, 6H), 0.03 (s, 3H), 0.02 (s, 3} NMR (176 MHz, CDCJ) d 170.8, 168.9, 168.9,
155.8 (isocyananide carbon), 155.7 (isocyananide carbon), 137.9, 129.3, 12836225 52.6,

52. & af b on)-carbdnR 522, 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, 14.65.4.

To a solition 0f34(613.6 mg, 0.72 mmol) in dry tetrahydrofuran (THF, 9.8 mL) was added
tetran-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 materaggteeted by TLC.
Subsequently, the solvent was concentrated under reduced pressure, and the crude product was
purified by silica gel column chromatographmyh{exanes/ethyl acetate = 1/3 (v/v)) to give desired
28(467.90 mg, 88% yield}H NMR (700 MHz,ds-D MS O) i J& 8.4 Bz, 1H)Y 8.01 (1)
= 5.6 Hz, 1H), 7.72 (d] = 8.4 Hz, 1H), 7.2&.10 (m, 5H), 4.74 (0 = 5.6 Hz, 1H), 4.32.24 (m,
1H), 3.993.91 (m, 2H), 3.98.83 (m, 1H), 3.38.31 (m, 1H), 3.36.24 (m, 1H), 3.02.98 (m,
2H), 2.84 (dd,)= 5.9 and 13.6 Hz, 1H), 2.63 (dii= 7.7 and 14.0 Hz, 1H), 2.56 (dii= 8.4 and
14.7 Hz, 1H), 2.4&.35 (m, 3H), 1.641.33 (m, 12H), 1.32.15 (m, 32H), 0.85 (= 7.0 Hz, 6H);
13C NMR (176 MHz,ds-DMSO) d 170.9, 168.0, 167.9, 155.6 (isocyananideboaj, 155.6
(i socyananide carbon), 138. 9, 1 2c%.rOb,on) 27 .59,. 6.
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, 281, 22.1, 13.8, 13.8.

Ph
o o Ph
o H N Y N
HzN\/\/\HL /g = OSu o, NC © og N1 M oTes 2 > o og N " on
N
H THF cN THF
52 6 CN

51 NH, oTBs

51was prepared analogously usindysine as a starting materidH NMR (500 MHz,d.-
met hanoi7.p3 (m, 4H),.72Z.17 (m, 1H), 4.191.11 (m, 1H), 3.78 (dd] = 5.5 and 7.2

Hz, 1H), 3.63dd,J = 5.0 and 10.0 Hz, 1H), 3.58 (d#i= 5.5 and 10.0 Hz, 1H), 2.94 (dBl= 6.5
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and 14.0 Hz, 1H), 2.93 @,= 7.7 Hz, 2H), 2.81 (dd] = 7.5 and 14.0 Hz, 1H), 1.9283 (m, 1H),
1.821.75 (m, 1H), 1.78..65 (m, 2H), 1.53.42 (m, 2H), 0.92 (s, 9H), @6 (s, 3H), 0.05 (s, 3H);
13C NMR (125 MHzds-me t hanol ) 4 170.7, 139.5, 130.2, 129

32.9, 28.1, 26.4, 23.1, 19-b.2.

52 was prepared analogously usfiand43 as a starting materiadid NMR (500 MHz,
CDClL) @i -720 (&,8H), 7.19.12 (m, 3H), 6.97 (d] = 8.0 Hz, 1H), 6.66 (dd]= 4.5 and 7.5
Hz, 1H), 6.36 (dJ = 8.5 Hz, 1H), 4.461.37 (m, 1H), 4.22..08 (m, 3H), 3.66.51 (m, 1H), 3.51
3.45 (m, 2H), 2.82.84 (m, 1H), 2.81 (dd] = 5.2 and 13.2 Hz, 1H), 2.77 (d#i= 6.5 and 13.5
Hz, 1H), 2.57 (ddJ = 10.5 and 14.0 Hz, 1H), 2.47 (db= 9.7 and 13.7 Hz, 1H), 2.4026 (m,
2H), 1.851.74 (m, 1H), 1.641.45 (m, 4H), 1.40 (] = 6.7 Hz, 3H), 1.40 (] = 6.7 Hz, 3H), 1.38
1.31 (m, 1H), 0.89 (s, 9H), 0.02 (s, 3H), 0.01 (s, 3BQ;NMR (125 MHz, CDG)ti 170. 6, 168
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 ()= 6 . 6-cathan), 482 (tJ= 6 . 6-catban), 438, 43.7, 39.1, 36.9,

31.5, 28.5, 25.9, 22.8, 21.6, 21.5, 18324,-5.4.

Similar deprotection condition was applied to obténH NMR (700 MHz,ds-DMSO)
0 8. 087.7(Hd, 1H), 7.98 (t) = 5.6 Hz, 1H), 7.73 (dJ = 8.4 Hz, 1H), 7.2&.11 (m, 5H),
4.75 (br's, 1H), 4.28.19 (m, 1H), 4.101.02 (m, 2H), 3.98.84 (m, 1H), 3.38.30 (M, 1H), 3.30
3.25 (m, 1H), 3.0&.96 (m, 2H), 2.84 (dd] = 5.6 and 14.0 Hz, 1H), 2.63 (d#i= 8.0 and 13.6
Hz, 1H), 2.56 (ddJ = 8.4 and 14.7 Hz, 1H), 2.45 (ddi= 8.4 and 14.7 Hz, 1H), 2.4234 (m,
2H), 1.661.52 (m, 1H), 1.47.40 (m, 1H), 1.4€.33 (m, 2H), 1.30 (t) = 6.1 Hz, 3H), 1.30 (tJ
= 6.1 Hz, 3H), 1.241.18 (m, 2H)*C NMR (176 MHz,ds-DMSO)d 171.0, 167.9, 167.8, 154.9

(t, J = 4.7 Hz, isocyananide carbon), 154.9J(t 4.7 Hz, isocyananide carbon), 139.0, 129.1,
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128.0, 125.8, 62.3, 52.4,52.3,47.00(s 5 . 7-caidan), 470 ()= 5 . 7-catdan), 4212,

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 friviycobacterium tuberdosisH37Rv (NCBI
Reference Sequence: WP_003400786.1) and MmaE tvbmmarinum (NCBI Reference
Sequence: WP_094358060.1) were cedptimized for overexpression . coli, synthesized,
and inserted into expression vector pEda between thdldel and Xhol sites with a 6xHis tag

attached to thal-terminus.

