ABSTRACT

CHA, LIDE. Investigation of Aziridination & Cyclopropanation Enabled by Né&me Iron
Enzymes (Under the directionf Dr. Wei-chen Chanp

In nature, enzymes use simple building blocks to assemble diverse and complex molecules.
To increasestructuralc o mp |l exi ty, some enzymes are found
introducing different functional groups at the late stage of biosgisth&his approach is
commonly utilized in natural products. Amodgferent types ofdecorationsfunctional group
installation via oxidative €4 bond functionalizatiots typically enabled through designated €
H bond cleavage via a reactive organic cafadr a transition metal in the active site of the
enzyme wherein diverse reaction outcomes are achiedethanistic understanding of these
enzymatiaeactions at the molecular levedt onlyprovides insight®n how enzymes catalyze the
reactions but dso deliversknowledge to develop new methods to (bio)synthesize valuable
molecules.

Mononuclear Fe(ll)/xoglutarate (Fe/20G) dependent enzymes are known to catalyze
diversetypesof oxidation transformatias In additionto those welicharacterized retions such
as hydroxylation, desaturation, and halogenation, Fe/20G enzymes have also been identified to
catalyze othesynthetically challengingransformations includingpimerizationand cyclization
through CH bond activation In the past decades, itnendous efforts have been devoted to
understanding Fe/20G enzyme catalysis. However, multiple reaction types discovered in natural
product biosynthetic pathwayemainsto be explored. Herein, we demonstrate our current
progress toward the identificatiomé mechanistic understanding bbw Fe/20G enzymes
catalyze threenembered ring formatiommcludingaziridination and cyclopropanation.

Chapter 2 describéke use oin silico methods tadentify Fe/20Genzymes with potential

aziridineinstalling (aziridinase) functionality. To validate candidategs,enzymaticactivity is

t



reconstitutd in vitro. In this reactionan iron(IV)oxo species initiates aziridine ring closure by
the targetedC-H bond cleavageFurthermore, the reaction pathwawan bediverted from
aziridination to hydroxylation using mechanistic prolf@gthermoreisotopéeracing experiments
using H*0 and'®0,, and quantitative product analysis provedg@erimental suppofor the polar
capure of acarbocation species by the amahgingaziridine installation.

In chapter 3a similar in silico approach that uses heme oxygerdsedinuclear (HO
diiron) enzyme and Fe/20G enzyme pair to search for candidate enzymes respuorsible
canonicakyclopropane amino acid formation amechanistic sidy are reported. Through NMR,

MS, X-ray crystallograpy and substrate isotopologudise results reveal that Fe/20G enzymes

can catalyze steredivergent cyclopropanation. As informed by transient kinetics and M&sbauer
spectroscopy, the reaction undergoes an FefRd)triggered C4roSH activation. Insteadf

using a hydroxylated compound as an intermediate, the reaction likely undergoes a pathway that
includes a nitronate, a.k.a. nitro enolate, species wherein the C=N moiety serves as a chemical
handle to facilitate steredivergent intramolecular <€ bondformation.

In chapter 4an ongoing project about the engineering of Fe/20G hydroxylases into
cyclopropanase is describeéirst, the hydroxylases which share the same substrate as
cyclopropanases are identifieBecond mutation of two residuess shownto redirect the
reactivity to cyclopropanation. Ongoing efforts includisgtopologueanalysisfransient kinetics
Mdassbauer spectroscopgnd computational analysis will elucidate the mechanism behind this

reactivity alteration.
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Chapter 1

Introduction of Diverse Reaction & Mechanism of Fe/20G Enzymes



1.1Introduction to Fe/20G enzymes

Mono iron and Zoxoglutarate (Fe/20G) dependent enzymes represent one of the largest
enzyme families in nature. Fe/20G enzyme family uslim®lecular oxygen as the oxidant and
20G as the ceubstrate to generate an FefdXo species thaffects CH bond activation of the
substrate The oxidative modification of the substrate is accompanied with the production of
succinate, C@as well as th regeneration of Fe(ll), and no external reductant or reducing system
is requiredt From the structural perspeativthe mono iron center is coordinated by a conserved
HxD/Ex,H facial triad Figure 1.1), leaving three coordination sites for substrates apd O
binding? In Fe/20G dependent halogenases, however, the carboxylate residue will be replaced by
either an alanine or glycine residue, leaving a vacant site for halide binding.

Since first being reported as a proline hydroxylase back in 4866 diverse catalytic
potential of this enzyme family has gradually been identified. Up to date, Fe/20G dependent
enzymes have been reported to catalyze oxidative transformations including hydroXylation

halogenatiofy olefinatiorf, epoxidatiof, epimerizatiof, cyclizatior and etc. Figure 1.D).
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Figure 11a) The active site of TauDA2OGAtaurine comp

transformations catalyzed by Fe/20G dependamymes.



1.2 General mechanism of Fe/20G enzymes catalyzed reactions

To understand how this enzyme family modulattes abovelisted diverse yet well
controlled reaction outcomes, considerable amounts of effort have been deatachtderizing
Fe/20Genzyme reaction mechanism in the last thirty years. The combination of crystallotfraphic
14 spectroscopic!® ¢ and computation®l Banalysis has led to a legitimate rational of the whole
catalytic cycle: The catalysis initiates with the entrance of 20G and substrate imtmtbenter,
in which 20G coordinates with the Fe(ll) in a bidentate manner. Addition of molecular oxygen
(O2) yields an Fe(I\Joxo (ferryl) species, which serves as the key intermediate to enalle C
bond activation. Two different pathways are proposetteming the generation of this reactive
species. In pathway Arigure 1.2) 20G undergesrearrangement and results in the carboxylate
of 20G positions trans to His2. It Is then followed by the introduction of tren@the formation
of the Fe(lll}perox. The resulting peroxo then attacks the C2 of 20G to produce the fe@V)
species with its oxo poised towards thetarggtCbond of t he subsltirmee, w
mode. Alternatively, the £binds to the iron center trans to His2 and ultimately yields the Fe(IV)
OXO0 species with it$ioeo mode}.taé& Hes2y(theip
the oxo redi manmdigued®matih wmay B) .-l iSwadpeaeswas i o f f
recently crystallographically <characte®ized
suggesting that the TauD catalysis likely go through the ferryl flip pathway. On the other hand,
bot hl iinend -Bndedobifnding of 20G have been iden
PHF8% 20 and recent computational studies on PHMR#d AIkB'® suggest that the 20G
rearrangement pathway to be energetically more favoralhes, different dioxygen activation

pathways might be involved as the protein environment of Fe/20G dependent enzymes varies.



The resulting ferryl species functions as a hydrogen atom abstractor, which initiates the
abstraction of a hydrogen atom frone tubstrate, yielding an Fe(HQH species and the substrate
radical® As the function of Fe/20G dependent enzymases, diverse reaction outcomes are
achieved. Taking the most wddhown reactivity, hydroxylation, as an example, the catalytic cycle
is completed via the transfer of the hydroxyl group from FeQH to generate the hydroxylated

product, a.k.a hydrgs rebound, while reducing the metal center back to Fe(ll) Stagerre 1.2.
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3H,0 H|s1 His4

Figure 1.2Proposed catalytic cycle of Fe/20G enzymes catalyzed hydroxylation.

For norhydroxylation reactivities catalyzed by Fe/20@ependent enzymes, the
mechanisms of the majority are still under investigation. It is unclear how some members of this
enzyme family can utilize the same reactive species i.e., Fef¥,) to achieve the different

reaction outcomes while outcompeting hgxdyl rebound.
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Figure 1.3a) Proposed mechanism of Fe/20G enzymes catalyzed cyclizatidnsDB5 and KabC, an
olefin moiety is utilized to capture the cation or radical species.

For example, a few different pathways haleen proposed to account for the
intramolecular € (X = C, O, N) bond formatioA* First, utilization of hydroxylated species as
intermediates is proposed. Following hydroxylation, the hydroxyl groupe&anotonatetb result
in a good leaving group, thus enabling ring closkigure 1.3apathwayi). Alternatively, it is
also proposd that following substrate radical formation, one electron transfer from substrate
radical to Fe(lll) occurs, yielding substrate cation. Herein, the ring closure can again be achieved
via polar pathwayKigure 1.2, pathwayii). On the other hand, ringadure can proceed through

radical mechanism: following initial radical formation, a secondary hydrogen atom transfer may



be conducted by the Fe(HQH species, and radical recombination completes intramolectfar C
bond installation Kigure 1.3, pathwayiii). Notably, the cyclization mechanism is further
complicated by the existence of preinstalled C=C double bond. Such functionality can capture the
resulting radical or cation. For example, in BP8d KabC2 catalyzed cyclization, such an olefin
moiety is utilized to capture a benzylic cation and a secondary radical, respeétigahg (1.36.

Other than above mentioned reaction types, Fe/20G enzymes are known to enable other
synthetically challenging, but potentially useful reactions. In chapter 2 and 3, | will discuss the
discovery & reaction mechanism of Fe/20G enzymes catalyzed aziridination and cyclization. My
studies revedhatthe aziridination is likelyo include a tetiary cation formation which is followed
by polar capture via the amine grothOn the other hand, a nitronate species is likely formed and

captures the potential radical or cation species to enable cycloprop&néafion.



1.3 Strategies to engineer Fe/20G enzymes for nomtive reactivities

With rapid accumulation of neunderstandings in metalloenzyme catalysis, using enzyme
as biocatalysts have become a compatible tool in synthesizing valuable comfdolihds.
combinatiorof mild reaction condition and high regi& stereo selectivity makes it an alternative
option to obtain compounds that are synthetically challenging. However, the lack of enzymatic
counterparts for some organic transformations has limitedapplicatiorof enzymes to allow
nonnativetransformationsn the field of nature product synthesis.

To overcome this obstacle and to enable-native reactivities, decoy approaches have
been successfully employed on metalloenzymes. By utilizingdesligned nomative substrates,
new reactivities can be achieved. One example is the utilization of hemoproteins. While the native
reaction catalyzed by hemoproteins are mostly hydroxylation and olefination, new reactivities
including GC, G-Si, GN and GB bond formation have been develofiel wheren alternative
co-substrates are used to generate novel-Wabnt iron reactive species (e.g., Hoarbenoid/
iron-nitrenoid). Notably, directed evolutierare commonly used to improve the efficiency and
selectivity. It is impressive, yet not surprigino witness such a tremendous progress in the
engineering of hemoproteins in the past decade. Among thdémendent metalloenzyme family,
hemoproteins are one of the earliest to be extensively studied mechanidti€allipe active

species,iron(Mpx o species (compound I ), functioned

species mimicso, which would ultimately | ead

While such strategs of exploiting active specieare quite successful on hemoprotein, it
is not as feasible to duplicate similar approach on Fe/20G enzymes. The involvement of both O
and 20G in the generation of active FefdXo species complicates thesign of active species

mimics. Currently, only twaases are reported whdfe/20G enzymes are shown to introduce
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new reactivities via generating the presumptive ironfiifdlenoid species’**® while others a
developed on the basis of utilizing the Fe{bXo species as the reactive spedidhese examples

can be separated into two main categories: substrate emginaed enzyme engineering.

a)

Non-native Reactivity Native Reaction
(o} (0} (o} (o}
LdoA O LdoA
= OH ———> OH OH —>  HO” Y OH
NH, NH, NH, = NH,
o Poll (o} (o] o Poll (o] OH O
N o o
3\/\)1\0H —_— NC/\‘)LOH HZNJLOWLOH —_— HzNJLOWI\OH
NH, NH, NH, OH NH,
” Q  Mutante e i
u ydrox
H,N H,N H,N
2 WLOH - 2 WLOH — M2 \/\:/H)I\OH
Cl NH, NH, OH NH,
cl P4H
[o) Mutants 0 P4H HO 0
N
N on N OH N OH

Figure 1.4 Selected examples of engineering Fe/20G dependent enzymes-foativanreactivities with
two different strategies: a) substrate engineering and b) enzyme engineering.

Substrate engeering refers to redirect enzyme reactivities using designed substrate
analogs. While oftentimes substrate analogs were applied to probe enzyme mechanisms, analog
design on the basis of mechanism understanding may lead to targeteatinerreactivitieskFor
example, our lab has previously demonstrated that hydroxylases can be redirected to catalyze
nitrile®” and epoxid& formations with the assistance of azide and olefin grokigsife 1.4% In
these cases, the assisting groups are installed either adjacent or dirdalEH activating site,
thus diverging the reaction pathway either before or after the occurrence of hydrogen atom transfer.
Enzyme engineering refers to redirecting enzyme reactivities via residue mutagenesis, wherein
mutations are always guided bybstratebound enzyme crystal structures. Reported examples so
far have been focused on the engineering of hydroxylases into halogenases. For example, a lysine
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C4-hydroxylase catalyzes a chemoselective halogenation of lysine after 14 mutations are
introdueed Figure 1.4B.3° Such reactivity alteration carurther be accompanied by regio
selectivity changing, as seen in the case of f4H.

In chapter 4, we will discuss an-going effort to engineer several Fe/20G hydroxylases

into cyclopropanases.
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Chapter
MechanisticStudies ofAziridine Formation

(Part of the chapter is publisheddnAm. Chem. So2023 145 6240 6246)
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2.1 I ntroduction

The aziridine or azacyclopropane moiety is present in a numbaatafal products
including azicemicins, azinomycins, ficellomycin, miraziridine A and mitomytifi§Several of
these specialized metabolites have shown anticancer, antibacterial, and antimicrobial activities. In
addition, aziridines are valuable synthons broadly used in chemical syrittfésisnature, two
different strategies are known to enable aziridine installation. In the biosynthesis of ficellomycin,
a primary hydroxyl groupis activated as a sulfonate that displaced byatznine to form the
aziridine?” 8 whereas an oxidative -8 bond formation is utilized in the biosynthesis of 2

aminoisobutyric acidl) (Figure 2.).4%-%0

H
HyN,, CO,H HyN,, CO,H H,N, _CO,H jin/N,, CO,H
H,N
— 0
— N
HN
NH )&

N
0SO4H HNN-H

ficellomycin

TqaF H, TgaM
)\KCOZH = /W’COZH 7'\/C°2” %’ XCOZH

NH,
2

Figure 2.11In the biosynthesis of ficellomycin andaninoisobutyric acidl), two different strategies are
deployed to install the aziridine moiety.

The biosynthetic pathway of a ngmoteinogenic zaminoisobutyric acid1) has been
elucidated inPenicillium aethiopicuPenicillium arizonensandNeurospora crassand further
substantiated bin vitro studies and a protein crystal structtit€é® Formation ofl starts with an
aziridination of valine Z) catalyzed by a Fe/20G enzyme, TqaL. Subsequently, sopeging
reaction is catalyzed by a haloalkanoic acid dehalogdik@sprotein (TqaF), which is followed
by decarboxylation of tha-h y d r ocamyng intdrmediate to affortiby another nofhemeiron

enzyme (TgaM) Kigure 2.). Because several natural products including alamethicin,
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emericellipsin, tryptoquialanine anderwamicin contain1,>*>* we speculate that analogous
biosynthetic strategies involving a threezyme cascade reaction, similar to those catalyzed by
Tgal, TgaF and TgaM could be deployedther natual products biosynthesis. From a reaction
mechanism point of view, in comparison with other reactions catalyzed by Fe/20G enzymes, how
aziridine formation takes place remains poorly understood. To enrich the Fe/20G enzyme toolbox
with aziridinase activity amh to elucidate the reaction mechanism, we usesilico methods
including sequencsimilarity-network (SSN) and genonmeighborhooehetwork (GNN)
analysis to search for potential Fe/20G aziridinases. We reconstituted the enzyme aativities
vitro, carried out transienkinetics measurements and product structural elucidation, and applied
isotope tracing experiments and mechanistic probe to reveal the reaction pathway. Our studies
suggest that aziridination requires avoidance of the oxygfeound stepSpecifically, following
hydrogen abstraction by the Fe(}9)o intermediate, formation of a tertiary carbocation is likely

employed to enable a polar intramoleculak®ond coupling that completes aziridine formation.
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2.2 ldentificatsiesn of new aziridina

To search for aziridinase candidates, we applied SSN and GNN to identify TqalL
homologuesUsing Tgal-paeas the query, 148 Tgal homologues were identff&8Next, these
candidates were subjected to GNN analysis, wh@®predictedbiosynthetic gene clusters that
also encode apparehaloalkanoic acid dehalogenase (TgaM) and-imemeiron decarboxylase
(TgaF) homologues were identifi€¢Bigure 2.2. This analysis implies that a similar strategy is
likely deployed to biosynthesize aziridhgentaining intermediates in these uncharaoteri
biosynthetic pathways. Additionally, we also used the basic local alignment search tool (BLAST)
to search for TgaL homologues. As shown in Table 1, more than 300 candidates were identified
(with 55% identity cutoff), in which the majority of them dat i@ave assigned functions. Because
Fe/20G enzymes catalyze a broad array of reactffithe functions of these homologues cannot
be easily annotated. Therefore, applying the SSN and GNN stitategarch for Fe/20G gene

and neighboring genes provides a method to identify potential aziridinases with greater confidence.

14



tqaL-pd
tqalL-pae

(@)

Figure 2.2 The sequence similarity network (SSN) of Tgal identifies 148 homologues (gray ¢yitse).
that containtgaF andtgaM asrevealedoy GNN analysis are highlighted in dark gray circle. Reported
TgaLs including Tgatpae(by Tanget al) and Tgakpa/Tgal-nc (by Abeet al) are highlighted in blue
and yellow. Tgathaand Tgalpd are highlighted in red (this work), respectively.

In the previous studies of the TgalLs frofenicillium arizonensg(Tqal-pa) and
Neurospora crasséTqal-nc), Abe et al. experienced challenges in obtaining soluble proteins
owing to disorder region in the-terminus of both proteins wherein truncation of Kyeerminal
region (~ 60 amino acids) effectively improves the solubility of the proteimspired by this
work, | built predicted structures of identified TgaL homologues using Alph&Faid chose two
candidates that do not contain the lafgyderminal disordered régn for further studies
(Figure2.3. Because these two putative aziridinasaginatedfrom Hypocrea atroviridisand

Penicillium digitatumwe designate them dgjal-haand Tqal-pd, respectively.
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Figure 2.3Predicted structures of Tgatae(magenta), Tgalha(cyan), Tqakpd (green), Tqatpa (blue)
and Tgaknc(gray) by AlphafoldAl ar ge rMi nal di sorpaee T-peatnido AhgiarL Tqa

are not obshemnwdedpganL Tgal
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2.3 Reconstitution of enzyme activity

To validate then silico analysis results, éxpressed gqal-ha and Tgalkpdin E.coli and
purified them bymmobilized metal chelate affinity chromatography. The protein yields were ~38
mg/L and 13 mg/L for Tgalha and Tgalpd. Compared with Tgalpa & TgalL-nc®, this
represents an improvement-of- and 20fold of soluble proteinsAs suggested by GNN analysis,
the substrate prediction of adenylation domain within the downstrearnibomomal peptide
syntretase (NRPS) of Tgabpdis specific tal (Figure 2.4 therefore, Tgatpdis predicted to use
L-valine @) as the substrate. By contrast, atroviridins isolated taypocrea atroviridiscontain
both 1 and isovaline moietied{gure 2.4p.5% Thus, Tgakha in principlecan catlyze aziridine

formation of2/L-isoleucine 8), respectively.
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a)
Penicillium digitatum (strain PHI26 / CECT 20796)

-H--GHY D -E-CH D )@

Hypocrea atroviridis (strain ATCC 20476 /IMI 206040)

@A+ (—HKKF

[0 PKs [ Acyl-CoA synthase [ Protein phosphatase

Il NRPS Il tRNA deaminase B a-1,3-glucosyltransferase

[l Transferase [] Fe/l20G oxygenase (TqaL) Il Non-heme iron oxygenase (TqaM)
[0 Thioesterase [ FAD oxidoreductase O HAD-type hydrolase (TqaF)

[ p-lactamase Il Serine preotease [0 Uncharacterized protein

[ Dehydrogenase B MFS transporter [ Mitochondrial carrier protein

b)

-_——

| o uw © w © W © - -
Y-l 3 SN <8 B(JL ’E,Hj
SEUIR I

° 07 NH,

H,N" Y0

Atroviridin B

Figure 2.4 a) The neighbor genes of Taad and Tgalkha in Penicillium digitatumand Hypocrea
atroviridis; b) The chemical structure of atroviridin B producedHyypocrea atroviridis As highlighted in
boxes, both zaminoisobutyric acid and isovaline moieties are incorporated.

