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Abstract

Over time, evolution camesult inenzyme developingnovel functiors. An emerging
example of this phenomenon comes from studiepyoidoxal5 -phosphate (PLPJependent
enzymeswhich catalyze a diverse setafemical reactions on amino acid substraiéss thesis
describes thdiscovery and charactertran of someunusualPLP-dependent enzymes.

SomePLP-dependent enzymes have been showratalyze challenging oxidations of an
L-arginine substrate using-@s aco-substrate In Chapter 2 | set out todescribenew PLR
dependent arginine oxidases and study how they function. Using bioinformatics, | wasabke to
in on one particular enzyme, named RoB®chemical characterizatiaof RohPrevealed that it
is an arginine hydroxylasevhich catalyzesthe formaton of (S-4-hydroxy-2-ketoarginine.
Furthermore,| was able to obtain several higlesolutionX-ray crystal structures of RohP at
different stages of its catalytic cyclBogether these results advaticeunderstanding of how ©
andPLP-dependent enzymsdunction.

RohP was found in a conserved five gene biosynthetic gene cluster, with no known product.
Therefore, inChapter 31 set out to dterminewhat the product ahis unusual biosynthetic gene
cluster was Using the studies of RohP as a starting poidgiteonal in vitro biochemical
investigationsof four otherenzymes encodealong withRohPin this biosynthetic gene cluster
revealed thatagether theyconvertL-arginineto the antibioticazomycin(2-nitroimidazole) As
azomycin was first isolated over 50 years ago,diseoveries described in this chapter solve a
longstanding biosynthetic mystery.

InterestingPLP-dependent enzymes are found in many biosynthetic pathwaygbalster
41 report my charaetrization ofBesB, a unrelatedPLP-dependent enzyme which catalyzes the
formation of a terminal alkyne bonBesB has limited solubility ifE. coli, which hashampered
its studyinitially. Through use of a different heterologous expression syisteas able to obtain
soluble BesB. Through biochemical anX-ray crystallographic analysisan active site
phenylalanine substitution appears to be key to unlocking the novel reactivity of Besstudy
provides the first crystal structures of any alkyoening enzyme Insights from the studies of

RohP and BesBhould prove usefuin developing novel PLi&lependent biocatalysts.



Lay Summary

Natural products are compounds produced by living organisms and are the source of many
of the medicines that are cunty in use. Nature constructs these compounds using enzymes,
protein catalystthatincrease the rate of a chemical reaction. In this thesis | describe the discovery
and characterization of several novel biosynthetic enzymes using a range of biochtemiesl s
as well asX-ray crystallography. | discovered that one group of enzymes function together to
produce the antibiotic azomycin. Azomycin was the lead molecule for the development of the
nitroimidazoles, which are used today for the treatment of ab@ebacterial infections. In a
second study | characterize an enzyme which catalyzes an unprecedented type of oxidative
reaction. Understanding this enzyme may lead to applications in chemical biology and

biocatalysis.
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Chapter 1: Introduction

1.1 Generalsynopsis of introduction

Natural products contain a vast array of molecular scaffolds which can be modified with
numerous chemical functional groups recent study analyzed ov&B6,000 natural products
found in he Dictionaryof Natural Productglatabaseising an algorithm designed to identify and
extract unique connections between heteroatwsakd that these molecules contained 2,785
unique functional groupsThis study also found that functional groups differ significantly in the
frequency of their occurrence. For example, the most common functional group, aliphatic alcohols,
are found in over 61% of natural products ia ttatabase.fe prevalence of aliphatic alcohads
in stark contrast with many of the less common functional groups such as the nitro and alkyne,
which are only present in 0.2% and 0.37% of the molecules, respectilledse two functional
groups are more common in synthetic molecules and medical compdutidss, discovering
novel biosynthetic enzymes can catalyze the formation of rare functional groups such as the nitro
and alkyne is highly desirable.

The work covered in this thesis will focus on characterizing steps in the biosynthesis of
azomycin (2nitroimidazole) Chapters 2 and 3, and the terminal alkyreontaining amino acid
b-ethynylserine Chapters 4. This introductory chapter first introduces nitrontaining natural
products, including azomycin, as well as other molecules with a nitro group. Sé&oomdh
alkyne biosynthic pathways i n c lethyhylseroe, ére introduced. As the biosynthesis of
bot h az o mweihgnylserina exhibit & shared dependence on highly unusuad&id¢hdent
enzymes, a discussion of Pideépendent enzymes follows. Thiscussion will include relevant
PLP-dependent enzyme mechanisms to set the stage for mechanistic discussions in Chapters 2 and
4 and will focus on the recent discoveries it @nd PLP-dependent enzymology. The goals for

each of these projects is thetraduced.



1.2 Nitro-containing natural products
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Figure 1.1 Select examples of nitrecontaining natural products.

The nitro group ismimportant and versatigroup in medicinal chemistry, with a loagd
continuinghistory of therapeutic use The highly polar nature of the nitro groalpows for strong
interactionsbetween nitrecontaining small molecules and comminlogical components such
as proteinsor DNA.>8 The nitro group serves as a prodrug, which is activated by enzymatic
reductionto form varous radicad, which are the biologically active speciéfowever reactions
between drug radicals and proteindiA can also induce severe toxicignd thistoxicity is a
common issue with nitrgontaining drugs’ Due their inherenttoxicity in biological systems,
nitro-containing compounds aret oftenassociated with natural productsut infact there are
hundreds ofsolated natural pragttsthat contaimitro groupsmany of which havdistinctnatural
biological activitie® The structural diversity of thesgtro-contining compounds is cdisplay
in Figure 1.1, which shows the structuresssveratelevant natural products that will be discussed
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in more detail inthe upcoming textinvestigating the biosynthetic origins of the various nitro
groups found in these compounibss revealedseveraldistinct biosynthetic routeghe nitro
functional group Theseroutes can involvedirect nitration of the substratéut most of the
discovered biosynthetic pathwaysolve the direcbxidationof anamineto a nitro groupThree
different classes of enzyme have been showratalyzeoxidation of an amine to aitro, and
understanding the underlying mechanismsigrfo functional group biosynthesis currently a

robust area of researéh!?

1.2.1 Nitroimidazoles

N o [ g\ o
[ />—N\/\+ H N N\+
N N

Azomycin (6)
(2-nitroimidazole) Benznldazole( )

5-nitroimidazole (8) 2 2 J

OH .S
2\
0] ‘0

Metronidazole (9) Tinidazole (10)

0
"o QR
0
A, N/\>7 //+
Delamanid (11) o /g/IQN Nb

Figure 1.2 Structures of select 2and 5-nitroimidazoles.
The 2 and 5nitroimidazole moieties are highlighted in blue and red respectively.

One of the most notable naturally occurring ritomtaining compounds is azomydiz:
nitroimidazole)(6) (Figure 1.2). Azomycin was first isolated fror8treptomyces eurocidicurs
195312 and its molecularstructure was determined soon after in 1¥5Bt the time of the

discovery of6, its simple2-nitroimidazolestructurerepresented a novel natural product scaffold
3



andthus itsbiological properties were investigatédomycin(6) proved to be a highly efficacious
treatment for combatting varie anaerobic pathogens, most notablichomonas vaginaljsa
pathogenic aerobic bacterium for which there were then no effective antibiotic treathidrtse
promising results inspired the chemical synthesis of many new nitroimidazoles along with the
evaluation of the coesponding biological activities for these moleculdsus,6 is the founding
member of the clinically important nitroimidazole class of driggure 1.2).

Despite the relatively simple structureGft the time of its discoveiyproved to be quite
a challenge to synthesiamd itwas only in 1965 that a pair of groups reported the synthesis of
6.1617 Both groups utilized NaN® and CuS@BH.O to catalyze the oxidation of-2
aminoimidazole t®, albeit in relatively low yield$®’ Despite the challenges of synthesizing 2
nitroimidazoles, someé-nitroimidazoleswere eventually developed intgable drugs. Onesuch
example is benznidazol&)( which was developed in 1972, andsisl one of the few effective
treatments foll rypanosoma cruzthe cause dthagas disease.

In the intervening years, sciestisalsodiscovered that-Bitroimidazoley8) were much
easier to synthesize, amdbore importantlythese compounds were found to denerallybetter
toleratedby patientst>*®1°Perhaps the most famoasd widely useditroimidazole drug is ths-
nitroimidazole metronidazol®) (Figure 1.2). Metronidazole wafirst synhesized in 1959 and
subsequentlyapidly approved as a drug in 196ndis still used to this day for the treatment of
trichomoniasis and other anaerobic bacterial infecttddsOther important Sitroimidazoles
include tinidaole (L0), a broad spectrum antiparasitic compound developed in *197the
synthesis and evaluation aiovel 5-nitroimidazoles continues even today,with the 5
nitroimidazole scaffold being continually explored to prodanogel nitroimidazole drugswith
improved biological activitie$®?® One recent exampleis delamanid {1), which was fist
producedin 20062* and subsequentlyapproved for the treatment of multidrugsistant
tuberculosis by the EU in 201EiQure 1.2).2°



1.2.1.1 Mechanism of action

A o

/

N

\
Ferredoxin 2 O,
OH

PFOR 1e Futile cycling
DNA Damage -

!
N Xy—N
Reduce_d \/5/ 0° 0,
ferredoxin N

2 1e
Ve o N\
DNA Damage

N\/\§‘ NO, N N N NH N“N)—NH;
)—r\é )::f 2e ):\f 2e” ),N
” ( ( (

OH OH OH

R R R R
N O 2e” N P 2e” N OH 2e”
[N/>_N\E+) 28 [N/>—N 28 [N/>—NH _ce />—NH2

Figure 1.3 Reductive pathways of a) the Hitroimidazole metronidazole and b) 2
nitroimidazoles.

Due to the extensive use of nitroimidazoles over the past 60 yeamotieeof action &
well astheir decomposition pathways under anaerobic conditions have beesiegte studied
(Figure 1.3). Although the specific mode of action depends onriaieire of thesubstituents
present on theitroimidazolescaffold,all nitroimidazoles generally exert their antibiotic activity
through similar reductive mechanisms. Once the nitroimidazole has diffused ioédl thiee nitre
group is reduced to a reactive radispleciesby the anaerobic pyruvate/ferredoxin reductase
conmplex1®>181921The reduction potential of aerobic cells is too high to catalyze tHisctiee
reaction and any nitroimidazole that is reducedreoxidized by Q, in a process called futile
cycling,'°revealing hownitroimidazoles specifically targesinaerobic cells. The nitro radical anion

is theprimarydamaging species, and aaact withDNA, inducing the formation ddNA double
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strand breaksgriggeringirreversible damage to the DNA2! The nitro radical anion can also
decomposeo yield NO> and an imidazole radicathat latter of whichcan also cause cellular
damage. There is also evidence supporting the redwfttbe nitro radical anion to corresponding
nitroso, hydroxylamine, or even to the amine various cellular nitroreduétssddowever,
reduction of the nitro radical anionlsssprevalent for 5nitroimidazoles such amidazole(10)

and is more common with-@itroimidazoles such &andbenznidazol€7).126

1.2.1.2 Early studies on the biosynthesis of-Ritroimidazole (azomycin)

oA, — | o
ey
H,N N/\/\HJ\O' N H,NT N
H . PLP, 02 H NH3 H
NH; OH NH5*
L-arginine (13) (16) 4-hydroxy-2-

ketoarginine (14)

l

N N +
NH
Y—NO [ S—NH spont. 2 ) i
[N 2 < | N 2 (_p H N)LN/ﬁTH + ﬁ)J\O
H H -Hzo ? H

@)
Azomycin (6) Pyruvate (15)
2-amino- 4-guanidino-
imidazole (12) acetaldehyde (17)

Figurel4Eguchi 6s proposed biosynthetic route to &8
Scheme adopted from Nakane et’dProposed compounds not detected dutireexperiments
from Ref. 27 ardnighlighted in brackets and in grey.

Whil e t he 109 6iaténse efforisddevatéddosthe syathesis evaluationof
novel nitroimidazoles,6 was not fully relegated to the sidelingith several groupseeking to
uncoverthe biosynthesis of this molecule. Early studies from Lancini and others in thés 1960
were the first to investigate the biological origin 08. In these studieshey observed the
accumulation of zaminoimidazole(12), and its oxidationto 6 by the azomycin producer
Streptomycesp. LE/3342%30 The earlier stages of azomycin biosynthesisiotherbacterial
strain,Streptomyces eurocidic®$-506 were investigated several years later by Eguchi. His group
demonstrated thatarginine(13) was the initial precursado 6, and théiosynthesis 06 proceeded

through an unusual hydroxylated arginimerivative 4-hydroxy-2-ketoarginine 14). The
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production of the latter was contingent on the presence of bpdn®the enzymatic cofactor
PLP?2” Furthermore, Egehi also observed tha# was converted into pyruva(@s) as well as the
already established precurshi by S. eurocidicusCombining the results of all the azomycin
biosynthetic studies, Eguchi put forth biosynthetic hypothesis to account for all diet
biosynthetic itermediatesletected their experimenBigure 1.4).2’

Eguchiproposed that azomycin biosynthesis begins W&hwhich is oxidized in an £
and PLP-dependent manner, to an enamine intermedi&tevhich is in turn hylyzed tol14.
Then14 could be cleaved by an aldolase id®and 4guanidinoacetaldehyd@d?), the latter of
which undergoes a spontaneous intramolecular cyclization to pra@uéenally, 12 is oxidized
directly to6. Eguchi 6s t hor everg buestiansiathotite kaosysthesiof 8 dut s
also raised several new intriguigestiors such as: Are there enzymes that require botar@
PLP?And how does nature directly oxidize the amino group to a nitro grbiupanswers to these

guestions would not begin to come until several decades later.

1.2.2 Biosynthetic routes to nitro-containing natural products

1.2.2.1 P450catalyzed direct nitration: TxtE and RufO

0] 0]
O O
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N H3+ NO N H3+
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H H

L-tryptophan(19)

/@/\Hk Rufo W

L-Cit
L-tyrosine (21) RUfNT/' 3-nitrotyrosine (20)

L-Arg (13)

Figure 1.5 Nitric oxide synthase and P45&oupled direct nitration of aromatic amino acids.



While compounds such ahloramphenicol(5) and azomycin(6) have been known for
several decades, it is only relatively recently thatbiosynthesis of nitroontaining corpounds
has become well understodde reviewof nitro group biosynthesisill begin by examining one
of the less common biosynthetic routes, which involves the direct nitration of an aromatic substrate
using NO. First discovered during the biosynthesihefphytotoxirthaxtomin A(1)3Y 23 (Figure
1.1), the direct nitration routeequires two enzymes: a nitric oxide synthase TxtD, and a unique
type of cytochrome P450, TxtE. Bacterial nitric oxide synthases are slightly different than their
mammalian counterparts, but nonetheless also catalyze the five electron oxidatiargioine
(13) to L-citrulline (L-Cit) and NO** Accordingly,in vivostudies demonstrated that TxtD produces
NO .32 Additionally, TxtE was able to caltyze the formation of-nitrotryptophan(18) from L-
tryptophan(19) in vitro using the NO source NONOatgigure 1.5).32 Crystal structurgof TxtE
indicates that it contains many structural feattypgally found inP450 enzymeswith its active
site optimized for bindingl9.3° However, TxtE also contains a proton transfer pathway which is
different from other P450 enzymes, which may in part explainuitgsual activity.3® A
combination ofstoppedflow spectroscopyand computational studies ®ktE indicate thatthe
heme iron first reacts wit®, to form an iron(lll}superoxo species, whithenreacts with NO,
rapidly releasg NO2Athat reactsvith the indole ring ofl9to form 183"

Furthermore, Zuo and Ding were able engineer a biocatalytic system for high level
production of18 using an engineered variant of T>XBy coupling TxtE to the reductase domain
of the P450 BM3, they were able to creatsedi-sufficient enzyme with improved catalytic
propeties2® Engineered TxtBwvas heterologously expressed i coli along with @ additional
nitric oxidize synthasandglucose dehydrogenase for cofactor regeneration. Togetherthhase
enzymes could produce up to 192 mg/l1&fan amount significantly higher than other engineered
nitrotryptophan pathway?¥.

In addition tol8, the norproteinogenic amino acid@itrotyrosine 20), is also synthesized
usinga nitric oxide synthaseytochromeP450enzyme pairGenes encoding putative bacterial
nitric oxide synthase gene#aM, rufN) andputativecytochrome P450sléN, rufO), were also
identified in the biosynthetic gene clusters for the ilamy€iasd rufomycing?! respectivelyThe
activity of thecytochrome&?450 RufOwasverifiedin vitro and found taatalyzetheformation of
20 usingL-tyrosine(21) and the NO source NONOdtevitro (Figure 1.5).4*



1.2.3 FAD-dependentoxidation

The other characterizetliosyntheticroutes to nitro groups involve the oxidation of an
amino groupSeveral different classes of enzyme are knovaatalyze such as reaction, including
FAD-dependent, Rieskdependent, and diiredependent enzymes. Each group of enzymes will
be reviewed individually, beginning with FABependent oxidasedlitrogen oxidizing FAD
dependent oxidases are wadiscribed irthe literature, and can catalyze the oxidation of an amine
to several different functional groups, including, but not limitedhi@roxylamines, oxazines,
nitrones, and oxime&.However, the following will focus on the two pathysawhere nitro group

containing compounds are produced.