The plasmids listed above were transformed into E. coli BL21 (DES3) cells (New England
Biolabs, MA) with chaperone protein (GroEL). The transforreedoli cells were cultivated in
Terrific Broth (TB) mediim containing 50 pg mit kanamycin, 35 pg mt chloramphenicol, and
0.1% arabinose at 37°C. After the optical density at 600 nmddPieached around 0.6, isopropyl
b-D-1-thiogalactopyranoside (IPTG), was added into the culture with a final concentrhdn
mM. The cells were incubated further for 16 h at 18°C and then were harvested by centrifugation
(6000U g for 25 min at 4°C). The cell pellets were collected and storéQfC. For protein
purification, cell pellets were +suspended in the lysisbuffer (100 mM Tris
(tris(hydroxymethyl)aminomethane), 5 mM imidazole, pH 7.5). After sonication and
centrifugation (22 00@ g for 25 min at 8°C), the solution was subjected to immobilized metal
affinity chromatography. The supernatant was loaded onicckalmitrilotriacetic acid (NiNTA)
agarose column that was equilibrated with the lysis buffer. The column was washed using the lysis
buffer (D7 volume to the resin). The target proteins were then eluted with the elution buffer (100

mM Tris-HCI, 250 mM imidazole, pH 7.9)5 volume to the resin). The pooled protein fractions
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were concentrated using protein concentratorK1Pall®). After concemation, a twestep
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 TH##Cl (pH 7.9 for 12 h. After dialysis, the proteins were
aliguoted and stored &&0°C. Protein concentration was determined by UV absorption at 280 nm
using a calculated molar absorptivity of 45380ldwi' for Rv0097 and MmaE
(http://ca.expasy.org). The purities pfoteins were shown by SDBAGE, and the gel is

visualized using Coomass#&tan (Appendices A4).

3.6.3In vitro A ssays of Rv0097 and MmaE Catalyzed &actions

Liquid chromatography (LC) with detection by mass spectrometry (MS) was conducted on
an AgilentTechnologies (Santa Clara, CA) 1200 system coupled to an Agilent Technologies 6120
guadrupole mass spectrometer. Tiheyenatic reactions were chromatographed on an Agilent
Zorbax ExtendC18 column (4.6x50 mm, 1)8m). For the detection a$onitrile derivaion, the

following gradient program is used:3dmin 80% A, 34 min 80d3 72% A, 46 min 72% A, 67.5
min 72%d3 80% A. The flow rate is @ mL/min. Solvent A contains 0.1% formic acid inQ4

and solvent B is acetonitrile. Mass spectra were monitoredal@ttrospray ionization in positive
mode (ESI). The associated Agilent MassHunter and OpenLAB software packages were used for

data collection and analysis.

Formation of isonitrilewas detected through derivatizatia isonitrile group with
tetrazind®®% A reaction solution containing enzyme, Fe(ll), 20G, and substrate with final
concentrations of 0.12 mM of enzyme (Rv0097 or MmakE), 0.1 mM Fe(ll), 2.0 mM 20G, and 1

mM substrate (n=1~15) in a total volume oD20L (100 mM TrisHCI 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, thesamples were subjected to centrifugation at 14,500 rpm for 30 min to precipitate
the protein. An aliquot from the reaction mixtumwas injected into L®GAS. The control

experiments were conducted under the same experimental conditions without adding 20G.

3.6.4 'H-NMR Titration of Isonitrile -containing Peptideswith M etals

All samples were prepared in the glove box to avoid Cu(l) oxidation. Samples containing
NC-peptide 4, 5, 28, or 36) and metal source (Cu(l), Cu(ll), or Zn(Il)) with final concentrations
of 25 mM NGpeptide and 6.25 mM metal in a total volume of 450d¢iDMSO. 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. THeNMR spectra were recordeusing
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 ftitheMR spectra. This process
was repeated until no proton was shifted in spectra. Metats®wised in this study: Cu(l) from

[(CH3CN)4Cu]PFs, Cu(ll) from CuCb, Zn(Il) from ZnBk.

3.651n Silico Analysis for Rv0097 Homologs

The sequence similarity network (SSN) of Rv0097 is generated via thEEIFivebsite
(https://efi.igb.illinois.edu/efed/).”%8 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 netwGIkN)( analysis
(https://efi.igb.illinois.edu/efgnt/). With this method, hits contain both Rv0097 and Rv0098 are
down to 394 homologs. The SSN is visualized by Cytoscape_ v3’4@ad hits with over 65%
identity are connected with edge. Database version: UniProt:2D2&terPro: 93.
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3.6.6 Verification of C3-stereochemistryof 30using Marfey's reagent

To asolutionof 1mM nonytamine compound R)-30, (S-30 or rac-30) in 50 uL Tris-
HCI (50 mM, pH 7.5) was added 20 uL of 1M NaH{gg and 100 uL of 10%w/v) 1-fluoro-2-
4-dinitrophenyi5-L-alanine amidgMarfey's reagent10 mg in 1 mL MeCN). After addition,
samples were incubated at 43°C for ~1 hour. Subsequently, 20 uL of 1 M,H@s added to
guench the reactions. Prior H@S, thesamples were subjected to céngation at 14,60 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
guadrupole mass spectrometer. Tingyenatic reactions were chromatographed on an Agile
Zorbax ExtendC18 column (4.6x50 mm, 1)8m). For theseparation of two stereocisomgtke
following gradient program is usedc30min35% A, 3-6 min35Y 10% A, 6-10 min 10% A, 10-
13min10% Y35% A. The flow rate is & mL/min. Solvent A contains 0.1% formic acid in®
and solvent B isnethanol Mass spectra were monitored with electrospray ionization in positive
mode (EST). The associated Agilent MaHunter and OpenLAB software packages were used for

data collection and analysis.
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CHAPTER 4
Isonitrile Formation through Condensation Reactionand Downstream Divergent
Desaturation Pathways
*Part of thisChapter is published ddature Communication2022, 13, 5343

4.1 Introduction

The first isonitrile synthase, IsnA, was characterized in 2564 By screening DNA from
various environmental samples (eDNAgnA (isonitrile synthase) antsnB (Fe/20G enzyme)
genes were identified and demonstrated to be responsible for the producti@)3sf2{
isocyanovinyl}1H-indole 63) (Schemet.1). Through inversdabeling feeding experiments, the
carbonyl carbon (C2) of ribulogephosphate was identified as the origirthe isonitrile carbon
sourcd?!l Therefore, IsnA is responsible for isonitrile produst formation through a
condensation reaction between the primary amino grouptryptophan and the carbonyl group
of ribulose5-phosphate. Subsequentbd undergoes IsniBatalyzed oxidate decarboxylation to
produce53in whichthe olefin group was installed trans-orientation. Instead af-tryptophan
used fob4 productionL-tyrosinewas usedor 55 formation.55has been identified to be involved
in the biosynthesis of rhabduscindaloyelyankacin which is a potential insecticide candidate and

melanogenesis inhibitdt/>76l
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Schemed.1 Proposed biosynthetic pathway 8 and56 formation.

In 1990s, the pehtial pyoverdine chromophore biosynthetic gene clugteABCD was
identified!””-"® Pyovedine belongs to a group of gretmorescent molecules, consisting of a
cyclic peptide moiety and a chromophore (Schehfd). In addition to serving as an iron
transporter, pyoverdine also plays an important role in virulence and infectR®naefuginoa
that causes severe acute and chronic infections in hiithearthermore, asel on the mutation
studies, thg@vcoperon is proposed to be associated with biofilm formatidh aeruginsal’®20
However, the function of the geness notassigned. In 200 vcABCDwas demonstrated to be
responsible for producing paerucumarin, an isonitrile functionalized coumarin (Sét28jyeut
not pyoverdie formation® Based on sequence analysis, PvcA BrdB are IsnA and IsnB
homologs, respectively. Thus, the function of PvcA is proposed to introduce the isonitrilé€group.
Subsequently55 undergoes PvciBatalyzed desaturation to produse followed by PvcC/D

catalyzed reactions to complete paerucumarin biosynthesis.
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chromophore; (ii) an acyl side chain bound to the amino group of pyoveltiomaphore (R is
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repressedlP-formyl-N°-hydroxyornithine (B) Proposed biosynthetic pathway for paerucumarin.