To confirm the reactivity of these two TgaL homologs, | monitored the enzymatitrea
outcome using several different approaches. Initially, the enzymatic reaction mixture was directly
subjected to LEMS analysis. While the consumption of substrate anctémeomitant product
formation was detected, this result is insufficient to swppghese enzymes can catalyze
aziridination but not other reactions such as dehydrogenation. Aiming to elucidate the structures
of the products, | attempted to set up a lesgale enzymatic reaction and isolate the products via

HPLC. Unfortunately, the ppducts were unstable and degraded during the HPLC purification
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process. Also, adjusting the pH of the aqueous buffer from acidic to neutral did not improve its
stability.

With product isolation proven impractical, | decided to synthesize the potentidirei
product standards. The corresponding aziridlh&and6 are thus synthesized following literature
reported proceduréé. ®8 In addition, | also established a reliable -MS mehod. The
aforementioned method is based on a normal phase column which gives a poor separation of amino
acid compounds. Thus, an alternative approach using derivatization which allows analyzing
products on a reverse phase column is developed. Two comniom &rid derivatizing reagents,
1-fluoro-2-4-dinitrophenyt5-L-alanine amide (FDAAF and 5(dimethylamino)naphthalent
sulfonyl chloride (dansyl chlorid® were tested and dansyl derivatiaa method was selected
because partial aziridine decomposition was observed during the FDAA derivatization process.

As shown inFigure 2.5 LC-MS analysis of the reactions dfjaL-pd and Tgalha with 2
and2/3 in the presence of 20G and €@vealed form@on of 4 and5 with retention times and
isotope distribution matching those synthetic standards. Notbiys not detected in the reaction
of Tgal-ha with 3. These results confirm the aziridinase activitie3 galL-ha and Tqgal-pd and

imply that the Tqatha catalyzes stereospecific azacyclization
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2 + TqalL-pd

Tqgal-ha _L 2 + TqaL-ha
Tgal-pd CO,H
CO3H N 7
)\( oo N 3+ Tqal-ha ’ \

NH,

2 4
4, std

TqaL-ha CO,H COH
\/\rCOZH - \\7’ /\?’ 5, std AN
; " x
3 5 6 6, std N\

Retention time (min)

Figure 2.5LC-MS analysis of Tgaiha, Tgal-pd catalyzed reactions with-valine @) andL-isoleucine

@A).
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2. Mn FedXo/)species initiktbwt ddeaott eNMivagei on by
To explore the reaction mechanism of aziridine formation, we first established the initial

step of the reaction. It is wedlstablished that Fe/20G enzymes generally use an Fext/)

species to initiate reactions viakCactivation®® 52 63 73 We speculated that such a complex

would initiate the aziridine formation by eitherHCor N-H activation of2. Modulation of the

reaction kinetics via theediterium kinetic isotope effect (RIE) is used to support the existence

of an Fe(IV}oxo intermediate and to pinpoint the site of hydrogen atom transfer (HAT). If the

reaction is initiated by € cleavage, an extended lifetime and an increased levetofmatation

of the Fe(IV}oxo species should be observed in the reaction with thaeGterated substratds{

2) when compared to the reaction wthConsidering the relative yields and stabilities of the two

homologues, we used Tqgdila for Kinetic studies As revealed by stoppdbbw absorption

spectroscopy (SRbs), an increased accumulation and a slower decay of a broad absorption

feature centered at ~320 nm was observed in the reactiordw®lwhen compared with the

reaction with2 (Figures 2.6 and AppendB«4, both SFAbs and M&sbauer analysis were carried

out in Dr. Guods group at Carnegie Mell-on Uni

oxo species is likely used as a key intermediate to enable HAT at @3Taf veriy this

observation, we carried out freegaench M@&sbauer experiments by usiig asthe substrate

(Mdssbauer parameters and descriptiorAppendix6). In the spectrum of a sample prepared by

rapid mixing ofthe Tqal-halA F e ( | Idg-2A2a@@aky compx with O; saturated buffer and

freezequenching at 0.2 s, a gqguadrupol e doubl et wi

laEql = 0.65 mm/s was observed and represented ~ 20% of the total absorption area. The

parameters of this species are consistethit those of several Fe(IW)xo intermediates found in

Fe/20G enzyme¥:2® 781 This intermediate slowly decayed to ~ 10% by a reaction time of 1 s.
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These results confirm that theamisient 320 nm absorption features observed in thASF

experiment is associated with an FefbXo intermediat@and the aziridine formation is initiated

by C3H bond cleavage.

e o 0 02
¢« o o o(;32
~008 pc b
0.04\ E COOH
I DsC “,
e 2 HN D
! T 8004 do-2 z
3 ‘ B «*f‘\/
< o
Jo.02f ool
0.001 0.01 0.1 1.0
Time (s)
—0.015s 0.10s
0.030 s 040s
----- 0.060s —— 1.00s
(00 ) PFTR o .
300 400 500 600 700

Wavelength (nm)

Figure 2.6 SFAbs derived transient kinetics reveals the use of FegRd)species for C3H bond cleavage

in the TgaL catalyzed reactiothe main panel shows the changes of theui#/spectra taken at the
indicated reaction times after mixing the TefadA F e ( | 12 okple® Bith Q saturated buffer. A broad
absorption featureemters at ~320 nm can be identified. The inset shows the kinetic traces at 320 nm with

2 (black) ords-2 (red) as the substrate, demonstrating the different kinetics of the Fe(@\§pecies due

to D-KIE.
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2.5 El uci eNatbhiomgl tfloe m&ti on mechani sm

To elucidate the reaction mechanism of a
possibility of using a hydroxylated intermedi
empl oyed by PG hgmoytrmmes, zed thatfoB kyyddadxy
be generated as the intermediate product en r
the preinstall eéanilydraxgluclgeoplpi liinc attack of
compl et e a%cdhendd .n2altfiaotnhi{ldhewaxasienfdadBmatuaenngme
in the absengcme gohft 2p0@® daurce @ he azi 7ad&@wiee.h How
Tgahland -‘pgal the absence or presence 4666206, t
could not beMSlF{tgewchte dZ s L Cour results suggest

is unlikely to proceed through a hydroxyl ated

Tqal-ha + 8

TqaL-ha + 7

TqaL-ha

TqaL-pd CO,H

TqaL-pd +7
H0>§/‘:02H %e._ \“\7’,. Y qaL-p
H

NH,

7 4 5, std ’\
OH
B Tqal-ha
\>\rCOzH % \\\‘“ - LCO.H !\ o std

: He H5 | T 1
4 6 8

Retention time (min)

Figure 2.7 LC-MS analysis of the TqgalL catalyzed reactions usirgy@oxyvaline (7) and (H)-3-

hydroxy-isoleucine 8) in the presence or absence of 20th e results indicate that

the aziridine formation using corresponding hydro
Starting-cfernotne rtende sQB3bstrate radiemdngtemeatr ad

i Figureda2.0Gond must be formed to complAlks the

experiment, oall 6oermgtkFenl ¥nd decay, no ot her
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features was detectednech@anelsticicdastepshecficalrl a
used subst rrehtoemoah Inagweniheard cl oprop¥yl ad ani |
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compl et ed Vi a a pol ar mechani ssmtembAdeidt iloancatlc
intermedi ate followed by nucleophilic attack

presendcedwd to talkildietcy easethstresud®dxyygen ecoao

rebound could become the dominant pathway, r e
a) b)
TqaL-ha o+ H
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Figure 2.8 a) LCGMS analysis of Tgalha catalyzed reactions wittrthomoalanine 9); b) similar to the
reaction of9, if the observed hydroxylation in isoleucine reaction only come from hydroxyl rebound, only
14 can be formed.

A careful ex-MBi naacoRasnbtt h€i sgbstdant reve
(GBydroxyl ated product) are produced3baand r at
t wo-h@3roxyl at @adndgir caduec tpsr o(duced IiFni gau3amat@i.o of
Apperndi xBased on our <current watdairyzaddhndr o
reaction, the stereochesniespt riys®?iféTtadenecfdary g.en
hydroxylation results fB83smotuhe ¥ ikbgshyd neo ndesy conn dy
12Fi(gu8&fe By contrast, in the case of carbocatd.i
by transesterification, a mixed stereochemist

Observat i8amddfn kdteh r 8aocggest svi tploastsithhd iltat tmar
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operative and further i mpT,8k&anlmaght hdehydeo:i

di screte reaction pathways.

a b
) ) n-70% 130,
3+ Tqa'- -ha 173814 m/z 353.1 m/z 367.1
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Figure 29 a) In addition ta4 and5 (as shown irFigure 25), hydroxylation productg, 8, and14 are also
produced in Tgatha catalyzed reactions; b) UndéfO-water or 0, different levels of!*0/80
incorporation (black vs red traces) are observed in hydroxylated prad@ct2, and14.

Next, wetcastona@®@gerouexperi ments to elucidat
presehtbe~o0t®%eveal ed bW!Oseccammdbe pfound to h
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Figure 2.10 LC-MS analysis of the TgalL catalyzed reactions using trifiv@iine 5).Pr oduct wi t h
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MS anal ysis ofl5tehve aleecadcta oni g lteh hydroxyl ati ol
+16 to the substrateth N@shizfi2r icodiun adt i bbeh gdperteedcut c
21DP. Together with the stereochemical assi gnme
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inteatmedand its radical precursor influence t
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Il n contrast, due to the di miinodsam&Ed asobabiokiyige n

rebound and make it the dominant pathway.
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2.6 Discussion and conclusion

We present a study using silico analysis to search for uncharacterized enzyme
candidates. When combined with transient kinetics measurements and product structural
elucidation, this approach provides a robust method to search for Fe/20G enzymes with targeted
functions. We have also persed experimental evidence to reveal how Fhalcatalyzes
intramolecular EN bond formation. Specifically, an Fe(Péxo intermediate is deployed to
enable the secondary and tertiarHCleavagee.g.9 and2/3, and results in a C8entered radical.
Following electron transfer, to result in a tertiary carbocation, an intramolecufrb@nd
formation takes place to install the aziridine moiety. In contrast, owing to the decreased stability
of the corresponding secondary carbocati@nundergoes oxygen lbeund and yields the
corresponding hydroxylated producscheme 2.1 Observation of only one hydroxylation
productl2 using9, but two hydroxylation product8,and14, in the presence &with distinctive
180 incorporation level further support the aivement of carbocation during aziridine formation.
Formation of only hydroxylated product using fluorinated andlbgf valine also implies an

involvement of a carbonation intermediate in the Tqatalyzed aziridination.
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NH, NH,
15

SchemPo8silble mechani sms of aziridine formation
Taken together, these results not only shed light on the reaction mechanism of Fe/20G

enzymecatalyzed aziridination, but also demonstrate that inherepéepres of the substrates can

dictate the reaction outcomes.
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2.7 Experiment al procedures
DNA construct for over-expression of Tqal-ha and TgaL-pd

The DNA sequences encode the corresponding genes-(laqddHK47614.1; Tgakpd:
EKV18313.1) were codenptimized for overexpression itk. coli, synthesized, and inserted into
the Ndd and BanHI restriction sites of expression vector pE&a. The codowptimized gene
sequences are shown below.
Tgal-pd
ATGAAACCGCGTCAGCCGCCGCTGAACGTTEBCAAACAGCGTGGTAAACCGGAATT
TTACGACGCGATCAGTCAGATCTGCCAGCTGCGTCAGAAATACCTGGAAAACCGTA
CCGTTTTCGTTGATGGTCGTGAAATGGCTCCGCTGCTGAAAGCGCTGGGTGCTCGTG
ATGAAGATTTCGTTACCCTGCAGGCAGTTAATAACGTTCTGATCGACGACCCGACCC
TGCCGTTCCGTAAATCTCGTAACGGTCGTTTCTGCTTCGACTGGGAAACCCAGACCC
TGCGICGTCTGGAATTCCAGCCGTTCGCGCTGTCCCTGGAAGAAGATTTCAAACGTC
ACGATTCTAACACTGTTCGTCGTTTCGACGAAGTTGACAACGATCTGCAGCTGAACA
CCGTTTTCCAGGCACTGCTGCTGTTCAAAGGCCTGATGTGTCATGGTATGACTGTTA
ACGAACGTGCGAAACTGGATTATCGTTCTAACCAGTGGGTGTGCACCCTGTTCGCGC
TGCGCACCATCACCACCCCGGAAATGCTGGGEBAACCGGCGCTGGAAGGCGTTCAC
ACCGACGGTGTTGACCACACCATGACCACCTACCTGCGTTCTACTAACATGAGCTCT
AAATCTGCGGTTACCTTCCTGCACGACAACGCGGAAAAAACCGGTATCCAGCTGAA
CGAAACCGCGCCGGAACTGATCCAGGCGCGTGCGCAGCACCGTAACTTCCTGGACA
CCCTGCTGATCGTTGACAACGAACGTAAACACTCTATCTCCCCGGTTTACGCAGTTG

ACGCGTCTAAAGAAGCGACCCGTGACATGCTGATCTTCTTCACCCGTCGTCCGGTTG
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TTGACGGTCACATCTCTTCTGACATCGACTCTCTGAACCCCCACATGGAAATGGAAA
TGGAATTCCCGCTGATGTCTCTGCGTGACGGTTACGGTTTCGGTAAATCTTAA
Tgal-ha
ATGATGGCACAGCTGCTGCAGCAGCCGCAGCAGCTGCTGGCTGAACCGTTCCCGCA
GCCGGAAGGTTACACCCAGCTGAACGTTCGGAACAGGCTTACAACCCGCGTTTCTA
CGAAACCGTTGGTAAAATCATGAAACTGCGTGAAAAATACCTGCGTGATCGTTGCAT
CTTCGTGGAATCGGCTGACATGATCGACATCGTTCTGGGTCTGGGTGCGAACGAAGC
CGATCTGCCGAAAATGGAAAAGGTTTCCGACCACCTGTACCACGACCCGACCCTGC
CGTTCCGTCTGACCCGTAACTCTCGTTTCTGCCTGGACTTCGATACCCACACCATCCG
TCGTCTGGAGTTCCAGCCGTTCGTACTGACCGTGGAAGAGGACTTCAACCGCTACGA
TTCTGGCGCCATTCGTCGCTTTGACGAAGTTCAGAACGAACTGCAGCTGAACTCTGT
TTTCCAGGCGCTGTTCGCGTTCAAAGCTATGGTTATCCACGGTGTTCAGATCGCGCA
CCGTCCGAAACTGGAATACGGTATTAACAAATGGGTGTGCACTCTGTTCAACCTGCG
TACCGTTACCACCCCGCACATCCTGGGTBACCGGCGCTGGAAGGTGTTCACTCTGA
CGGCGTGGACCACACCATGACCACCTTCCTGGGTTCTTACAACATGTCTGATAACTC
CGCTGCGACCTTCATGCACGATATGGACGAAAAAACCGGTATCCCGCTGGAAGAAA
TCAAACCGAAACACCTGCTGGCACGTGTTCAGCACAAACGTCTGCTGGATACCCTGA
TGATCGTTGACCACGAACGTAAACACTCTCTGTCTGCTGTTTACCCGGTTGACGAAA
CCAAAGAAGCGCACCGTGATATGCTGGTTTTCTTCACCCGTAAACCGGTTGAACGTA
CCCACGTTAGCGGTTCTATCGACTCTCTGACCCCGCACAAAGAACTGCCGATGGAAA

TCCCGCTGTACCTGCCGGGTGCGAACCAGTAA
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Overexpression and Purification of the target proteins

The above transformants were cultured in TerrifictBr@fB) growth medium with 50
eg/ mL kanamycin at 37 AC with sdol06mPgGwith 220 |
final concentration of 0.5 mM was added to the cell culture at 18 €. The cell culture was kept
shaking at 220 rpm for 146 h. The ells were harvested by centrifugation at 8 €. The cell pellets
were stored at 180 AC before use. During puri
ice-chilled buffer with 100 mM Tris, 300 mM NaCl (pH 7.5) and lysed by sonication. The lysate
was subjected to centrifugation for 30 minutes at 22,000 g at 8 €. The supernatant was loaded
onto a NiNTA agarose column. The column was washed with 5 volumes of buffer containing 100
mM Tris, 300 mM NaCl and 10 mM imidazole (pH 7.5). The desired poteare eluted using
buffer containing 100 mM Tris, 300 mM NaCl and 250 mM imidazole (pH 7.5) and were
concentrated using Pall® centrifugal 10K filter. The collected protein solutions were dialyzed
against 2 L of buffer containing 5.0 mM EDTA, 300 mM Na®)0 mM Tris (pH 7.50) and
followed by sequential dialysis against 2 L of buffer (100 mM Tris, 300 mM NacCl, pH 7.50) twice.
The purity of protein was shown by SIPAGE gel Appendix2). Protein concentration was
determined by UV absorption at 280 Trthttp://ca.expasy.org). The protein was aliquoted and
frozen in 180 AC.
Using LC-MS to monitor the enzymatic reactions

LC-MS was conducted on an Agilent Technologies (Santa Clara, CA) 1200 system coupled
to an Agilent Technologies 6120 quadrupole mass spediomé&he associated Agilent

MassHunter and OpenLAB software packages are used for data collection and analysis. Detection

was performed using electrospray ionization in positive mode Y EBle drying gas temperature
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was 350 € with a nebulizer pressuré @0 psi and flow rate of 12 L/min. The capillary voltage
was set to 3000 V. The fragmentor voltage was set at 130 V.