1.2.3.1 Nitrosuccinate biosynthesis CreE, FzmM

o) CreE O CreE 0] 0.0

-0 FzmM - FzmM o
O — O — o —> (@)
O NH NADPH, O HN 2NADPH, O Nt
2 0, OH 20, ‘0" "0 Nt
L-aspartate (22) N-hydroxy- Nitrosuccinate (23) o N
aspartate (24) : ~
* spont Cremeomycin (26)
0
O NZ
7(\/ o
O

3-nitropropionic acid (25)
Figure 1.6 The flavin-dependent oxidative pathway to nitrosuccinate.

FAD-dependent oxidases such as Gfelad FzmM* are able to catalyze the oxidation of
L-aspartic acid22) to nitrosuccinat€23) using Q and NADPH Figure 1.6). CreEhas be shown
to consumapproximatelythreeequivalents of NADPH for every molecule28 producedwhich
indicates that thisCreEcatalyzed oxidative pathway involves threandividual iterative
oxidations® The first oxidative intermediatéy-hydroxy aspaste (24), was detected durinig
vitro studies of FzmM, supporting the initial stagek tbe iterative oxidative pathway**
Additionally, the offpathway producB-nitropropionic acid 25), was also detecteth FzmM-
containing in vitro assayswhich suggestthat 23 is unstable and must logiickly consumed by

other enzymes before spontaneous degradationrs** In thesewell-characterized biosynthetic
9



pathways 23 servesas a source ofiitrous acid,which is released fro23 by the actions of
nitrosuccinate lyasesuch asCreD*¥“° The liberated nitrous acid is used to constuarious
diazo and NN bond containing compounds. For example, nitrous acstdted by CreD is used

by the ATRdependent enzyme CreM to form the diazo group of cremeont26)n(Figure
1.6 .43,45,46

1.2.3.2 Nitrosugar biosynthesis Orf36, RubN8, KijD3
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Figure 1.7 Nitrosugar biosynthesis by the FADdependent enzymes KijD3, RubN8, and
Orf36.

Nitrosugardike D-kijanose 27), D-rubranitrose 28), andL-evernitrose Z9) (Figure 1.7),
canall be found decorating many differemtural product scaffolds. For example biologically
active polyketide kijanimicir§2),*’ (Figure 1.1) contains a singlenonomerof 27 appended to the
polyketide core of thenolecule The biosynthesis of these sugars is quite complex, andtep to

enzymescan berequired to synthesize tlmempletenitrosugar. This section will focus solely on
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the steps required to synthesize thirosugar from the amino sugar precursandthe extensive
process omino sugaprecursor biosynthesisasbeen revieweelsewherg®4°

The enzymes responsible for catalyzing formation of the nitro group were first
characterized by the Bachmann gr8fiThey observed homologous genes encoding putative
FAD-dependent oxidases in biosynthetic genetels known to produce nitrosugaontaining
compounds?® Ultimately theyclonedtwo of these genesubN8 and orf36 and produced the
protein recombinantlysingE. coli. Testingthein vitro activity of both RubN8 and Orf36sing
the desmethyl analogf the natural TDFsubstrat€30) demonstrated that both enzgsicatalyze
the formation of th@ DP-hydroxylamino suga31) and theT DP-nitroso suga(32) (Figure 1.7).>°
Another set of experiments showed the incorporation of an oxygen atom®denindicative of
oxygenase activity: However,in both of these studies, thimal nitrosugar produd33) could not
be detected under th vitro reaction conditioatested Using similar a similar TDFaminosugar
substrate34) KijD3 was also found to catalyze the formation @iaP-hydroxylamino sugar3b)
andTDP-nitrososugar36) intermediates, bwgainthefinal TDP-nitrosugarproduct(37) was not
detectec®? The detection ofvarious hydroxyaminoand nitroso intermediates suggests that the
nitrosugar synthases use th@methreestepiterative oxidative pathwayhat is utilized by the

nitrosuccinate synthaseisigure 1.6, Flgure 1.7).

Figure 1.8 Superpositionof the 3.15 A structure of Orf36 and 2.05 A structure of KijD3.
The structure of Orf36 (PDB: 3MXP} is shown in cyan, while the structure of KijD3 (PDB:
3M9V)%2is shown in yellow. TheTDP-phenol in the KijD3 monomes depicted as sticks.
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The initial biochemical sidies of nitrosugar synthases were followed Xyray
crystallographic studies, aml2010 the crystal structuresladthKijD3>2 andOrf36°* weresolved
(Figure 1.8). Both KijD3 and Orf36 adopt tetrameric assemblies @isgdlaythe same fatty acyl
CoA dehydrogenase foliype of fold Orf36 was crystallized in the agorm, lacking the FAD
cofactor®! while KijD3 was coecrystallized with another substrateatog dTDRphenol, which
allowed for the active site to be identifigdA third 2013 study reporteda crystal structuref
KijD3 bound with both FMN aniis dTDRlinked sugar substrat€igure 1.9).>2 The aminegroup
of the substrates located approximately 4.9 A from C4a of the flavin, positioning it favorably for
a reaction with a FMMydroperoxy intermediateSubsequently, both the crystal structure of
Orf36 and the crystal structure of the KijD3 dpRenol complex were used in moular dynamics
simulations to examine the catalytic mechanism utilized by these nitrososyrtitidé¢sdeling
a FMN-hydroperoxy intermediate in the active site of the KijD3 complex revealed it can oxidize
the amino group of the TDRBugar substrate to form the experimentally detected-TDP
hydroxylamine sugantermediate* Furthermore, the second study demonstrated that the second
oxidation catalyzed by Orf36 (hydroxylamine to nitroso) proceeds through three steps:
hydroxylation, followed by hydrgen back transfer to the flavin, and then hydroxyl group
elimination, with the last step being the rate limiting step in this series of reattioogether, the
empirical data fronmn vitro experiments with KD3 and Orf36 coupled with the computational
analysis provide compelling evidence to support the proposed nitrososugar biosynthetic pathway
(Figure 1.7). As several nitrososug&ontaining compounds have been isolated in high yields, it
also is possible that the nitrososugar is in fact the true enzymatic product, which is then oxidized
to thenitro product in light and af® The pontaneous oxidation of a hydroxylamine to nitrs ha

also been observed in other biosynthetitwwatystowards nitrecontaining compounci
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Figure 1.9 2.10 A structure of the FAD and TDRsugar complex of KijD3.
In the KijD3 structure (PDB: 4KCFjthedTDP-sugar is depicted as blue stickgile theFMN
is depicted as yellow sticks.

1.2.4 Non-heme ron dependent oxidases

Some of the most powfeit oxidative catalysts are iretbependent enzymes, which are
capable of catalyzing highlghallengingoxidative reactions witthigh degrees of regicand
stereoselectivity® As shown previously, the oxidation af amine to a nitro group can result in
the formation of undesired reactive hgokylamines and nitroso compounds. Studies of-iron
dependent arylamine oxygenases have shown that these enzymes are well suited to the task and
employ some uncommon oxidative chemistry to catalyze theslsctron oxidation of the
arylamine group to an drytrogroup with a high degree of efficiencgome of the best studied
examples include the monoiron Rieske oxidase, PrnD, and tHeemoa diiron enzyme&urF and
Cmll.
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1.2.4.1 Iron and Rieskedependent oxidasePrnD

Cl Cl
HN PrnD HN
—
H,oN O,N
Cl Cl
Aminopyrrolnitrin (39) Pyrrolnitrin (38)

Figure 1.10 Reaction catalyzed by PrnD.

Pyrrolnitrin @38), is a broad spectrum antifungal produced by variBasudomonas
strains>>%°Theamine to nitrcoxidation of its precursor aminopyrrolnitriBg) is catalyzed by the
enzyme PrnD Rigure 1.10).%! Biochemical analysis of PrnD revealed that it contains both a
mononuclear irotbinding sie as well as a Rieske [22&] cluster binding site, both of which are
critical for catalysi€! However, thecatalytic mechanism utilized by Prndill remainslargely
unknown In the absence &rnDcrystal structures, molecular modeling coupled with site directed
mutagenesistudieshave been used probe the reactivity and substrate speciffcRynD %263
These techniques demonstrated tlggtlacement of the bulkgctive siteresdues Leu277 and
Phe312 with smaller residues improuee catalytic turnoverof these PrnD variantand it was
proposed that these changes to the active site could imprameehtationof theamineof 39 with
respect to the iron cent&r Additionally, residues Asn180 and Asp183 may also be involved in
electron transfer pathways between the Rieske cluster antdindimg site based orthe close
proximity of both residues tthe iron center and Rieske clusteft is proposed that in thigkely
dimeric PrnD complex, electrons from the Rieske cluster of one subunit are usellide the

catalytic iron of the other subuf.
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1.2.4.2 Non-heme diiron oxidasesAurF

0 (0]

Path C
O =
HO.
H,N N 0 o
H Path B
p-aminobenzoic acid (41) (42) o 0o
O O\\ +
N N
o

(43) p-nitrobenzoic acid (40)

Figure 1.11 Proposed mechanism for the oxidation op-aminobenzoic acid by AurF.
Paths A and B were proposed based on initial experimental work from HeftWaoikd Zhad®©
respectively. Path C was proposed based on later experiments by Bdflinger.

The moleculep-nitrobenzoic acid40) is a precursorequired for the biosynthesis for
several polyketidescluding obafluorin (3) and aureothin4) (Figure 1.1).54%° AurF was first
linked tothe productionof 40 by He and Hertweckwho reported that deletion afirF, a gene
encoding a putative iredependent enzyme abolished productiormwérothin(4) in the native
aureothinproducerS. thioluteu$* This study alsaletermined thaproduction ofaureothin(4) by
S. thioluteusvas contingent on the presencd0fn the culture mediutf* Hertwecklater reported
thatwhole cell extracts 0%. lividansheterologouslexpressingurF could catalyze thexidation
of p-aminobenzoic aci4l) to 40 via ap-hydroxylaminobenzoic acif#2) intermediate Figure
1.11).%8 Furthermore AurF was found toexhibit strict regic and chemoselectivity for aromatic
amines situated iparato a carboxylic acid’ Hertweck also reported that AurF could binath
Fe andMn, with an apparent preferender Mn over Fe, and the assembly of a complete
bimanganese clustevas confirmed with ICRIMS 87:68 Both the dimanganese and diiron versions

of AurF werefully catalytically competent.
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Figure 1.12 Di-iron active site of AurF complexed with its product 4nitrobenzoic acid.
In this AurF structure (PDB: 3CHTY the netal coordnating residuearedepicted agreensticks,
p-nitrobenzoic acid40) as purple sticks, and the-&eFe complex is depicted as spheres.

In contrastto Hertweck Zhao and coworkerdemonstrated theEe(NHs)2(SQu). could
effectively reconstitute the Auréiiron center and asserted that iron is preferentially bound by
AurF 8% In another breakthrough, theyere also able téully reconstitute the activity of Aurka
vitro through the use of PMS and ascorlfdt€hrough use ofttis new in vitro reconstitution
system,Zhao and coworkersletected42 as did Hertweck, but also detecteén additional
compound, p-nitrosobenzoic acid43) (Figure 1.11). Together, all the results supported a
mechanism involving three iterative tvetectron oxidation&’ a process analogous to the reactions
catalyzed by FABdependent nitrosynthaseShapter 1.2.3. The Zhaogroupwas also able to
obtain crystal structures die oxidized form oAurF with both an atom of oxygen ad@ bound
to the diiron centefFigure 1.12, Figure 1.13a).%°
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A) AurF - p-oxo O AurF - p-1,2-peroxo-bridged
PDB: 3CHT Mossbauer, NVRS, DFT
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Figure 1.13 Selected proposed diiron sites of arylamine oxygenases.

a) Oxostructure of diiron center in the crystal structure of AurF, and geometry of the proposed

active peroxo intermedi@ with p-nitrobenzoic acid40) bound b) Peroxestructure of diiron

center in the crystal structure of AurF, and geometry of the proposed active peroxo intermediate.
Both groups offered competing hypotheses for thmechanismof nitro formation

Hertweck proposed that p-hydroxylaminobenzoic acid (42) is oxidized to p-

dihydroxylaminobenzoic acidd8), which is followed by dehydration tgield p-nitrosobenzoic

acid(43) (Path A, Figure 1.11).6°8Based on the incorporation of only one atonf@ffrom 80,

into p-nitrobenzoic aciq40), Zhaoand coworkers conversebyoposedhat43is formed directly

via the dehydrogenation of the intermedi42€Path B, Figure 1.11).%7°Both proposals haw43

being oxidizd to the final produetO. To reconcile the discrepancies between the dampeting

mechanistic proposals, the Bollinger grdupt created the oxidized pero¥ee form of AurF,

whi ch l ater spectroscopic aln2pdroxabridged Befllg i gned

intermediatéFigure 1.13a).”*"2The AurF-peroxo intermediate was able to fully oxidé2to 40,

withoutrequiring anyadditionalreductant or @ They also found that the proposed intermediates

43 and 44 do not substantially accumulate over the course of the -Bat&lyzed reaction.
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Bollinger proposed that theurF mechanisnmvolves a tweelectron oxidation followed by a four
electron oxidatiorwhich proceeds througthe transientintermediate44 (Path C, Figure 1.11).
Furthermore they proposleat43which was observed by Zhao and coworkers is instead the result

of nonenzymatic oxidation or disproportionation reactigns

1.2.4.3 Non-heme diiron oxidasesCmll

OH 0 0
H2N HN N’ "O-N*
OH —> e —
HN OH OH OH
0 OH HN HN HN
237 ol o) OH o) OH 0 OH
Cl Cl Cl Cl
Cl Cl Cl
NH,-Cam (45) (46) (47) Chloramphenicol (5)

Figure 1.14 Proposed mechanism for the oxidation of CAM by Cmll.

The chloramphenicol biosynthetic enzyme Cmll is another highly stndietieme diiron
oxidase. Cmll was also identified by Zhao, wiadiced that it displayed irebinding sites similar
to those infound AurF.”® Similar to AurF, he activity ofCmll was reconstitutedh vitro using
PMS and NADH,where it oxidizedNH,-Cam @5) to chloramphenicol5) (Figure 1.14).”3
Lipscomb and coworkers found th@mll also bndstwo equivalents of iron, indicating that it
requires a diiron cluster like Aurf:.They alsoobserved that oxidation of diferrous Croly O,
resultedn the formation of a exceptionally londived peroxo intermediateith a haltlife of over
three hours’™® Comparing the crystastructures of both reduced Cmll and the Cmll peroxo
intermediate allowed the peroxo adduct to be tentatively assigned as adapsisgla?-peroxo
geometry Figure 1.13b, Figure 1.15).”° Later spectroscopic studies of tf@mll peroxo
intermedi ate reveal ed +1okail,l-peroxo)diferricfcaecstructarel o pt s
(Figure 1.13b).”®
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Reduced
state

Peroxo
state

Figure 1.15 Active sites of reduced and peroxdoound Cmll.
Reduced Cml{(PDB: 5HYH)"®is shown at the top in yellow. Perekound CmlI(PDB: 5SHYG)"?
is shown at the bottom in browletal coordinating residues depicted as sticksk-&and FeO-
O-Fe centers depicted as spheres.

The role of the Cmiperoxo intermediate was interrogaiadvitro, where it can catalyze
thefull oxidationof NH.-Cam(45) to chloramphenico{5) without any additional reductant$At
a glane, theCmll-peroxo intermediate should only be capable of a singlestetron oxidation

therefore the fact that it catalyzed the entire six electron oxidation mgisestions about Cmll
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catalyzedxidative mechanisnirhe Lipscomb group devised a seéglegant isotopic labelling
studies using®0 and*®0 labelled Q to probe themechanism omll.”” These studies revealed
that bothoxygenatoms in the nitro 0b originatefrom O in the Cmll peroxeintermediate and
not water. Synthec hydroxylaming46) and nitrosq47) intermediatesvere consumed by diferric
and diferrous Cmll respectively, confinng that both were on pathway intermediat€sucially,
there is little dissociation of either of these intermediates during the course of theafahzed
reaction, ensuring the reaction proceeds rapidly with high specifisitych protectsother
molecules in thecell from reactive intermediatés.

Ultimately, Lipscombproposeda mechanism wherrst Oz reacts with Cmll to forma
highly stableperoxo intermediatewhichreacts with45 to form 46. In a key step47 is formed
from 46, by reduction of the nowliferric Cmll back to thediferrous stateFormation of another
Cmll peroxo intermediatean theroxidize47to 5 whichincorporaesthe second atom of oxygen.
The ( ®© x o-1,I-peroxo) diferric intermediategenerated by Cmlproves crucial for this
reactivity, as the geometry allows the iron center to act as an electrophilic oxidant during
hydroxylation, as well as a nucleophilic oxidant during the oxidatio#v &b 5.7°

To summarize although AurF and Cmllare similar in structure and both catalyze
arylamine oxidationswith the samereaction outcome, theyappear todo so using different
mechanismsnd different reductive intermediat&xperimental dta for AurF supports @avo +
four-electron oxidative pathwaffigure 1.11), while the experimentatata for Cmll supports a
pathway involving three successive t@lectron oxidationsHigure 1.14).
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1.3 Alkyne-containing bioactive compounds

Xanthopappin C (48)

OH
OH OH
R “ . =Z X _ . _ =
6 4 2 12
OH Petroformyne-5 (49) OH
NH,
N
o~ o Sl ) 7
H —
;Q’ § N/kF
HO'
Islatravir (51) Efavirenz (52)

Figure 1.16 Select examples of alkyneontaining bioactive molecules.