After studyng the PvcB homologs from different organisn@yerse outcomes was

reportedin 20158283 Briefly, formation ofthe hydroxylated intermediatg8 was proposed to be

involved in all PvcBcatalyzedeactions. But different produatsuldbe generated usirig as the

key intermediate (Schemde3). For the PvcB fron®. aeruginosandErwinia amylovoraananti-

elimination pathway driven by the proton abst c t i o n -chrboo was prépesediproduce
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57. In contrast, PvcB fronXenorhabdus nematophjlaould expelthe hydroxyl group with the
assistance of decarboxylation to fos6. However, the products of PvcB analogsre only

investigatedisingLC-MS analysis due to the instability of the product.

+.

N~

N
PvcB ——>  Paerucumarin
W HO 0o
0 {oH o
_ PvcB N 57
T

+ +N ’H
HO bl HO -& \ o
¢ 58 IsnB NZ
homolog /©/\’ Byelyankacin
—
HO +
56

Rhabduscin
Scheme4.3. Two dfferentdesaturation pathways that are catalyze&wgB homologs

In this project we aim to establisn vitro activity of isonitrile synthasby itself. While,
several homologs have been proposed to catalyze isonitrile formationLisiygiophan(or L-
tyrosine) with ribuloseb-phosphate, wk to instability of isonitrile product, only few of thesere
characterized.Second the in vitro activity for the downstream Fe/20G enzymes will be
investigatedwhereindiverse product profileyinyl isonitrile 56 or isocyanoacrylaté7 formation,
is observed between differdshBhomologs Furthermore, the proposed-pathway intermediate

58 and corresponding meatiam will be verifiedand discussed
4.2 Isonitrile Formation through Condensation Reaction
4.2.1Establishing In Vitro Activity of Isonitrile Synthases

Although isonitrile synthasevas proposed to install the isonitrile group by usargL-
tryptophan/tyrsine and a bulose5-phosphate as substrates, the corresponding mechanistic

studiegemain to beelucidatedin 2005, then vitro activity of IsnA from an environmentaample
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was established through the coupledctiea with a Fe/20G enzym&! Similarly, thein vitro
activities of two IsnA homologs, Ambi2 and Well1, werereported (Schemé.4).184861 |n the
Ambl, deuteriurrenriched ds-L-tryptophan was incubated in a reaction mixtwentaining
rubulose5-phosphate, Ambl1 and Ambi#! A peak with the identical retention tinas synthetic
54 was identified in the mass shift of +5, establishinig newly formed peak arisésom the
isotopically labeled -tryptophan. Moreover, this peak was absent when AmbI3, Fa(i)20G
were included in the reaction, suggestidgvas rapidly utilized by Ambl3. Althougtinein vitro
activities of isonitrile sgthases that utilize-tryptophan as a substrate were repotteel activities
of isonitrile synthases thatilize L-tyrosine as a substrate, such &R and PvcAhave not been
investigated. Therefore, the investigation of the activities of isonisglghases and further

mechanistic elucidatiois required to reveal how isonitrile is installed

o

Y Nm, Ambl1/12 Ambl3 N

N n-
H —_— o e H (o]
L-tryptophan mou (2)-53
OH O Well1 N '(':'— Well3
PO E\/OH —_— H —_— (2)-53 + (E)-53 hapalindole U

OH
Ribulose-5-phosphate

Scheme4.4. Proposed biosynthetic pathway for vinyl isométformation catalyzed by Ambi3

and Welll/3.

Prior to thein vitro studies, BSnA from P. luminescensas overexpressed and purified
through a NiINTA agarose column. After several attempts, ammonium sulfate was folored to
able tostabilze RsnA. After incubating BsnA with L-tryptophan and ribos&-phosphate a
tauomerically equivalensugar of ribulosé&-phosphatea peakfyz 190.1) with same retention
time of syntheti&5was observed (Figure1). Moreover, this peak veaabsent whenlgnB, Fe(ll)

and 20G were included in the reaction, while a peak 144.] with same retention time of
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PlsnB-catalyzed isonitrile produdi6 was observe8”] Taken togethe these resultsevealthat
PIsnA is responsible for the biosynthesi$6f and55 serves asthesubstrate for BnB to generate

56.

ESI, negative

miz = 1441 '\ PlsnB + Fe(ll) + 20G + 55

PlsnA + L-tyrosine +

’\ ribose-5-phosphate +

PIsnB + Fe(ll) + 20G

miz = 1901 PlsnA + L-tyrosine +

ribose-5-phosphate

_/L 55 standard

0.5 2.0 35 5.0 6.5 8.0 min

Figure 4.1 LC-MS chromatograms ah vitro PISnA studies. Afteincubating PIsnA reaction
with PIsnB, the formation 066 was observed, suggestingsRA catalyzes the famation of55

which is directly utilized by BnB.

Even though we can establish thevitro activity of PIsnA using.-tyrosineand riboses-
phosphatethe lowyield and instability of PlsnAnay hinderfurther studies includingubstate
specificity and mehanisticstudiesthat require reasonable quantity of proteifiserefore, other
homologs are ovegxpressed, including PaPvcA, AhPvaambll, and Welll fromP. aeruginosa
PAQO1, Aeromonas hydrophilaFischerella ambiguaJTEX 1903andHapalosiphon welwitsah
UHIC-52-3, respectively.After several attemptsywe could not obtain soluble PaPvcA and
AhPvcA. However, solubldmbll and Welll wer@btainedwhere theyield of Welll is 4-fold
higher than PIsnA. Although Welll is proposed to takeyptophan and riblose 5-phosphatas
substrates, thm vitro activity was not The activityof Welll was only characterized by couple

reaction with the downstream enzyme, Wé&it$%88)
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4.2 2 Substrate Preferencdor Newly Identified Isonitrile Synthases

With AmbI1/Welll in hand, we firstesttheir in vitro activity usingL-tryptophan and
ribose5-phosphateas substrates. To our surprissgmpared to PlsnAhat is sensitive to
temperature changérmation of54 could only bedetectedvhencarrying out reactionat 37°C
with Ambl1/Welll (Figure 4.2A). Furthermore we also testd the substrate preference with
various sugars and amino acid®everal sugars involved in pentose phosphate patweag
screened including glyceraldelyde-3-phosphate ribulose5-phosphate ribose5-phosphate
fructose6-phosphateglucose6-phosphatemannosé-phosphateand ducosanne-6-phosphate
Among them, only ribulos&-phosphatend riboses>-phosphateould be taken as a substrate for
Welll, cansistent with the earlier studies in IsfA. Interestingly, in addition ta-tryptophan
Welll also catalyze isonitrile formation usingyrosine as a substrate (FiguteB). However,
with amino acidt h a t has the i nver,iegLdryptophanto®-tryiptophan a t

formationof 54 is not observed.