Reactions containing 0.22 mM enzyme, 0.20 mM Fe(ll), 1.0 mM of the subgr&ter(
8,9, 10, 11and15), 2.0 mM of 2oxoglutarate (20G) and 1.0 mM of ascorbate in a total volume
of 200 (L (50 mM Tris, pH 7.5) were incubation at 4 €. For the substia#snd8, the reactions
were also carried out in the absence of 20G. Reactions were carried out analbgausiiting
20G. After overnight incubation (~ 12 hr), 50 L of the reaction mixture was treated with 100 L
MeCN that contains dansyl chloride (10Wtv dansyl chloride) and 20 L 1M NaHCOThe
mixture was incubated at 43 € for 1 hr. Following additioh20 (L 1M HCI, the mixture was
subjected to centrifugation (14,000 g for 30 mins). The samples were analyzed with an Agilent
ExtendC18 column (4.6 x50mm) at a flow rate of 0.5 mL/min using 38 % of solvent A (0.1%
formic acid in HO) and 62 % of solvérB (acetonitrile). Fot80-water experimentsO-water
was mixed with 2 M TrigHCI to make 50 mM TrigHCl buffer with 97.5 % H®0. After addition
of all the reagents, th€O content was ~ 80%. F&fO, experiments, the reactions were carried
out usingtubes with the screwed cap. After mixing Tgal, substrate and ascorbate, the reaction
mixture was subjected to the vacuum to remove the headspati®©g88%20,, Sigma Aldrich)
was then introduced to the tube followed by addition of 20G via syringe.
In Silico Analysis to search for TqaL homologues

The sequence similarity network (SSN) of Teade is generated via the EHST

(https://efi.igb.illinois.edu/efest] sequence length 3&4b0; alignment score threshold of 114;

hits with over ~60 % identity are connected with ed§a))d the SSN is visualized by Cytoscape

3.8.2%8% The genome neighbor of TgaL homologues are andlyzsing EFRGNT
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(https://efi.igb.illinois.edu/efgnt/). On the other hand, Tqahaehomologs were also identified

via NCBI BLASTP (Nonredundant protein sequences Datsdy 1000 max protein sequencés).
Transient kinetic analysis of Tgal-ha

SFAbs and M&sbauer experiments were conducted by the Guo group at Carnegie Mellon
University.
General chemical procedures

The chemical shift (0) values are reported
chemical shift for the proton residue peak &i@ipeak in the deuterated solvent (CR®F D,O).
The coupling constar{fl) values are expressed in hertz (Hz). Haiyer chromatography (TLC)
was performed on silica gel plate. TLCs were visualized by illumination under UV light (254 nm)
or by dipping the TLCs into a KMnGsolution followed by charring on heat gun. Silica (230
T 400 mesh) was used for flash column chromatography. Evaporations were carried out under
reduced pressure (water aspirator or vacuum pump) with the bath temperature below 50 € unless
specified otherwise. Materials obtained from commercial sugpliere used directly without
further purification.
Preparation of 3-hydroxy-valine (7) and pleurocybellaziridine (4)

1) NaClO,, PhI(OAc),,
TEMPO;

0
><(\ MeCN, pH 6.5 KPi 0 TFA ><‘/U\
HO OH > —_—
2) BnBr, K,COs; 1O OBn “"pom MO OBn

NHBoc NHBoc NHz

DMF (71 %)

o)
Pd/C, H, ><‘)L
—»
MoOH HO T OH
(80 %, 2 steps) 2

The substratd\-Boc-diol, was prepared following the literature procediire.
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The diol (0.93 g, 4.24 mmol, 1.0 equiv) wdissolved in 10 mL of acetonitrile and 12 mL
of 0.5 M pH 6.5 KPi buffer. The solution was cooled to 0 € before the sequential addition of
TEMPO (0.13 g, 0.85 mmol, 0.2 equiv), PhI(OA{).14 g, 0.42 mmol, 0.1 equiv) and NaCIO
(1.27 g, 14.0 mmol, 3.3 egni The resulting mixture was allowed to gradually warm to room
temperature. After stirring at room temperature overnight, the mixture was quenched with
saturated Nh&Claq) solution and extracted with ethyl acetate (EA) (1V x 7). The organic layers
were conbined, washed with 1M H@}), brine and dried over anhydrous MgSQhfter
concentratinginder reduced pressure, the crude product was dissolved in DMF (20 #010; K
(2.76 g, 12.72 mmol, 3.0 equiv) and BnBr (0.76 mL, 6.36 mmol, 1.5 equiv) were added to t
reaction. After stirring at room temperature overnight, the reaction with quenched®itti¥A),
extracted with EA (5 x1V). The organic layers were combined, washed with brine (2®)(H
x 1V) and brine (1V). Afterconcentratingunder reduced pres®y the reaction mixture was
subjected to silica gel chromatography (1:4, EA/hexanes (v/v)) to give beBz@((tert-
butoxycarbonyl)amineB-hydroxy-3-methylbutanoate (0.97 g, 71 % NMR (500 MHz,
CDCl) (+7.32 (m35H), 5.43 (d) = 7.6 Hz, 1Hexchangeable M), 5.23 (d,J = 12.2 Hz,
1H), 5.16 (dJ = 12.2 Hz, 1H), 4.24 (d] = 7.6 Hz, 1H), 1.43 (s, 9H), 1.23 (s, 3H), 1.20 (s, 3H);
13C NMR (125 MHz, CDQ)) : a 171. 9, 155. 9, 135. 2, 128. 7,
28.4, 26.9, 26.5.

Benzyl (9-2-((tert-butoxycarbonyl)amineg-hydroxy-3-methylbutanoate (0.97 g, 3.00
mmol, 1.0 equiv) was dissolved in dichloromethane (DCM, 10 mL). Trifluoroacetic acid (TFA,
4.60 mL, 60.00 mmol, 20.0 equiv) was added dropwise at room temperature. Thegesxture
was allowed to stir at room temperature until no substrate was left as indicated by TLC, then the

reaction was concentrated under reduced pressure and subjected to silica gel chromatography
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(10:1, DCM/Methanol (MeOH)) to giveS-1-(benzyloxy}3-hydroxy-3-methyl1-oxobutan2-
aminium as a TFA salt in quantitative yieltH NMR (500 MHz, CDCY) :  {+7.30 (m3 3H),
5.24 (d,J = 12.0 Hz, 1H), 5.11 (d] = 12.0 Hz, 1H), 4.01 (s, 1H), 1.40 (s, 3H), 1.12 (s, 3fQ;
NMR (125 MHz, CDC) u 144,8290,12910,3128.9, 70.4, 68.8, 61.8, 28.3, 24.0.

Followed by addition of Pd/C (10% Pd loading, catalytic amount) to a substrate containing
solution (0.75 mmol dissolved in 5 mL of MeOH), the reaction was subjected to hydrogenation
under atmospheripressure using hydrogen balloon. After the reaction, the mixture was filtered
through celite. The filtrate was concentrated under vacuum to diydr@xykL-valine (0.6 mmol,
80%)."HNMR (500 MHz,DO) : G 3.90 (s, 1H) BCNMRA®S5MHz,, 3H),

po0): o 170.1, 69.7, 61.7, 26.9, 23.6.

CbzCl PPh
0 : 3
Na,CO5 2 DIAD Q
HO OBh ———> —_—
R THF HO OBn THE  cpon OBn
NH; NHCbz z
(46 %) (50 %)
Pd/C, H, Q
—>
OH
MeOH HN

(81 %)

The substrate (2.25 mmol) was dissolved in dry tetrahydrofuran (THF, 15 mL) and cooled
to 0 €. Following addition ofNa&CQOs (0.72 g, 6.75 mmol, 3.0 equiv) and CbzClI (0.48 mL, 3.38
mmol, 1.5 equiv), the reaction was allowed to stir overnight at room temperature. After
concentratingunder reduced pressure, the reaction mixture was subjected to silica gel
chromatography (2, EA/hexanes (v/v)) to give benzy®){2-(((benzyloxy)carbonyl)amine3-
hydroxy-3-methylbutanoate (0.37 g, 46 %M NMR (700 MHz, CDCJ) : (7.30 (M3 1DH),
5.67 (d,J= 8.0 Hz, 1H, exchangeable®), 5.23 (dJ=12.0 Hz, 1H), 5.17 (d] = 12.0 Hz,1H),

5.145.10 (m, 2H), 4.31 (dJ = 8.0 Hz, 1H), 1.24 (s, 3H), 1.22 (s, 3H§C NMR (175 MHz,
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CDCl) u 171. 6, 156. 5, 136. 2, 135. 0, 128. 8, 12
61.8, 27.0, 26.5.

Benzyl §-2-(((benzyloxy)carbonyl)amine3-hydroxy-3-methylbutanoate (0.20 g, 0.56
mmol, 1.0 equiv) wadissolved in THF (8 mL) and cooled to 0 €. PRB.27 g, 1.02 mmol, 2.05
equiv) and DIAD (0.20 mL, 1.02 mmol, 2.05 equiv) were added. The reaction was graduall
warmed to room temperature and kept this temperature for 3 hr. After concentrated under reduced
pressure, the reaction mixture was subjected to silicehgematography (1:8, EA/hexanes (v/v))
to afford dibenzyl §)-3,3-dimethylaziridinel,2-dicarboxylae (80 mg, 50 %)}H NMR (700 MHz,
CDChL) :  ©7.32 (m31DH), 5.22 (dl = 12.2 Hz, 1H), 5.18 (d] = 12.2 Hz, 1H), 5.146.13 (m,
2H), 3.05 (s, 1H), 1.33 (s, 3H), 1.32 (s, 3HE, NMR (175MHz, CDG)) : o 167. 7, 160.
135.4, 128.8, 128.7, 128.¥28.7, 128.7, 128.7, 128.6, 68.5, 67.3, 46.9, 46.2, 22.8, 19.3.

Followed by addition of Pd/C (10% Pd loading, catalytic amount) to a solution (5 mL of
MeOH) containing theibenzyl §-3,3-dimethylaziridinel,2-dicarboxylate(70 mg, 0.21 mmol,
1.0 equiv),the reaction was subjected to hydrogenation under atmospheric pressure using
hydrogen balloon. Subsequently, the mixture was filtered through celite. The filtrate was
concentrated under vacuum to give pleurocybellaziricdp€q.17 mmol, 81 %)*H NMR (700
MHz, D,O) : & 3.58 (s, 1H)  °CNMRT5 KKz, DO3H) i 1680 6( S,

46.1, 21.5, 16.2.
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Preparation of (3R)-3-Hydroxylisoleucine (14) and (3,3S)-3-ethyl-3-methylaziridine-2-
carboxylic acid (6)

1) NaClO,, PhI(OAc),,
TEMPO;

. . . OHO
%, OH MeCN, pH 6.5 KPi 7, POH Q TEA 7, PH
’ —_—
OH " %) BnBr, K,CO; OBn " pem OBn
NHBoc DMF NHBoc NH,
(67 %)
. OHO
Pd/C, H, \/8:')]\
_—
MeOH OH
NH,

(78 %, 2 steps)

The substrate used to prepérand14, N-Boc-diol, was prepared following literatufé.

Benzyl (%5 3R)-2-((tertbutoxycarbonyl)amineg-hydroxy-3-methylpentanoate (0.83 g,
67 %) was prepared using the method described above, from 0.87 g\sBtiediol. *H NMR
(700 MHz, CDC4) :  (7.31 (m45H), 5.43 (d1= 7.8 Hz, 1H, exchangeablel), 5.22 (dJ =
12.0 Hz, 1H), 5.17 (] = 12.0 Hz, 1H), 4.28 (dl = 7.8 Hz, 1H), 2.31 (broad s, 1H, exchangeable
O-H), 1.581.50 (m, 2H), 1.43 (s, 9H), 1.12 (s, 3H), 0.90 &, 7.5 Hz, 3H).

(2S,3R)-1-(benzyloxy}3-hydroxy-3-methyt1l-oxopentar2-aminium was preparedsing
the method described above in quantitative yield as a TFAlsatMR (700 MHz, CDCJ) : a
7.367.28 (m, 5H), 5.23 (d] = 12.0 Hz, 1H), 5.12 (d] = 12.0 Hz, 1H), 4.02 (s, 1H), 1.7262
(m, 1H), 1.06 (s, 3H), 0.90 = 7.4 Hz, 3H):3C NMR (175MHz,CDCk) : & 168. 0, 134 .
128.9, 128.8, 72.7, 68.8, 60.3, 32.8, 21.1, 7.2.

(3R)-3-Hydroxylisoleucine (0.24 mmol, 78 %) was prepared in an analogous manner as of
7.'HNMR (700 MHz, DO) : © 3. 9 31.78 n, 1H), HML,69 (in, 18)31.23s, 3H),

0.95 (t,J=7.5Hz, 3H)®®*C NMR (175MHz,RO) : & 170.3, 72.2, 60.5,
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PPhs,

2 OHO 2 0
Y EtsN ., POH DIAD 0
OBnN > OBn > e OB
NH3+ THF NHCbz THF CbzN
(67 %) (48 %)
Pd/C, H, 7>)OL
—_ e
MeOH OH

HN
(87 %)

The substrate (1.91 mmol) was dissolved in dry THF (10 mL) and cooled to 0 C,
triethylamine (E4N, 0.80 mL, 5.73 mmol, 3.0 equiv) and CbzCl (0.54 mL, 3.82 mmol, 2.0 equiv)
were added. The mixture was allowed to stir overnight at room temperature. Aftentated
under reduced pressure, the reaction mixture was subjected to silicargalatography (1:3,
EA/hexanes (v/v)) to give benzyl $3R)-2-(((benzyloxy)carbonyl)amine3-hydroxy-3-
methylpentanoate (0.48 g, 67 Y. NMR (700 MHz, CDCY) :  (47.3Z (m316H), 5.64 (d] =
8.4 Hz, 1H, exchangeable-lN), 5.23 (d,J = 12.2 Hz, 1H), 5.17 (d] = 12.1 Hz, 1H), 5.1%.10
(m, 2H), 4.35 (dJ = 8.4 Hz, 1H), 1.58.50 (m, 2H), 1.13 (s, 3H), 0.9 = 7.2 Hz, 3H);}*C
NMR (175 MHz, CDC}) u 17 1369,1351,583.8,4128.7, 128.7, 128.6, 128.4, 128.3,
74.2,67.4, 67.4, 60.0, 31.4, 23.6, 8.0.

Dibenzyl (5,39)-3-ethyl3-methylaziridinel,2-dicarboxylate (0.22 g, 48 %) was prepared
analogously using the method described above from 0.48 g dbE@iez benzyl estetH NMR
(700 MHz, CDC}) :  #7.31 (m31DH), 5.2%.18 (m, 2H), 5.15 (s, 2H), 3.06 (s, 1H), 583
(m, 1H), 1.571.52 (m, 1H), 1.27 (s, 3H), 0.91 {t= 7.5 Hz, 3H)3C NMR (175 MHz, CDCJ):

a 167. 7, 160. 4, 135. 7, 135. 4, 128. 7, 128. 7,
19.3, 9.9.
(25 39)-3-ethyl3-methylaziridine2-carboxylic acid (0.54 mmol, 87 %) was prepared from

0.22 g protected aziridine using the procedure sued for the preparatiotHaflMR (700 MHz,
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D:0) : U 3. 56-1.57$m, 2H), #.54,(s, 3H), 8.05 &= 7.4 Hz, 3H) 1°3C NMR (175

MHz, D:O) : u 168. 5, 50. 0, 47 . 8, 23. 7, 18. 4, 8. 5.
Preparation of (3S)-3-Hydroxylisoleucine (8) and (3&5,3R)-3-ethyl-3-methylaziridine-2-
carboxylic acid (5)

1) NaClO,, Phl(OAc),,

o TEMPO; o o b O
”, MeCN, pH 6.5 KPi HO, TEA %,
- —_—
OH ) BnBr, K,COs: OBn  pem OBn
NHBoc DME NHBoc NH;
(80 %)
0
Pd/C, H, W
—>
MeOH OH
NH,

(83 %, 2 steps)

The substrate used to prepd&reand 8, N-Boc-diol, was prepared following literature
prepared following literatur®’.

Benzyl (2539)-2-((tert-butoxycarbonyl)amineB-hydroxy-3-methylpentanoate (1.50 g,
80 %) was prepared using the procedure described above, from 1.30 dlddbeliol. 'H NMR
(700 MHz, CDC4) :  G7.31 (m3561), 5.42 (d1 = 8.3 Hz, 1H, exchangeablel), 5.24 (dJ =
12.2 Hz, 1H), 5.15 (d] = 12.2 Hz, 1H), 4.29 (d] = 8.3 Hz, 1H), 2.27 (broad s, 1H), 1-491
(m, 11H), 1.15 (s, 3H), 0.91 @,= 7.5 Hz, 3H)’3C NMR (175 MHz, CDG&) : U 172. 2,
135.2, 128.7, 128.6, 128.5, 80.2, 74.5, 67.2, 60.0, 32.6,284, 8.2.

Following the procedure described aboves §)-1-(benzyloxy}3-hydroxy-3-methyt1-
oxopentar2-aminium was prepared in quantitative yield as a TFA $HItNMR (700 MHz,
CDClk) :  ©&7.30 (m33H), 5.22 (dJ = 12.0 Hz, 1H), 5.11 (d] = 120 Hz, 1H), 4.05 (s, 1H),
1.591.54 (m, 1H), 1.35 (s, 3H), 1.2023 (m, 1H), 0.84 (t) = 7.4 Hz, 3H)*C NMR (175 MHz,

cbClk) : u 168.1, 134.2, 129.0, 128.8, 128.8, 72.
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Following the procedure used for the preparatiod4f(3S)-3-Hydroxylisoleucine (0.50
mmol, 83 %) was preparetH NMR (700 MHz,DO) : G 3. 961576n 2HIH3pH(s, 1. 66

3H), 0.92 (tJ= 7.5 Hz, 3H)*C NMR (175MHz,DO) : U 170.3, 72.2, 60.5),

o CbzCl, PPhs,
HO, Et3 ., PH Q DIAD 0
_> \n.
OBn OBn
+
NH; NHCbz CbzN
(78 %) (50 %)
Pd/C, H Q
—2>\II|
MeOH HM OH

(54 %)
Benzyl (2S539-2-(((benzyloxy)carbonyl)amine3-hydroxy-3-methylpentanoate (0.90 g,
78 %) was prepared from the substrate (~2.42 mmol) using the method described-hbidwE.
(700 MHz, CDC4) :  17.31 (m31®H), 5.65 (d1 = 8.9 Hz, 1H, exchangeablei), 5.24 (d,J
=12.2 Hz, 1H), 5.16 (dl = 12.2 Hz, 1H), 5.14.10 (m, 2H), 4.35 (d] = 8.9 Hz, 1H), 1.48..40
(m, 2H), 1.16 (s, 3H), 0.91 3= 7.4 Hz, 3H)3C NMR (175MHz,CDG) : & 171. 9, 156.
135.1, 128.8, 128.7, 128.7, 128.6, 128.4, 1284, 67.4, 67.4, 60.5, 32.6, 22.5, 8.1.
Dibenzyl (Z53R)-3-ethyt3-methylaziridinel,2-dicarboxylate (0.43 g, 50 %) was
prepared as described above, from 0.90 g otz benzyl estetH NMR (700 MHz, CDCJ):
U 7-7.32 m, 10H), 5.22 (d] = 12.3Hz, 1H), 5.17 (dJ = 12.3 Hz, 1H), 5.15 (d] = 12.1 Hz,
1H), 5.12 (dJ = 12.1 Hz, 1H), 3.04 (s, 1H), 1.8075 (m, 1H), 1.32 (s, 3H), 1.221 (m, 1H),
0.99 (t,J= 7.5 Hz, 3H)*C NMR (175 MHz, CDQ)) : a 167. 7, 160. 1, 135. 7
128.6, 128.6, 128.5, 128.5, 68.4, 67.3, 50.9, 44.9, 30.4, 15.9, 10.4.
(2S3R)-3-ethyl3-methylaziridine2-carboxylic acid (0.22 mmol, 54 %) was prepared in

an analogous manner asddfom 0.14 g protected aziridintd NMR (700 MHz,RO) : U 3. 58 (
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1H), 1.781.75 (m, 2H), 1.47 (s, 3H), 1.08 Jt= 7.5 Hz, 3H)23C NMR (175 MHzD,0) : @
50.2, 47.3, 28.8, 13.2, 8.5.