Alkyne-containing or acetylenicompounds are molecules containing at least one carbon
carbon triple bondJust as the nitro functional group, the alkyne is found throughout synthetic
chemistry However, as Minto and Blacklockote acetylenic and polyacetylenic natural products
arealsoproduced by countless organisms from all branches of the tree GfTifiese acetylenic
and polyacetylenic compounds tend to be unstabledacomposé¢hrough oxidative, photolytic,
or pHdependent degradative pathways, making it challengingsdtate andstudy these
molecules?® This reactivity $ harnessd in some biosynthetic pathways to produce even more
complex molecules. For examalfur readily reacts with polyynes to generate thiopbéke
xanthopappin C48), which are insecticidgFigure 1.16).2° Those acetylenic molecules that are
stable often display highly unusual structural motifs like Petroforrayré9),2* which arehighly
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cytotoxic moleculesoften decorated with various functional substitutions including hydroxyl
groups or halogens.

One of the most notabldasses o&cetylenic molecules are the enediynes. All enediynes
are defined by the striking presenceafine or termembered w a r hirgavitich contains the
diagnostidriple bonddouble boneriple bond structure motiexemplified by dynemycin A50)
(Figure 1.16).8283 Enediynesare remarkablcytotoxic, to the point where entire sedfcrifice
proteins are created by the producing organism to prevent it from killing&t$§effhis potency
has not gone unnoticed, and tod@yeral enediynasa the form of antibodydrug conjugateare
usedclinically asanticancer agent8:The biosynthesis dhese compounds has been extensively
explored®” Comparative bioinformaticef various enediyne producersshavealed a core set of
five PKSs thatire common to all enediyne biosynthetic gene cluétéf$8Despite the interest in
enediyne biosynthesis, much is still unknown about how the airienmembered rig is created.

It does appear th&KS-boundpolyketides are intermediates in enediyne biosynti&bigt, it still

not known howthese intermediates acenverted into the niner tenrmembered enediyne core.
The lack of kmwledge about how enzymes catalyze the formation of alkynes is a reoccurring
theme in the biosynthetic literature.

N+« X | N~
PAANNTS + \ CU / \N
Ri N\\N' \Rz —_— R‘]_N\%\
R2
Azide Alkyne 'Click'

substituted triazole

Figure 1.17 General scheme for the Clicatalyzed click reaction.

An absence of well understood alkyfeeming enzymes isomewhat unfortunate, given
the increasing value of alkynes in chemical biology. Much ofuthiseis due to the continued
advancements in bidrbgonal click chemistry, and in particular the coppatalyzed azide alkyne
(CUuAAC) reactior?®®* The CuAACreactionis a 1,3dipolar cycloaddition between an azide and
an alkyne, which produces solely the-fisdmer Figure 1.17). Today he CuAACreaction has
countless applications in chemical biology and drug disco¥#€ATherefore routes that can
generatalkynes viain vivo biocatalytic reactions couldrove immenselyaluablefor chemical
biologists Additionally, sveral importansyntheticdrugsincluding antiretroviral drugkslatravir
(51) and Efavirenz52) (Figure 1.16), which are used to treat HIgontain alkyne moietie¥%
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Therefore, better understanding the known routes of alkyne biosynthesis and discovering new
biological routes of alkyne biosynthesis could enable chemists access to new alkynes, which could

also facilitate the synthesis of other clinicahyportant drugs?

1.3.1 Internal alkyne biosynthesis

1.3.1.1 Diiron-dependent acetylenase Crepl

A) Linoleic acid (54) o)

o o OH
o Crep1
Crepenynic acid (53)
(0]
N —

OH

B) D 0

(0]
N _—
OH
D (0]
/\/\)13/:\/\/\/\)1\@4
Crep1l No KIE
0]
D
OH

Figure 1.18 Crep1l-catalyzed oxidation to form internal alkynes.

While theenzymatic processeabat assemblenore complex molecular scaffolds like the
enediynes arstill not well understoodhereare a few instances atetylenases ari-functional

desaturasacetylenases whose activities have been verified experimentallynbeitho andin
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vitro. The search for an acetylenase began irséeels of the plar@repis alpina which are rich

in the unsaturated fatty acid crepenynic aé@) (Figure 1.18).%° To identify the enzymevhich

produces crepenynic acidibrary of C. alpinacDNA was constructed=rom this cDNA library

Crepl, a geneencoding a putative nememediiron oxidasewas identified as a prime candidate

Heterologous expression ofeplin the hostArabidopsis thalianded to adramatic increase in

the amount of acetylenic fatty acidspresent in the seed$ A. thaliana A detailed analysis of

the fatty aciccontentof the seedsevealed that Crepl catalyzes the oxidation of thedzzs double

bond of linoléc acid (54) to producecrepenynic acid53) (Figure 1.18).%° Interestingly, Crepl

was also found to have w&¥k oleate @l2 desatu
To probe the Creptatalyzed reaction in more detail, Covediadcoworkerssynthesized

several versions dinoleic acid (54) which were deuterated at the C12 and C13 positions to

investigate the mechanism of alkyne formation using kinetic isotopic efftEy (Figure

1.18).%" Incubatingboth deuteratedinoleic acidsubstrates with Crepl, they observedrgé KIE

for the C12deuterated substrate, and a negligible KIE for the-@i8erated substrafEhis result

implies that it is a stepwise reaction witibstraction of theC12 protonbeing the first and

kinetically important step, while the formation dketsecond degree of unsaturatoach easier

to catalyze The Covello group continued their studies of Crepl and a identified a number of

residues involved in substrate recognition and catalysis through bioinformatic analysis of the

sequences of Crepl anther diiron desaturas&sHowever,additionalmechanistic studies of

Crepl and Creplike acetylenases remain hinddrby the difficulties in working with membrane

proteins resulting in the absence of a Crepl or Crlged crystal structureThe substrate scopes

of Crepl homologs from other higher plants have heesstigatedand it appears that in some

cases both t(E) and ) isomers at &-Cizare accepted as substraté$he paucity of data for

acetylenases is in contrast to thealth ofdata available for other fatty acibsaturase®-1%

efforts which haveulminated witha high impacteport describing the Xay crystal structure of

the transmembrane mammalian stea®§A desaturase, a pivotal enzyme in fatty acid

metabolism'%!
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Caryoynencin (57)

Dihydromatricaria acid (56)

OH

= OH
~Z

Figure 1.19 Various polyaceylenic compounds constructed using Crepl homologs.

Though much remains to be discovered about the mechanism of Crefidcargery and
characterizatiormas allowed for the presence of Crepl homologs to be used as an identifier for
biosynthetic gene cltsrs that producacetylenic compounds. For example, the Crepl homologs
ACETla and ACET1b are found in tomato plants and are involved in the biosynthesis of
falcarindiol 65),1°? whereasanotherCreplhomolog,CL2, is involved in the biosynthesis of the
insect pheromone dihydromatricaria aci®)(*°® The acetylenas@air of CayB and CayC work
together to create the conjugatealyacetylenicstructure found in caryoynencid{), which is
produced by the phytopathogenic bacteriBorkholderia caryophylli(Figure 1.19).1% These
examplesalso demonstrate empiricallthat acetylenic and polyacetylenic compournds be

produced by all types of organisms.
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1.3.1.2 Cytochrome P450dependentl,3-enyne formation: Atyl, Bisl

A)
OH
=
o),
OH
Asperpentyn (58) Biscognienyne B (59)
B) ox
AtyB Atyl
BlsJ BIS|
DMAPP p450
o~ O
p-hydroxy- 4-hydroxy-3-prenyl
benzoic -benzoic acid (62) Eutypinic acid (60)
acid (61)

Figure 1.20 Biosynthesis of 1,3nyne containing compounds.
a) Discussed cyclohexanoid terpenoids containing-&1lyBe moiety. b) Proposed biosynthetic
route to the crucial intermediate eutypinic a@a).

A common structural motitmongst acetylenic natural products is theehgne, which
can be found in fungalerived cyclohexanoid terpenes such as asperpe(@@gh and
biscognienyne B59) (Figure 1.20a).”%191%Based on theimilar structures oboth58 and59, it
is not surprising thahe biosynthesis of both molecul@®ceeds througtihe sharedntermediate
eutypinic acid §0), which is subjected tadditional enzymatianodificationsby downstream
enzymego generate thersictural diversity seen icyclohexanoid terpeneBi@ure 1.20b). A pair
of cytochrome P450s, Atyl and Bjsimultaneously reported in 2020 were showcdtalyze the
oxidation ofp-hydroxybenzoic acidgl) derived4-hydroxy-3-prenytbenzoic acid62) substrate
to eutypinic acid 60) in in vivo experiments using both native fungal produc€ts® The

discovey of theseenzymes will accelerate the discovery of new ergoetaining terpenoids.
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1.3.2 Terminal alkyne biosynthesis

Jamaicamide B (63)

\
\
\)J\ J\W JJ\NHz Dudawalamide A (65)

Carmabin A (64) O/

Figure 1.21 Selected terminal alkynecontaining natural products.

There are alsmanyexamples of natural produdtsat contain only terminal alkyseSome
examples of terminal alkyreontaining natural products include lineaampoundssuch as the
cyanobacteriuntderived jamaicamide Bg3),1°” and carmabin Ag4),'°8as well as cyclipeptides
like the depsipeptide dudawalamide 85), from Moorea producengFigure 1.21).1%° These
terminal alkynes can be produced using two different biosynthetic pathways, which are reviewed

below.

1.3.2.1 ACP-tethered desaturation JamB

(66) (67) (68)

Figure 1.22 JamABC-catalyzed formation of the terminal alkyne moiety during the
biosynthesis of jamaicamide Band related compounds.
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Both thejamaicamide B and carmabini#osynthetic gene clustevgere noted to contain
a conservethreegene operoin the otherwise unrelatdrdosynthetiayene clustergeading to the
proposl thatthethree encodednzymes may be responsible for forming themteal alkyne found
in both molecules®” 198110 The Zhang group investigated this hypothesitoning and
heterologouslyexpressingthree genes from the jamaicamide biosynthetic gene clyateA,
jamB, andjamCin E. coli. Functionally, these genesere predicted to encode for a fatty aGgdA
ligase, membranboundnon-heme irorfatty acid desaturase, and an acyl carrier protein (ACP)
respectivel\:1° JamA had been previously shown to activate several hexanoiciradiaging 5
hexenoic acid@6),!°’ andsoJamAwas used to create sevedifferentJamGfatty acidtethered
complexesvhich weretestedas substrates for JamBhang and coworkers observed that JamB
efficiently catalyzed the desaturation eh&xenoylJamC 67) to 5-hexynoytJamC 68) (Figure
1.22). The JamBcatalyzed reaction was found only to ocawth JamGtethered substratend not
with freehexenoic acid66). Unlike many Creplike acetylenases which display desaturase and
acetylenase activity, JamB was unable to catalyzéotlmeelectronoxidation of hexanoylamC
to 5-hexynoytJamC 68).

In addition toalsobeing found in the carmabin Biosynthetic gene cluster, bioinformatics
revealedthat the jamABC operonis widely distributed amongst otherbacterial genomes,
suggesting that many other bacterial straimsy becapable of producing acetylenic natural
productst!! As a proof of concept, the function of tii@ABCoperon froniTeredinibacter turnerae
T7091 was interrogated @ follow-up study''! As predicted TtuA, TtuB, and TtuC were fouh
to display similar activities to their JamA, JamB, and JamC counterdrésmost notable
difference between thivo sets of enzymes was thlile membranéound norheme iron fatty
acid desaturase TtuB was found to have a strict specificity #pfa@y acyl moieties, and also
displayed bifunctionadesaturase/acetylenasetivity, which JamB lacket-! Therefore it is likely
that different JamB homologs will have different substrate specificitiescanldl be used to
generate a wide range @ésaturated short chain fatty acilee JamABC systenwas also shown
to be capable of interfacing with othewltidomainenzyme complexefsom different pathways.
The feature allowed the JamABC system toused in conjunction with type Il polyketide
synthases (PKS$}9%2 type | PKSs!'® and even an NRPS° allowing for combinatorial

biosynthesis of newerminatalkyne containing molecules.
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1.3.2.2 PLP-dependent desaturation BesB
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NH; NH3
0,, a- KG cr NH4 , —CI
-CH 0 X
2 L-propargylglycine (74)
X=Cl 4-chloroallylglycine (72)
"H3N "H3N X=Br 4-bromoallylglycine (73)
L-lysine (70) (71) BesA l Glu, ATP

OH O /\HJ\ BesE
-
B O NHg' -~ Mo- NH;*
Z © Z : 0,, a-KG Z : 0

NH3+ -Glu HNMO-

L-B-ethynylserine (69)
(76) (75)

Figure 1.23B i 0 s y nt kethyylssrin®ih Strdptomycesattleya

Until very recently, all known biosynthetic routes to acetylenic and polyacetylenic
compoundgequiredmembrandbound norFheme irordependentcetylenasesliscussed in the
previous sections, which utilifatty acid precursors or fatty acids substrate® One of the rare

exceptions to this phenomenon is the terminal alklgorgainingnonp r ot ei nogenidi c

ami

I

ethynylserine(69) produced by the soil bacteriuBtreptomycesattleya'**Mi chel | e Chan:

group observed that gene deletions for threeegsential fatty acid desaturase geoesd in the
genome ofS. cattleyadid not abolish production &9.1*° Theseresultsshowedthat the terminal
alkyne of 69 was not generated using aePllike acetylenaseComparative bioinformatics
coupled with further gene deletion studies eventually establishe@sfproduced by a small

six gene clusteesAF which lacked any acetylenase gengs.

Metabolomics andn vitro biochemical characterizations of the encoded enzymes were

employedo deduce the biosynthetic route@ finding that69 is synthesizedrom L-lysine (70)

in a series ofseveral remarkable transformatio(fsigure 1.23). First, 70 is corvertedto 4
chlorolysine 71) by BesD, a member of group of i r o +ketogluthrate dependemnadical

halogenases which catalyze meramd dichlorinationson amino acid sulsates'® The 71
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produced by BesD is the substrate for another unusuahemeiron-dependent enzyme, BesC
which catalyzes the oxidation ofl to 4-chloroallylglycine {¢2), producing ammonia and
formaldehyde ageaction byproducts. This reaction sets the stage for alkyne formation via
elimination ofa halide as both72 andthe brominated vinylglycind-bromoallylglycine 73) were
found to be substrates of tR&P-dependentyaseBesB which produces-propargylglycine 14)
from both substratesIt was found that when this reaction was carried out #0,DBesB
incorporated two atoms of deuterium int@, a result that was consistent with a typical
cystathionineb-lyase/cystathionine-synthasdike PLP-dependent reaction mechanism. THén
produced byBesBis converted int@ glutamate74 dipeptide(75) by BesA, and it i¥5 which is
hydroxylated by the Fe -kéloglutaratedependent enzyme Beg#6). The final 69 productis
proposed to be the product bydrolysisof the dipeptide76. Unlike the previously reviewed
alkynases which utilize metal cofactors to catalyze alkyne bond formatitms ipathway, a PL-P
dependent enzyme is the critical alkyndse other PLPdependent enzyme had been previously
linked to alkyne formation and it remained unknown how the RUBpendent enzyme BesB

catalyzed this type of desaturation.
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1.4 PLP-dependent enzymes

1.4.1 Introduction

Enzyme lysine HN}\

H O ‘ 0
o\P/,O . HNT N
h =
o © | <
N +
N Hy o K
" 0.4 ~
Pyridoxal-5'-phosphate ] /P\O _ O
(PLP) o |
NS
N
H
1y
T T g
+ HNJ OH
O 0o /NH O //O !
N ~ -
P< o N o
7 - 7 0 =
O’ (0] | o - |
H H

PLP-enzyme Schiff base or
Internal aldimine (I1A)

Figure 1.24 Schiff base formation in PLRdependent enzymes.