A B

/k m/z=192.1 with R-5-P + dp-L-Tyr

m/z=213.1 _5_| B

/ AmbI1 + R-5-P+L-Trp mfz=218.1 with Ru-5-P+ + dy-L-Trp
~R-5-P with R-5-P + ds-L-Trp

- L-Trp m/z=213.1 with R-5-P + D-Trp

0 1 2 3 4 5 1 2 3 4

retention time (min) retention time (min)

Figure 4.2 (A) LC-MS chromatograms oh vitro Ambll studies.Both substrates, ribose
phosphate (FB-P) andL-tryptophan are required fob4 formation (m/z 213.1) (B) LC-MS
chromatograms ah vitro Welll studes Among all sugars tested, onlipulose5-phosphatéRu-
5-P) andribose5-phosphateR-5-P) could be taken as a substrate. Interestinglyrosine could

also be a substrate for Welld produce product withvz 192.1, while D-tryptophancamot.
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We acessedhe turnover of isonitrile synthasd®iior to mechanistic studie$,we could
increase the turnover number, we cailein reducéhe amount of proteins usedter incubating
Welll with ds-L-tryptophan and ribosg-phosphateat 37°C non-deuteriumlabeled54 standard
with known concentration was addem access turnover number of the enzymatic reacBgn
comparison of integration betweem|[ (from added standard) andn}5] (from enzymatic
reaction) the concentration of isonitrile produstass obtined The resultswvere repeated three
times independently. Surprisingly, a linear correlation is observed between protein concentration
and product formation, whewnly one equivalent 054 was formed(Figure 4.3A). This result
indicates Well1l can only atalyze singlgurnoverreaction Moreover, if we incubate Welll with
54 followed by addition othe substratesjs-L-tryptophan and ribosg-phosphatethedecrease of
formation ofds-54 was observe@vhen concentration @4 increasd (Figure4.3B). Theseresult
clearly establish the isonitrile produst inhibits Welll reaction, which could be explained why
singleturnover reaction is observed in Well/hile these results provide insight on isonitrile
synthase reaction, the reaction mechanism still nesrtai be investigatedror example, what are
the factors control the substrate preference for isonitrile synthasmsproductsinhibit the

reaction? What is the mechanism for isonitrile biosynthésisther studies are currently ongoing
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Figure 4.3 (A) Singleturnover Welltcatalyzed isonitrile formation, where one Welll only

catalyze on®4 formation.(B) Product4 inhibition observed in Welll reaction.
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4.3 Elucidation of Divergent Desaturation Pathways in the Formation of Vinyl Isonitrile

and Isacyanoacrylate

4.3.11n Vitro Characterization of PIsnB- and PvcB-Catalyzed Reactions

To establish the reaction profile of the Pvaihd PlsnBcatalyzed reactions, we first
carried ouin vitro assays. Both enzymes were expressédtidss-tagged proteinslhe reactions
include reconstituted enzyme/substr&t#20G/ascorbate in a ratio of 1/5/15/10, with a final
concentration of 0.1 mM of reconstituted enzyme in-H@ (50 mM, pH 7.7). The enzymatic
reactions were analyzed usibG-MS. In the PlsnBcatalyed reaction, the major product with an
m/z value corresponding to the vinyl isonitrile was detectaz (1 9 0 . 1 Y14 4 44A). Fi gur
Identity of this peak was verified using the synthetic standab®.ddn the other hand, formation
of a peak with am/z value matching isocyanoacrylate7f was observed in the Pvefatalyzed
reaction(wz1 9 0 . 1 Y 1 8 84.4B), In Weth cases, a minor peak withraiz value consistent
with hydroxylation was also detectedvg 1 9 0. 1 Y2 0 6 . 157 is nofNvery stdble gnd
readily decomposes t69 through hydration of the isonitrile grpu This observation is in

accordancevith the literature wher87 wasonly characterized by derivatizatié#.
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Figure 4.4. (A) LC-MS chromatograms of PIsaEand PvcBcatalyzed reactions. )An the PlsnB
reaction, conversion 055 to vinyl isonitrile 56 was identified W21 90 . 1Y 14 4. (B), pur pl
Isocyanoacrylatec7 was detected as the damant product in the PvcBatalyzed reactionng/z
190.1Y188. 1, r -eodPvcBcatalyzedoreattibns, B misan B/droxylation produnafz (
206.1, yellow) was detected. The intensity of the hydroxylated peak is magnifieddifor clear

visualizaton.

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
PlsnB, we collaborated withD¥.an Zhangés group to obtain the
complex (P$ n B Ag@ratfresolution of 1.98\. 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 thebiraling site.
Analogous to other Fe/20G enzymes, PlsnB has twedaurr a nsteetdn tHe center, a.k.a.,
jelly roll or Swiss roll. The metal ion is coordinated by His101, Asp103, His250, and three water
molecules (Figuret.5A). The benzene ring d5 locates in a hydrophobic pocket formed by

Tyrl06, lle159, Trpl02, and Metl105 (FigudebB). While the ample space of the hydrophobic
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pocket all ows the rot-atstoaclkinghefSbantdisé@ee my In ¢
may result in a prefeed orientation as the observed in the crystal struclime.hydrophobicity

of the pocketlso plays a role isubstrate recognition. Notably, no obvious interactions for the
para-hydroxyl group can be identified, thus suggesting other functional greugpsfluoride 60),

can be accommodated in the active site pocket.

A / His101 B /

9 @= His101
His250 fo e

,/' ﬂ Trp102
o /)‘ ) ‘ » _—
@ '@ H,0 : ) /

Asp103 ) iy (
| V\\ .‘\.,
/ \\\ y
\\

Figure 4.5. Structure ofP | s n B5A N®) AoFc omit map of the PlsnB active site upon

Met105

/ L lle159

incorporating the native substraf&fincocr yst al | i zati on experi ment,
in green mesh. The omit map was calculat@tl no ligand information to avoid phase bias. The
chemical structure of theubstrate was then superimposed onto the density for consistency
comparisn. (B) The hydrophobic pocket close to the aromatic side chaibb5aé shown as
semitransparent surfacevhile o obvious interactions for thpara-hydroxyl group can be

identified
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4.3.3The Active Site Reveals aPlausible Strategy to Prevent I sonitrile Chelation to the

Iron Center andHints 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 PlsnB as demonstrated by Mdssbauer spectroscopglpreviou
The substratéound structure reveals how PIsnB prevents isonitrile chelation to the iron while
maintaining catalytic efficiencyBecausehe carboxylate group has hydrogen bonds with Gly104
and an irorcoordinated water, such orientation enforcesgbaitrile moiety to poinaway from
the iron center (Figurd.6A). Unlike the carboxylate group, the isonitrile moiety of the substrate
is not restricted in spagavherein 10 apparent interactiois identified within 5 A of the isonitrile
group(Figure4.6B). The ample space accommodating the isonitrile group and theegtioned
carboxylate group in the active site suggest that other groups, e.g., formyl §ipupréton
(phloretic acid62) and the substrate analog with the opposite chiraht$4), may also fit into
the active site. Indeed, thg-formyl moiety has been identified in several natural products,

including fumiformamidemelanocin Eand fumicicolin A&19:89
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Figure 4.6. (A) Hydrophilicinteractions of the carboxylate group5&with Arg265, Gly104 and
a water molecule. Arg265 has a catpmteraction with Trp74(B) Surface representation 55
in the active site of PIsnB. Compoub8is shown in the sticks. The circle indicatesriagion that

can accommodate potential functional groups in addition to the isonitrile moiety.