Preparation of Trifluorovaline (15)

CF,4 CF; O
'BUOK, MeCOCFs5 Pd/C, H, 3
CN _CO;Me ——— — - X NHCHO ___ oM
THF, - 78 °C MeOH €
(40 %) COzMe (98 %) NHCHO
CFs O CF3 O
HCI LiOH
_— OMe ——>» OLi
MeOH, 55 °C NHs Dioxane/H,0O NH,
* (47 %, 2 steps)

Following the literature]l5wasprepared. ThéH-, 13C- and!®F-NMR spectra are consistent with

those reported in literatufé.
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Tabl &h2. BLAST r epawdittsh &f5 Pgadaldentity cutoff. Tot al

identified in the SSN and GNN approach are highldi

Align- mis-

:_::Zr subject acc.ver i rlru:?t_v [:::;:. ma:l‘he oi:r; s q. start q. end s. start s. end evalue bit score pu!i:/ntives
TgaL-pacADY16694.1 100.000 371 0 0 1 371 1 371 0.0 112 100.00
TgaL-pac KAG0155450.1 87.171 304 39 0 66 369 265 568 0.0 565 94.41
TqaL-pacXP_014534988.1 86.076 316 44 0 52 367 1 316 0.0 577 93.67
TqaL-paeKFY04237.1 78.297 3064 76 1 1 304 1 361 0.0 602 88.74
TqaL-pae XP_022493409.1 76860 363 84 0 1 363 1 363 0.0 592 87.60
TgaL-pae GFF95951.1 72519 262 72 0 97 358 1 262 1.45e-136 400 84.35
TgaL-pae GFF57298.1 72519 262 72 0 97 358 1 262 5.88e-136 399 83.97
TqgaL-paeXP_043153952.1 70992 262 76 0 97 358 1 262 1.33e-133 392 83.97
TqaL-paeOLL27553.1 70.588 51 15 0 215 265 2 52 3.27e-15 82.0 84.31
TqaL-paeXP_023900651.1 69.536 302 92 0 57 358 60 361 8.72e-154 447 84.11
TqaL-pac EOD48382.1 68.929 280 87 0 79 358 2 281 5.46e-145 422 86.07
TgaL-paeXP 043141522.1 68874 302 94 0 57 358 23 324 1.23e-151 441 §2.12
TgaL-pae WP_212995109.1 67.797 59 19 0 195 253 1 59 1.09e-18 90.5 83.05
TgaL-pae GAMS6515.1 66.883 308 102 0 51 358 113 420 3.11e-148 436 81.49
TgaL-pae TLD19127.1 66.782 289 94 1 73 359 46 334 6.72e-138 406 79.24
TqaL-pae EKG10377.1 66.000 300 102 0 59 358 48 347 4.62e-149 435 83.33
Tqal-pacKAH7042799.1 66.000 300 102 0 59 358 65 364 7.93e-149 435 83.33
TqaL-pae KND92252.1 65333 300 104 0 59 358 87 386 1.06e-140 416 79.67
TqaL-pae KAI6258695.1 65246 305 104 1 57 359 71 375 8 2le-142 418 77.70
TgaL-pae WP_076988737.1 64.822 253 89 0 97 349 1 253 8.48e-111 335 77.08
Tqal-pae XP 047848526.1 64.667 300 106 0 59 358 45 344 3.72e-142 417 80.00
Tqal-pae GIN66473.1 64.667 300 106 0 59 358 61 360 1.12e-141 417 80.33
TqaL-pae GIN80416.1 64.667 300 106 0 59 358 60 359 1.19e-141 417 80.33
TqaL-paeXP_018184027.1 64.667 300 106 0 59 358 86 385 1.30e-141 418 80.33
TqaL-paeRYP14565.1 64.610 308 109 0 51 358 60 367 8 54e-148 433 81.49
TqaL-paeMCE0445671.1  64.574 223 79 0 127 349 1 223 1.17e-100 308 80.27
Tqal-pae KAH6995494.1 64.570 302 107 0 57 358 72 373 1.4le-140 415 79.14
Tqal-paeXP 0461114141 64.570 302 107 0 57 358 327 628 8.60e-136 412 79.14
TgaL-pacPOR34534.1 64.333 300 107 0 59 358 88 387 3.16e-140 414 79.67
TqaL-pacKAH7016695.1  64.238 302 108 0 57 358 76 377 2.62e-139 412 79.14
TqaL-pacMBE4287248.1  64.198 81 29 0 232 312 1 81 6.05e-25 107 7531
TqaL-pacOYP20247.1 64.032 253 91 0 97 349 1 253 3.08e-112 339 79.05
TgaL-pae TON98965.1 63.934 ol 22 0 285 345 1 61 7.44e-16 82.8 77.05
TgaL-pacKAH7142604.1  63.907 302 109 0 57 358 76 377 8.99¢-139 410 79.47
Tqal-paeKAH8172100.1 63.667 300 109 0 59 358 81 380 8.93e-140 413 80.00
Tqal-paeKFA77668.1 63.333 300 110 0 59 358 69 368 2.12e-140 414 §1.00
TqaL-pacKAF2150240.1 63.190 326 113 2 40 358 32 357 3.19¢-144 423 78.22
TqaL-pacKAI9152060.1 63.000 300 111 0 59 358 79 378 1.55e-140 415 80.33
TqaL-pacKEY68497.1 63.000 300 111 0 59 358 69 368 2.88e-140 414 81.00
TqaL-pacKFA49835.1 63.000 300 111 0 59 358 69 3068 3.14e-140 414 81.00
Tqal-pae KAF4505710.1 62.887 291 108 0 69 359 46 336 2.37e-135 400 80.41
TgaL-pae EQL02394.1 62.667 300 112 0 59 358 115 414 1.03e-138 411 79.67
TqaL-pacKAF7549639.1 62.500 312 114 1 57 365 71 382 6.23e-140 413 77.24
TgaL-pae WP_208870200.1 62.500 280 105 0 70 349 6 285 5.90e-122 365 77.86
TqaL-pacKAH8902227.1  62.458 301 113 0 59 359 56 356 1.13e-134 399 78.07
Tqal-paec WP _219621983.1 62.406 133 50 0 208 340 1 133 1.99e-50 176 76.69
TqaL-pae KFA65644.1 62.333 300 113 0 59 358 69 368 1.07e-140 415 81.00
TgaL-pae WP_257968625.1 62.319 69 26 0 208 276 1 69 9.52e-20 93.6 78.26
TgaL-paeXP_009848160.1 62.222 315 114 2 57 360 76 390 6.7le-138 408 76.83
Tqal-paeCAD21320.1 62.222 315 114 2 57 366 76 390 1.29e-137 407 76.83
Tqal-paeXP 961683.2 62.222 315 114 2 57 366 71 385 1.65e-137 407 76.83
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Tgal-paeGFF35396.1 62.048
Tqal-paeXP_046122205.1 61.905
Tgal-paeXP_023909612.1 61.628
Tgal-paeEMF06263.1 61.628
Tgal-paeAlA47086.1 61.628
Tgal-paeANM79514.1  61.628
Tgal-paeERH65630.1 61.628
Tgal-paeKFD14658.1 61.628
Tgal-paeXP_003349558.1 61.613
Tgal-paeRJE18183.1 61.607
Tqgal-paerEEH_A 61.438

Tqgal-paéWP_189397140.161.429
Tgal-paeWP_208877978.161.429
Tgal-paeAJT65132.3 61.348
Tgal-paeWP_244319077.161.348
Tqal-paeWP_243146438.161.290
Tgal-paeXP_036575515.1 61.165
Tgal-paeMBV9022750.1 61.111
Tgal-paeéWP_219605408.161.111
Tgal-paeXP_030978852.1 61.062
Tgal-paeOPB41435.1 61.000
Tgal-paeXP_024771491.1 61.000
Tgal-paekKKP04812.1 61.000
Tgal-paekKAF3073242.1 61.000
Tgal-paeMBX9333984.1 60.853
Tqal-paexXP_046008825.1 60.797
Tgal-paePGH12167.1 60.791
Tgal-paeKAH0524469.1 60.667
Tgal-paeéWP_231399187.160.650
Tgal-paeRY098793.1 60.390
Tgal-paeRFU76194.1 60.333
Tgal-paeXP_006967792.1 60.333
Tgal-paeXP_013951365.1 60.333
Tgal-paeUKz55582.1 60.333
Tgal-paePTB72775.1 60.333
Tgal-paeOTA03525.1 60.333
Tgal-paePNP47107.1 60.333
Tgal-paeKAH6604340.1 60.333
Tgal-paeXP_0012B796.1 60.333
Tqgal-paeKAl6784867.1  60.333
Tgal-paeXP_046114218.1 60.333
Tgal-paeHCG5946891.1 60.317
Tgal-paeTLD08122.1 60.201
Tqal-paeXP_031900383.1 60.135
Tgal-paeKAF5858847.1 60.135
Tgal-paeXP_02474882.1 60.000
Tgal-paeKAH0495856.1  60.000
Tqgal-paeUKzZ81349.1 60.000
Tgal-paeXP_024756253.1 60.000
Tgal-paeKAH8126484.1 60.000
Tqgal-paeGFP59522.1 60.000
Tgal-paeWP_180904287.160.000
Tgal-paeéWP_263421183.159.925
Tqal-paeXP_040657438.1 59.816
Tgal-paeKAE8387685.1 59.797
Tgal-paeGIG63137.1 59.794
Tgal-paeKAF7592957.1  59.790
Tgal-paer0J57220.1 59.740
Tgal-paeWP_152265002.159.712
Tgal-paeXP_018657960.2 59.667
Tgal-pa€TXH22331.1 59.551
Tqgal-paeWP_219626669.159.494
Tgal-paeKAE8353032.1 59.441
Tgal-paePNP38377.1 59.333

ed)

166
294
344
258
258
258
258
258
310
112
306
280
280
282
282
248
309
180
72

339
300
300
300
300
258
301
278
300
277
308
300
300
300
300
300
300
300
300
300
300
300
126
299
296
296
300
300
300
300
300
300
145
267
326
296
291
286
77

278
300
267
79

286
300

63
112
124
99
99
99
99
99
112

113
108
108
109
109

120
70

28

130
117
117
117
117
101
118
109
118
109
122
119
119
119
119
119
119
119
119
119
119
119
50

117
118
118
120
120
120
120
120
120

107
127
119
116
115
31

112
121
108
32

116
122
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51
70
15
97
97
97
97
97
57
248
59
70
70
68
68
104
50
97
208
23
59
59
59
59
97
59
73
59
80
51
59
59
59
59
59
59
59
59
59
59
59
148
59
64
64
59
59
59
59
59
59
212
97
37
64
67
73
185
72
5
97
208
73
B9

216
363
358
354
354
354
354
354
359
359
359
349
349
349
349
351
358
276
279
359
358
358
358
358
354
359
350
358
356
358
358
358
358
358
358
358
358
358
358
358
358
273
355
359
359
358
358
358
358
358
358
356
363
358
359
356
358
261
349
358
363
286
358
358

182
325
363
258
258
258
258
258
383
112
308
285
285
285
329
248
389
180
72

375
385
386
384
383
258
302
290
384
279
363
384
301
384
353
385
389
385
384
322
393
393
133
309
299
299
341
384
366
384
384
384
145
267
387
299
292
298
7

286
384
267
79

298
384

4.86e66

9.43e132
4.13e150
8.78e109
1.20e108
1.24e108
1.88e108
3.18e108
1.26e135
1.04e39

5.91e131
2.75e121
5.46e121
7.84e122
1.88e121
4.45e104
3.51e142
1.16e72

2.59e20

8.21e142
1.79e135
1.85e135
5.03e135
3.42e134
4.45e107
4.32e133
3.87e119
2.21e133
9.91e116
2.25e134
3.91e134
5.53e134
1.65e133
1.82e133
2.26e133
5.10e133
2.84e132
1.87e131
7.06e127
5.72e126
1.94e125
1.21e44

5.32e128
3.00e126
5.06e126
1.17e133
1.80e133
1.01e132
8.27e132
8.27e132
8.55e132
3.21e51

9.32e105
7.17e140
4.30e125
3.16e118
1.56e120
9.48e22

2.96e112
1.54e131
1.01e104
2.39e22

1.45e121
8.09e131

218
390
438
330
329
329
329
328
402
147
387
363
362
365
365
318
420
234
95.1
418
402
402
401
399
325
393
357
397
348
399
399
395
397
396
397
396
394
392
378
378
377
161
380
375
375
396
397
394
393
393
393
178
320
413
372
355
361
99.4
340
392
320
100
363
390

76.51
77.21
76.74
76.74
76.74
76.74
76.74
76.36
77.74
77.68
75.49
77.86
77.50
77.30
77.30
76.21
79.61
74.44
77.78
72.86
78.00
78.00
78.00
78.33
75.97
77.74
75.54
78.00
74.01
78.57
78.33
77.33
77.67
77.67
77.67
77.33
77.33
77.00
76.67
76.00
75.67
75.40
75.59
75.00
75.00
77.67
77.33
77.33
77.00
77.00
77.00
73.10
71.91
74.85
74.32
73.20
76.22
75.32
73.38
77.67
70.79
74.68
76.22
77.67
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Tgal-paeKAF3997264.1 59.289
Tqgal-paeMVZ10064.1 59.259
Tgal-paeASWO04077.1 59.216
Tgal-paeKAF6834482.1 59.211
Tqal-paeWWP_180803232.159.211
Tqal-pagéWWP_180800243.159.211
Tqal-paexXP_003011414.1 59.206
Tqal-paeElZ0687573.1  59.116
Tqal-paefOC01230.1 59.060
Tqal-paeéWP_233473198.159.028
Tqgal-paeXP_013945817.1 59.000
Tgal-paeUKZ71287.1 59.000
Tqal-paeéWP_167324590.158.993
Tqal-paeWP_033635886.158.993
Tgal-paeMBH3073171.1 58.993
Tqgal-paeMBN5403247.1 58.993
Tqal-paeéWP_164039765.158.993
Tqal-paeéWP_033645639.158.993
TgalL-paeéWP_015379003.158.993
Tqgal-paéWP_099982744.158.993
Tqal-paeéWP_031300630.158.993
Tqal-paeéWP_154871774.158.993
Tqal-paeéWP_261441138.158.993
Tqal-paeéWP_033632129.158.993
Tgal-paeHAT4516824.1 58.993
Tgal-paeMBH2774767.1 58.993
Tqal-paeéWWP_060434957.158.993
Tgal-paeHAT3716119.1 58.993
Tqal-paeéWP_166445391.158.993
Tqgal-paeWP_028127702.158.993
Tqal-paeéWP_206196295.158.993
Tgal-paeéWP_229849115.158.993
Tqal-paePHY64526.1 58.974
Tqgal-paeRZA47150.1 58.974
Tqal-paeRJT94868.1 58.974
Tgal-paeRTF45738.1 58.974
Tqal-paeKAF6795320.1 58.882
Tqal-paeéWP_037956671.158.865
Tgal-paeKAF6831713.1 58.824
Tqgal-paeWP_208869250.158.719
Tqal-paeGBF61834.1 58.657
Tqal-paeKAF3896074.1 58.657
Tgal-paeMBH2670075.1 58.633
Tqgal-paeHAT4919247.1 58.633
Tqal-paeéWP_025304191.158.633
Tqal-paeMBH3104841.1 58.633
Tgal-paeMBH2594366.1 58.633
Tgal-paeMBN5181272.1 58.633
Tqal-paeéWP_063917991.158.633
Tqal-paeéWP_211130100.158.633
Tqal-paeéWP_198636984.158.633
Tqal-paeWP_198809235.158.633
TgalL-paeéWP_019455603.158.633
Tqgal-paeWP_261138980.158.555
Tqal-paeéWP_261253211.158.555
Tqal-paeéWP_182473256.158.511
TgalL-paeWP_205409834.158.462
Tgal-paeNMV21827.1 58.333
Tqal-paeéWWP_180820182.158.333
Tqal-paeKDB27156.1 58.304
Tqal-paeEZF33249.1 58.304
Tqal-paexXP_003020913.1 58.304
Tqal-paeeWP_199757936.158.304
Tgal-paeHAV2138231.1 58.273

ed)

253
216
255
304
152
152
277
181
149
288
300
300
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
39

39

39

39

304
282
306
281
283
283
278
278
278
278
278
278
278
278
278
278
278
263
263
282
130
84

72

283
283
283
283
278

103

104
120
62

62

113
74

61

118
123
123
114
114
114
114
114
114
114
114
114
114
114
114
114
114
114
114
114
114
114
110
16

16

16

16

121
115
122
116
117
117
115
115
115
115
115
115
115
115
115
115
115
109
109
116
54

35

118
118
118
118
116
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316
316
316
316
59
71
57
69
73
73
74
74
74
74
74
74
74
74
74

74
97
97
71
148
237
274
73
73
73
74
74

349
354
351
358
356
356
349
328
356
356
358
358
351
351
351
351
351
351
351
351
351
351
351
351
351
351
351
351
351
351
351
349
354
354
354
354
358
351
358
349
355
355
351
351
351
351
351
351
351
351
351
351
351
359
359
351
277
320
345
355
355
355
356
351

©
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253
216
255
392
152
157
289
188
149
289
325
384
281
281
281
281
281
281
281
281
281
281
281
281
281
281
281
281
281
281
281
281
69

64

64

69

394
285
389
285
295
295
281
281
281
281
281
281
281
281
281
281
281
263
263
285
137
84

72

295
295
295
283
281

1.26e100
7.12e85
3.29e100
5.24e131
2.86e53
3.22e53
1.67e117
5.16e68
1.10e52
8.48e118
1.60e129
3.59e129
4.70e115
1.27e114
1.53e114
1.88e114
2.21el14
2.58e114
4.30e114
4.64el114
5.06e114
5.45el114
5.90el114
7.24e114
7.42el114
7.56e114
1.14e113
1.20e113
1.41e113
1.43e113
2.60e113
1.19e112
0.004
0.004
0.004
0.004
1.41e130
3.54e114
1.83e130
2.72e114
2.29e118
3.47e118
5.06e114
5.29e114
2.02e113
2.66e113
2.78e113
3.73e113
5.83e113
9.52e113
1.04e112
2.11el12
2.18e112
7.91e106
1.24e105
5.18el14
3.37e45
1.08e21
2.66e18
5.36e118
5.48e118
7.86e118
5.73e113
1.21e112

309
267
308
391
184
184
353
223
182
353
385
386
347
345
345
345
345
345
344
344
344
344
344
343
343
343
343
343
343
343
342
340
47.8
47.4
47.4
47.8
390
345
390
345
355
355
344
344
342
342
342
342
341
341
340
340
340
322
322
344
162
99.4
89.7
354
354
354
341
340

74.70
75.93
73.33
76.64
72.37
72.37
76.53
74.03
73.15
73.26
76.33
76.33
76.62
76.26
76.26
76.26
76.26
76.26
76.26
76.26
76.26
76.26
76.26
76.26
7626
76.26
75.90
75.90
75.90
75.90
75.54
73.38
66.67
66.67
66.67
66.67
76.97
75.18
76.47
74.38
75.97
75.97
76.26
76.26
75.90
75.90
75.90
75.54
76.26
76.26
76.26
75.18
76.26
76.43
76.43
74.82
74.62
71.43
72.22
75.97
75.97
75.62
73.50
75.54
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Tgal-paeéWP_049199316.158.273
Tqal-paeWP_123892588.158.273
Tqal-paeéWP_038871106.158.273
Tqal-paeéWP_149559812.158.273
Tgal-paeéWP_107227950.158.273
Tqal-paeNP_241173993.158.273
Tqal-paeéWP_126180309.158.273
Tqal-paeéWP_064290733.158.273
Tqal-paeéWP_049273779.158.273
Tqal-paeéWP_240023537.158.273
Tgal-paeéWP_261112132.158.175
Tqgal-paeMBE4367678.1 58.036
Tqal-paeEGD97959.1 57.951
TqalL-paeWP_030283620.157.951
Tqal-paeWP_185940928.157.931
Tqal-paeNP_221902574.157.931
Tqal-paeMBH2961974.1 57.914
Tqal-paeéWP_100396859.157.914
Tgal-paeéWP_147840291.157.914
Tgal-paeMBN5321610.1 57.914
Tqal-paeMBH2874301.1 57.914
Tqal-paeHBK4794294.1 57.914
Tqal-paeXP_018148093.1 57.895
Tqal-paeEJB1786552.1 57.895
Tgal-paeEJG1206508.1 57.895
Tgal-paeRYP23429.1 57.878
TqaL-paeMBZ4322542.1 57.877
Tgal-paeéWP_125757228.157.801
Tgal-paeéWP_059147513.157.801
Tqal-paeXP_022405081.1 57.778
Tqal-paeWP_202965898.157.721
Tqal-paeRYP07245.1 57.706
Tgal-paeKAF4311764.1 57.692
Tgal-paeK AF7503219.1 57.667
Tqal-paeWP_180920527.157.627
Tqal-paeéWP_212159544.157.455
Tqal-paeéWP_020865108.157.447
Tqal-paeéWP_228750869.157.426
Tqal-pae8WP_229652627.157.416
Tqal-paeElG2369852.1 57.416
Tqal-paeéWP_203506675.157.416
Tqal-paeéWVP_229651684.157.416
Tgal-paeHCG8562287.1 57.416
Tqgal-paeHBC3951700.1 57.416
Tgal-paeHCG8160596.1 57.416
Tgal-paeGDY52031.1 57.343
Tgal-paePHH63371.1 57.329
Tqal-paeéWVP_004940967.157.288
Tqal-paeéWP_126642499.157.252
Tgal-paeATL87959.1 57.252
Tqal-paexXP_007291026.1 57.040
Tqal-paeTOP65437.1 56.977
Tgal-paeHCG5557459.1 56.938
Tqgal-paeWP_237458891.156.938
Tqal-paeEJG0661895.1 56.938
Tqal-paeEIE1194261.1 56.938
Tgal-paéWVP_198421119 56.938
Tqal-paeéWVP_228841983.156.938
Tqal-paeHCE3380728.1 56.938
Tqal-paeEHR7162698.1 56.938
Tgal-paeEIA1553938.1  56.938
Tqgal-paeHCG7374491.1 56.938
Tqal-paeHCE3705446.1 56.938
Tgal-paeéWP_229651851.156.938

ed)