Enzymes are the tools by which natwenstrucs the wide array oftomplexity and
structural diversity found inatural products. Many of these enzymesguireadditional cofactors
to catalyze these reactioremd examples include FAheme, oriron (with specific examples
reviewed inChapters 1.2.3 and 1.2.4 respectively). Oneof the most common and versatile
enzymatic cofactors is pyridoxal-ghosphate (PLP)Fgure 1.24).11” PLP-dependent enzymes
are a vast protein family catalyzing a plethorantéresting andinique reactionsyhich in otal
compriseover 4% of all known enzymatic activité$ 2! To utilize PLP, all PLPdependent
enzymes covalently bind to PLP using a conserved active site lysine rdSigue (1.24). The
terminal Nyamino group othe lysine sidechain reacts with the aldehydéhefPLP cofactor
forming a covalent PLPenzyme Schiff base addudthis is the holeform of the PLPdependent
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enzyme, and in PL-Bependent enzymesassocommonly called thenternal aldimine (1A) It is

the IAiminethat is mostritical for reactingvithe n zy me6s substrates and

1.4.2 Reactions catalyzed by PLRIependent enzymes

H
'O)J\{/R Quinonoid (Q)
NH, I|Enz intermediates
+ /NH+
'O\pr o
~N
=
d (0] |
NS
N
H
F

O
R
_O)S/ %nz
*HoN__NH
O\P// o —> O\F;/
~N / ~
-0 (0] | 0 O
NS
N
H
. . , . Transamination
Geminal di-amine External aldimine (EA)

Racemization

< 1,

+

H
Side-chain cleavage

Figure 1.25 General reaction scheme for PLRdependent enzymes.

Many substrates of PL&ependent enzymes armiae-containing moleculesand most
oftenthese molecules asmino acidsimportantly,all the different reactions catalyzed by RLP
dependent enzymdseginwith the same transimination reaction. Here rileatralamine of the
amino acid substrate reacts with the Rirzyme Schiff baseforming ageminal di-amine
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intermediateTransferof a prota from the amino group of the substreagheNgamino group of
the lysine sidechaicatalyzegshe release of the lysirsgdechairfrom PLP. This process oupled
with the formation of aewSchiff base between the nitrogefthe amino acid substradad PLP
As PLP is no longer covalently bound to the enzyme, this species is convated/the external
aldimine(EA) (Figure 1.25).

The external aldimine (EA)is the commonintermediate from which variouPLP-
dependent reaction pathways begin to divelDgéerent PLP-dependent enzymesan catalyze the
cleavage ofll three bonds originating from thegCarbon of the amino acid substrgkegure
1.25). Onereaction pathway involves thess of CQ, which is catalyzed byLP-dependent
decarboxylase®\ second series of reaction pathways can be initiated byefir@tdnation of the
external aldimingandis the first step catalyzed by enzynsesh as?LP-dependentransaminaes
and PLRPdependent racemases. Lastly, st chain (Ryroup) can also be cleaviEdm theamino
acid.Here the type of PLfatalyzel reactionoften depenslon thechemical nature of thR-group
that islost andcaninclude reactions such &se | i mi n eeliminations, ,andetro-aldol or
retro-Claisenlike reactions

Il n all these reactions, the PLP serves as
the broken bond can di-systamiabdyposeively charged pyridihiem c o n |
group of PLP, where it is stabilized bysomance. The resulting species is referred to as a quinonoid
(Q) intermediate Kigure 1.25). All three of the aforementioned pathways produce different

guinonoid intermediates based on the functional group that was previously lost.

1.4.3 Dunathané stereoelectronichypothesis
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Figure 1.26 Depi cti on t-hebidgamptsy of t he PLP cof act
stereoelectronichypothesis.
In this example thé-bond of theRigr oup i s al i g nabitalswfithe ALP tofaetor e mpt y
and is the bond that will be broken.

As all PLRdependent erymesuse similar mechanisms to initiate the reaction, the question
of how PLP-dependent enzymadictate reaction specificitarises Dunathanwas the first to
suggesthat the reactiospecificity of PLRdependent enzymes is dictated by the orientation of
substratégl-o onds wi t h -preital pystentf PLtP,@ condem which is referred to today
as Dunathanods st ert?lpo this bypathess,nPil-@epemdgnp enzymes cans .
favor certainreaction outcomes by placing the bond to be broken in the same plane as the adjacent
" -orbital system, significantlyeakeningthe desiredl-bond Figure 1.26). Dunathan proposed
that PLRdependent enzymeseate thigeaction specificity by careful placement of a positively
charged amino acid sidechain (such as an arginine) positioe@d the negatively charged
carboxylic acid group, which would preveiiee rotation of the substratdhus precise
organization of the ligand binding residues properly orient the substrate amino acid for a specific
reaction anchelps to explain why PLEependent enzymes are able to catalyamy different

reactions from the same substrasingthe same PLP cofactor.

1.4.4 PLP-dependent enzyme classification

Table 1.1 Summary of PLP-dependent enzymelassification and activities.
Fold Type | Major activities

I Aminotransferases, decarboxylases, lyase

I Tryptophan synthases, dehydratases

1] Racemases, decarboxylases

\Y; Aminotransferases

\% Glycogen phosphorylases
\ Lysine5,6-aminomutases
Vi Lysine 2,3aminomutases

Today, etensive functional and structural studies of Rlgpendent enzymeasipportthe

ideaspresenteddu nat hanos shypethesistaadhaythatdifferentsubstrates adopt
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different orientationsvhenbinding withPLP*?°The countless studies of Pidependent enzymes

have allowed enzymologists to creatdetailed classificatiosystemfor these enzyme®espite

thel 0 0 0 6 s o feacttbmsfcdtadyzed byt P-dependenenzymesthese enzymeadopt a
limited number otommonoverall structurafolds, andaretherefore classified based what type

of fold they adopt. Grishin was the first to systematically invasgithe structural biology athe
entirePLP-dependent enzymfamily, classifyingthem into five main familie$?® Percudani and
Peracchi later proposed adding two new smaller families to give a total of BeRatependent
enzyme classesvhich is the numbemost commonlyreferenced toda}?* Furthermore, ach
individual foldtype generally catalyzes a distinct set of reactions, and the major reactions catalyzed
by each foldypeare summarized imable 1.1.

The most commofold type of PLRdependent enzymes is fdigpe I Thisfamily includes
various aminotransferases argases andare amongst the best characterized Hependent
enzymes. This class of Pidependent enzymes is reviewed in more extensive deta#dtion
1.4.5 The second largest familyf PLP-dependent enzymas fold type II. This family most
notablyincludess r y pt ophan synthase, which c-dimimationzes f c
of H2.0O from serinefollowed by replacement with andole.Unlike in fold type | enzymes, the
active sites of these enzymes are entirely composed of residues from one méhBoidrtype
Il PLP-dependent enzymeésclude racemasesiich asalanine racemasesavell as a number of
decarboxyl ases. They are defined by thé prese
strandst?® Fold type IV includeseveral more aminotransferases likalanine aminotransferase
and branched cha@mmino acidaminotransferase These enzymes typically have a-stkanded
ant i pashaddte | ahblites't®Wad tyPe V includes glycogen phosphorylasesich
are unique in that theLP-phosphate groupatalyzes proton transfer to the substrate as part of the
enzymatic reactionFinally, fold types VI and VII include lysine 5,6 and 2,3aminomutases
respectively, which also requia@ additionaSAM cofactorand a [4Fe4S] cluster for catalysig?

These enzymes are stturally distinct from other PLi8ependent enzymes, and wénerefore
given separate enzyme famil#&s The specific delineations of the Pidependent families have

been revieweth moreextensivedetailseveral timeg18121.124126
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1.4.5 PLP-dependent aninotransferases

O (0] 0] (0] 0] (0]
- AAT -
OWJ\O_ + 'OWJ\O' AAl OWJ\O_ + _Owo
O NH, o) O O NH;

L-aspartate (22) a-ketoglutarate (77) Oxaloacetate (78) L-glutamate (79)

Figure 1.27 Reaction catalyzed by aspadte aminotransferase(AAT).

PLP-dependent aminotransferases are ubiquitous in biological pathways, and accordingly
they havebeen extensively studied. In general, Ridpendent aminotransferases catalyze the
transfer of the amino group from one substrate, an amino acid, to a sebstrate, attketo
acid, overall forminga newUketo acid and new amino aciln exampleof a PLP-dependent
aminotransferase reactias shown inFigure 1.27. This reaction is performed by aspartate
aminotransferasayhich catalyzes the transfer of the amino group.-@fspartic acid22) to U-

ketoglutaratg77), producingooth oxaloacetat¢78) andL-glutamatg(79) as poductst?’

1.4.5.1 Structure of PLP-dependent aminotransferases

There is extensive structural data for the Rlgpendent aminotransferase family. A search
of the current PDB databagseveals thathere are over40 structural entriegor transaminases
(EC 2.6.1) as ofMarch P, 2021 As briefly eluded to inSection 1.4.4 PLP-dependent
aminotransferases are classified as tyjse | PLRdependent enzymé&121:128125 Eo|d type |
PLP-dependenenzymes are usually oligomerandgenerally formeitherfunctionalhomodimers
or homdetramersAs suchthe active sit®f the enzymés oftenlocatednear thenterface between
two differentsubunits and residues from both monomers are involvd®LiR bindingand catalysis
(Figure 1.28).1?° The individual monomersanbe further divided into secalled small and fge
subunits The large subunit i®cated in the Nerminal regiorof the protein, andsidistinguished
by asevers t r a nsHeetghich is where the enzyniénds PLP-?® The smallsubunit is found
in theC-terminalregion of the proteirand folds into a smathreeorfour-s t r a rsleetdovdyed
by helices on one sid&°Due to the location of the active site between lsathunitsthe assembly
of the enzyme into homodimers or homotetramersdsired forboth enzyme stability as well as

enzymeactivity 1?8
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’ ‘Arg386 -

Ly3258
Trp140
Asn194

» Asp222 /- A\

Figure 1.28 Structure of aspartate aminotransferase.

Top) Structure ofthe aspartate aminotransferagald type | homodimeric complex(PDB:
1X28),12° with smallsubunitsand active site locatioimdicated. Bottom) Structure of active site
with PLP-aspartic acid(22) external aldimine and importamonservedactive site residues
discussed in the tertepicted as sticks.

Though there are minor differences between the active sitedf individual
aminotransferasgthe active sitesf variousfold type lenzymes inlkeidingaminotransferasdsave
several conserved features which m#kem distinct from other fold types of PLiependent
enzyme(Figure 1.28). First, thee is an gginine residu€Arg386) which helps tacoordinatethe
negatively charged carboxylate group of the amino acid iesDn the same sidef the active
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sitethere is also aasparagineesidue(Asn194)which coordinatesvith the hydroxyl group of

PLP. At the base of the PLP isnaaspartateesidue (Asp222)and the negatively charged
carboxylate group adspartateoordinates the positively charged nitrogen of the-pisfdinium

ring. There is often a bulkynchargedaromatic side chain tateddirectly above the PLP
(Trp140) where the two groups forstablizing -~ st a c k i n gFinallp tegdues kdmi o n s
both side chains, often serine, tyrosine, or arginiree iavolved in PLPphosphate binding
(Arg266).%°In many aminotransferasegluding aspartate aminotraeshsehere is also a second
positively charged residuéAg292) which coordinate the other end of bothamino acid and
ketoacid substrase?®
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1.4.5.2 PLP-dependent aminotransferase rachanism
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Figure 1.29 General mechanism of PLRdependent aminotransferases.

Due to the wealth of biochemical and structural data onddgendent aminotransferases,
the mechanism by whidihey catalyze reactiorsich as the one depictadFigure 1.27 is well
understoodPLP-dependent aminotransferases begifdoming an external aldimine between the

substrate amino acid and PIIAgure 1.29). With the amino acid destabilized by the Pl
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amino group of the freed lysine residue is sufficiently basic to deprotona@ fireton of the
external aldimine. This deprotonation résuh the formation of a quinonoid intermediate. Now,
the electron density in the PLPtiansferredackup through PLRnd deprotonagthe now acidic
lysine,and reprotonatetheC4 position of PLP. Th reprotonation at Cé'reaks the agugation
between PLP and the amino acid substateforns a ketimine intermediate. The resulting imine
is hydrolyzed by water, releasitige first product, ak+ketoacid.Importantly, this first half of the
reactionalso converts PLP into pyridoxaminbgsphate (PMP)he free amino group of PMP is
can nowreact with a seconsubstratewhich in this reaction is mew U-ketoacid The Uketoacid
binds and the whole reactiomssentially proceeds ireverse.The PMP and thellketoacid
substrate react to ffim a second ketimaspecies. Thiketimineis in turn deprotonated at the 'C4
position by the active site lysine, reforming a quinonoid intermediate. The lysmefitetonates
the second quinonoid on the same face from which it was deprotprndiegh retains the
stereochemistrthat was present &kcarbonof the amino acid substratetime product amino acid.
Finally, the fully reformed external aldimine reacts once again with lysine, reforming the enzyme

PLP internal aldimine and releasing #exondoroduct, a nevamino acidFigure 1.29).
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1.4.6 PLP-dependento>-sy nt has-asesand o

Synthases

O-acetylserine sulfhydrylase (OASS)
(0] o O
NH3* H,S

O-acetylserine (81) -Acetate L-cysteine (80)

O-acetylhomoserine sulfhydrylase (OAHS)
0 0

_O)K;/\/Om/ _O)J\;/\/SH
NH;* o) / XT NH;*
H,S

O-acetylnomoserine (83)  -Acetate L-homocysteine (82)

O-succinylhomoserine sulfhydrylase (OSHS)
@) @) 0

_O)J\;/\/ONO_ _O)J\:/\/SH
NH5* o] H,S ; NH5*

-Succinate

O-succinylhomoserine (84) L-homocysteine (82)

Cystathionine y-synthase (CGS)

(@) 0 NH5* 0]
NH5* NH,* -Succinate o) NH,*
L-cysteine (80) L-cystathionine (85)

o~ ©O
O-succinylhomoserine (84)

Figure 1.30 Reactions catalyzed by PF01053 synthases use serine and homoserine
derivatives.

In addition to aminotransferases, fold type | enzymes can also catadybstitutions and
o-eliminationsof various amio acid substratassingmechanisms that are similar to those used by
PLP-dependent aminotransferas@$ese types ob-substitutionsare found in many primary
metabolic pathways, such as the metabolism Lefysteine, L-cystathioning and L-

methionine'3:13 Collectively the enzymes which are involved in this metabolic pathway are
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designated gsrotein family 01053 (PF01053), as defined by the protein family online dat&Base.
Members of PF01053 includé¢he synthasesO-acetylserine sulfhydrylase (OASSY-
acetylhomaserine sulfhydrylase (OAHS),0O-succinylhomoserine sulfhydrylase (OSHS), and
cyst at kynthase (B@SHgure 1.30). These synthases uaetivated derivatives of serine
or homoserine in order to catalyze replacement reactions ustgridysteine in order to generate
new GS bondsOASS catalyzes the formation ioitysteine 80) from O-acetylserine&1), while
OAHS and OSHSuse HS to catalyze the formation of-homocysteine §2) from O-
acetylhnomoserine8@) and O-succinylhomoserine8d), respectivelylLastly, CGS catalyzes the

formation ofL-cystathionine &5) from 80 and84.

Cystathionine B-lyase ( )

NH;* 0 0] 0
-O\[('\ S\/\HJ\O‘ — HS\/\HJ\O- + 'O\[HJ\ + NH;3
) NH3* NH3" o)

85 82 15
Cystathionine y-lyase ( )

NH;* 0 NH;* O
'O\[H\/S /\HJ\O_ e 'O\[H\/SH + 'O\[HK/ + NH;
o] NH;* o) o}

85 80 a-ketobutyrate (86)

Methionine y-lyase ( )

0] @)
NH;* o)
L-methionine (87) Methanethiol (88)  o-ketobutyrate (86)

Figure 1.31 Reactions catalyzed by PF01053 lyases.

Conversely, levels of sulftzontaining amino acids like-cysteine(80), L-homocysteine
(82), andL-cystathionine §5) are alsomaintained by the lyasesy st at hlyagen@GBh)e b
cyst at Hyase (CGh)ehicb catalyze the cleavage 85 to 82, pyruvate(15), and NH or
85t0 80, -kélobutyrate §6), and NH, respectively. Another common type of PF01053 lyase is
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me t hi o-lgasen MGL) which catalyzes the cleavage afmethionine 87), releasing
methanethiol §8), 86, and NH as byproductgFigure 1.31).131132H,S is an important signaling
molecule in cells anoh order to maintain properJ3 levelsthe competing reactions catalyzbg
the various sythases and lyases of PFO1@68 tightly regulated*

1.4.6.1 Reactionmechanismfor PF01053

Figure 1.32 Crystal structure of MGL from Clostridium sporogenes
The dimeric form oMGL is shown(PDB: 5DX5)% demonstrating the interactions between the
two monomersThe PLRinternal aldimine oeach subunit is shown as sticks.

The molecular mechanisms used by PF01053 to catalyze the various reactatsmask
understood.These enzymes generally exist Bemdetrameric assemblies in solution, and
structural studies haweerified that they also adopt a fold type | struct@fégure 1.32).131135
Despite catalyzing reactions with slightly different substrates, biochemical studies have shown that
enzymes from PF01053 catalyze their respective readtivosgh essentially the same series of
steps. D eliminate the redundancy of describing the mecmanosed by each of the seven types
of enzyme inthis protein family the mechanism for the reaction catalyzed by CGL will be
reviewed, as it will be particularly relevant to subsequent discussions involving the reaction
catalyzed by BesB.
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Aminoacrylate Internal aldimine

Figure 1.33 Mechanism for PLP-d e p e n debnmn@atiorocatalyzed by CGL.