4.3.4LC-MS and 3C-NMR RevealSubstrate Flexibility of Fe/20G Enzymes

To validate our observations revealed ibysilico analysis, analogs-55 and 61 were
chenically prepaed and incubated with Plsn®yvcB, and anotheprevious uncharacterized
homolog fromAeromonas hydrophilé&eferred as PlsrHah). Indeed,L-55, the analog with the
opposite chirality ofs5, was converted t®&7 and 56 by PvcB and Plsn§ respetively (m/z
190. 1Y 58 &d 144.1%5), Figure 4.7A). Furthermore59 and 63 were produced at the
expense of61 by PvcB and Plsn8(m/z 2 0 8 . 1 Y 59 énd1162.( §3), Figure 4.7B).
Additionally, PIsnB can also catalyzevihylphenol formation using phloreticca 62 as the
substrate (Figurd.7C). Together, thd.C-MS results support the @ementioned observation.
Importantly, these observatiodemonstrate the substrate flexibility and the reaction selectivity of

PlsnBs and PvcB.
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Figure 4.7. (A andB) Prodct profiles of PlsnB, PvcB and Plsfih catalyzed reactions usimng

55, D-55, and 61 as substrates. Products associated with desaturation, hydroxylation and

decarboxylatiordesaturation are colmoded with red, yellow and purple, respectivély) LC-
MS chromatograms of PlsnBatalyzed conversion of phloretic aciél) to 4vinylphenol was
identifiednz165. 1Y119.1). The peak produced in

time and isotope distribution as the standard-eilphenol.

To further support the L@AS results, structures 80 and63 are confirmed by3C-NMR
using [213C-]-61 as the substrat@igure4.8). In the PlsnBcatalyzed raction, thregpeaks with

chemical shifts of 119, 120, and 124 ppm were obserkFeglie 4.8. Similar to [2-13C-]-61

exhibits two pel s 56.81and 61.2 ppm) representing two tautomers in the solution 83ate,
shows two peaks at 120 and 124 giftriThe thirdp e a K19 (ppim) most likely originates from

the other stereoisomer with this-geometry of the double bond. On the other hand, in thePvcB

catalyzed reaction, two peaks at 132 488 ppm are consistent with formationrs®&(Figure4.8).

A minor peak at 120 ppm was also detected. While the configuratiomjs-es, transisomer, of
the newly installed olefin 069 and 63 remains to be determined, @S and NMR results
demonstrateé that PlsnB and PvcB can accommodate substrate analoggfertdchemically

divergent desaturations.
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Figure 4.8. 13C-NMR spectra of PlsnBor PvcBcatalyzed reactions using-f3C]-61. Compound
63 (purple) with vinyl formyl group was observed in thisiB reaction, whileN-formylacrylate
(59) (red) was detected as the dominant product in the PvcB reaction. Compauséisand63

are highlighted in blue, red, and purple, respectively.

4.3.5Fluorinated Substrate Analog andHydroxylated ProbesRevealPlausible Pathway of

the PIsnB- and PvcB-catalyzedDesaturation

In the PlsnBcatalyzed reaction, alternation of tpara-substituent from an electron
donating group, e.g., hydroxyl group, to an electron withdrawing group, e.g., fluoride, changes the

reactvity from decarboxylatiorassisted 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 electrotwithdrawing property of fluoride that destabilizése carbocation, one would
expect60to 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 electremansferpromoted CC bond cleavagé0 could decrease product
formation, but should not influence product distribution. To test this hypothesis, substrate analog
with a fluoride appended at tpara-position 60) was synthesized. The enzymatic reactions using

60 was carried out. As shown in Fig®A, under the similar conditions, while similar level of

the substrate consumption was detectmaly the peak with amvz value corresponds to
hydroxylation was deteetl in both PIsnB and PvcBormation of a hydsxylated product using

60 is consistent with the mechanism ihwes the intermediacy of cation. Neverthelassould

also be caused by dissociation of that species from the active site prior to dehydration or the

fluoride-substitution may induces the d@epure of the hydroxylated compoun@4).

To further elucidate the reaction pathwing proposed hydroxylated intermedig@sand
64 with thepara-substituent being H or F) were prepared and investigated. Under the condition of
enzyme to substrate ratof 1:20 with the final enzyme concentration of 100 uM, no ols/ioew
peak can be detected (Figut®B). Taken together, while we cannot completely rule out the
pathway includes a hydroxylated intermediate, these results support the intermediacygfia be
carbocation inthe PlsnB and PvcRatalyzed desaturation. While pathways include oxygen
rebound and two sequential hydrogen atom abstraction processes have been included in several
Fe/l20G enzymes catalyzed desaturation thraoghtro as well as cmputational studies, our
results imply that a benzylic cation is likely utilized to affect decarboxylation and deprotonation

in the PIsnB and PvcBcatalyzed chemichl divergent desaturations (Figu4C).
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Figure 4.9. (A) When thepara-substituent iseaplaced by fluorideg0), PvcB and PlsnB only

catalyze hydroxylationnyz 192 . 1Y208. 1) . Products amzoci at
192.1Y146.1 or 19 (QB)WUY-VisA€ cheomatogramsafePtseBnd RyaB.

catalyzed reactions using proposed hydroxylated intermediater 64) as the substrate. Under

the conditiois of enzyme to substrate ratio of 1:20, no obvious new peaks can be detected after 16
hours incubation. Vinyl isonitrile product standaéé &nd67) were also prepared and are shown

in the bottom tek).dQ) Rropostéd mechanism fprPB@ntd Pv¢Bacatalyzed
desaturation reactions usibfas the substrat€ollowing HAT step, a hydroxylated intermediate

or a benzylic cation may serve as a common species to affardi56 via deprotonation (pathway

a, blue arrow) and decarboxylation (pagy b, red arrow), respectivelgased on our results, a

benzylic cation is more likely deployed %% and57 biosynthesis.
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4.3.6 SequenceComparison Helps Forecast theReaction Selectivity

Highly similar active sites but different reactivities deploypgdPIsnB and PvcB suggest
that other residues not identified by structural comparison might be imptotathie observed
selectivity. To identify these residues warried out a sequence alignment analysis of the Fe/20G
enzymes that have been reportedcatalyze vinyl isonitrile andsocyanoacrylate production
(Figure 4.10). The comparison revealed that these enzymes contain divergent sequences a
conserved positions. B/annotate enzymeisat catalyze vinyl isonitrile formation as Plsrtgpe
and thosecan effectisocyanoacrylate formation as Pvtgpe for clarification.In PlsnBtype
enzymes, a positively charged residue including lysine or arginine is conserved at the K107
position of PIsnB. In contrast, PvcB/pe enzymes have a leucine at this positidioreover,
PlsnBtype enzymes occupy a conserved residue including a nitcgeaining side chain such
as asparagine or histidine at the N188 position of PIsnB in the downstream region. In contrast,
PvcBtype enzymes have a cysteine at this positide sideby-side comparison of F2/20G
enzymes with characterized reactiypipvides a simple method to forecast the reaction selectivity,
therefore itcan be used for the product predictafrunknown enzymeTo test this hypothesis, a
PlsnBtype orthologuédrom Aeromonas hydrophilaeferred to PlsnB\h, with an unidentified
function was purified and investigated. This enzyme shows a similar activity and selectivity as of
PlsnB and can accommodate analogs5 and 61 (Figure 4.10). Notably, while this analgis
provides a simple method to predict reaction selectivity, sipgiet mutatios, including K113L
and N194C of PIsnh, does not alter the product profjland indicates other residues are also