278
278
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3.1 I ntroduction

Using metalloenzymes to enable syngfceti cal |
H bond activation Ibiiod@@gs cahe mehbemdesalandnd as
preparati on of sever al natur al products [
deoxypodopfSBlyl outsoixnign .a -opxoot e(nfte rFrey(I1)V)i nt er medi &
speci es, Fel/l 20G enzymes catalyze diverse reec¢
hal ogenaitdatni,ore,poxyclization, endopéso®mdé fo
hydroxylation and chlorination, 2anfdeRIOWI tirnigeg
r egarod sstpeercetld ibcon@ acti vati on, in which the r
with th@H Fer( &Flé )( OH) s pecitOe soQloC bfounrdniarhd Cr e g e
Fe(%1)®®n°%the other hand, the radical or the
preinstalled C=C babdeoéythiezatube’fr abh&h’@bd®in e
emerging precedents of new reactions presage
devel oping nearshr dbeginevefLofesami hgi teasti ensg
explore catalytic diversity of Fe/ 20G enzyme

applications.
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Hrml/ HrmJ/

\/\/\‘/ 3 BeIK O,;N CO,” Bell OZN\/ \Ycoz.
6 4

NH;* NH,;*
L-Lysine 16 17

NOZ OzN ,,,\/\rcoz'
JW NH3+
H,N
/\)L [r hy
N R,

18

( %#F%*W )

OH

hu 0
N Hormaomycins d
R4, R, =H or Me 3
S (o) WNOy T N
\ NH Belactosin A
Cl
0,, 20G
ON,, COy” O,N CO,”
b) 16 \V4 g \v/\(
NH;* NH;*
CO,, succ 19 20
by HrmJ-ssc, by HrmJ-sr
HrmJ-ss3,
HrmJ-rsc

Figure 3.1a) Heme oxygenadie dinuclear irorenzymes (Hrml/BelK) and mononuclear iron enzymes
(HrmJ/BellL) catalyze sequential nitration-llys A 16) and cyclopropanatiorl6 A 17 and18) in the
biosynthesis of hormaomycins and belactosin A; b) Four HrmJ homologues;skigrilimJss3 HrmJ
rscand HrmJsr, are identified through bioinformatic analysis wherein Hesd,HrmJss3andHrmJrsc

catalyzel9formation, while Hrmdsr enable 20 formation.

Recently, two Fe/ 20G enzymes, Hr mJ and Bel
i n wh-mtcrhen c6r | ed i nies (conv Rr tRRa&A n d 5t &Bq( L e2n s
nitrocydafadpmbdbfwbtl® in the production of hor ma
respectivel 2 NEitqabr e, 3.t wad) .co hs éhir ualilwedb iégleln e s
are present inctlhues tkeiress yrfh thetaima ogndgrdéda o Hp snil n a g d
Bel K belong tdikemdioxwydemasa)) omnzdyHmes and ca
ofeNRHof-l ysi ne 16LyIsh)e tdoownstream HrmJ and BellL
affbfadil8 respectively. Whil e these pioneer st
strategy o i-heoh20GeemDyme pair for effective
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strategy is deployed in other wuni dest icfaitead ymza
cyclopropanation are | argely wunknown. I n comg
usiSagdenosyl met hi ophogephaotye, dbemé, 5ar fl avin &
cof aEitgu )'¢*°Fe2 20G enzymes deploy diffeent, vy
bond formation strategy to enable cyclopropan:
enzymes share comnérPi3%t rrueatad rnasl as ccahfafl dledn,gi ng
met hods, e. g. sequence similarity and struct

reactivity.

a
) CFA synthease Jaw10
o

n(\/_\/\:€€ ﬁ»SAH M R/\/u\sw , € R/{_E)Ls

dAdoH,
Met, SAH

b)

)

ACC synthase
CmaC 8 Aﬁjo 0 Y

PLP CO,H
FAD S /§\/\HKOH ﬁ» I><N|-|
(o] 2

NH, NH,

mcoﬂ* PntM/PenM \m—mz”
: —_— Sl
3\ / \@\o}

(o]
Figure 3.2 Examples of enzymatic cyclopropanation that utilizing edi#ht cofactors: a) -S

adenosyl methi onine, b) f 1l av-phosplattam d)immeame.di nucl eoti d
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3.2 Il dentification of cyclopropanases

We, Abe and Kaysser recently discelNHeorfed Hr
L-Ly s, I 6 swhcohwvarntddd) tHo mJ and Bel L t4&r boghd i n
format? wffl e more than thousands of Fel%0G en
it remains challenging to access the function
protein38emquéerc®s otein BLAST search using Hrm
homol ogues are identified %9 B%%%usdi ihidgheands
Fel/ 20G enzymhme figremlelde, /bl |. lea.r,e present in the bio
ofhr mnbleiln t andem, we hypot-tbesli apdopgaradt itohne pna
represent a gener alcoxnttraatne qiyg fnart uaoyad | ppodpan e
di i-Fe®/nh20G enzyme pair may be used t o sear cl
unharacterized mol ecul es that contain cyclop
network (SSN) to identify 382r dloumotl ®@rguewi tfh oitn
Uni Pr ot Fdagtuarbeasdei nment score th+v+eGh%!lidderit i9tly
connect ed?®’wi tretk®°dgye) applied the genome neighb
gene cl ust ehrrsthdd malt ogwend awmer ein 96 potenti al
i nclhwadné /-lhirkrel gene pair are identifieldrmAI @ er n:
clusters wibhmdP® | pgtuerst iaale 1 denti fi edd2vher ei
clusters comufdp me P@®it>eht gament s cloirtes tvhirters hoo &r
identity are connected with edgedi i-FMe/n2h@G ot h
enzyme pair snomaayn occayica loypzreopane f or mati on to
products. | n horutrio iS&SINo ¢ eelar,htelbe OGO enzy me pai r s

di stributed in 2 clustelnsc(aoabustebs 4handnbot
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share similar neighbohrriombgelglemr & afoitEnu-i oh t o
domain nonri sysedmaIsb)epl(@pd li Wlledepemdent oxi dor ed.
commonly found in cluster 5. On the other hal
contain these neighboring genes. Therefore, t
ascsioated with uncharaotarnzed ompteoptepapeodu
i n sappcoach i n identifying potenti al Fel 2C
heterologously expressed and pur-$ $acndédd nslrwo ann
originasededgtroopmyc €EFaMRBt T ept omyces espmosusgely

correspodidirFen@nyHC ss,a nHIr dismil ocat e iMmi glthlee c3 .uSt e
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Figure 3.3 The sequence similarity network of Hrrilits that contain hrmJ homolog as genome neighbor

Bel K |l ocated in cluster 5 (h
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are highlighted in dark grayi r m|
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3.3 Reconstitutienewizty me reactivity

Foll owing i nesushcatdi 8mvmdfh RrOg) ands Ohpitti mn of
concomitant f or mateiad uedsf aonfce akE6 wi werr-MS.d eTtoe ct e
elucidate the structiumevB8hNMBradsay-sSClueefigal 6i
produ e}l Y [der i ved -§scoam atlhyez eHir mJeact i a)n so fh a5%6 .a5
ppm Wwhitckely arises from the il€stsalgindll®d ¢f6
is slightly diff€é¢rzemd!fisPene hatsedolhy [Br mJ and
56.8 ppm, Bel L pRiogdudcat, I.ontpl yhown)t he potent i
stereochemistry of the ¢&&NMR preogpdie, fréiyndgs. er Teoa gc
(FDAA) to derivati Eiegudpt!Ase aetviEarg egdpdaBuodec (s
orimgec af r om -slsandd, BHrimJ have diffefd8ntokbmhi whi
al so indicate diff elr7edrdn Ot eTroe oggsetnd Il icsehn ttelres 9
product s, |  eararl iee e n@wytmad i Ica rfeatcht @ oda n sTyhlea tset o
(D sol veay bgr Xst all ography reveals that the
(agR2a which are RdiRRfoearngin$®R tifprroomdugce&d by Hr mJ
respecFtiiguedl gy 2 (3103, 111

The prol®ddxhr of[-6HramJ a chemical shift of 56. .
again falls into the range of cyclopropyl car
Hr mJ, Bel L-s sapordo ddic nd I Zh@nag/at ®o mpH eetme n t t he I
stereoseblkeictiriocy-g-almgniopgl|l construcMboanalAddi i
the -BlemXxymatic reaction followed -bype&®RAwdEeh
di fferent retentylo@gnnld9i mMmeé efsreo na vt hda@sdei elsd | syu gpgoessste

a( Ru92ast ereochemi stry. Mor eover, our <coll abor
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(Japan) conducted | arge scale enzymési R( Iroeact

29-2-ni t 1 @@y-maplyad nTi hnues., -s Blacmd) H&EmmeJpr esent new

t hat cat-dl ypegeheregcl|l opropanati on.

a) i) HrmJ + [6-1%C]-16 c)

m/z 4271 & HrmJ

A x — I N BelL
ii) HrmJ-ssc + [6-13C]-16

‘ L HrmJ-ssc

L HrmJ-sr

iiiy HrmJ-sr + [6-1°C]-16 p " : .

4 6 8 10
Retention time (min)
L i
o o
d) ;

|

Nz 0 \
iv) Standard of [6-13C]-16 , / N
o %
P :
i) \
A :
e
)
; - , . " \‘- Dan-19
4 72 70 68 5 'l
 (ppm)
b)
Marfey's dansylation

Reagent .+ 03N, » COy — g ON, o €Oy’

—b- H ‘ ) \(

V/\r v\r \V4 Ih" f\S’g’U \V4 HN.
AA | D =

17-20 DAA éﬂ“\)’\m«z DAAA7 20 19 an Dan-19

Figure 3.4 a)*C-NMR spectra of HrmJ, Hrmgscand HrmJsr catalyzed reactions using-f8C]-16 as the
substrate; b) FDAA derivatization and dansylation are used to elucidate the strudi®end®0; c) LC-
MS analysis of HrmJ, Bell, Hrradscand HrmJsr catalyzed reaction products after FDAA derivatization
detected atrv/z value of 427.1; d) Thergstal structure of dansyerivatized Hrmksscproduct19.

To further test the generality of our

cycl c

str

potenti al Hr mJ homol ogues. Two a-dda3nd o] ann

whi ch ofrricgmm meaptecsopmy cEZRAh o6l oaom.c-caGhmwer e ilnnvest i

vi t&NMMR assays€Cli8ievgal @®€d that both enzymes car

ofl@ o Wiqei g35 e Nohtresisg3g ne cl uster i s al &o-ml
rsgcene cluster is identified in cluster 2

hr-snsacnidr-sns(Bi gur elABp8mRé&dn x
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i) [6-13C]-16 + HrmJ-ss3

ii) [6-13C]-16 + HrmJ-rsc

J
.

iv) [6-13C]-16 + HrmJ-sr

j
I
|

iv) [6-13C]-16 + HrmJ-ssc

v) [6-13C]-16

73 72 7 70 69 57
1 (ppm)

Figure 35 3C NMR spectra of Hrmds3 Hrmdrsc, HrmJsscand HrmJsr catalyzed reactions using-[6
13C]-16 as the substrate. The results suggest that 488dnd HrmJdrsc have similar reactivity as HrmJ

ss¢ they both can catalyze the cyclopropanatioh6ib yield 19.
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3.Mn FedqX®pecies initiates-paydtS wlpagaowageati on by

Due to different stereocenters installed
accoub®Riaoyr i nvo-sekesteveohydrox@€l Bohdnf 6o mhob)
concomitanxtylwigrho uhpy drreomov al . I n addition, obse
catalyzed reaction also implies $ BiS8?HJda&cti on
to reveal possi ble reaction pathways (synthes
After ing8pa8tH4AGgui(tHh enzymes in the prendendel d
Hr msJsacnd HWnmpmlJoduce major miadwel sfvié6hlanto th
produae2tPpm/tal ue oFi dugbe 1Jhi(s observation is co
reported previously uS[i4Hdgl Gan oS B4 4HB-1PFfi subber
Hr mJ and Belelacdatoanlsyzelhese results support th
Cd4pr ¢S r emolv720G oirmat i on and di sf avorsse lpeachhiwaey @
cleavage. Combined with the pr odduecrtisvoantsitzaantcit u
X-ray crystallography (Figure 3.5), thedg@& obse
(by Hr b3)byaddmwmd s retained. I n contrast, an in
pl acle byn Be2 @ pbya#di mIJAddiat | vy, RSkenRlha red 3 ty i n
18 @anadd respectively. These result-syaweoghl agiao
as the reaction int-@rbmerdd avwiea & olryndart 0yl odr @u |
undergobstatution mechani smpré#i8atchi vy aitmodmnandc é&

at C2qg should remain the s(anle2.p,n al | cyclopro
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HrmJ
BelL

D HrmdJ-ssc D
ozN\/\‘/:Ycog' HrmJ-sr OQNV/‘YCOQ-
D NH;* NH;*
(35,45)[3,4-2H,]-16
m/z 179.1 m/z 176.1

BelL

| HrmJ

HrmJ-ssc

— m/z175.1
HrmJ-sr m/z176.1

1
2 4 6

Time (min)

Figure 3.6 LC-MS analysis of the enzymatic reactions witl,4%)-[3,4-?H;]-16. Co mp ar eld?2 @vi t h
(mMz= 175.1), major (S Pdakid-s6 dedrhnele d Bferd dagn dH #SmnJ
catalyzed refaacali oeasi havease of +1 (175.1 Y 176.1).

To reveal pl ausi ble reaction mechanism of
Fe(-bXp intermediate serves #&s atche viae adthiowe as 3
optical abAdbaerptsiperctr® B copy ands MC°hsoswbng uigdne 8pec
rapi d mi xi sghdod ( It 1h)glu2a@ @AY nar y gsoampulreaxt ewdi tbhu fG er
results in a rapid depletion of an opttiwwal fe
| i gamat gansfer ( NFleGAPGbawodedy in the ferrous

Fel/ 20G éh’zywéds.rapid depletion suggests the f

guaternary eomnpdnrcxommittahntQ vy, a rapid formati ol
near UV region is also observed, which accumt
decayed after ~-2Hj-1s&as Whteen suwsh sitgr dt4e 4 t hi s opt i
formation kinetics, but with a much higher a

60



substanti al decay is onl ys osbpsescriveesd iasf tleirk e-l y3 Oc
ferryl intermediate andlamae -dilféhay efnickee tilna rtghee
H/ D kinetic isotope effect (KIE). Next, we co
Universitypgpuantrueamcdhi edbupl ed M°ssbauer anal ysi
16 s used, a transient M°ssbauer species with
shift of 0.27 mm/s and quadr up’él e !hshpdltPetitni nigt
accumes ato a maximum (~20% of the total i ron i
1 s. Differently, this ferryl intermediate acoc
after 30 s in -Hhkeb6 pTlees ehibhmee tdifecrsf ¥df4 itnt er medi a
M ssbauer are fully coWb¥ispgteindalwi 4 e dibAEssto @ane:
experi ment s, revealing bkhe rabeH ymendd Caotl iveast
Additionally,tachl ghkgtsrmilartbp near UV regi
of S@®9 32H4-16(Fi gBT. The subtle difference 1|ike
contamination during the deute$ Qym®2Hd-ab6lrmducti
summary, these observations provide direct ev
intermedi at-pr B ctirvagigpeooCdanidst erdte uwietrh utmh & ermal

ofil2@&fter incubat iSng 3eIHglyémes with (3

61
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Figure 3.7 Spectroscopic evidence of E&lactivation by a ferryl intermediate during Hrassccatalyzed

cyclopropanationa) sel ected spectra demonstrating the opti
Hr msJdAd e (| 11)6Mi2tOsAa ur at ed buffer. The decay and re
centered at ~520 nm i s accompanrdi &J& by attdu@Oef {imyaat i3
The inset shows the abk®rpfHi-pA bhandMesabaB8n amewt
generatedueynchreezrdédni que on the seldé¢ledt)i me woi
[ 4°H4-16 ri ght) . The grey solid |ines represent t he
represent the spectral component Wf ofhe. 2&r rmm/ si
guadr upol gEg|s)ploift tOi.nBgA Mm@/ S .f d3eaa@eét&i 3ed simulation
absorption change at 330 -sdddep o ndshdO@d amiex inrag yo fc
withsad uratedThheufdlesor pdt)i on wemamge anagt d o3f@i0 & hnem Hr m

sscAFe(11)A20GAsub quastaetrunraartye dc obmpflfeexr waitt hp HO 1 0.
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3.BBl ucidating the ring closure mechanism

As shoSmheimme S8ulisequendbxoot aheddex(cdtd/ W@4 i on
pat hway i fHclcu ke agyeCd ol |l owed -bgdanaintoambl ag
CC bond can be envisioned-l alet almlgy e xlpa&s e dneamn
ofl7-2 Fi gu4& &€)33.a rapid conf i gawemttdroend crhaadigecea lo fh a
accommodat-envaeessbarab the C2a p&sddilom amuocti he
Fel/ 20G enzyme (Car C) e antvaelrgsziecsin ptleacéeé i on, whi s
residue in the active site captur'éhddihtei smuadlslt)
becausertoheonCeaci dity is el evitd& dp btyh weahye iandg law
carbanion or a corr@N\gEdh)diingg alisa ofnead i Hloga.m I(
resul tainngppnCéd s depteyetdet €@4caprbocati o-€@6o0or ra
bond. In this iftd&t@lnceyl cdooveuvsi entloér i n sol
active site. We ciamaoremoroautti arh ee xdpeeurtiemd nutm t o
chemal shif@sy aRi(d@d6 dan be di'ENMRent natee Ipye
0f0D intercdBwH@vsl bnresult in deuterium incor
of a deuterdfmpdti t®6stidgenal from a si nelpdatn i nt

coupl PHhgah®df Under the assay conditions (50 ml

HXO/ b = 1/1), only a mini mum a rdunditlaosf odbesuetrevreic
after 3 hours incubatssohni hetbe pO6&Eswasenof H
cyclopropanation. Additionalliyonawass mal sao obks

the absenclpppdlBd&inzymesd experi ments sudlgest tF
andls |l ess |Iikely to be included in cyclopropa

that a conformati onal cohxaon gfeo rrneastuil & ti onganyd tr iorarin gt
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in .siNoul&KMR, revelsdds Thaé ppm)speciaesnaizlod pH 7,

= 116.1 ppm) dominates at pH 10. 5.