The first three steps in the C&latalyzed reaction are identical to those catalyzed by the
fold type | PLRdependent transaminases, whose mechanism was also covBestiam1.4.5.2
Like all PLP-dependent enzymes, the C@atalyzed reaction begins with the formation of an
external aldimine between PLP and the subst(Btgure 1.33). This stepis followed by
deprotonationof the Cy proton by lysine, generating quinonoid intermediate. This is in turn

followed by reprotonation at Cdf the quinonoid td&etimine intermediatdt is from the ketimine

44



intermediate wherthe CGL catalyzed reaction diverges from the transaseimeaction pathway

In transaminases the ketimine intermediate is hydrolyzed by waten Q@ls abasicresidue
insteaddeprotonateat Cy of the substrate, arttle electron density tsansferred to the positively
charged imine nitrogeaf PLP. Theextraelectron density on the nitrogen and resultant enamine
are used to catalyze the release of the substituent located afpb&t©n of tle substratewhich

in the case of CGlwould beL-cysteine(80). As an aside, théntermediate resultingrom
elimination of the leaving group ghly electrophilic ands used bythe sulfhydrylases iRigure
1.30to catalyze the formation of new&bonds using 6. HoweverCGL quickly convertshe
intermediateback into a quinonoithrough removal of the Cgéroton from PLPThis quinonoid
with conjugation extending through the amino acid substisatsufficiently nucleophilic to
deprotonate another basic resiguthe active sitewhichultimately reforms the external aldimine,
with the substrate now converted into an enamine. CGL thenme the internal aldimine,
releasing the product enamine. The reldgseduct can then tautomerize to the corresponding
imine, whichis subsequently hydrolyzed by watproducinggmmonia andthe or r e s p-ondi ng
keto acid, whictHor CGL would beU-ketolutyrate(86) (Figure 1.31, Figure 1.33).

1.4.6.2 Mechanism of inhibition

PLP-d e p e n ¢lemmations can also be found in secondary metabolic pathways. An
example of such a reaction is tReP-d e p e n @lenmation®fCl' catalyzed by BesB, which
results in the formation afpropargylglycing74) (Figure 1.23). Theincorporation of two atoms
of deuteriumnto 74was alsmbservedvhen the reaction was carried out isfwhich suggested
that there were two enzynruatalyzed reprotonatiort$® Both results suppothat BesB is closely
related to other members BF01053. However, this classification is somewhat at odds with the
fact that both the BesB substratechloroallylglycine (72) and BesB produc?4 are well
established irreversible inhibitors séveral different members of tiR#-01053 enzyme family
(Figure 1.34).
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Figure 1.34 Proposed mechanisms of inhibition fod-chloroallylglycine and
propargylglycine.

This phenomenoof enzyme inhibitiorwas first reported ithe1 9 706 s by Abel e
discovered that CGL was irreversibly inhibited B¢.2%%13” Soon after in 1982, Walsh and

coworkers also reported tha irreversibly inhibited both CGS and MG£2 In all three cases
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reported here inhibitioof the enzymdoy 74 was observed to be stoichiometric, with eankyme
tetramermrequiringfour equivalents of74 to becomdully inactive!®"138Systematic examination
of inhibition kinetics, coupledadiochemicallabeling data led both groups to propose similar
mechanisms fo€GL inhibition by 74, which are summarizeoh the right ofFigure 1.34. Both
groups proposed that deprotonation catalyzes an acetylenic to allenic rearrangerient
inhibitor molecule The resuing allene is then attacked by a nucleophilic residue in theeasitie,
triggering formation of a covalent bond between the f#4Rdduct irreversiblyinhibiting the
enzyme.

Likewise, a 1989 report also describes the irreversible inhibition of MGI28y° This
study also observetiat fourequivalent®of 72were requiredo inactivate the one tetramehtGL
assembly. Inhibition was also accompanied by the stoichiometric rele@defrom 72.13° The
irreversible inhibition of MGL by’2was also proposed pyoceed through an allenic intermediate,
and mechanistically looks very similar to the pathway useddifFigure 1.34). In this route, the
allenic intermediate is formed via elimination®ff . An active site nucleophiliesidue can then

again reacwith the allenic intermediate to irreversililye enzyme.
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A) Arg119
W Pra

Arg62

_ Glu339

yr114
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B)

Figure 1.35 Structure of the propargylglycine-tyrosine adduct in human CGL.
A) Active site of human CGlpropargylglycine (Pra) complg®PDB: 3COG)!*° Selected active
site residues shown aticks. B) Refined 2§~F density of the Tyrl14Pra adduct contoured at
1.0 G. Figure¥s adapted from ref.

These pioneering early studies paved the way for clinical usgdpargylglycine 74),
and bday 74 finds use as a selectivehibitor of CGL.}** CGL, along with cystathioninb-
synthasgCBS) are responsible for producing maxtthe H2S in mammaliancells Therefore,
inhibition of CGL can be useful in alleviating disease states induced by improper levels of the
signalingmolecule HS. Asinhibition of CGL by74is a pharmacologically levant interaction,
Silvaraman et al. set out to determine the precise molecular mecharesizyafeinhibition by
74 by obtaining a crystal structure of human CGL in complex W#t{Figure 1.35).14° In the
resultant crystal structure of tHeGL-74 complex they observed additionalectrondensity
stemming from a active sitetyrosine residue in located above the Riypidinium ring. The
availableelectran density perfectly fit the modelled tyroskpeopargylglycine adductFigure
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1.35). This result validates the earlier mechanistic proposals put forth by several groups by
unambiguously identifying thactive site nucleophile as a tyrosine residdighough the PLP
internal aldimine was regenerated, the covalent adduct fobye4 (and 72 by extension)
irreversibly inhibis CGL as well aothermembers of PF01053 Therefore, as BesB is not inhibited
by either72or 74it is a unique member of the protein family, and may have unique features which
allow it to catalyze the forntimn of 74. Studies of BesB will be the focu$ Chapter 4 in this

thesis.

1.5 O2- and PLP-dependent enzyms

Advances in genomic sequencing technologies have facilitated the growtimehse
databases ofesjuenced DNAvhich can bamined withbioinformaticsto look for novel natural
products and corresponding enzymiBsis fieldis continuingto expand the catalytic repertoire of
manydifferent types of enzyme®LRPdependent enzymes are no exception, with exansples
asBesB!™® as well as the discovery odweralnew PLP-dependent enzymeghich were initially
annotatedas anmotransferaseqyut have beeshownto adopt a typé fold andhave been found
to use Q as aco-substrate in their reactions

It hadbeen known for some time that the carbanionic charactgriobnoidintermediates
generatediuringthe course of someLP-catalyzed reacti@are susceptible to bpathway or so
call ed oOpar acat af3pParacatdlyticrreactians areotimose nav considered to be
the normal physiological reaction, and occur at slower rates, often with lower yi¢ids
compared to the normal physiological reactiéor example PLRIependent decarboxylases such
asDOPA decarboxylasean also catalyze oxidative deaminattéhMutant versions of DOPA
decarboxylase can stabilize the quinonoid intermediwatgech can then undergo effathway

reactions with @
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Figure 1.36 Reactions catalyzed by @ and PLP-dependent oxidative enzymes discussed in
the text.
Thefirst PLP-dependenenzyme that was found to use & agenuineco-substrate was
plant phenylacetaldehyde synthase (PAKSPAAS displays significant sequence similarity to
otherPLP-dependentlecarboxylases but uses &nd PLP tacatalyzes an oxidativéeamination
of L-phenylalaning89) to phenylacetalenyde(90), releaghg CO», H202, and NH as byproducts
(Figure 1.36). Other more recently described Pl-Bependent enzymes that catalyze similar
oxidative deaminations incl ude -Cgypyutdine(d)hi ch c

to uridine5 -Birboxamide 02),1*°and tre lincosamide biosynthetic enzyi@ebF, which catalyzes
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the oxidative deamination dhe cysteine Sconjugate intermediatéd3) to the corresponding
aldehydg94) (Figure 1.36).1#¢Again, both Cap15 and Cchfatalyzed reactions also release;CO
H202, and NH as byproductdMost recently, the remarkable enzyme CuaB was shown to combine
L-alanine (95) and the PCRtetheredfatty acid intermediate 6) via a Claisen condensation
coupled with an @dependent oxidatioto yield97.14” As these examples illusteit appears that
many PLPdependent enzymes have evolved to usea® a substrateniorder to catalyze
challenging oxidative reactions. These examples, alongseitbral more reactions catalyzed by
otherO- andPLP-dependent enzymésmve beemecentlyreviewed 48149

1.5.1 Oq2- and PLP-dependentL-arginine oxidases

1.5.1.1 Indolmycin biosynthesis Ind4
NH,* o :"gg NH,* o
n
HN N/\/\‘)J\O_  » HzNJJ\N/WJ\O' o o
H NH,* H NH;*  Ind3 N N
L-arginine (13) D-dehydroarginine (100)  Ind6 )\ Ind7 J\ e
+ — 0" NH; — 5 (0} H
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NH,* Ind2 OH Demethylindolmycin (101) Indolmycin (98)

N
N
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L-tryptophan (19)

N
N
H

Indolmycenic acid (99)

Figure 1.37 Indolmycin biosynthesis inStreptomyces griseus
Biosynthetic scheme adapted from Du efal.

The Ryanlab& interest in @ and PLP-dependent enzymes stems from earlier work
studying the bisynthesis of the antibiotic indolmycin9§).'° Previous group members
characterized the enzymes respible forthebiosynthesi®f 98in the soil bacteriurbtreptomyces
griseus!™ In this biosynthetic pathwa§8is produced usinghe amino acids-arginine (13) and
L-tryptophan(19) (Figure 1.37). In one branch of the pathwalQis converted into indolmycenic
acid(99) by Ind], Ind2, and an endogenous aminotransfersgkile in the secontdiranch of the
pathway 13 is converted int@-dehydroarginin€100) by Ind4 and Ind5. The two intermediates
99andl100arelinked together bynd3using ATR, and the Ind3hd6 complex directs the reaction

51



towards the formation of demethylindoimyciOf). In the final step, the SAMependent
methyltransferase Ind7 methjga101to produced8 =011
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Figure 1.38 Summary of on-pathway Ind4- and Ind5-catalyzed reaction pathways.

Several of the intriguing enzyreatalyzed reactions found in indolmycin biosynthesis
warranted further investigatiorOne question that remained unanswered was howPLie
dependent enzyge Ind4 could catalyze an oxidation of unactivateld Bonds Further aalysis of
the Ind4catalyzed reaction with3 revealedthat the answer to this question was Theinitial
products of the Ind4atalyzedreaction are 4;8lidehydroargining102), the unstablearginine
enamine103 as well as KD, (Figure 1.38).1%? Stoichiometric analysis revealed that these
products are produced in ~1.7:1 ratespectively and consumptionf 13 is coupled withthe
stoichiometric release of J», indicating tlat no oxygen is incorporated into any reaction
intermediates® Furthermore, lesthan one equivalemtf 13 was consumed for every equivalent
of O, consumegdwhich suggesidthat the reaction proceeds through two oxidative pathways, with
the more highly oxidized 02 requiring two equivalents of o synthesizeThe Ind4catalyzed
reaction productd02and103will bespontaneously hydrolyzed under aqueous conditiotiseto
unproductive products 4.8ehydre2-ketoarginine 104) and 2ketoarginine 105 respectively
To preventhydrolysis of the imine productsom occurringboth102and103are intercepted by

52



the NAD(P)H-dependent imine reductase Ind5, and reduced to thespomdingp-enantiomers
p-dehydroarginine1(00) andbp-arginine (L06) (Figure 1.38).1°%1%3The stereochemical inversion

to 106instead ofl3 catalyzed by Ind5 prevents unproductive cycling®by Ind4.

1.5.1.2 Enduracididine biosynthesis MppP
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HN

L-enduracididine (107)
Figure 1.39 Structure of enduracidin (left) and biosynthetic pathway toL-enduracididine

(right).

Anothernon-proteinogenic amino acid-enduracididine X07) is found in a few peptidic
natural productdncluding the nofribosomal peptide enduracidihQ®) (Figure 1.39).24155Just
like indolmycin (98), this unusual peptide is partially derived framarginine (13),%%6 but only
recently have the enzymes responsible for synthesifiidgpeen cheacterized. The first step in

the biosynthesis of07 is catalyzed by the Pl-Bependent enzyme MppP, which catalyzes the
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oxidation of13 to 4-hydroxy-2-ketoargining(14).1°’ Based on structural studies, it was proposed
that MppR then catalyzetd@ dehydration and cyclization @# to form 2ketoenduracididine
(109).1°8 Lastly, it was proposed that an additional adjacent aminotransferase, MppQ, catalyzes

the conversion 0109to 107 (Figure 1.39). In some other biosynthetic pathway$,7 undergoes
an addthtyidomaly |l @At i on, w h i c kKetaglataratedependent axielate b y
Mpp0.159

Figure 1.40 Overall structure (top) and active site (bottom)of MppP.

Top) Overall structure of MppP, displayiagypicaltype Idimericfold (PDB: 5DJ3)!°’ Bottom)
MppP active site, with conserved active site residues shown as sticks and tbeARy P1L06)
external aldimine shown as orange sticks.
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Additionally, theMppP-catalyzed oxidation 013 to 4-hydroxy-2-ketoarginine(14) was
alsoobservedo require0..2>” Furthermore, MppRlso produce&05, and produce$4 and105at
a~1.7:1 ratio'*’ This ratio happens to bsame ratio as the products of the uddalyzed reaction
with 13152 Therefore it seems likely that bdthppP and Ind4itilize similar oxidative mechanisms
to catalyze their respectiveactiors. The Silvaggi group waalsoable to obtain crystal structures
of MppPcomplexedwith 106 (Figure 1.40).1°" Howeve, 106is not a substrate of MppP, and the
first 23 residues of the Merminuswere absent in the crystal structures, leaving many questions
about the structure of these kinds of enzymekter crystal structure of Mppgbmplexed with
14 revealedhat MppP catalyzes the formation of ti&-énantiomeiof 14 (Figure 1.39, Figure
1.41).160

Figure 1.41 Active site of the MppP §)-4-hydroxy-2-ketoarginine complex
In this structure of MppP (PDB: 6C9BY conserved active site residuaseshown as light blue
or yellow sticks with(S)-4-hydroxy-2-ketoargining14) shown as orange sticks.

1.6 Thesisgoals

The central theme of this thesis is the discovery of characterization of new enzymes with
rare or novel functions. Various bioinformatic programs can be used to identify genes of interest,

and the encoded enzymes are produced through heterologous expoéssase genes, and the
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purified proteins can be used farvitro biochemical studies and-pay crystallographic analysis.
As each chapter has distinct goals based on the enzyme(s) being characterized, the general goal(s)
for each chapter will be discsesd individually below.

Ind4 and MppP are two recently described@dPLP-dependent enzymes which catalyze
challenging oxidations of unactivated carbong arginine substraté$?®>’ These two enzymes
are encoded by genes in two different biosynthetic gene clusters. Chapter 2 describes my search
for homologous @ andPLP-dependent enzymes encoded by other biosynthetic gene clusters. My
aim was to discover and atacterize novel arginine oxidases in order to gain additional insights
into the mechanisms of x(activation and catalysis used by-Gnd PLP-dependent arginine
oxidases. Furthermore, a search for these types of enzymes may lead to undescribed biosynthetic
pathways.The goals in this chapter ave to first characterize the activity of a novel arginine
oxidase, RohP, andbtain completeX-ray crystal structtes of RohFn complex with both its
physiological substrates amtizymaticproducts in order to provide insight into the mechanisms
of Oz activation and catalysis used by-@ndPLP-dependent arginine oxidases.

Having characterized RohR an Q- andPLP-dependent arginine hydroxylase in
Chapter 2, Chapter 3 will focus on the characterization of the additional enzymes encoded by the
cryptic five gene cluster containimghP. Once again, | will employ a combination of
bioinformatics, andn vitro biochemical studies to determine what the function of each enzyme
is. By doing so | aimed to determine the final product of an unknown biosynthetic gene cluster
and to continue to expand the biosynthetic pathways that utitizeandPLP-dependentrginine
oxidases.

Chapter 4 aims to characterize another unusual-ddgeéndent enzyme, BesB. BesB
cat al y zlengationof€l' foom 4-chloroallylglycine(72) resulting in the formation of the
alkynecontaining amino acid-propargylglycing(74), which is a completely novel reaction for
PLP-dependent enzymé& However, activity wasonly reportedin vivo, due to the poor
expression of BesB ik. coli. This was intriguing discovery on many levels, and | wanted to
understand how BesB catalyzes this reaction as#tdind74 are known inhibitors of other PEP
dependent lyases. Thack of purified BesB has prohibited any more detailed biochemical or
structural characterization of this enzyme. Through the use of novel protein constructs and

different heterologous expression systems | aim to obtain soluble BegBwitno biochemicé
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studies, as well as obtain a crystal structure of BesB. These efforts provided the first mechanistic
and structural characterization of an alkffoaning enzyme in any biosynthetic pathway. This

information could prove to be extremely useful for deveigmiocatalytic routes to alkynes.
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Chapter 2: Identification and characterization of the O>- and PLP-dependent

arginine hydroxylase RohP

2.1 Introduction

Activation of carborhydrogen (GH) bonds on sphybridized carbons is an enduring
challenge in chemical synthesfé:'®>Met al | oenzymes, natureds sol ut
evolved the incredible capacity to catalyze the stereospecific functionalizatieH bb@ds under
mild conditions. Common cofactors for such enzycatalyzed reactions are heme and-heme
irons. For example, in the case of hydroxylation.@rginine(13), the Fe(ll}, -ké&toglutarate
dependent enzymes VioC, YcfD, and OrfP catalyze hydations of the sphybridized carbons
of the L-arginine side chaitf¥%° By contrast, organic cofactors suchRisP arenot normally
expected to catalyze installation of hydroxyl groups onto unactivatduybpidized carbons.