involved indictating thereaction selectivity.
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A Isolated Natural Product Organism NCBI Reference Isolated Natural Product Organism NCBI Reference
Sequence Sequence
I~ i Photorhabdus P_011147037. o, < Pseud s AAC21672.
D P R 00X =
i - Xenorhabdus WP_010845413.1 . o Burkholderia mallei WP_004188574.1
. «\,Oe:x& nematophila mf” N QAQ
O/V' Enterobacterales WP_033651693.1 Orthologue proposed to Erwinia amylovera WP_004157574.1
) | catalyzed 57 formation
-z
)\o)&“ Erwinia carotovora WP_080516319.1
- Aspergillus nidulans CBF87187.1
M FGSC A4
N Penicillium MT229078
Beas gawesw chrysogenum
Orthologue proposed to Vibrio cholerae WP_001146424.1
catalyzed 56 formation
Orthologue used in this Aeromonas WP_017765143.1
research hydrophila
B
WP_011147037.1 101 HWDGMYK RYN HGREGFTSKSERHLQRI
WP_010845413.1 102 HWDGMYR RYN HGREAFISRSPRHLQRV
WP_033651693.1 102 HWDGMYK RYN HGREGFTARSARHLQRV
WP_080516319.1 7 HWDGMYK RYN HGREAFTAQSARHLQRV
CBF87187.1 183 HFDGMFR RWH HTRTAFESGCNRELWRI
MT229078 (KZN89140.1) 517 HFDGMFK RWH HTRTGYISDCDRELWRI
WP_001146424.1 HWDGMYR RYN HGREGFTSHTPRHIRRV
AAC21672.1 110 HWDGMYL RFC HGREAFAHRAPRHLRRV
WP_004188574.1 110 HWDGMYL RFC HGRERFTSRSGRHLRRV
WP_004157574.1 110 HWDGMYL RFC HGREQYTHHSGRHLRRV
WP_017765143.1 107 HWDGMYK RYN HGREGFTARSARHIQRV

Figure 4.10 (A) Summary of PlsnBand PvcBtype enzymes. Based on the structural scaffold
identified in rhabduscin, byelyankacin, xanthocillin, paerucumarin, Gddhe corresponding
Fe/20G enzymes are categorizeaiRisnB or PvcBtype enzymes(B) Amino add sequence
alignments of enzymes shown in panel A. Two residues are identified to be associated with
reaction selectivity. In PlsnB/pe enzymes, a positively charged residue including lysine or
arginine is conserved at the K107 position of PIsnB. InrestitPvcBtype enzymes have a leucine

at this position. Moreover, in the downstream region, Piyp@ enzymes occupy a conserved
residue with nitrogefcontaining side chain, such as asparagine or histidine, at the N188 position
of PIsnB. In contrast, P®B:type enzymes have a cysteine at this position. Additionally, the
conserved arginine residue (R265 in PlIsnB) is colored in gray, wiiistiline and daspartate

used for iron chelation are colored in blue.
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4.4 Conclusion and Outlook

In summarywe estalish in vitro activity of isonitrile synthases, including PIsnA, Ambl1,
and Welll. Through substrate screening, amp sugarsribulose5-phosphate and riboge
phosphatecan be taken abe substratdor all enzmes while L-tryptopharv/L-tyrosine carboth
be utilizedby Welll reaction Because isonitrile synthases can only carry out situglever
reactions and the product show obvious activity inhibjtstadyng how to improve turnover
number is our next goaFor examplea proteinprotein interatton may be involvede.g, the
downstream Fe/20G enzymes may assisteleaseof isonitrile productproduced by isonitrile
synthaseAn alternative strategy is usihif-labeled ribulosé&-phosphate to follow the reactions.
With 13C enrichmentof labelel substrate in3C-NMR, we maybe ableto identify putative
intermediate(s) during isonitrile formatiofyrther providing insights on the possible reaction
mechanismindeed, similar strategy usirtéC-labeled ribulosé&-phosphate was applied to study
the mechanism of RibB (3;dihydroxy-2-butan o n e 4 p lyrdhage)hna tibeflavis

biosynthesig®!!

In the Chapter4, the diverse product profiles of downstream Fe/20G enzymes and the
corresponding mechanism are discussed. Although PlsnB and PvcB kmlb t&s a substrate,
divergentdesaturatiorpathways in the formation of vinyl isonitrig and socyanoacrylat&7 is
established. Baction pathways leading$6 and57 formation are revealed using protein structure,
molecular modeling, anih vitro assays with substrate and analogs. Our findings suggest that a
carbocation species may be deployed to enable decarboxylation and deprotonation. Furthermore,
a sequence alignmentB&/20Genzynes reveals that divergent sequences at conserved positions
are asociated with the reaction selectivity. This observation is validated via reconstitution of an

uncharacterized enzyme, Pish. Furthermore, & suggested by the substrataind protein
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structurethe ample spacaround thasonitrile groupsuggests thattber groups can be used to
replace the isonitrile groupndeed, all investigated enzymes, i.e., PvcB, PlsnB, and AbnB
can accommodate analogs with the opposite chirality and a formyl group, eetdklyzing
desaturationsTaken together, these findis not only uncover the strategies of Fe/20G enzymes
to enable divergent desaturations, but also delineate the diverse clesnoistalyzed by F2OG

enzymes in natural product biosynthesis.

4.5 Experimental Sectiors

4.5.1 Compound Preparation

Compounds 54, 55 56, 60, 66 and 67 were prepared following the literature

procedurg®*&7l

0 o o ) o)
T™SCI LiOH

HCO,Na
L N __LtoH
”C,JL OH 13c,JLOMe —_— 13C_JLOMe - 13c’JL0H
4% MeOH 7 MeCN 7% dioxane/ H,0 I
HO H,N H HO HN H HO “N.7 H quant.yield  HO HN,_ H

quant. yield 79% yield / /
68 69 O [2-13c]-61 ©

Adapted from the reported literatu?d, [2-13C]-61 was prepared. To a solution pf
tyrosine2-13C (250.0 mg, 1.37 mmol) in methanol (4.6 mL) was added trimethylsilyl chloride
(TMSCI, 0.7 mL, 5.49 mmol) at 0°C. After addition, the mixture was kept stirring at room
temperatureovernight. Subsequently, the solvent was removed under reduced pressure to give
compounds8 without further purificatior(quant. yield)*H NMR (500 MHz, DO)d 7.18 (d,J =
8.0 Hz, 2H), 6.92 (d] = 8.5 Hz, 2H), 57-4.22 (dm, Jen = 149.0 Hz, 1H), 3.86s, 3H), 3.253.31

(m, 1H), 3.153.22 (m, 1H)33C NMR (125 MHz, DO) d 54.1.