O,N co,
Fel}\{ Fell LJ. NH;*
o e\OH / \
O,N co, O,N co, O,N co,
MY T TYTY ~Y
Hs NH3* NH3Y N 4 NH,*
16 O,N Cco,” 17-20
H* ®
l j\' NH,
B.
- v -
Q % 0 T
&';‘WYCOz —_ B’EMCOZ- —
+
21 Hs NH; NH3+

SchemPo8silble reacti on pdaitvhewagyesn ta cccyocul notp rfoopra nsatteiroen

Bel L,-sBhcnndd #HmrmJ

Next, we accessed 2tlahse tphoes ssiubbisltirtayt eo2flours icnyge
serves as the substrate, we anticipate that t
condi ti2dnss tthheatdomi nant s pesctire sh.dt@&nads yo,ft wei ag |
the pH. As gsuBeewtBh.e t @anlict@rofel ates with the pH
increasz2zbetomdédls a dominant spPpBaisedbshRtr vepH. oiNe
carried out enzymatic reactions under variou:
enzyme, 0.20mM Eé6(laind, 2100 mMModf 20G) at di ff
prepAfedr 1 hr. i ncubartiivwat,i Zeércek usiarcg | FBASA wenrd
MS. As &hogwhbei~B all0Od i ncrease of product for mat.
pH from 7.0 to 10.5. At a higher pHi(spH ilkiel,y
assocwiagimeati enist abi | i t y:smlnd HremmJ.,, Hir nsdi mi | ar i n
formation was al so de&thectHed eatn,p H nkl .eqa s(i App d M
reaction by t2unndbg Dtulré nrga tFied 2d0fG e n z yamiei ocna t aal Y
base in the active site RilgAhddbe i o-Apbodgadthei
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3. Attempts to probe the cyclopropanation mecha
While our observations sugmietsrtontahtee |sipkeecliye
cyclopropanation process, it remained uncl ear
or pol ar Smelcemeni FAMIMi ng t o settle this argume.
anal ogs to potentsimlly probe the mechani
Substrate anal ogs that may trap the potent,|
6di fl uor o s ub 2tpi tmatye db | soucbks tfruarttehe(r ri ng-cl osur
HAT, thus extending the | iifeest.i ménfoofr ttumeat podtye
consumption nor product22vas mian ¢ wma tveesdc asnbds feor dre 1
coll aborators were unabl e t o -Aobbss.e rTvhee afnayi | supreec
redesign anal ooges swirtalt eagry : a latma rnroaxtyil r adi cal s a
are characterized by EPR. Rdcfiobhowi ngx ipme emt
pat hway may result in the formation of aminox
23vas synthesized yet again no reactivity nor
ot her hand, 2t4hre2lGssy ng thielsli somdoi ng due to the i

during deprotection process.

F F NH;* NH;*
22 23
| te;u F F
_OINQ/\/\(COZ _O’NW\rCOZ' OZN \X/\‘/COZ
NH3+ NH3+ NH3+
24 25 26

...................................................................................

Figure 39 List of the substrate analogs in this study, compounds that have not been synthesized yet are

circled in dashed box.
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As for the cation mechani sm, this pathway
either C3 or C5 position. The existence of ad
potenti al C4 cation species, Vvhasi th2@atsbwomp o

designed based on thda@&i |l bgakcsanbet pbarsyaoat hebe
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3.7 Discussion and conclusi on

Through bioinformatic analysis,clwetcairscaonhe
l ead to new Fe/ 20G cycl opr opan assecsHeam3l Hhgpdr o x
rsacnd #Hmrml al yze cis cypcihopd efbrn awhdheoxon 6iFe (|
depl oyed tospeacdit-Hiaa eChuv Btrmmdbn Beéchd Hremhabl e
st ediewer gent cycl oplr7d B4 saantdionr etsqppeati ovedy. A
product f or matsipoenc i eersds | mrbhiarsccrdditdee | y i ncl.uded i
Speci ftiheeald=yN 2Hdsoenrdv eosf as a chemica+t atiaodl eot ot
subsequent cation species. Notabl vy, MS anal ys

elucidation bwndda&y act egsdt &IMRogr aphy suggest th

include a hydroxylation intermediate. I n shor
Fe/ 20G enzymes with the targeted functison, an
of cycl-opmtogpiamieng natur al product s. It also p

pl ausi ble reactionCmbohdnf emmat-{iacni thdddadedtoi®v & ¢
cyclopropanati on.

Thfeut ur e dfofcoursttshawigdtieon of nme®hano sdiict ipm@
bet ween the radical and cation mechanism. How
preventing hydr oxaylo ttriveghviocu m.a r Ipna éthhwea hwieikst dhaptu e
the mttteo engineer hydroxyl ases into cyclopr ¢
understand how Fe/ 20G dependent cyclopropanas

Wi ttthese many cyclopropanases identified 1in
corredspgnnature products assaeoindtaedi wgt lgenke:

Considering the excellent antibacteri al and p
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bel actosin A, the undiscovered nmavrel poodass

superior bioactivities.
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3.8 EXxpeprioreencuarle s
General chemical procedures
The chemuyal usebi &te(reported in ppm (parts

chemical shift for €h e emrkoti in trhees iddeue.@r endet ke da rs

DMS @) . The couplli nyalcwenst amte ZxpHelsayEhin
chromatography (TLC) was performed on silica
under UV light (254 nm) onsboludiempihgl it hwe d LI

heat gun. $40Dcmegh) was8Oused for flash col un
were <carried out under reduced pressure (wat
temperature below 5t0heA®i eapl esMatepeal 6i odbt ai l
suppliers were used directly without further
DNA constr wextprfecsrsiomg o Hrstdd Ismsd3n d  Hmr snd

The DNA sequences encode theptomieggdgornradirn:
expresEiowgodynt hesi zed, Madle aBhaddler t eslt riindtoi otnh e
expressi o+ 8we c tTdoep tiBriozned gene sequences are ¢
hr mJc
ATGCCGCTGGGTACCGAAGGTTTCACCGTTATCGACCTGCCGGAAC
ATCCTGCAOQRCGACCGTTGCCCGGTTGACGACTACATGGGTAACGH
TCAAACGTTTCTCTCAGTACAAACTGACCCCGGCTGAAGATGACA
AACGTCTGCCGCATCGTGACTACACCACCTACAAAAAATTCAACCC
GTATCCGTCGTGTTTACGAACCGATCGAGGTGGACTTCACCCCGCT
TATCCGCGAACTGGGTCTGGACCGTTCOAGBAARBBGGEGCACCAGAA

CCGTACCCGTGCGGACGGTGGCCGTCCGGGTLCCGCTGACGCCGGA.
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CGACGGTCACGAATTCGTTATGATCGCGATCCTGAACAAGGTTAAC
CACCACCCGTCTGTGGAAACCGGGTGCAGACGCGCcecGTTCTGGTC
AGCTGGTCAGGCGGTTCTGCTGGACGACCGTGGTCTGGCTCACGA
ACTGTCECIGGACGGTGGTCCGGGTCACCGTGACATCGTTATCATCGC
TGGGCGGAAAAATGGTACGGTGACGAACACGACGCTGCTGCTCTGH
AGCT

hr mXx
ATGGCAATCGGCCCTCAGGCATTCTCGATCATCGACTTGCCTCCGC
CGCTGGACAGCTACGACAACCTCCCGGTCGACCCGTTCATGGGCA/
ACAAACGGTTCACGCAGTACAAGCTGTCGCCGGAGACCGGCAGCG
GTCTACGAGAAGCTGCCCCAGCGCGACTACATCATCTCCAAGAGGT
GCCGGCGGCATCCGTCGCCCGAACGAGGTCGACTTCACCCCGCTG
ACCGTCGGCGCGGACGCGATCGGCCTGGACCGCAGCCATGACTGGH
CACCAGAACCGCAGCAGGGCCGAGAGCGAGAACGCCGCGCCGATC,
GCGTGCACAGCGACGGACACGAGTACATCATGATCGCCGTGCTGCC
TCGCCGGCGGCGAGACCCGCCTGTGGCTGCCGGACACCGACAAGC
G&ACCCTGGCGGCGGGACAGGCCGTCCTGCTGGACGACAAGGCGA
AGCCACCGACGTCACCTCCGCCGACGGCGGCTCCGGCCACCGGGA
CGCCTACTCCACCTGGGAAAAGGGCTGGTACGGCGAGGAGTACGA/
TCTCCAACCGCCCGCTGAACTGA

hr mJk 3
ATGCCGCTGGGTTCTGAAGGTTTCGTTATCATCGACCTGACGGACC

TCCTGCCGTCCTACGACGACTGCCCGGTTGATGAATACATGGGTAA
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CAAACGTTTCTCTCAGTACCGTCTGAGCCCGCAGGGTGACCAGGC
ACGCCTGGCGCACCGTGACTACACCACCTACAAAAAATTCAACTCS
TATCCGTCGTGTTTACGAACCGATCAAAGTTGACTTCACCCCGCTC
ATCCGTGAACTGGGT CTMT&RAAGAAGATTGCGGCAGATCAACGTTCACCA
CGTACCCGTGCGGACGGTGGTAAACCGGGTCCGCTGACCCCGGAA
GACGGTCACGAGTTCGTTATGATCGCGATCCTGAACAAAGTTAACC
ACCACCCGTCTGTGGCACGAAGGTGCTGACCAGCCGTTCTGGACT
CCGGGTCAGGCGGTTCTGCTGGACGACCGTGCGCTAICGOOACGAC
CTGTCTGCGGACGGTGGTCCGGGTCACCGTGACATCGTTATCGTT
GGGCGGAAAAATGGTACGGTGAAGAACACGACGCGGCTGCGCT GG
hr mJc
ATGAACACCGACCTGGCGCAGCGTGGTTACGCGCTGGTTGACGGT ¢
GCTGAACAGCTGATCTCCTACGAAAACTGCCCGCACGACCCGTT ¢,
ACCCGTTACAARCGCCCAGTTCAAACTGGTTCACGACTCCGACGGT
ACCGAACTGCTGCCGGCGCGTGCTTACACCGCGCCGAAAGAATTT 4
GGTGGTTTCAAACGTCCGTACGAACCGCTGGAAGTTGATTTCTCT ¢
AACTGGCGGACCAGCTGGGTCTGGACCGTACCACCGCGTGGCAGAS
AGAACCGTTCTATCGCGGAACCGCGTCGT CCLCGGERAAASGATGAC
ACAAAGATGGTCACGAGTTCGTTACCATCTCTGCGTTCGCGCGTT
TGGTTGCACCCGTGTTTGGTCTGACGAAGAAGCGGGTCAGCCGCT
CCATGACCCCAGGTCAGACCCTGCTGCTGGACGACCGTGCGGTTC

CCGACATCCAGGCGGCGACCGACGTTCGTGGTACTCGTGACATCCT
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CTCCCGTTGCGESACGTTGGTACGGTGACGAACACGACACCGCGGTTC
CGCACGTTGTTCCGGGTCGTATG
Overexpression and Purification of the target
The above transformants were cultured in °
eg/ mL kanamycin at 37 WLComwirnddadcdmikd nayd .a®D 212PT @
final concentration of 0.5 mM was added to th
shaking at 12@0hrpmhéocellds were then harveste
cel | peldreed avtere8GtAC before use. During pu:
suspendedhiin | &@nd bwé f erHOWI t(hp HL 070. 5mM aTnrdi sl ysed |
|l ysate was subjected to centrifugationg for 3
supernatant waNTA oaagdaerdo soentcoo launhii. The col umn v
of buffer cont-dChiagdlQ@0 mM Tmisdazole (pH 7.5
then eluted using bufH€lracon?2 a0 nmpkHg i 7mibd a moM rdarc
cont ai ni-nagyggdeéck fHri st ei ns were concentrated to
10K filter. The collected protein solutions w
EDTA, 100 mM Tris ( psHe g7u.e5n0t)i aaln dd ifaollyl soiwse da gbayi n s
Tri s, pH 7.50) twice. The -PAGE Hwrdef(dpx &8 ®it ® i w
concentration was determilfadt py/ UVaabspapy. om
was aliquoted and frozen in 180 AC.
Usi ngMSL GQIfCeNMR t o monitor the enzymatic reacti
LEGMS was conducted on an Agilent Technol ogi
t o an Agilent Techonloel ompa es 00Ot rgounaedtreurp. T h e

MassHunter and OpenLAB software packages wer e
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mi xXtures were separated on an Agilent I nfinit

4 .nn particl®occn atei)c weltlhent system of 45 % of

formic acid) and 55 % solvent B (acetonitrile
performed using electrospray ionizatiroen wans p o
350 AC with a nebulizer pressure of 60 psi an

set to 3000 V. The fragmentor voltage was set
and 20®o@QRutarate) with 2hemMi@azymenc@en20 amM
mM of the substrate, and 2.0 mM of 20G in a t

2il2 h i ncuB®,attitbpen ragdacdcdti ons were halted by addi

those react itoh€NMRs s d dhieatreedacwii ons were prepare
that the final volume of each reacdswas addeado
to the re@ctNMRsspelchtera were recorded using F
spectrometers.

Enzymatic preparationl9nd purification of Dan

For t ksec allaer geiatth@ ohel®@i hemNM) was inssbated
(401) g2 (Fae8h) 20G (10 mM) and sodium ascorbate
7.5).cThenrwas all owed to stir for 24 h- at 4
MS indicated that ~90 % of the substrate was

acetonitrile (50 mL). After centMi KH®@G on, t

buffer (pH 9. 8) and 50 mL of saturated dansy

incubation in 43 AC, acetonitrile was removed
unt il the pH of the s oliwttiuamre rweac leexd ré.ct,e dt hva
| 20 mL) . The organWMgS@p hfaislet ewaesd ,dra redd ewepor
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pressure. The crude product WasE®h8i®Pmdpusin
columm, (50 I 250 mm) at a flow rateOofs & wenditm
A) and acetonitrile (solvent iB)mwnt ip@hsihndl I
100 00% R4 20 n 1@R®B% nBid 020 B3 2n2 6 10 % B. The ana
monitored at a wavelength dfwwe3r3e0 cnom.|l eFcrtaecdt.i o0An
was removed under Dedasedemoesdubye,| pPBEHI i zat
mgfH NMR (700 Mz, 8(dM5B. 4 Hz, JEH$,68H28 (H), 8
J= 7.3, 1.0i7H%8 (m), I#)BOY .RB4(HH) (M. 4), 3.
6.2 Hz, 1H), i2.82 (®,il66), (b, EEBH, (M,1038H, O.
( mMH)4Y% NMR (175 Mz ,1 DMSO, 151.3, 136.1, 129.6,
123. 5, 119. 3, 115. 1, 59. 2, 55. 4, 45. 1, 28. 6,
Monitoring the dependency ofM&nzyme efficienc
Reconstituted enzyme in pH 7.8 .DriTgiwas pad
AMP; plHH 10MAPS) containing eonzxygéusabat eat €oane
concentration of 0.22 mM enzyme, 20..020mW oFfe (20C

~

in a total volume of 200 OL. The reaction mixt
After 1 h incubation at 4 AC, 100 OL of the F
M NaH@®s addeet oht o hUteaoati dhesolkesulting mix
incubate at 43 AC for 1 h bh@fwase &20dé&d. oThd i
subjecMStandlCysis on-CaB Agiuent (ExH6ehd50mm) a
mL/ min usingc0dD®%a6 6t meat A) and acetonitrile

gradi ent i1p0r ongibra mMP6 1B2 mMOn 5548 MBM4NB1I2HTB7. 54 min

45 % B.
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Il n $8NMR experiments to monitor the C=N for mat
A sol u6litdhq 200 [ mXd, el Dwas added to ®uffer (

Tris; pH 9-151 AOUWP S, p Haomsd pl aced i€ AMRNBBetctb .

was recorded i mmediately after t-figcna ddist7i.dn.Tr

was added into buffer (50 mM,0pBD)7tH5 Treiashot hj

concentration of 0.20 mM enZ¢Heé,n Oa 2t0antMa IF ey(d Il

500 .¢c ¥ eNMR spectrum was recocCded after 3 h i1

Synthetic Procedures

Synt hesi sbmwfrlGucine (16) and its isotopologue
The synil@aesistaef i s-b&1bd § o4kHdglueers dS[ BB 3-2H4-

l6ver e perfor med, byr ©vi. o Xs apgutnddé¢ of t he Chan

Synt hes2amioctf pdof $ J-@noirtor ohexanoic acid (22)

o o)
Selectfluor, DBU TFA O,N
N ’ N 2
0 O'Bu —>DCM 0 oOBu — > OH
NHBoc FF NHBoc F F NH;
(14 %) (quant.)

Protecit#doBl eucine was prepared fol?Cowing

Nitro substrate (0.5 g, 1.50 mmodd ovas!l ad st
0O eC. It was then followed by the addition of
(1.33 g, 3.762?MmlrexulI5t iemauimi)xture was all owe
for 3 hrs. The mixture wassititheaemrogeahd @itr @Pthe d
EA/ hexanes (viebot ySF2dt(elgat v ex y c ar b-&® b If)l-6amoir mo )
nitrohexanoatld NHMROB7 Q@0 Hz)LBDE. 7 Hz, 1H), 4

J= 12.2, 6.€.8B2, (IH) .28 ., 660,-1819H9 , ( rh,-17268HQ , ( rh,. 54H)
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1.44 (s, 9HHYE, NIMR4A XA 1(7s5, 3MBHH), 7 IC.DT,| 155 .584 .12 5H2)
82. 6, 80. 1J= R31..27, HX2.,8 3(2t.¥0 ,N MR8 .(46,5 82:pMiFBr6,. 1CD.Cd
t ebut P-(t(ebut oxycar b® g If)l-emiirtrmog hexanoate was d
mL Ta&tA room temperature. After stirring for 2
reduced pr eSgXaumidh efoiof lgginada Chexanoic acid i n qu
TFA &alINMMR (70®)MH4td=® 6. 4 Hz-2.5H) ( m2-22FH) , (M@, 0
1H),-12960 ( m,-1.16H9 , ( m,-1716H) , (r,. EIVHR) }( 1 7.B)0MHAZA7, 1 .D

125.J% (28B84.0 Hz)J= B22A. 5B, HZX)E7 RBLRS5 ( 6 5.0)0¥B6z., 1 .D

Synt hes2amicBoOh(ySl)r oxyi mino)hexanoic acid (23)

o 1) LiBr, o)
o NH,OH<HCI, NaOAc MeCN, 65 °C N _
X o~ > Ho' VV\‘)LO/ ————> HO" X 0
MeOH, 60 °C 2) TFA, DCM
NBoc, NBoc, l;lH3
(63 %)
(o]
esterase Ho“'N\ OH
KPi buffer NH;
pH7.5 +
(15 %, 3 steps)
The aldehyde is prapproad efddiplrowiedgrlei.t er at
Al dehyde (0.23dgsso0Ol &f£dminml MeWdHOKHBLEH@IL) ( 54n
mg , 0O.77 mmol , 1.2 equivVv) and sodium acetate
sequentially. The resulting mixture was then .

with waterxt(rlaktmld) with et hyl acetate (3710 ml
washed with saturated sodium bicarbonate soluwu
pressure befoerticabpebtedr aphy (1: 10, |QCM/ Me
met WSy2( b sb(ut oxycar b&(nhyy d raand yniomi no) hexanoate (0

E/iZsofmerNMR (7080)MHZ 1 3® . 0 Hz, 0=5#H)9 Hz680(5
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4.8782 (m, 1H),-23388 (Ms-2.1HHYH)R2-226BD7 ( m,- 1H),
1.86 (m,1.1%2 ,(m,-BDB)IL, (M2-22H) ,( @,-10THY ,( @,- 0DH) ,
1.69 (m,-116), (¥ MR ;(17H)MHE71D2, 152.2, 151.
57. 8, 52. 3, 29.¢, 23%.46, 2383.2, 28. 0, 2 4.