As discussed in the introductioPLP is one of the most widely used cofactors for
enzymatic manipulation of amino acid substrafédn the course of catalysis, many PLP
dependent enzymes form a carbanionic ineshate, called a quinonoid, which can result from
deprotonation or decarboxylation of an amino @id® adduc{Figure 1.25).1?° Normally, this
guinonoid intermediate is sequestered in the active site of the enzyme and thus protected from
reaction with Q. However, in several cases this quinonoid intermediate can be subject to off
pathway reaions with electrophiles, including3*? The G-dependent oxidative deamination
catalyzed by DOPA decarboxyla&eand the G-dependent oxidative decarboxylation catalyzed
by ornithine decarboxyla&®are two welcharacterized examples of such paracatalytic enzymatic
activities. More recently, the diversity of Pid@pendent enzymes has expanded with the
discovery of enzymes that use@s a cesubstrate to perform their primary enzymatic activities.

For example, both petunia phenylacetaldehyde synthase and the celesticetin biosynthetic enzyme
CcbF catalyze ® andPLP-dependent decarboxylatimoupled oxidative deaminatiof;46and

Capl5is an Q- and PLP-dependent monooxygenadecarboxylase that generates uriehie
carboxamide on the pathway to capuramyEigure 1.36).14°

The scope of such & and PLP-dependent reactions is not limited to dedive
decarboxylations but also includes functionalization of unactivatedo©nds. In 1977, Eguchi
and coworkers purified an active fraction fr@tmeptomyces eurocidic@& 506 that could convert
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L-arginine (13) to 4-hydroxy-2-ketoarginine(14) and 2-ketoarginine 105 using PLP and ©
(Figure 1.4).2" This work suggested that a Pid@pendat enzyme could use Qo catalyze a
reaction that resulted in hydroxylation of an unactivated carbon center. However, the identity of
the enzyme, the configuration of its product, and its likely mechanism involved remained
unknown. More recently, Silvaggind coworkers revealed that the fayghe | PLRdependent
enzyme MppP is responsible for productiorl®b and14 (configuration unknown)rom 13 on
the pathway to the neproteinogenic amino acid-enduracididine(107), a precursor to
compounds suchs enduradin (108 (Figure 1.39).1° They demonstrated that MppP consumes
02, suggesting that this enzyme has evolved the ability to activatéorOa challenging
hydroxylation reaction. They also solved two crystal structures of MppP. One of these structures
shows PLP bound as an internal aldimine to Lys221, and the second structbrargasne(106),
which is not a substrate, bound in an external aldimine with(Pigare 1.40). However, the N
terminus is disordered and the active site is exposed to solvent in all but one chain of-the holo
enzyme, wher e -helixthat points awagfrors timaaktive site and into the solvent.
The lack of a closedctive site and the lack of structures with native substrates bound in the active
site raise questions about how catalysis might proceed past formation of the external aldimine.
Furthermore, the specific role of oxygen in this reaction remains unknown.

Prevously the Ryangroup had discoveredl predicted foldype | PLRdependent enzyme
Ind4 from the indolmycin biosynthetic pathwey):1>2This enzyme, like MppP, callyzes the two
electron oxidation ofl3 to give 105 But, unlike MppP, Ind4 also catalyzes the felectron
oxidation of13to give4,5-didehydroarginin€102) (Figure 1.38). In the imine form,102can be
intercepted by the downstream enzyme Ind5 for a stereospecific Ndpeindent reduction to
give D-dehydroargining(100 (Figure 1.38). In the absence of Ind5, the imine tautomer is
hydrolyzed to compoun#i04. The hydrolyzed compounds can reaith H>O; released from the
reactionin a further degradative pathw&f >’

Asthis enzymology became apparent, the question of whether themezgreedike Ind4
thatare more widely distributed in natural product pathvayse, leading tde identification of
a novelputative biosynthetic gene cluster encoding an Ind4 homolog. Heqggrtthediscovery
and characterization of the new Ind4 homatagnedRohP, and demonstrate that it catalyzes an

MppP-like reaction. To provide a mechanistic framework for understanding how RohP catalyzes
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a hydroxylatiori instead ofan Ind4like oxidationi | caried out extensive mass spectral, kinetic,
stoichiometric, and Xay crystallographic experiment3his work suggests that both the RohP
hydroxylase and the Ind4 oxidase catalyze challenging reactidi&tfough similar oxidative
pathwaysThe describedrystallographic and stoichiometric studies support a mechanism where
both the oxidase and hydroxylase carry out at€pendent fouelectron oxidation o3, giving

a PLRtethered didehydroargininetermediate Whereas Ind4 then releas&82 as a product,
RohP additionally catalyzes a stereospecific alkene hydration on Pthetethered
didehydroarginine, using water to give the hydroxylated protiict
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2.2 Materials and Methods

2.2.1 General methods

Primers were purchased from Integrated DNA Technologies. DNA sequencing was carried

out by NAPS Unit DNASequencing Facility (The University of British Columbia). Reagents were

purchased from Anatrace, Bio Basic Inc., Gold Biotechnology, Hampton Research, New England

Biolabs (NEB), Thermo Fisher Scientific Canada, and VWR International.
2.2.2 Cloning and expressionof RohP

The geneohP, which encoded RohP as originally annotated, was amplified from genomic
DNA of S. cattleygNRRL 8057, DSM 46488) by the polymerase chain reaction using the primers
RohRF 5-AGCAGCCATATGAAGTACAACCTCGCCGACGCES3; (Ndel site underlinedand
RoOhRR 5-AGTAGTCTCGAGICAGCGGCCATGGCGGTES] (Xhol site underlined). The fe
annotatedohP, which coded for the active form of RohP with an inta¢eNninus, was similarly
amplified using the primers RoHR2 5-AGCAGCCATATGCACCCGCAAGCGACGS; and
RohRR. The products were digested with Ndel atlibl and ligated into similarly digested
plasmid pET28a (EMD Millipore) to produce atBrminal Hig-tagged protein. Sitdirected
mutagenesis of RohP was performed using the Q50#iezted Mutagenesis Kit (New England
Biolabs), using the primers H34R 5-CGCCGACGCGCCACCCACCAG3j andH34A-R 5-
GAGGTTGTACTTCATGGTCAGCGCCTGGATCTCGT®3;. The nucleotide sequence of the
clonedrohP was confirmediy sequencingand the plasmid was transied intoE. coli BL21
(DE3) cells for protein production.

E. colicell cultures were grown at 37 °CliBmedi um cont aining 50
to an ODRoo of 0.8 1.0, and then cooled to 16 °C. Protein expression was induced with 0.1 mM
IPTG, and the cliures were grown for an additional 16 h at 16 °C. Cells were harvested by
centrifugation and frozen &R0 °C until protein purification.
2.2.3 Purification of RohP

For purification, the cells were thawed anestspended in 20 mM HEPES, 50 mM NacCl
(pH 7.5) bufer and sonicated to lyse the cells. The lysate was then centrifuged at ¢@05@®

min to remove insoluble material. The lysate was then applied to a column containing ~1 mL

Chelating SepharoseE Fast Fl ow 60 Thelys&t&€ Li f e
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was gravity filtered through the resin, and the resin was washed with 20 mL of 20 mM HEPES,
50 mM NaCl (pH 7.5) buffer. The column was then washed with 5 mL portions of 20 mM HEPES,
50 mM NaCl (pH 7.5) containing 5, 10, 20, 50, 100, 200, 806,500 mM imidazole in a stepwise
manner to elute the protein. The fractions containing RohP could be identified by the yellow color,
and most of the protein eluted in the fractions that conta®@®dand 300 mMmidazole. The
RohP containing fractions evxe combined and concentrated to a volume of ~5 mL using an
Amicon Ultra Centrifugal filter (10,000 molecular weight -@it, EMD-Millipore). The
concentrated fraction was loaded into a HiLBaduperdex 16/600 Superdex column (GE
Amersham Biosciences) peguilibrated with 20 mM HEPES, 50 mM NaCl (pH 7.5) buffer. The
protein was eluted using a flow rate of 1 /min. The fractions containing purified RohP were
pooled to a final concentration 056 uM and dialyzed against HEPES buffer containing 250 uM
PLP for 16 h. Excess PLP was removed by further dialysis with 20 mM HEPES, 50 mM NacCl (pH
7.5). Finally, RohP was concentrated to ~20migby centrifugation with amltra-centrifugal
filter (10,000molecular weight cubff, EMD-Millipore). At this concentration, the purified RohP
remained stable at 4 °C and was stored in thetdgokevent PLP degradation
2.2.4 In vitro biochemical assays and product analysis

Initial in vitro reactions (100 pL) contaide30 uM RohP and 1 mM-arginine(13), in 20
mM Tris, 50 mM NaCl (pH 7.5) buffer and proceeded for 16 h at room temperature. HPLC analysis
of the reaction was carried out afterjo@umn derivatization witibDNS-CI. A reaction mixture
of 50 pL was treatedith 80 mM LiCQOs, 70 uL of ACN, and 30 pL of 5 mM DNS&CI dissolved
in ACN. The reaction was carried out at room temperature for 1 h and then 40 uL of 2% ethylamine
was added to the mixture to react with excess TNSThe mixture was centrifuged, and 2D p
of the supernatant was subjected to HPLC analysis. HPLC analysis was carried out on a 1260
HPLC apparatus (Agilent), using a Luna C18(2), 5 um, 4.6 mm ID x 250 mm column
(Phenomenex). Elution was performed at Ol3min using a mobilgphase consisting @ linear
gradient of water andCN ((v/v): 95:5 to 50:50, 0 to 15 min; 0:100, 15 to 22 min), with both
solvents containing 0.05% (VAFFFA. DNS-Arg was detected at a wavelength of 330 nm.

In vitro assays for ESMS analysis contained 10 uM RohP and 1 riB] in 20 mM
HEPES, 50 mM NaCl (pH 7.5) buffer in a 100 L reaction mixture. These reactions were carried

out for 4 h at room temperature and then quenched with an equal voliie©éf Precipitated
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protein was removed by centrifugation and 10 pL of th@eswatant was subjected to H8S
analysis. MS analysis was performed with a 6120 Quadrupole LCAgifnt) systemequipped
with a Poroshell 120, EC18, 2.7 pm, 4.6 mm ID x 50 mm colunffgilent), andoperated in
positive ion mode.

2.2.5 NMR analysis of RohP eaction products

The reaction mixture (5 mL) contained 20 uM RohP, and 10 13vh 20 mM sodium
phosphate buffer (pH 7.2). The mixture was incubated in an unsealed 50 mL vial at 25 °C and
shaken at 120 rpm for 6 h. The solvent was then evaporated ovearsighta SpeedVac plus
vacuum concentrator. The dried solids weresuspended in 600 puL 2 and centrifuged to
remove any residual undissolved solids prior to NMR analysis. All spectra were acquired utilizing
a Bruker Avance 600 MHz spectrophotometer.

2.2.6 Steady-state kinetics for the RohP reaction

Kinetic assays were performed by monitoring the consumptiorp oisidg a Clarkype
polarographic @ electrode (Hansatech, Pentney, UK) similar to the method described
previously*2 The electrode was calibrated daily usingsaiturated water and sodium hydrosulfite
according to the manufacturerés instructions.
saurated 40 mM MOPSI = 0.1 M, pH 7.2)at 25°C c ont ai n iLi3nThe rBadtidon wasM
initiated with the addition of RohP to 1 gM.
O- consumption prior to reaction initiation. The effect of pH on the ratheo RohPcatalyzed
reaction was evaluated using-aaturated 20 mM bufferd € 0.1 M) of MES (pH 6.0), PIPES
(pH 6.7), MOPS (pH 7.2), HEPES (pH 7.4), HEPPS (pH 8.0), and TAPS (pH 8.5).

Thesteadystate kinetic parameters of RohP with respetBiweredetermined at ambient
oxygen levels by varying the concentrationl8f(8 i 500 uM) using 1 uM and 5 puM of RohP,
respectively. The steaeltate kinetic parameters of RohP with respect to oxygen were measured
using 171 685 pM & at an13 concentration 0600 mM O, concentrations were established by
bubbling mixtures of @and N into the reaction chamber prior to reaction initiation. The final
oxygen concentrations were standardized to the level edaturated buffer before the gas
bubbling. Kinetic pameters were determined either leyadtsquares fitting of the Michaelis
Menten equation to the data using LEONORA or by Hill equation using Origin 8.1 (OriginLab

corp., Northampton, MA).
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2.2.7 Stoichiometry of the RohP reaction

The production of kD, was evaluated by comparing the reaction rates catalyzed by 2.5
MM RohP and 0.3 mM3in the presence or absence of ~4000 U of catalag®.groduction was
also measured colorimetrically by supplementing the reaction with O/inlmborseradish
peroxidasd€Type-1) and 1 mM2,2"azinabis(3-ethylbenzothiazoling-sulphonic acidUpon the
consumption of 100 UM oxygen, the reaction was quenched with 1 volume of 10%ThEA.
experimental values were compared to a calibration curkie@f.

For quantification of th&3:0> stoichiometry, reaction mixtures (1 mL) containing 12 pM
RohP and 250 uM.3in 40 mM MOPS (= 0.1 M, pH 7.2) buffer were incubated at 25 °C. The
mixture was equilibrated to ambient @vels prior to the addition of RohP.pon addition of
RohP the @concentration was monitored by Oxygraph and the reaction was quenched with one
volume of MeOH after 100 uM of £was consumed. ThE3 remaining after the reaction with
RohP by was quantified by HPLC after m@umn derivatizabn with OPA/MPA. The quenched
solution was incubated with 1 volume of 0.4 M borate buffer (pH 10.2) and 1 volume of OPA/MPA
solution (1 m¢gmL OPA, 0.1% (v/v) MPA in 0.1 M borate buffer (pH 10.2)) for 3 min before
HPLC analysis. HPLC analysis was carried on a 1260 HPLC apparatus (Agilent), using a
Poroshell 120, E€18, 2.7 um, 4.6 mm ID x 50 mm column (Agilent). Elution was performed at
1.0 mU/min using a mobilghase consisting of a linegradient of water andCN ((v/v): 98:2, 0
to 1 min; 80:20, 1 t& min; 50:50, 5 to 6.5 min; 0:100, 6.5 to 8 min; 98:2, 8 to 10 min), with both
solvents containing 0.05% (V/)FA. Derivatized13 was detected at a wavelength of 330 nm.
The experimental values were compared to a calibration cufM&tbét was done using the same
conditions. The data are reported as mean values * s.d., with n = 5.

2.2.8 Spectroscopic analysis of the RohP reaction

Aerobic reaction mixtures (1 mL) were prepared in a quartz cuvette with a path length of
1 cm and contained 30 pubf enzyme and 300 puM of substrate in 20 mM HEPES, 50 mM Nacl,
pH 7.5. All solutions were room temperature and air saturated with oxygen. The reaction was
initiated upon addition of substrate. Spectra were recorded using a Varian Cary 100-Bie UV

spectophotometer (Agilent).
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2.2.9 RohP crystallization

Initial crystallization conditions were identified by screening 4migRohP against the
Index HT Screen (Hampton Research) and Top96 Crystal Screen (Anatrace). Optimization of the
initial crystallization condibns was carried out at room temperature using hanging drop vapor
diffusion. Diffractonqu al i ty crystals wer e offoltpeoieinandanby mi :
eqgual volume of a crystallization solution composed of 0.2 M sodium malonate (pH 7.0)jand 16
20% (w/v) PEG 3350, using hanging drop vapor diffusion over a 500 pL reservoir of the
crystallization solution. Large, yellow crystals appeared after approximately 7 d, though some
crystals took up to 4 weeks to form under these conditions.

The structuresf RohP in complex with intermediates and product were obtained by adding
solutions of PLP to the ~3 €L drops containi
addingl3solutions for timed soaks. The structure of the b P resulted fromaddiflg € L o f
20 mM PLP to a drop containing crystals for an overnight soak, giving a final concentration of 5
mM PLP. The structure of the first RohP quinonoid intermediate (Q1) resulted from adding 0.5
eL 20 mM PLP for an over niO@rM13fer®@ & giving thalt hen
concentrations of 2.2 mM PLP and 22 nm\8. The structure of the second RohP quinonoid
intermediate (Q2) resulted from adding 1.0 ¢lL
1 ¢ L SL8for jimdin, giving final concemations of 4 mM PLP and 10 miB. The RohP4-
hydroxy2-k et oar gi ni ne structure resulted frl®m addi
for an overnight soak, giving final concentrations of 4 mM PLP and 1013Mfter soaking as
described, the crystals veecryoprotected using solution composed of 0.2 M sodium malonate (pH
7.0), 15% (w/v) PEG 3350, and 20% (v/v) ethylene glycol and-fiasten in liquid nitrogen prior
to X-ray data collection.