To a suspension of compouf# (1.37 mmol) in acetonitrile (4.6 mL) was added sodium

formate (HCGNa, 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 comp@h{442 mg, 79% vyield).
Compounds9 presents as two tautomers in a ratio of 1:Mi&or tautomer*H NMR (500 MHz,

CDs0D) d 8.01 (d,J = 5.5 Hz, 1H), 7.00 (d] = 8.5 Hz, 2H), 6.70 (d] = 8.5 Hz, 2H), 20-4.52

(ddd,J = 5.5 and 7.5 HzJcn = 143.5 Hz, 1H)3.70 (s, 3H), 3.08-3.01 (m, 1H), 293-2.86 (m,

1H); 13C NMR (125 MHz, CROD) d 54.0.Minor tautomertH NMR (500 MHz, CROD) d 7.66

(d, J= 1.5 Hz, 1H), 7.02 (d] = 8.5 Hz, 2H), 6.72 (d] = 8.5 Hz, 2H), 4.2€1.50 (ddd,J = 4.5 and

10.0 Hz Je+ = 140.5Hz, 1H), 3.75 (s, 3H), 3.18.17 (m, 1H), 2.7€.83 (m, 1H)13C NMR (125

MHz, CD;OD) d 58.4.

To a solution of compoun@9 (244.2 mg, 1.1 mmol) in 1;dioxane (5.5 mL) and water
(4.2 mL) was added lithium hydroxide solution (LIOH, 1M ipQ{ 1.2 mL, 1.2 mral) at room
temperature. The mixture was kept stirring at room temperature until no starting material was
detected by TLC. After solvent removal-1Z]-61 was obtained in its lithium salt form (quant.
yield). [2-13C]-61 presents as two tautomers in daatf 1:0.15.Major tautomer!H NMR (500
MHz, D20) d 7.87 (d,J = 5.0 Hz, 1H), 6.92 (d] = 8.5 Hz, 2H), 6.52 (d] = 8.5 Hz, 2H), b1-
417 (ddd,J = 5.0 and 8.0 HzJc = 142.0 Hz, 1H), 262.90 (m, 1H), 2.B-2.71 (m, 1H);3C
NMR (125 MHz, DO) d 177.9, 163.5, 130.4, 123.3, 118.3, 55.3, 36/8or tautomer!H NMR
(500 MHz, DO) d 7.40 (d,J = 1.5 Hz, 1H), 6.90 (dJ = 7.0 Hz, 2H), 6.53 (d] = 7.0 Hz, 2H),
3.824.14 (dddJ = 4.0 and 9.5 Hz)cn = 140.0 Hz, 1H), 2.98.01 (m, 1H), 2.62.68 (m, 1H)

13C NMR (125 MHz, BO) d 178.3, 163.7, 130.8, 123.3, 118.4, 59.7, 36.6.
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o . o

LiOH
_—
Mom dioxane/ H,0 ©/\HJ\ OH
HO HN-n quant.yield 4 HNu.n

o 61 o

Compoundslwas prepared in an analogous manner 4f(3-61 preparation. Compound
61 presents as two tautomers in a ratio of 1:0M&jor tautome *H NMR (500 MHz, RO) d
7.85 (s, 1H), 6.92 (dl = 8.0 Hz, 2H), 6.52 (d] = 7.5 Hz, 2H), 4.33 (dd] = 5.0 and 8.0 Hz, 1H),
2.93 (ddJ=5.0 and 14.0 Hz, 1H), 2.75 (db= 8.0 and 14.5 Hz, 1H$3C NMR (125 MHz, BO)
d178.1, 163.5, 130.4, 123.5, 11855.3, 36.5Minor tautomer!H NMR (500 MHz, BO) d 7.37
(s, 1H), 6.89 (dJ = 8.0 Hz, 2H), 6.54 (d] = 7.5 Hz, 2H), 3.96 (dd] = 4.5 and 9.5 HzlH), 2.98
(dd,J = 4.0 and 14.0 Hz, 1H), 2.64 (dil= 9.0 and 14.0 Hz, 1HJ3C NMR (125 MHz, RO) d

166.6, 163.2, 130.8, 123.4, 118.2, 59.7, 38.4.

CN
H OMG , DBU M L|0H M
X MeCN dioxane/ HZO X

quant. yield

H, 7 X =H, 6
F, X=F,

65

X
X 1

Adapted from the reported literatuf8,64 and65 were prepared. To a solution of methyl

2-isocyan@acetate (254.6 mg, 2.57 mmol) in acetonitrilie (MeCN, 14 mL) was added 1,8

diazabicyclo[5.4.0Junde-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 acetonitril

(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 anedounyfisilica gel column
chromatographynthexanes/ ethyl acetate = 1/1 (v/v)) to give compoldb5.9 mg, 11% vyield).
'H NMR (500 MHz, CDCJ) d 7.597.46 (m, 5H), 5.85 (d] = 7.5 Hz, 1H), 4.79 (d] = 8.0 Hz,

91



1H), 4.00 (s, 3H):3C NMR (125 MHz, CDGJ) d 170.9, 156.4, 138.9, 129.0, 128.8, 125.6, 82.2,

75.3, 52.9.

To a solution of70 (55.9 mg, 0.27 mmol) in 1;dioxane (1.4 mL) was added lithium
hydroxide solution (LIOH, 1M in £D, 0.27 mL, 0.27 mmol) followed by water (1.4 mL) at room
temperature. The miure was kept stirring at same temperature until no starting material was
detected by TLC. After solvent remové4 was obtained in its lithium salt form (quant. yield)
along with the corresponding formyl compound with the ratio of ~1*B.NMR (500 MHz, D;0)

d 7.487.33 (m, 5H), 5.54 (d] = 7.5 Hz, 1H), 4.42 (d] = 7.5 Hz, 1H)3C NMR (125 MHz, RO)

d177.8,157.1, 139.2, 129.0, 128.9, 125.8, 84.2, 76.5.

Compound71 (51.3 mg, 8.1% vyield) was prepared in an analogous mann&g of
preparation by using-fluorobenzaldehyde as a starting materidl NMR (500 MHz, CDCJ) d
7.51-7.45 (m, 2H), 7.2&.24 (m, 2H), 5.84 (d] = 8.0 Hz, 1H), 4.77 (d] = 8.0 Hz, 1H), 4.01 (s,
3H); 13C NMR (125 MHz, CDGJ) d 170.8, 162.9 (dJr-c = 246.2 Hz), 156.3, 134.8 (d.c= 3.2

Hz), 127.5 (dJr.c = 8.3 Hz), 116.0 (dJr.c = 21.6 Hz), 81.6, 75.3, 53.0.

Compound5 (quant. yield) was obtained along with the corresponding formyl compound
with the ratio of ~1:0.1'H NMR (500 MHz, DO) d 7.437.35 (m, 2H), 7.2€7.14 (m, 2H, 5.53
(d,J=7.5 Hz, 1H), 4.41 (d] = 7.5 Hz, 1H)*C NMR (125 MHz, RO) d 177.7, 162.6 (dJr-c =
243.7 Hz), 157.0, 135.1 (d.c = 3.1Hz), 128.0 (dJr.c = 8.6 Hz), 115.7 (dJr.c = 21.6 Hz), 83.6,

76.4;%F NMR (564 MHz, RO)d-113.7.
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4.5.2 Protein Over-expression and Purification

The DNA sequences encoding PiIsnB, PvcB and RBnBfrom Photorhabdus
luminescengNCBI Reference Sequence: WP_01114703/Rkgudomonas aeruginos2A01
(NCBI Reference Sequence: AAC21672.1) aAdromonas hydrophilaNCBI Reference
Sequence: WP_017765143.1) were cedptimized for overexpression . coli, synthesized,

and inserted into expression vector pEa.