To a solution of oxime (0.34 g, 0.91 mmol)
(0.32 g, 3.63 mmol, 4.0 equiv). The reaction

down to room temperatwieéeh thdyteactitan e@a@d dniL

brine (3 I 5 mL), water (2 I 5 mL) angandhen b
concentrated under reduced pressure. The <crud
(DCM) (~ 0.2 ML., BEM3( Omnko | , 5.0 equiv) was a
room temperature. After consumption of the st

mi xture was concentrated under reduced 1pr essul
DCM/ MeOH) to giveEtiBxo e rdddRc t( 5DD:0MMKHz17 1t @B (
= 5.9 Hz, O0.5H), 6.6&.F4,(md, =11). . 52H3®4 0MmS,H)LHH
2.2521 (m,-1.189 ,( @,-102H) , (Y&, RMRPH ;( MHz:0DWD 170. 9,
151. 3, 150. 9, 53. 7, 53. 6, 31. 2, 30. 9, 29. 7, 2

The crude product (70pontggds swiasmdp scop lvaetde i

7.5, ~ 5 mL) was added esterase-1@-)15atmgr oofm
temperature. The reaction was monitored via T
was filtered usingaB& GhndeercémPuati Elgateimbn (3
The filtrate was concentrated (2admiréro r educ

(hydroxyi mi no)~hleElaZsmimmaradi db aysi el dlHoNBMR (BO6e

MHz ,O)x 71t3=7 5. 8 5Hk),, D6. 340 ( Hz, O0J=5H)], 83. 62 8( tHa
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2.-2907

153.9, 153. 8,

54.

Transient kinetic analysis ofHrmJ -ssc

3,

30.0, 29. 7,

28.

3,

24.

2,

(m,-1 261§ , (h,-B2H] , (& 5NBMR ;( 12H)WMHZ7 4 D7,

SFAbs and M&sbauer experiments were conducted by the Guo group at Carnegie Mellon

University.

Tabl €r3¥ st al data and stlructure refinement f

CCDC deposition number 2174770

Empirical formula C18 H20 N3 06 S1

Formula weight 406.44

Temperature 150 K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group P22:2;

Unit cell dimensions a =5.8886(9) A a= 90°
b =10.5537(18) A b=90?
c=29.567(5) A g=90°

Volume 1837.5(5) B

Z 4

Density (calculated) 1.469 Mg/n®

Absorption coefficient 0.219 mm!

F(000) 852

Crystal size 0.200 x 0.100 x 0.030 m#n

Theta range for data collection

2.049 to 25.045?

Index ranges

-6<=h<=7,-12<=k<=11,-35<=I<=35

Reflections collected

13155

Independent reflections

3248 [R(int) = 0.070]

Completeness to theta = 25.045°

99.9 %

Absorption correction

Semiempirical from equivalents

Max. and min. transmission

0.99 and 0.98

Refinement method

Full-matrix leastsquares on

Data /restraints / parameters

3234 /4 /258

79

or

Dan



Tabl d Cd»n1inued)

Goodnes®f-fit on F2 0.9968

Final R indices [I>2sigma(l)] R1 = 0.0525, wR2 = 0.1255

R indices (all data) R1 =0.0594, wR2 = 0.1302

Absolute structure parameter 0.05(12)

Largest diff.peak and hole 0.38 and0.44 e A3

Flack Parameter 0.053 (0.124 esd)

Weighting scheme

w = 1/[signa**2(Fo**2 ) + ( 0.063 x P)**x2 + 1.890 x P + 0.000 + 0.000 x sin theta
P = 0.333 x max(Fo**2 ,0) + 0.667 x Foxx2

Tabl M°3sdbauer Simulation Par amet erssrdearcttiloen sva ml

Sample Site 1 0 YYK kE(mm/s) | Linewidth Relative
(mm/s) Area (%)
0 sec A: Fé* 1.23 2.80 0.29 100
0.1 sec A: Fé* 1.23 2.80 0.35 68
B: Fé* 0.27 0.80 0.4 22
3 sec A: Fé* 1.22 2.80 0.35 95
30 sec A: Fé* 1.22 2.80 0.35 91

Tabl M°3sdauer Si mul athieo rs aRmeprl eeme tgeerrsserfadmetdi oy wihteh F

[ 4-°H4-1 6
Sample Species 1 0 YYK kEg(mm/s) @ Linewidth Relative
(mm/s) Area (%)
0 sec A: Fé* 1.23 2.80 0.29 100
0.1 sec A: Fé* 1.23 2.80 0.29 59
B: Fé* 0.27 0.80 0.28 38
3sec A: Fé* 1.23 2.80 0.29 39
B: Fé* 0.27 0.80 0.28 60
30 sec A: Fé* 1.23 2.80 0.29 96
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Chapter 4
Redirecting a Notheme Iron Hydroxylase to Cyclopropanadeffect of

Secondary Sphere Residues
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4.1 I ntroduction
Fel/ 20G dependent enzymes are knoiwn bfoomdst he

whi ch |de avdasresaecot 5i° v i 11> B 82 e \heorw, tehnezsyemes carry ou

hydroxylation reactivities while avoiding hyd
decades, scientists haveylagd & esaitodmny d t @xnyd mg ii n
reaat®iRecemtel yappl i ed-banseecdhaanamogs raenpdur poseds
hydroxylases PolL and LdoA into nitrilase anc

azide or ol @ A¥Yt eubat i tgauiydoends t mwtead ge rad ssios s how
shi ft th&oreagtammi eSjad A, Abui tnadti imogna aosfp aisr osnu f f i
introduce hal oblnmtibe caaehyidfid¥ipwlodsledesi ne
hydr oXP ldaisreect ed evol ution or DNA shuffling we
i ncrease t he efficinemayi vaendr edagtlteicaamgvi @ yt ,ofe
hydroxyl ases f,ore.og.h,erc yricebaocpteilovgitapinieetsiepdn |, eTshsi se xi
due to the insufficient.understanding for tho
I n Fe/ 20G enzyme catreelaycztedinhiydiratxegd avii @ant hd
transfer ( HATo)x ob ys ptehca eBe (IlyM)el di ng tdhes Fkeqtlirdt)
hydr oxyl isphecmi efsol Ilotwed by the hydroxyl rebou
Similiardlyggenati on, instead of hi ysder booxuytl b ertedb o u
substratef aaidli ictadh & baongle mrbrbanthid@® ¥ .iog u rTehe4 .si)mi | ar i
bet ween hydroxyl ati on and hal ogenati on pat h
engineering. However, for other reactivities,
pat hway is |l argely diffétens pPpromoskedse¢e hat hy

C4 radical of capetdnpnt Bpedieesni nal nitronate

82



cyclopropané&?® rTfhey dil wesrugeent reaction pathway
countanguubsboamne protein structurer maker oxylcas
for cyclopropanase reactivities.

Hydroxyl
Rebound

HAT
R-H 77» R+ 77» R-OH
1 QH
Fe (|3H Fe''
Fe
Halide

HAT Rebound
R-H Re 7—? R-X
o] OH
Il X =ClI, Br
X~Fe' OH X—Fe! OH ( )
X—Fe Fe

Figure 4.1 Current understanding of the mechanism of Fe/20G enzymes catalyzed hydroxylation and

halogenation.

|l nspired by Chanlvee tpralpioss erba dhettt 4 vheed kt avoe nt
met al center are cruci alHeirmi amomter olelpiomdg e¢rmzy m
engineer-hegeof raonondependent hydroxyllas eshofrdr,
t wo r esi duaes infuftiactii eomts tsoe liaeothyi erveed\scrteegmo @a® we Kk
this is thexdnwHsdr er eeamo rFteed 2 OG dependemto-nhydr o

rebound pat hway.
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4.2 1l denti fmiitcradn oldmdaiaxg | as e

HrmJ-ssc

O,N “\\\rcoz- ozN\/\/\rcoz- O,N,, ‘\\\\rcoz-
AV, Tr = Tr R v/ 1
17 16 19

O:N /,,\/\rcoz' O;N \V/\rcoz'
NH,* +

NH,
18 20

Figure 4.2Fe/20G dependent enzyme HrmJ as well as its homologs are recently identified to catalyze the

stereoselectiveyclopropanation of -@itro-L-norleucine 16).

As described in emaymers, 3 Hrimdo alke/ B@G L, art
cycl opropananiitoomoi neliiicsdh GonvR rRRadds SE3m ( 1 a
tramstrocyeafadpama paed & @ i n t he producti on of
bel actroessipre A NP a HIOdj i @ on-Feh 2 P@e en z ynhmethlprad r, i
anelbk,)] Lare present in the biosyminhandcbgénanet c
(bgl. ThishgeiéesIpgaitrer usedtaHder mJ hlhoofkotiatg&8®i ni ng
pota&intHr mJ homol ogs were thus identnfvelfiheand
results suggest t hat these homol ogs are inde
di fferent stereoselectivitysasd HHmmdhaatdsBehtc
léut will i nstead catalyzé§ RAasn dRY( 8§t pradnpsanat i

nitrocyeadad amiomediP(, r esgegtuidwee l4y 2(
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Hrml

020§ Hrml-ssc
( ‘ 0 C 10} O
ool o, SodpiBTap e
6P ¢ .0 6y O O o 0
) O & )
® 0 9002 @ ©_ 0. 00 0 0000 @ Q000 0O
& O%Ooé)o.‘%oooooooo 000 © o 603988388
0000000000000 00

Figure 4.3 The sequence similarity network (SSN) of Hridli t s t h Bt rhdgonotl @ign as geno
nei ghbor are highlightehddydmoxXulrksgralyar actabwor ze bt ei
its correspondi ragh HD®OI s zlymmeatHedanl i n cl uster 4.
During t he bi oi nformatic anal xsi snocwe spa
wy ¢ h miFc¢ igu3 dee MoatserdraJWwt hat have a much | cowehreri den
cycl opropanases. Owi-geatnod tt hbee |iodwe ritdildfmineekdt yi,n Hr
we expresaweil. ddoimdd t ested itGnreabMGoanalysi shof
enzymati c evetaltetdeo nf or hawiitolinz ho ff t olf +Hhlienttimg t
potential hydroxyitaaEi guor)e.end cHCHIWIBt ya sefa yddworhd Hr m
witHE€L& st abtlh e hfealr mati on of a new pe&kgwiteh ¢

4 . )Y4ABhis chemical shi f-hydrsoxgdmagii otne nitn wa htihc hC 4
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heteroat opneiatti o4,t o the detected nucl eus, re:
observation is further supported by HSZA and
i sol ated-semabear eacgeon. Notabl vy, t his tpmreoduct

mi nor product generatedFigut)dhed H&4amJ catalyzed

a)
i) HrmJ + [6-13C]-16

I\ —

ii) HrmJ-ssc + [6-13C]-16

. |

iii) HrmJ-aw + [6-'3C]-16

|

iv) Standard of [6-'3C]-16

|

5 74 73 72 71 70 69 68 67 66 &7 56
1 (ppm)
b) c)
m/z177.1
m/z175.1 O:N 4 CO,; HrmJ-aw  O:N 4 COy
m/z193.1 \/\/Y + E—— \/Y\r +
NH; OH NH;
16 24
16 + HrmJ-aw m/z 1771 m/z 193.1

Retention time (min)

Figure 4.4a) *C-NMR spectra of HrmJ, Hrmsdscand HrmJaw catalyzed reactions using-f&C]-16 as
the substrate; b) L&S analysis of Hrmaw catalyzed reaction with6; ¢) HrmJaw catalyze the C4

hydroxylation of16.
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4. 3 Attenmp tnteg dir @ xsy Inayscel opr epanase

Recently, Chang et al. redeptmadeatshydtengy
hal og3®myasuetgi lai DINB shuffle strategywemeneépatae
wh e rheailno g eancattiivoenwe a&r ii alretng i f i ed. Sequentegepal ign
enzyme and variants highlight the potential r
t hese resi dues besrhes eltosc athead iamr et haedjtawwcentd t o t h
by tbbsersyatweonspecul at e thbisdte etssva i nhgy dir o & 3 d
cyclopropanmaseesgl|lt i.n Toeadaautri siuryamsmwlay swharle -~Hre
identity with the character i zeesd bcyy cAll pphrad-pd rdas ¢
al i ghiegur(e. 4Wibtah tIhpiisc kied nmmihred ,Hr msls whi otnmo |tohge b e
heterol ogous over awprheasnsdi gengerakteéd tahwvendorr es
Hr msJsdco mai n swap variatndrsaol dgod ws tawnart el pyr,edfisi or
i BE. cfodiil ed to yi el.dy mingals oa sushid et ilpmde yt reejtnicchdagp e r o
and/ or redudead |l teadmpg eor ptr orveWee sagrey uilmapgrren didodadind n
~20 mwtsatiin the enzyme acti \pe odiet @ rrdeusduliotigep | iert

mi-fsol ding and protein precipitation
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HmJ-aw/1-248 1mssrovosvseﬁ3mx AjVSAoRLoloPEj‘.,‘R LAcEW
HmJ-ssc/1-230 MPL A P ]ig. P
HmJ-s0/1-233

Hm/1-227 mr MR E ;{
Bell/1-229 oI ) L AF
HmJ-aw/1-248

HmJ-sse/1-230

HmJ-s1/1-233

Hm1/1-227

Bell/1-229

HmJ-aw/1-248

HimJ-s9c/1-230

HmJ-s0/1-233
Hmd/1-227
Bell/1-229

HmJ-aw/1-248 F
HmJ-ssc/1-230 1 16 PL
HmJ-s0/1-233 118 SR E S NAAP

ng- PGA 162

RLWL - PDT 184

P EL
RP

Hm1/1-227 114 @1 w{xao rs [ LMPHGOE 162
Bell/1-229 15 BV IAT-E LO A QHEF VY { wr ABLTLRAAEDK 162
Hmiaw/1-248 191 LVEEFRLEER - M0 TH | VRP | LlLoIRH|2sa
HmJ-ssc/1-230 163 W X i IA R 210
HmJor/1-233 165 11 IVA r 212
Hm1/1-227 163 6 L lvmvr 200
Bell/1-229 163 HRD | TVVSF l_n, 200
HmJaw/1-248 230 WPE - DAGEL . . - - - . 8s B-sheet 2 2
HmJsec/1-230 211 WABK AARLEBCEA- 230
HmJor/1-233 213 WE KOW R SNRBLN 233
Hm/1-227 210 :EIK F oRA . 227
BelL/1-229 210 WNER! EEBA | AEC Rl 220

Figure 4.5a) Overlay of the Alphafolpredicted structure of Hrrrekc(cyan) and Hrnxaw (magenta),

t h e -sheas obinterest are labelled in white, and the metal binding facial triad are labelled in dashed

box; b) The sequence alignmentof Hrewwi t h 't he f our c vy esheetparedighighteds e s, t
in yellow; c) A zoomin view of the enzymes active site, the key residues identified in this work are
highlighted in cyan (G167A168, Hrralv) and magenta (V140M141, Hrrsdq.

The fail ursewag@fuséddmairreconsi der our approacl
whol e domaatni,n@ndegl enutted resi dues -fakaantd adremJsub
ssmtay have a higher chance of yi eéosthierdg ss olf ulbllr e
awvwnd the cyaolcopmpurdo magn éds-snshgn dB ddlrlmwveHrl mkx atdedst wo
in HrwJG167 and A168. These two residues ar e
cycl opropanase ccdooudndt etrapraocn stmiamdier2¢g r idti €lthauds , s t
the corr es-palde-A\HY6 HV mJd e naoweMd Fumant was firs
cloned, eEx.pcraogisds epcdu rii f 1 e d . Encouragingly, t his
pr otAepipne dti.x Thi s vari anti ni sriettanceini vs u byj ecchtaerda ctt a

suripmglsy, uppnwiitfht 6o &ei(h!l ), 20G and ascorbate
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Wi
cycl opropanMsS naoniaeltyys.i sh @K ¢ mzy MHa miJc

devrait i

t h

of +

same

t

zati

h e

16

retenti

c

c hemi

on

an

cal shift of 59.4 ppm is obseryv

reaction f

further confirmed this mbssheirfvtat i c

be detect mmdsghiofdtl wopfpear pdoduodt t pea

on time as( RhIBqcy@mdpropygaddipoop)

al an2 hoef

(Herendzy mat i cFirgeua)et idOmer(al | |,

t hese

r

mut at wongr esiheduesn ziymeashbicee Viar ettt 20OG dependent

into a stereoselective cyclopropanase.
a) i) [-130]-16+Hrmd-aw-VM
A
ii) [6-13C]- 16 + HrmJ-sr
Spike, i) + ii) E I
A
i) [6-13C]-16 + HrmJ-ssc
Spike, i) + il ,Ju h
| .
iv) [6-13C]-16 + HrmJ-aw
A l
v) ][6-1301-16
n 73 72 7 70 697
/z 427 1 e
b) m )
HrmJ-aw-VM Lm/z445.1
HrmJ-sr ‘k. O,N €O,y HrmJ-aw-VM  O,N co,
\/\/\543+ W/H]+
HrrInJ-aw ‘I\ | 16 20
0 5 10

Retention time (min)

Figure 4.6a) ®C-NMR analysis of Hrmhw-VM catalyzed reactions using-f6C]-16 as the substrate; b)

LC-MS analysis of HrmawVM catalyzed reaction with6, c) HrmJaw-VM is identified to catalyze the

cyclopropanation o16to yield 20.
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Whil e the sua®esssprwanmihsiHrgn we al so wi sh t
approach.y Tmt hiedre ngiattreonntoi iGdleyuwériorxey | weesgener at ed
sequence similarity-awentdwos &kr e(ehSN)f oaf hHrdmdo xy |l
previous|l i deger Ath@d analysis | eads to the i
hydroxyl-asa,whHrcrhJ shares 65aw Thhengenymevi hdi ¢
Hr nsJsaar e si mi | ar-awx ctelpat fofr HrmhmMli &klkes emeadegy nefn (aH OH
enzyme). Instead,daigemeeazgygomei cgqnt behiH@dnd 1¢
ssawhich potenti atplryodfucltfiiolnl. tieiesc otoadstsairdnme d
obteads al ubl eplpa®mied ncdgnstrucitfiiocratama grootdaelichn e
Zaneln at he YXhmangeihlamdct er i z atsiseae a of i WVEHN®YR Ho ymJ

reveal ed that it iFiguwideed 8 C4 hydroxyl ase (
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b)

Actinocrispum wychmicini

¢dooo o Co
o000 O0OOOOCOOOOOO
0000000000000

o 0 oS
LT @ 000-0;08\%30 Che

& e’o
200 5] ~—_

0]
0]
2000059 O @@

6]
'5'8'5%’0000
® ©
oo0o0o0QC@OQOOO@®
e00000Q000

Lol 0

©C goo0e

(CNoNo]
(ONoNo]

fiadm (3 O m— m) {1;
4 - @ KO G—(r) )0

Streptomyces sp. Ag109_G2-6

1kb

O NRPS

W PKS

I Hydrolase
[J Thioesterase

[J Transposase

W Decarboxylase

[ Alcohol dehydrogenase
W HO-like diiron protein
[] Fe/20G dioxygenase
B MFS transporter

B Hypothetical protein

[l Polyketide Cyclase

B Transcriptional Regulator
[] 20G oxidoreductase

Figure 4.7 a) The sequence similarity network of Hram. (sequence length 26#80; alignment score

threshold of 90; hits with over ~60 % identity are connected with edge). Both C4 hydroxylaseawirmJ

and HrmJssaare located in cluster 17; b) proposed biosynthetic clusters that chntaid like genes

identified from Streptomyces spg109_G26 andActinocrispum wychmicini
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Al ternativel y, ouwa palbsac twiamnlyg et d hteegte@4 t i vi t
hydroxyl ases. Gl bB was pré&hiydouveskyl-lay®eiometdf &md
was cdmwmnstrated that Gl bB can t ol%xnatter eb otth ey
hand, anbydtdeosxeCBPRd L has been demonstrated by
side hdbd%hb. of them only share ~20% identity
predicted overall structure again is highly s

Il ncubation of p'&ALG i eldd &d btBh avi &€ @mdgs6pH rondJu c t
avanHlr nsJsa while two ot he@j2eaksi denei filkaninét
BecaRislelan catalyze C3 & C4heyprakylaat i7@&n 5 tpiper
hydroxyl at-e®}2praddct hp669. 7 pp m-dpiehaykd rnoi xgyhlta treec
'€126Fi(gude €£oBsistent Iswi mhsahoi fptr oodfu c# 1 6 eaarkd o n e
wi mhszhi ft oferBRf wevilSe vainaA hytsei #bd i.(X

With these enzymes in hand, in the future v

of these hydroxylases and test their ability
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i) [6-13C]-16 + HrmJ-aw

A J L
i) [6-'3C]-16 + HrmJ-ssa
) - A
i) [6-13C]-16 + GIbB
iv) [6-13C]-16 + PolL
A . /L
v) [6-13C]-16
4 73 72 71 70 697 5
1 (ppm)

16 OzNw/“i\rCOZ'

Figure 4.83C-NMR analysis of Hrmw, HrmJssa GIbB and PolL. It revealed that while all enzymes

were able to catalyze the @4§droxylation of16, PolL may also catalyze the C3 and CBylroxylation

of 16to yield25and26.
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44Me c h anitsem acft iewdiitryect i on

With the reactivity established, we al so wi
alteration. First, we wish to confirm whether
cycl opropanati on r eaandt i-BbAGHA6.7 VT raeral vAIHB @iVle amiet
gener ated andnchikatNowoteydlzemlr opanati on react i\
hydroxylation reactif@lévaswascabacee(dridg urhee miu. 69
suggesting that the mutation of both G167 an

reactivity.