2.2.10 Data collection, structure determination and model refinement

X-ray diffraction data were collected at the Canadian Light Source (Saskatoon, Canada),
beamline 08IB1, at a wavelength of 0.97949 A using MX3@& and Pilatus 6M detectors. UV
Visible spectroscopic data of RohP crystals were collected using the microppetdbmeteat
beamline BL92 at the Stanford Synchrotron Radiation Light Source (Menlo Park, United States).
All data sets were integrated using IMOSFEW,and scaled using AIMLESS® RohP
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crystallized with two units in the asymmetuait, forming a homodimer in the space group C
Complete data collection statistics are liste@ale A.1.

The crystal structures of each RohP complex was phased by PHN&ER the Phenix
software packag¥lusing the.-a r g i nrhydnogylase SWMppP as a model (PDB: 5DJ1 chain
D, 32% identity across 393 amino acid residues). The initial results from molecular replacement
were input into Phenix Autobuité? for additional model building. The Autobuild outpmibdel
was subjected to several ralsnof manual inspection and building in CO8Yand refinement in
phenix.refiné’4usingTLS refinement. Alternate conformations of side chains and molecules from
the crystallization solution were added to the model where appropriate. Solvent molecules were
added automatically in phenix.refine anamined manually in COOT. Refinement statistics are
listed in Table A.2. Non-standard ligand restraints were generated using Phenix eLBOWe
second quinonoid intermediate (Q2) was initially fit to thd=Fomit density using RP/WARP
version 7.6% The coordinates generated were used toymed restraint file containing the
ARP/WARP optimized geometry, and the entire structure was subjected to additional refinement
in phenix.refine.

The holeRohP structure has tiNterminus through residue 26 disordered in both chains.
The first RohP quinaoid intermediate (Q1) structure has tReerminus through residue 25
disordered in both chains. The second RohP quinonoid intermediate (Q2) structure Mas the
terminus through residue 13 disordered in both chains. The structure of the RoliR withe
active site has thN-terminus through residue 13 disordered in Chain A and through residue 14
disordered in Chain B. In all structures, residues 3930of the Gterminusare disordered in each

monomer, except in Chain B of both quinonoid structuresyavtesidues 39393 are disordered.

2.3 Results
2.3.1 RohP is anL-arginine hydroxylase

Previous work from the Ryan lab described @e and PLP-dependent oxidase Ind4,
which generates the conjugate8-didehydroargininel(02) from L-arginine(13) (Figure 1.38).1%2
Using BLAST-P to search foenzymes similar to Indh other baatrialed to the discovery of a
newenzyme (accession number: AEW92768.1) fetneptomyces cattleydRRL 8057 with 43%
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sequence identity to Ind42?40% sequence identity to the Intike enzyme Pel#232% sequence
identity to MppP%>” and 31% sequence identity to the Mg} enzyme EndPRigure 2.1).2%’

1 1o 20 30 a0 S0
RohP  ..... MHPQATPAPGAPLLDLTQHEI AL TMK YJLEW 2B THER Ofs|a sEosEV]s REEF oL WY
BEWS2768.1 .. ... ..ol ME YL ARITHISIR O/s{a s[elo/sivis RIBFOIL WY
SWMPPP ... ... .. MTTQPQLEKENLTQWE Y LALNSE LRYTISICEIARS A Lis|P GOk vy EpRd vz WA
EndP MSGTLOSKAHAAHAGSGAENLTOLEF LALNSEFRIEGEIARS P LT(P Gl&s|<pvit D8 1L F|E
Indd e MERFNNLTR Y[EEVGINQA IRLESICEANE G oN S T[slolafivia Dp#gn1 FlE
Peld ... MRMP NLTR Y[E[S T GIINQ L FRIVEN]GEIA| PQDARQ G RUAED(LED

59 7? B? 11?
RohP EAREGLQATYIJKRFTEAFFQLHR[MP TALV . KN 'GMFLKKERLAETL
AEW92768.1 EAREGLQATYIMKRFTEAFFQLHREPTALV .KN GME‘KKERLAT
SwMppP ESPQREVQQOIIMSEAEQAYFTLLGEHGYPAEP G ARSSASVDRA
EndP DGPKRPVEQLIMREAHAAFFKALGMHRYPSAP G SRAASVTDSA
Ind4 ARPINALQATTIREFQRAFYTLAGEIHSAVD . HPRTML Cp4S AL S|T D ATEFMEAS RN LTV|G)A
Peld QAPAARQAELIYDEFRRLEFYTLAG[EP TAAG. LT, T!FCYSASLSTD ATFLASFGLTHAL
129 130_ 140. 15? 16{? 1'1(.}
RohP TEEECIL( Y D) LANMDEPLYFID SVFYD. .VDRIYPELERRVRTDA 1IN P NN P T G|as)
AEW92768.1 IEJFCIZMNLYDVHMANMDVPLYIGIDISVEYD . .VDRIYPELERRVRTDA ISP NN P T Glgs]
SwMppP Hig T)@IA DLMR GH GLDLVIVIEDALHGADLSAEL . + . . . LSSVGC NP NNP T G|3at
EndP Hig T)@I|A D LMR G RLGLVIJLEIDP LEADDLPAEL . .LESVGC ISP NNP T G384
Ind4 QCLATIRRRQK VIFLIGIHEQFRPESLDRTE . AELNTDA ISNSRP NNP T Gl
Peld HPCFDNLATLLQRRNUAHTPLH EELSLDRMEETE ... .AGLAADA ISEP NNP T G|
1ﬂl;l 19(? ZDI? 219 22?

RohP LEHGRKGFEE RFEx DD KLPLIBF cGas@T1FEr E LA RFRMEELFENS|GV
AEW92768.1 LRHGRKGFEE RE[MEDHDKLMALIBE CJYASIATLFEPELARFMVME LIAE N(S|G|

SwMppP AL . ERLRRLAEQEAEHGTIVALMT SIYRG)PD . . .  ARAH YR HMAVIAOIE G

EndP S...RAERLRRLAGQMARHGV|IMALBTSIARGHIID . . . . TRAQ[YHME TIAD AIS|D

Ind4 D...QEQFRR] D L[8A EHO K] LIVDCTFRFFA....PTPFHDQYAQLEES&

Peld S...REAWEK]| ALGHY|GKILMIVECTIYRFIPS . . . . RKP I[WISOME LME[R[S|N

249 259 269 0 25? 29q
e EH v ofRFc AL T T APDD IjwE T Y NTH[TS VSADRAS.

b T OBIANSC AL I|T ABID D IjWE Ty ¥ NLHT S VRl DRHA S

kel T LWLIdA oL LV FEJED I|G L P\YE K|I|v|SDjT siRMaADccfan

v HEJE W LG L P\YE K|I|¥|SD|T seMabhcclre .

RESIATINS T OBLIAC ST LAVETDLHE S\ ELHND I LRI TERNGMWOOT
PN TIET ORJLINC ST LA MEJED LIA D DT ELHND|T LEDT'RHGLQEVN
BDQ 31? 329 339 349 359
RohP RE VLT RINGIE CREIK T DGS.ILEYQEVVKAWFRDHPELTAT HRLSADGY LP|
AEW92768.1 REVLTRNEECARKTLDGS . I[LEYQERVVKVENAWF RVDHPELTAT iR AD V)YV
SwMppP HAF|I|LENEYS VVEIR ALA G VEG SFEDESRERVAE‘. - ACRIGIEVWEERORE HVIFATY
EndP HEF|IARORS VIVIGA GLAD LS TITIGV P DD SRAIRER VLI . . RELTGTEVIHE ARE HEV]YARL
Ind4 WSVVRANRII SLIAKALEGT . VILIVP AH|YE S TIEMEWVR|IIDHP S[LIRS D| VEMMAK S QV|GIinY
Peld WETHDR WRTLIAEAIRSS . ELLLDN)ED S TIERYEWL R|IITD P NVIR S L VDRLQRLGH LP

360 370 380
RohP p s K[ED|x YWVEIMESHAEIE P EMF A D A MALTRIQ
AEW92768.1 PSKDAYEPEMFADAMALTQ
SwMppP P S DfeD|E M| ISTEPLEKSVQ LR|T
EndP r AR[EDR TLIALESARAA s AP LAQC VRALRH
Ind4 HET{Es|EFIFESAANEERWF A TACG|S|LRERBMLARPELIEGAGS
Peld IisRERYIICPDMFNEACK LLMIRIDSE. L

Figure 2.1 Sequence alignment of RohP and homologous enzymes.

Clustal Omega (www.ebi.ac.uk/Tools/msa/clustalo) was used to generate the alignment. MppP
(accession number KDR62041), EndP (accession number ABD638d4#)(accession number
AJT38685), and Pel4 (accession number WP_010502631), are shown. AEW92768.1 corresponds
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to the initial sequence of RohP as annotated, while RohP corresponds to the sequence of the
enzyme used for this study. Conserved residues anégtiged in black, while similar residues are
boxed in bold.

This newly identified enzyme is encoded mumknownputative biosynthetic gerauster
that has little resemblance to either the indolmycin biosynthetic gene clusteBfrgnseusor
the region surroundingnppP in the mannopeptimycin biosynthetic gene cluster fr8m
hygroscopicugFigure 2.2). This close sequence identity of the encoded enzyme to both Ind4 and
MppP suggesid that it could have either Indéike or MppRlike activity, or perhaps catalyze a
different reaction 0i3. As a frst step in elucidating the product of this gene clusiefunction
of this enzymavas determinedBased on thdepositedsequencing data, this enzyme is annotated
with a ~20 amino acid truncation in the-tdrminus when compared to the other, chareasdr
enzymesKigure 2.1). The purifiedrecombinant enzyme fro. coliwastested whether it is also
active onl3. However, the enzyme was inactiveX8as purified or with exogenous PLPidure
2.3a). After determining that the enzyme was inactive Whthe DNAfrom S. cattleyaipstream
from the start codon of the truncated enzywees amplified andre-sequencedising Sanger
sequencingThis sequencing revealdldat this upstream region was highly GC rich, and that the
depositedgenomic sequening dataon NCBI had incorrectly contained asequence ofive
consecutivecytosineswhich is actually a sequence o$ix consecutivecytosines With the
additionalcytosine, an alternate annotation of the gene would have a different start site and encode
an enzyme 25 amino acids longer that aligns along the full length of MppP, Ind4, and the other

characterized enzymeBifure 2.1).
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Streptomyces cattleya DSMZ 46488

rohT rohQ 03980
rohV rohU rohS rohR
Copper Oxidase SAM-dependent Rieske Iron oxidase Dihydrodipico- Unknown PLP-dependent Rhodanese-related
methyltransferase linate synthase aminotfransferase  sulfurtransferase

Streptomyces griseus ATCC 12648

ind0 ind1 ind2 ind3 ind5 ind6 ind7
Tryptophanyl— SAM-dependent NADH-dependent ATP-dependent PLP-dependent NADH-dependent Unknown SAM-dependent
tRNA synthetase C-methyltransferase  dehydrogenase amide synthetase aminotransferase dehydrogenase N-methyltransferase
Streptomyces hygroscopicus NRRL 30349

mppL mppM mppN mppO mppQ mppR mppS
ABC transporter Isovaleryl Isovaleryl Non-heme iron PLP-dependent PLP-dependent Acetoacetate Transcriptional

transferase transferase hydroxylase aminotransferase aminotransferase decarboxylase-like regulator
1000 bp

Figure 2.2 Comparison of biosynthetic gene clusters containing £and PLP-dependent arginine oxidases.
Annotated function $ted below each gen&he arginine oxidase®hP from S. cattleyaind4 from S. griseusandmppPfrom S.
hydroscopicusire shaded.
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The gene including the new start sitas reclonednto pET28a.expressed angurified
from E. coli, andthe enzymaectivity was assayedith 13. After 16 h of incubatiornthe reaction
was derivatizeavith DNS-CI andthenanalyzed by HPLC. This experiment revealed flgatvas
consumed in the overnight ass&ygure 2.3b), suggesting that the enzyméke Ind4, Pel4, and
MppP i reacts directly withl3 underaerobic conditions, without the need for an exogenously

provided keteacid for regeneration of the PLP cofactor any additional cofactors

B
DNS-13 DNS-13

-

T T T T T T T -
14 15 16 14 15 16
min min

Figure 2.3 RohP-catalyzed consumption of -arginine.
A) The RohPconstructlacking 25amino acidresiduesof the N-terminusdoesnot consume-
arginine (13). B) The full-length RohPconstructconsumes -arginine (3). Reaction mixtures
were analyzed by HPLC at 330 nm after-podumn derivatization witldansytchloride (DNS
Cl).

To determine the product(s) of this enzyme,-E& was employedo reveal that four new
ions were generated: [M+HIL46, [M+H]" 162, [M+H]" 174, and [M+H] 190 (Figure 2.4).
Previously, both the [M+H]146 and the [M+H] 174 ionshad been observed the reaction of
13with Ind4.The ion at [M+H] 174was previously assigned105, while theion at [M+H]" 146
was previously assigned ad-guanidinobutyric acid 1(10), arising from the nomnzymatic
decarboxylation 0105with H,O, produced in the course of the reacttéh’”1"8The [M+H]"ion

of 190 observedin this reaction could correspond to tMppP productl4 (configuration
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unknown)?”1%” which could decarboxylate in the presence oOHto give 3hydroxy-4-

guanidinobutyric acidi(11, configuration unknown), having an [M+Hpn of [M+H]" 162.
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Figure 2.4 RohP-catalyzed oxidation ofL-arginine.

Liquid chromatographynass spectrometry analysis of the products of the RohP reaction-with
arginine (3). The reaction conditions are indicated above esgmdctrum, and representative
integrated total ion chromatograms for each reaction are shown.

To determine whether these ions correspond to the previously ideMifipg products,
catalase was adde¢al the reaction mixture to consume anyOkiproduced. Wth catalase present,
only theions at [M+H] 174 and [M+H] 190were observe(Figure 2.4). This supportshat105
andl14 are the initial products of the enzymatic reaction themhdecarboxylate in the presence of

H20O> to givel110and111l, respectivelyFigure 2.5). Furthermore, using high resolution H885
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to analyze all four productbyasable to confirm their elemental compositions, which correspond
to the formulas for the proposed produdable 2.1). To further validate the structures these
molecules, the reaction df3 with the S. cattleyaenzyme was scaled up to provide sufficient
material for NMR analysis. This reaction was carried out without catalase, and the 6 h incubation
time allowed complete conversion of the initial praguto the corresponding decarboxylated
molecules. A combination dH-, 3C-, *H-'H COSY, H-*C HSQC, andH-*C HMBC NMR
were employed to characterize the produwdtshis reaction, identifying them akl0 and 111
(Figure A.1-6). These results suggdbiatthe enzymatic products of this reaction #0& and14,
which norenzymatically convert tthe products observed by NMRI0 and111, respectively, in

the presece of HO> (Figure 2.5). Despitethe NMR and mass spectral analysis, the configuration
of the hydroxyl in111 (and by, extension, ifi4) remained unknown. Because thiswenzyme
catalyzes hydroxylation on an argieiderived moleculejt was namedRohP to indicate its

substrateltar gi ni ne = R) , its activity (hydroxyl ati
enzymes EndP and MppP.
- H,0
COO 22 OH
H,N” N ——>  HNT N
5 HW H/\/jj(
o 105 o
2 + +
M+H]* 174 [M+H]" 146
1 H,0 [(M-+H]
NH," NH," NH,*
J\ coor @ J\ coo- H202 )k OH
H,NT N HNT N7 Y — T = HN HW
. 2 H,0 14 1M1
M+H]* 175
(W=H] [M+H]* 190 [M+H]" 162
NH," NH,*
20, )]\ H,0 ’
X coo 12Y2 )k
1 H,0 HNT N — A o
) HW HoN HW
0 0
104
[M+H]* 172 [M+H]* 144

Figure 2.5 Summary of Ind4- and RohP-catalyzed reaction pathways.

[M + H]* ions observed from both Roh&nd Ind4catalyzed reactions are shown in purple; those
from only the RohReatalyzed reactions are in red, and those from onlintiecatalyzed reaction
are in blue. Molecules in gray arise from nonenzymatic reactions wih H
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Table 2.1 High-resolution ESI-MS analysis of RohP L-arginine reaction products.