The plasmid encodingisnB pvcBor pisnB-Ah gene was transformed ink coli BL21
(DE3) cells (New Engind Biolabs, MA). A single colony was picked and incubated with 100 mL
Luria-Bertani (LB) and 100 pL kanamycin at 37°C for ~ 16 hours. The cells were used as starting
culture for largescale expression with a volumetric ratio of 1:80 of starting cultuigrdath
media. After inoculation, the cells were growing at 37°C. Upon optical density at 600 ryga)(OD
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 byrigegation at 8°C. To obtain the
protein, the cells were suspended in ancicdled 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 wasded onto a NNTA 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 cotaining desired protein were observed by slilfatdyacrylamide gel electrophoresis
(SDSPAGE), 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 mWA=&nd 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 Mcm? for PlsnB, PvcB and PlIsnBh, respectively (http://ca.expasy.org). The
purities of proteins were shown by SIFRAGE, and the gel is visualized using Coomastin

(Appendices Ab).

The plasmids encodingisnAgene was transformed inka coli BL21 (DE3) cells (New
England Biolabs, MA)The overexpression and purification were carried out following the above
procedure. To avoid removing any potentiatfactor(s), the collected protein solution was
dialyzed against 2L of buffer with 200 mM (M2SQs (pH 7.50) once. Protein concentratiovas
determined by UV absorption at 280 nm using a calculated molar absorpti@f@26 Micm?
for PIsnA fttp://ca.expasy.odg The purities of proteins were shown by sodium dodecyl sulfate
polyacrylamide gel elestphoresis (SDISPAGE), and the gel is visualized using Coomastaén

(Appendices Ab).

The plasmids encodirggmbilor welil gene was transformed inko coliBL21 (DE3) cells
(New England Biolabs, MA). The owexpression and purification were carriad tllowing the
above procedurd he collected protein solution was dialyzed against 2L of buffer WdthmM
Tris buffer (pH 7.5)twice. Protein concentration was determined by UV absorption at 280 nm
using a calculated molar absorptivity 839880 and 3890 M-lcm? for Ambll and Welll,
respectively(http://ca.expasy.o)g The purities of proteins were shown by sodium dodecyl
sulfaté polyacrylamide gel electrophoresis (SIPAGE), and the gel is visualized using

Coomasgs-stain(Appendices Ab).

4.53In Vitro assays ofsonitrile synthases

A gradient elution using solvent A (28M ammoniumacetate aqueous solution) and

solvent B (acetonitrile) with a flow rate 635 mL/min was applied. Startingiith an isocratic
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systemof 10% solvent A and 90% solvent B, followed by a gradient e6@% solvent B from 4
to 8 min. The system was then kept isocratith 60% solvent B fron8 to 13min, and then a
gradient from 6600% solvent Brvas applied fromi3 to 17min. The columrwasallowed to re

equilibrate for 9min under initial conditions before subsequent sample injections

For thein vitro activity test, reaction mixtusscontaining final concentration of 0.24 mM
protein (PIsnA, Ambll, or Welll), 5 mM sugar, and 5 mM amino act final volume 0f200
pL in 50 Mm Tris (pH 7.68)were prepared. Reactions were carried out &€ %ernight and
guenched urg 200 pL of acetonitrilePrior to LGMS analysis, all samples were centrifuged

14,30 g for 30 min to remove the protein.

For turnover test, reaction mixtueontaining final concentration ghrious concentration
of Well1 (0, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.45 miH) mM ribose5-phosphate, ané mM ds-
L-tryptophanwith final volume 0f200 uL in 50 Mm Tris (pH 7.68\ereprepared. Reactions were
carried out at 37T overnight anadjuenched ueg 200 pL of acetonitrileSubsequentlyall samples
were centrifugedt 14,%0 g for 30 min to remove the proteRrior to LGMS analysisall samples
were mixed with a solution &5 with known concentrationThe results are repeated three times

independently

For product inhibition test, reaction mixtures containing final concentration of 0.24 mM
Welll were prencubated with various concentration¥8 (0, 0.05, 0.1, 0.15, 0.2, 0.26.5, 1.0
mM) followed by addition offinal concentration of 5 mM ribosB-phasphate, 5 mMds-L-
tryptophan and5 mM ds-succinate as an internal standard. Reactions were carried ofCat 37
overnight andquenched ueg 200 pL of acetonitrilePrior to LGMS analysis, all samples were

centrifugedat 14,%0 g for 30 min to remove the protein.
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4.54 1n Vitro assays oPvcB, PlsnB, and PIsnBAh catalyzed reactions

A gradient elution using solvent A (20M ammoniumacetate aqueous solution) and
solvent B (acetatrile) with a flow rate 0f0.35mL/min was applied. Starting/ith an isocratic
system of 10% solvent A and 90% solvent B, followed by a gradient-609®solvent B from 4
to 8 min. The system was then kept isocratith 60% solvent B fron8 to 13min, and then a
gradient from 600% solvent Bvas applied froni3 to 17min. The columrwas allowed to re

equilibrate for 9min under initial conditions before subsequent sample injections

Reaction mixtures including enzyme, Fe(ll), substrate, 20G, and ascorbate with the final
concentration of 0.12nM enzyme, 0.InmM Fe(ll), 3mM 20G, 0.5mM substrate, and hM
ascorbate with final volume of 200 i 50 mM Tris (pH 7.68) were prepareReactims were
carried out at ZC. Reaction samples were quenched using 200 pL of acetonitrilexah&0OPrior

to LC-MS analysis, all samples were centrifuged at 12,000 g for 30 min to remove the protein.

4.55 Using 13C-NMR Spectroscopy toFollow the Enzymatic Reactions

Reaction mixtures containing protein (PIsnB or PvcB), Fe(IB*(3-61, 20G, and
ascorbate with the final concentration of OBl protein (PlsnBor PvcB), 0.4 mM Fe(ll), 12.0
mM 20G, 2.0mM [2-13C]-61, and8.0mM ascorbate with final volumef 600 pL in 50Mm Tris
(pH 7.68) were prepared. The reaction mixtures were shaking wittked ep20 rpm for 17 h at
18°C. Prior to NMR measurement, 30 jaf ds-DMSO was added to the reaction followed by
centrifugation at 12,000xg for 3@in. The superrtant was then transferred to the NMR tubes.
The3C-NMR spectra were recorded using Bruker NEO M. The NMR spectra plotted ing)

MestRéNova.
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A-1. Coomassiestained SDSFPAGE (L: lysate, Su: supernatant after centrifuge, F:-tlongugh,

W: wash, E: elution and M: marker). Units of molecular weight markers are kilodaba). (k
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A-2. Verification of C3stereochemistry 30 by using Marfey's reagent
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A-4. Coomassiestained SDSPAGE (L: lysate, Su: supernatant after centrifuge, F:lorgugh,

W: wash, E: elubn and M: marker). Units of molecular weight markers are kilodalton (kDa).
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A-5. Coomassiestained SDFPAGE (L: lysate, Su: supernatant after centrifuge, F:-tlonough,

W: wash, E: elution and M: marker). Units of molecular weight markers are kiloadabz).
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A-24.'H and**C NMR of compoundepty}+30.
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