D i [6-13C]-16 + HrmJ-ssc-VV

iM) [6-13C]-16 + HrmJ-ssc

A A L
iii) [6-13C]-16 + HrmJ-aw-VV
__,L X

iv) [6-13C]-16 + HrmJ-aw

v) [6-13C]-16 + HrmJ-aw-GM

vi) I [6-1C]-16 + HrmJ-aw-VA - o
e . S R R N |

3 72 71 70 697 5
1 (ppm)

Figure 4.9'3C-NMR analysis of the enzymatic reaction of'f€]-16 with HrmJsscand HrmJaw mutants.
The gray peak is not derived from the conversion ef*(§-16.

Alignmebsheé¢t s hef the four cyclopropanases

are similar HBbutguibet 4Comsiederidng our GAteéed VM
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from the segssgeoclee adfs HromJt he formati on of (
stereosel eetri wetpgref wbnméri ng whetswmeponbbe Hé et
controlling tldcystl eorpa ogpatlma®tl OAY6 8§V anssdHr mJ

M141V (denawéd/d aduedeVm] adopted from the seque
generatedghandcterization of theaa&wW wos muntaanti:
whil e -sBMMNJ mai nt @iymd oprtespanati on reactivity/ s

di mini shed efficiency (Figure 4.8). These res.

residues are responsible for controlling enzy
D D m/z1751
O:N ~-C02 HrmJ-aw-vMm O:N COy m/z176.1
D NH;* ? = NH;* m/z193.1
(35.45)-3,4-H,-16 m/z 176.1 m/z194.1
miz 179.1 rmJ-aw D HrmdJ=aw-VM
OZN\/Y\I/COZ' —_.
w
OH NHg* J HrmdJ-aw
m/z 194.1
1 1
0 4

Retention time (min)

Figure 4.10LC-MS analysis ofhe enzymatic reactions with39)-[3,4-?H]-16. Compared witl20 and

24 (m/z=175.1, 193.1), major products derived frors4%)-[3,4-°H;]-16 in the HrmJaw and HrmJaw-

VM catalyzed reactions have emzv al ue i ncrease of +1 (175.1 Y 176. !

As described I n chapter 3, while differe
cyclopropane formation, al lprré€Saccltda aovnasg @ .n cH ouwleev
uncl ear whebhhdroxnmkeasfe as wel l as their mutan

similar pathway. The different r eaamtaine@idygut coil

préiSabsonatdeaadysc!| opvrhoegdpnraddR aams Dlneadcdd hydr oxyl at
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Tdest the hwepatomauict ed g BzY[nBa?H4-1c6 alsfstaeyrs iwnictuhb
(S 93[3?H4-168i th enzymes in thg HeasledcHdmoNd 20G
produce major products. Wiamh BN4d .ml)z tvadmilee or a t+
val ue ®&fdmAvzasl.ule; of 193.1). These results suppc
a step i4pvalldbisng, atuhiiocrh wei ghs against the prc

andycl opropanation pat hway diverge at the HAT
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45Di scussion and conclusion

For t he fhiesset ptriemme mi mary resul tdepdethenst
hydroxyl ase can be-amdvstedeeai vieo cy cMbbh p mo g ahre
catalytic efficiency of the mutant i s not com
alteration is achieved by m®Begekevebawwdt ywmubat we ¢
hydroxyl ase and cycl opr o atwhisen | fa o wiu hegkg & reemseil sy
experiments suggested that these two active s
chemoselectivity rather than stereoselectivit
mut ant reveianietdi atlhallATt hsei t e remained unchang
cyclopropanases, thukelgatbidnvpagbwafysenr ehe

There are skpkeli maemédotidabteo cpmmawicdeda bett
of dihs sdwer yexamhkecorrespondi ng muhydn sx ylfaddc:
remained to be explored. Hopefully cyclopropart
the i mportance of these two gadtiighda dgiot & hree seind
Fel/ 20G dependent dayzdywmeyl fadci oot hemachowities.

From a mechanisrmhopvoitrhmte sef twioewesi dues cont
elucidated. planp eGthlaenyy prnomds dbttleatatt men mdadthiev |
originates from the minodepekisi bl egtodfat2O&i Ini h
in the emergence of cyclopropanation reacti vi:
mutati on pearbtsurrtmadce tbhendi ng. For example, the
closer toward C4d4cy cdlhapsr agoprdonnactitiionng Tdiedi st i nguli
possibilities, it would be necessarvwynd oHrml ai

aw M, to better understand the interaction be
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mi nor reacti on praetshunkatynsidnd cagieormaGyhmwamoei t or i n

behavior of t-dheorempedi de, Feueadddatee t he di ffer

Al sac omput ati onal anal ysi s, specifically mol e
crystal structures alone arenodt sufrfeidciireenctt itoon
Overall, t tespt eébi mirreasreyncdleedarilny tshhiosw cthhaept

complicity of Fe/l MOGexerez yirmeamadi ant atl wyhsibiesih. cdl ounde

continuous coll aboration i n structur al bi ol
understandictmm@gnostmt behimed the hydroxylation t ¢
provi de fundament al i nsight i nto how -Fe/ 206G

hydroxyl ation reactivities.
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46Ex per i premdeadur es
General chemical procedures

The chemuyal usebi &te(reported in ppm (parts
chemical shift for theemkotion trhes iddwarepad$Qla rs
de) . The coup)vagueosnsatrtantexpressed in hertz (
commer cial suppliers were used directly witho
DNA constr wextprfecsrsi momaroGl BIBmand Pol L

The DNA sequences encode t heptiozmrde sfpoorn do \ne
expresEiowgodynt hesi zed, Madle aBhaddler t eslt riindtoi otnh e
expressi o+ 8we c (Tdoep tiBriozned gene sequences are ¢
hr raw
ATGTCTAGCACCCAGGTTCAGGAAGTTTCTGAAGGCCTGCGTACC/¢
CTGGTTCTGCTGACCGCTTAGATATTGACCCGGAACTGCGTCGTTA
TGGCGCAGGAATGGGAACGTCTGGAAACCGACCGTTACCTGAAAG,
TTCCGTGAACGTCGTTACGATCGTTTCGTTTTCCGCCCGTCTACC(
TGCGTGCACACGTTCCGTACTACCAGTCTGACGATGCTAACGAATA-A
CCAGCGTGAAGTTGCGCCGCTORAAXLTCGAIGIAGAACCCGCTGCTGCAC
TCTGATCCCGTTCGATTTCGCGCGTTTCCCGGTTGCTCCGGAACT
TGGGATGTGCAGTGCCACCAGTTCCGTATCATCGGTCTGCCGGGTCC
CCGACCCCGGAAGGTCCGCACCGTGACGAAGTTGACTTCGGTGCG
CACCGTGGCAACGCGCAGGGTGGTGAATCTCAGGTTTACACCGCGH

GGTTGCGGAATTCCGCCTGGAATCTCGTATGGACACCATGTACTGG
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AATCCTGCACGCGGTTCGTCCGATCACCGCTATCGACCGTGACCAC
GACGTTCTGATCCTGGGTTACCGTCACGCTCCGGAACTGGCGGGT ¢
pol L
ATGCTGACCCGTCCGACCGCGGCGCTGTCTTCCCCGGCCGATATTA
GTGCGTACTGGTTTCAGCATGGTTCCGGGCTCTGATATGCGCGTTC
CAGGATTCTCTGAAAACCCTGGCGGCGAGCTACGATGATCTGCCGC
CCTGCCGGATGGTGGCAACTACCGTTACCGTCGTCACACACGTTAC
GGCGACCGGCGAACTGCTGAGGEAAGCGTGGCTACTTCCAGACCGTGG
ACAATGCGTTCGCGGGCGGCCAGTGGCGTAAATACGAAGAGCTGAC
CGTGAAGGTGCGTTTCTGACCGCGCTGATCGATTTTAACGTTGGC(
CCGGAAGTGGAACAGTGGGCGGTTCAGGTTCACTGCGTTCGTATT ¢
GATGCGCAAGGCCGTCCGACCCCGGAAGGCGTTCACKARGGGATGGT ™
AGCCTGCACATGGTTAACCGTCACAATATCAGCGGTGGCCGTACAA
CCGGAACACGAACTCATCACGGAAAAAGTATTTACCGACTGTCTGC
GGCGACGACCCGCGTGTGCGCCACGGCGTTGCAGATGTTTCTGTT
CTGGGTGAAGGCACCCGTGATATGCTGCTGATGAGCTATGATCCGA
gl bB
ATGCAACTAAELCCTTTTTAAAAAGGGAAAGCATGAGCAAAATGAC(
GAGTGGGCAGCGGCCGCCCCAGAAACCGAGCCGGGTGACGTGCGT
ACAGCGTGGTTGGGCGCGCTTTGACGCCACCGATATGCAGGTAGCC
GGCCGATTTGCAACGTCTGACGGAATACGCGCGTTCTCTGCCGGT (
ACAGGCGGCCGACACCGCTCTTACGCGCRACEGLCAITTIAGITAMMA GACC

ATAGCGTGGAAGGCCGGTGCGCGTACCCCGGATGGCCGTGTGGAGH

100



CAGCACAGCGAGTTCCAGCCGGAGCACGGTGGTGTTGTTCGTAAC
CGCGAAGATATTCTGGCACTGCCGCTTGTGCACCGCCTGATCTGGT
GACCCCTATGTTTGACGCAGAAGGCGACTTGCTTTGCGGTTTTCA(
CAGGCAACCGGGCGCTGTCGCGCGCATTACCCCGGACTGTCTGCAT
CAGCCGTTCACGGCGGTTCATCTGGTGGAACGTTCTCACGCTGAA
TTCATCGCTCCGCCGCGTTATACGGGTCGCCAGTTTGACGAGGTTCC
TGTCGGCGTTTGTTCTGGGTAGCCCGCTCCAAAGCTACATCATCG/
TTGCCATCAAGTTACCGCTGTGAGGTGCGBTGCCATGGCACCCGTAC
GTGATCCTGATCGACTTCAGCCCATTGAATCCGGCTTCCAGCGCGUC
Constructi-awmnaf Hesmut ant s pl asmi ds

Si-dierected mutagenesis studies were perfor
ampl i ficatr mdacntorfraddiNeA fragment from the previo
Typi cal PCR er)eacaomnwMisaf( @f5&r ward and reverse p
templ at eeLaNdwWlEngl and BHo(Fhalhe!l ( NEBRTQMaster N
program wasrsebmmended by NEB. DNA sequenci ng
identities of the resulting vectors.

Usi ngMSL QIfCeNMR t o monitor the enzymatic reacti

LEGMS was conducted on an Agilent Technol ogi
t o an Agilent Technol ogi es 6120 guadrupol e
MassHunter and OpenLAB software packagssaywer e
mi xtures were separated on an Agil ent Il nfinit
4 . nfih particle size) with isocratic eluent syst
formic acid) and 55 % solwenéeé &8f (@cét mbhi mrnl e
performed using electrospf)ay Tihenidz a/tiinggn giars p e
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350 AC with a nebulizer pressure of 60 psi an
set to 3000 W.olTthaeg ef rwaagsmesnettorat 130 V. React i
and 20%ofRutarate) with the final concentrat.
mM of the substrate, 2.0 mM of 20G (and 1.0 ml

Trip#, 7. 5)il2Ahtenca®,attitoen ragacdti ons were halte

of acetonitrile. For the experi @0t &Lt batt tver E
solution (0.1 % w/v, in sMa6Naunaea5 ®0 ®dlheofrehc
solution. The resulting mixture was all owed t

and 10 @Llwaosf aHdded. The miWKSt uarneasl yasries sounb jaenc tA gt
C18 column (4.6 | ®.O05mhL/ami m udiowg rG.t(e$oolf\oe mi
A) and acetonitrile (solvent 11B0) mibd h&GiBg L6061 |
min 55%WW48 , midR IHTB7. 34min 45 % B.

For those reacthiCdnR, a g shecwreetaecdpirwdrgshr ed i n
manner except that the final volume of each re
dwas added t o %t€h eNMRe ascpteicamrsa. wiehree recorded usi
MHz spectrometers.

Enzymantemgar ati on and purification of 24

For t ksec alleer geeiatchmo olhnel@®i A emN) was i nawbated

(401) 52" (Faeh) |, 20G (10 mM) and sodium ascorbate

7.5). The reacti 2m vhas aal 140 vAeCd itno 30t imL fsaral e .

MS indicated that ~70 % of the substrate was
acetonitrile (50 mL). After centrifugati on, a
HXO was erdenboyv | yophilizati on. The crude produc
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XbridgeE BEHE Rmegec@®BmDPmAO(5 250 mm) at a fl o
using 10 mM ammonia acetate (solvent A) and ac
progriaén: mbn, 80 % B. The analytes were monito
cont aZ4aweng coll ected. Acetonitrile w#®s wasmovVve
removed by | yoRMi3 impatNMR (t700 09)iveHsid 7 B8 (2 H)
4.6 03 (m, 1) ,8.3.,846 .@d2H29 (rM)i21MB34m,ilaH),

1.85 (' NMR) (17®)MHZz7,4.08, 72.2, 67.3, 53.7, 3]

Tabl @&r4 mkers used in this chapter.

Pri mer s Sequenc3 0)( 506 to

a w MF GTTGACTTCGTTATGATCCACCTGA"
a w MR GTGGATCATAACGAAGTCAACTTCG
a w AF TGACTTCGTTGCGATCCACCTGA
a w AR GGATCGCAACGAAGTCAACTTCG
a wG M-F ACTTCGGTATGATCCACCTGATG
a wG M-R ACCTGGATCATACCGAAGTCAAC™
a w VF GTTGACTTCGTTGTGATCCACCTC
a w VR GCATCAGGTGGATCACAACGAAGT
S S\CVFF GAATTCGTTGTGATCGCGATCCT
s S\tVR CGCGATCACAACGAATTCGTGAC
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A-2 SDSPAGE of purified Tgatha (38.4 kDa) and Tgapd (36.7 kDa).
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A-3 The 320nm kinetic traces derived from the &S experimentsThe traces all show a rapid increase

due to the initial formation of the Fe(I\gxo species, except for the trace derifrein the reaction with

10.
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A-4 The kinetic simulations of the 320 nm Kinetic traces by using the kinetic model describedTddaove.
obtained rate constants are listed in each panel. The black and blue traces are the experimental data, the
grey traces arthe overall simulations, and the red traces represent the fex@\fomponents. In the first

panel, the Fe(I\\pxo component resulting frook-2 is labeled using dashed line. N.D.: not determined.
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m/z 323.1
m/z 349.1

m/z 3471
m/z 365.1 TqaL-pd +10
NH; _L 10, std
10 Tqal-ha
ArcozH “ TqaL-ha + 11
NH,
11
11, std

I 1 | 1
2 4 6 8

Retention time (min)

A-5LC-MS analysis of the Tgqaha enzymatic assay withalanine (10, m/z = 323.1) amnecyclopropyt
alanine (11m/z= 349.1) Neither substrate consumption nor product (aziridine or hydroxylation will result

in m/zchange of-2 or +16) formation can be olyged.
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A-6 M&sbauer spectra demonstrate the accumulation of an Fe(IV)=0 intermediate in the reacttign with
2.The samples prepared at different time points are indicated in the figure. The black vertical bars represent
the experimental data and the black solid curves represent the overall spectral simulations. The red curves
represent the spectral feature ofthe ( | V) =0 i nter mediate with O = 0.28
is accumulated to 18% at 0.2 s and is decayed to ~ 10% at 1 s. Its high energy absorption line located at ~
0.6 mm/s is indicated by the red arrow and a vertical green dotted line. Addlitidha grey curves
represent the spectral componentof-ddir r i ¢ quadrupol e doubl et with U
which occupies ~ 10% of the iron in the anaerobic control sample (the top spectrum) and is likely generated
due to the reaction afontaminated @with free iron in the solution. This spectral component partially
overlaps with the spectral feature from the Fe(IV)=0 species as shown in the figure. The spectral simulation
reveals that this eierric doublet is still ~ 10% in the 0.2sample, but slightly increases to ~ 15% in the 1

s sample. The black arrows indicate the mononucleardpghferric species, which develops to ~ 30% at

1s. This mononuclear higgpin ferric species is most likely originated from the uncoupling of thé Tga

reaction which is also detected in the-&ls.
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PNz 3811 TqaL-ha + 3
! - e S— !

0 35 4 L__i
e- 22 Mstd
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A-7 LC-MS analysis of the Tgaha catalyzed reaction with-isoleucine 8). The traces representing
aziridine (/z= 363.1) and two hydroxylation products/g = 381.1) are shown in orange and cyan,
respectively. The bottom three traces represent product standards. Integration of each product reveals that

5 and two hydroxylation product8 @nd14) are produced in a ratio of ~ 96/3/1.
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A-8H and'*C NMR spectra of benzyl$)-2-((tert-butoxycarbonyl)aminep-hydroxy-3-methylbutanoate.
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A-9 H and®®*C NMR spectra of$)-1-(benzyloxy)}3-hydroxy-3-methyt1-oxobutan2-aminium.
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A-10'H and®C NMR spectra of diydroxykvaline (7).
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A-11 'H and ¥C NMR spectra of benzyl Jj-2-(((benzyloxy)carbonyl)amine3-hydroxy-3-

methylbutanoate.
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A-12'H and®®C NMR spectra of dibenzyH-3,3-dimethylaziridinel,2-dicarboxylate.
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A-13*H and®*C NMR spectra of pleurocybellaziriding)(
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A-14'H NMR spectra of Benzyl @3R)-2-((tertbutoxycarbonyl)amineB-hydroxy-3-methylpentanoate.
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A-15*H and®*C NMR spectra of (8 3R)-1-(benzyloxy}3-hydroxy-3-methyt1-oxopentar2-aminium.
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