Reaction Experimental Error  Chemical Chemical Name Theoretical

Conditions' mass [M+H]* (ppm) Formula mass [M+H]'
RohP, 146.0925 0.7 CsH12N3O2"  4-guanidinobutyric 146.0924
“HArg acid

162.0884 6.8  CsHi2N3Os" 3-hydroxy-4- 162.0873
guanidinobutyric
acid
174.0879 3.4  CeHi2N3Os" 2-ketoarginine 174.0873
190.0831 4.7  CeH12N3O4" 4-hydroxy-2- 190.0822
ketoarginine
RohP, 174.0873 0  CeHiaN3Os" 2-ketoarginine 174.0873
“HArg, 190.0826 2.1  CeH12N3O4" 4-hydroxy-2- 190.0822
catalase ketoarginine

!Reaction mixtures (250 plyontained 10 uM RohP, 1 mM-arginine (13) and 0.25 mgmL
catalase (as indicated) in 20 mm HEPES, 50 mM NacCl (pH 7.5) and were allowed to react for 6 h
at room temperature. Samples were analyzed using a Waters/Micromass LGMS OF
spectrometer.

2.3.2 Kinetics and stoichiometry of the RohRcatalyzed reaction
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Figure 2.6 pH-dependence of the rate of the Rohatalyzed reaction.

The following buffers were used MES (pH 6.0), PIPES (pH 6.7), MOPS (pH 7.2), HEPES (pH
7.4), HEPPS (pH 8.0), and TAPS (pH 8.5) and the rateofdbsumption was monitored by
Oxygraph.
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It was hypothesized that RohP requiresfOr activity the same way Ind4 and MppP do.
Accordingly, the RohP reaction with3 was carried ouin a series of buffers and the> O
consumptiorwas monitoredusing anOxygraphto develop a pkiependent activity profile for
RohP(Figure 2.6). No significant changes in the rate of oxygen consumption were detected at the
tested pHs suggesting that the #atgting step in the reaction catalyzed RohP i$ aependent
on acidbase chemistry. Nonethelessasfound that RohP functioned best at a pH between 7 and

7.2 Thereforea 40 mM MOPS pH 7.2 buffer was used for subsequent kinetic studies.

280
260 ~
% 240 A
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Figure 2.7 Steady state consumption of @by RohP.
Rate of oxygen consumption by 2.5 uM RohP with 300 gHskginine @3) in the absence and
presence of 0.1 mg/mL catalase in 40 mM MOPS (pH 7.2).

Similar experiments to monitor the effect of catalase on the Raltdtyzed reactiowere
also carried outin these experiment®, was consumed atrate of 15 pM mintin 40 mM MOPS
pH 7.2, a rate that decreased-~® nM min? in the presence of catalasgiqure 2.7). This
approximate halving of the rate ob @onsumption in the presence of catalase enzyme that
converts two molecules of2@.to one molecle of O T suggests that the Roldatalyzed reaction
consumes @with stoichiometric conversion of o H.O.. To further confirm the stoichiometry
of the reaction, 2.5M RohP was incubatedvith 300 M 13 in the presence of 0.1 rirgL
Horseradish Peroxidase (Tyfg¢ and 1 mM 2,2-azincbis(3-ethylbenzothiazoliné-sulfonic
acid andthereactionwas quenchetvhen 100nmM of O, was consumed. In this condition, the
production of 96 6 mM of H.O» was detectedhdicating stoichiometric conversion ob @ H,Ox.
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It was alsadetermined that 77 4 mM of 13 was consumed when 100 of O, was consumed.
This result suggests there are two reaction pathways, as observed for Ind4. In one dahway,
undergoes awo-electron oxidation, with consumption of one equivalent ef I® the second
pathway,13 undergoes a fouglectron oxidation, with consumption of two equivalents afthe
observed @13 stoichiometry can be rationalized if the first, less oxidizinthway consumes
twice as much3 as the more oxidizing pathway. That is, for every 100 uM p€@hsumed in
total, 50 uM is consumed by the first pathway to convert 50 puiBoand 50 uM is consumed by
the more oxidizing pathway to convert 25 puM1X Thefirst pathway lead405, as observed for
Ind4, whereas the second pathway should give a more oxidized product, $4ch as

. w Y
v =
V] Y
Equation 1 Michaelisi Menten equation.
. w Y
V) :
v Y

Equation 2 Hill Equation.

Steadystate kinetic parameters for the Retdtalyzed reactiowere also determinefor
both 13 and Q by fitting experimental data to the MichaelidMenten equationEquation 1) or
the Hill Equation Equation 2).1”° In the presence of asaturated buffer, RohP haka= 40 +
10 uM and akear = 7.8+ 0.6 min! for 13 (Figure 2.8a). These values are consistent with those
previously reported for the related enzymes It4<69 + 6 UM Kear= 3.5 + 0.1 mirt) and MppP
(Km =50 + 8 uM andkeat = 13.2 + 0.6 mirt). Visual inspection of the nelinear fitting of the
kinetic datafor RohPwith respect tal3 revealed that théest fit of the experimental data is
achievedusing aHill coefficient of 0.7, indicative of slight negative cooperativity. Though
uncommon in PLRIependent enzymes, negative cooperativity has been previously reported for 4
aminobutyrate aminotransfera$é!®! The decreased affinity fot3 once bound may be a
mechanism to decrease the amount pt@hsumed by the other RohP monomer, which would
increase the likelihood of more highly oxidized products being produdditionally, in the

presence of saturating amountsl8f RohP has Km= 78 + 6 uM and &car= 10.2 + 0.2 mit for
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O (Figure 2.8b), whichis comparabléo the values previously obtained for Inddn(= 90 + 10
UM, Keat= 4.6 + 0.1 mirt).
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Figure 2.8 RohP steadystate kinetics with respect ta_-arginine and oxygen.
a) Orange and blue lines indicate the data fit to the MichaeMenten equation with Hill
coefficients of 1 and 0.7 + 0.1, respectiv@Bguation 2 Hill Equation).1”® (b) RohP steadgtate
kinetics for Q. Full details of the experiment are described in the Methods.

2.3.3 The hydroxyl group in the RohP product derives from water, not oxygen or KO2

The observedtoichiometric conversion of @0 H20. revealed thathere are no remaining
oxygen atoms that could be incorporated into the product from either B0,. Thus, these
stoichiometry results suggest that the hydroxyl oxygen atoid arerives from HO. To further
interrogate the source of this oxygen atom, the RohP reaetisicarried oun 50% H20 in the
absence of catalasEigure 2.4), andthe results were analyzebly LC-MS, revealingten unique
ions. Four of these ions, those at [M+H}6, 162, 174, and 190, are also present in the reaction
in unlabeled water, and correspond ttee unlabeled compound410, 111, 105 and 14,
respectively. Additionally, four ions, those at [M+H]48, 164, 176, and 192, are two mass units
higher, and should arise from hydrolysis of the likely imine products ¥§OH giving the
corresponding labeled carbonyl oxygens. Finally, the remainingomgy [M+H]" 166 and 194,
are 4 Da heavier when compared to [M*#$2 and [M+H] 190, meaning two labeled oxygens
are present. One label should result from hydrolysis of the imine produeti®, giving a labeled

carbonyl, and the second label shodsiuit from incorporation of 20 into the hydroxyl group.
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Altogether the stoichiometricgeneration of KO, from 13 andH,'®0 labeling studies support that

the hydroxyl oxygen derives from water, nat@ HxO».

2.3.4 UV-Visible spectrum of RohP

To further inestigate the RohkPatalyzed reaction, the UVisible spectra of RohWwas
alsoanalyzed I nitially, the spectrum of Rg&&®22(30
nm, typical of an enzymBLP internal aldimine. With the addition of excds% (300 uM) a
decrease in the absorbance at 422vas observe@Figure 2.9). At the same time, a peak at 515
nm, which is diagnostic of a quinonoid, iresed over the 10 min incubation. Finally, a peak at
563 nm increased initially and then decreased after 5 min over the course of the expAriment.
similar peak at 567 nmn the Ind4 reactionwas previously assigneds a more conjugated
quinonoid intermedite*2and Silvaggi and coworkers assigned a similar peak at 560 nm from the
MppP reaction as a more conjugated quinonoid intermetiialehis experimensuggests that
RohP, like Ind4 and MppP, may transition through a more conjugated quinonoid intermediate with

a maat 563 nm.

0.6 7

0.5 4

0.4
8 No L-arginine
% gl
2 03 —30s
o
3 ——2.5min
= )

0.2 .

5 min
0.1 ——10min

300 350 400 450 500 550 600 650
Wavelength (nm)

Figure 2.9 UV-Vis absorption spectroscopy of the reaction between RohP amdarginine.
The samples were prepared by mixing 30 uM of enzyme with 300 uM of substrate under aerobic
conditions. The spectra were recorded at the timepoints as indicated.
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2.3.5 Crystal structure of holo-RohP

Stoichiometric, mass spectral, and spectroscopic realllssiggest that RohP consumes
two molecules of @to carry out a fouelectron oxidation and incorporates water to yild
hydroxy-2-ketoargining14). However, several questions renmedrunanswered. First, what is the
stereochemistry of th&4 produc? Second, what intermediates arise in such a reaction scheme?
To address these questiohgjrned to an Xray crystallographic investigation of RohP.

| obtained four Xray crystallographu structures of RohP at resolutions from 1.50 to 1.55
A (Table A.1). Each of these structures crystallized as homodimers in space group C2. First,
determined the initial structure of heRohP by soaking RohP crystals with 5 mM PLP for 4 h.
Thenthe structure oMppP (PDB: 5DJ1Wwas useds a model for molecular repkmoent. Hole
RohP exhibits an overall structure that is typical of other figbd | PLP enzymes and is very
similar to MppP (RMSD of 1.215 A o r pai@&/Figure 2.10a). The RohP monomer consists of
a large domain (residues-265) and a small domain (residues -33%3) both of which exhibit an
Ub-U motif. Active sites are sandwiched bet we
monomers and exposeddolvent. Unlike other PLP enzymes of féjgbe | and similar to MppP,
there are only minor contributions from one monomer to the active site of the other monomer. As
was the case for MppP, the-tBkmirus of the RohP holoenzyme is incomplete andsing

residues 125.
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Figure 2.10 Comparison of the MppP and RohP internal aldimine structures.

a) Overall structure of the MppP (PDB ID: 5DJ1) and RohP holoenzymes. b) The structure of
MppP is depicted itblue, while RohP is depicted in green. Light and dark shades designate the

two monomers composing each homodimer. The PLP of each RohP monomer is depicted as
spheres to indicate the location of the active site. The structures were aligned with a RMSD of
1215 for CU pairs (Pymol). b) Overlay of tF
Conserved residues are depicted in stick form with RohP numbering. The corresponding residue
numbering for MppP can be foundTiable A.3.

The RohP internal aldimine is formed between Lys235 and PLP, as was observed for
Lys221 and PLP in MppP. Furthermore, all of the same residues that have stabilizing amgracti
with the internal aldimine in MppP are also observed in Réhdute 2.10b; Table A.3). The
conserved residue Lys243 (Lys229 in MppP) provides positive charge to stabilize the PLP
phosphate. The position of Ser95 (Ser91 in ME8) causes the phosphate to rotate away from

the plane of the pyridine ring, as observed in MppP. Additional interactions serve to stabilize the
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pyridine ring of PLP. Asp198, conserved in fojgpe | PLRenzymes is located near the pyridinyl
nitrogen andtabilizes positive charges on the pyridinium cation through a hydrogenfignd(

2.10). Asn167 hydrogen bonds with the hydroxyl group of the PLRIjy ring. As is the case

with many PLP enzymes, an aromatic residue, Phe119, is located ~3.5 A above the pyridine ring.
Finally, the phosphate also forms a watediated hydrogebonding network with AspfL
(Asp227 in MppP) and Tyr92 (Tyr88 in MppP) dhe other monomer of the homodimer. This
structure of RohP provided a good initial model and was used to build structures produced from

subsequent experiments.

2.3.6 Trapping RohP the first quinonoid

The slow rate of RohP catalyzed oxidation 1 afforded theopportunity to capture
intermediates in the catalytic cycle by aerobic soakin@3fA RohP quinonoid intermediate
structure was produced by soaking a crystal with 22 H3Wor 90 s. In the resulting structure,
there is no evidence of a Schiff base linkdmptween Lys235 and PLP. Instead, positivé&d-
electron density in the shape of arginine was found to extend from the C4' aldehyde of PLP. Both
the external aldimine (EAl) and quinonoid (Q1) intermediate were modelled into the electron
density Figure A.7). Although both EA1 and Q1 fit well to the density, Q1 was modelled into the
final structure Figure 2.11) because of its fit to the available density #&melobservation that a
guinonoid intermediate with an absorbance at 515 nm accumulates in the reaction of RohP with
13(Figure 2.9), suggesting that Q1 is more stable than EA1. Despite the formation of a quinonoid,
the overall structure is very similar to that of h&®ohP, with the two structures superposing with
an RMSD of 0.106 A& ¢ r o pars. I€tte active site, only Asn121 exhibits a minor change in
conformation, rotating towards the quinondkigure 2.11). Furthermore, when the quinonoid is
present, the guanidium of Arg367 forms a salt bridge with the carboxylic acid of the arginine
substrate. Additionally, Leu266 of the second monomer, wiBicimchanged in position relative
to holoRohP, now forms part of the periphery of the active site and helps to orient the guanidium
end of the quinonoid. Because thetddminal amino acids are disordered in this structure, the
sidechain of thdl3substrat i s poi nted into sol ventFiguréAs s uc|
2.12), which is a residue conserved among RohP, MppP, and Figi4ré 2.1) but not observed

in other foldtype | aminotransferases.
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Figure 2.11 Modeling of RohP-quinonoid 1 intermediates.

Left: External aldimine species modelled shown in stick form. The fits to the available F
density in the active site of RohP is shown
Modelled quinonoidigand in the active site of RohResidue side chain that interact with the
ligand are shown as sticks.

A

2.4

<?HIS-34

Figure 2.12 Distances between modellethtermediates andconserved residues Glu20 and
His34 in Chain A of the RohP homodimer.
A) The RohP holoenzyme has only a water molecule (red sphere) positioned 2.4 A from His34.
B) The Nterminus and Glu20 are absent in the Raafonoid I. His34 is positioned 3.9 A from
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the Co atom of t he filomnawater nwledouls. CylratheeRolg@inooid2 . 5
I, the N-terminus is ordered, including Glu20, which is now positioned 4.0 A from glué the
bound substrate. Furthermore, the new positioning of the amino acid substrate placasdt&C
atoms 3.2 Aand 3.5 A, respectively, from His34. No ordered water was present near H)s34.
The productl4 has its ¢ 3.3 A from Glu20 and its £3.6 A from His34. The 4' hydroxyl group

is positioned 2.7 A from His34.

2.3.7 Trapping of a more conjugated quinonoid ordersthe N-terminus of RohP

WhenanotherRohP crystalvas soakedavith 4 mM PLP overnight and 10 mi3 for 5
min, the crystal changecolorfrom yellow to red Figure 2.13). | cryoprotected and flasioze
this red crystal. Solving the structure of this red crystal again revealed unknown paskive F
electron density in the shape of arginine in the activelsiteally, several different intermediates
were built using Phenix eLBOW and then modelled into the availabte dfensity Figure A.8).
However, noe of these intermediates gave a satisfactory fit to the available density.IThus,
employed an alternate approach, utilizing ARP/wAPan online automated protein model
building and refinememgrogramto build a ligand structure based upon the unknown density. The
initial ARP/WARP output was adjusted in COOEfined and found to match available omit
density well(Figure A.9). This modelled ligand has bond lengths that closely match what would
be expected fothe more conjugated quinonoid (Q2) intermediate, containing a double bond
bet ween Cb and Co (labeiA#)i ons of the arginine

To interrogate whether modeling Q2 was reasonable for such a red drgstialed out
spectroscopic analysis am second set ofrystals that had been soaked witB using the
microspectrophotometer outfitted on beamlin€@ &t the Stanford Synchrotrona8iation
Lightsource. This work revealed that such red crystals haabsorbance spectrumi t haxoh o
515 and 563 nnfFigure 2.14), matching the pdéa observed by UWisible spectroscopy in
solution Figure 2.9).
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Time after arginine added
~30s 30 min

g‘é_:"“ L A

Figure 2.13L-arginine soaking of RohP crystals.

Representative results of soaking a single crystal (top) or several plate crystals (bottorr) with
arginine(13). Crystals were soaked for illustrative purposes and no additional data were obtained
using the crystals depictedtimese images.
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Figure 2.14 Quinonoid intermediates from a red,L-arginine soaked crystal.

Holo-enzyme (yellow) and a representative spectrum from crystals that had been soaKeld with
arginine(13) prior to being frozen (red). The baseline absorbance of theemalgme was offset

by -0.04 absorbance units to align the spectra for comparison.

The structure of one of thesecondset ofred crystals, which diffracts ta lower, 2.0 A

resolutionwas ®lved revealing thathe electron density present in the active site of this second

crystal is also supportive of an external aldimine adddmivever, the lower resolution (2.0 A) of
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this second crystal did not allow for unambiguous assignment of thellewdquinonoid
intermediates, as both Q1 and Q2 fit into the available densityrigiire A.10).

As amore conjugated quinonoid intermediatas observeth the UV-visible spectra both
in solution andin crystallo (Figure 2.9, Figure 2.14), it is likely that Q2 is a more stable
intermediate than a more conjugated external aldimine (EA2). ThereforveaQQRodeledhto the
final structurefrom the initialset of soaking experimentsased on the ARP/WARP coordinates
(Figure A.9, Figure 2.15). However, the ~1.5 A resolution of this structure does not allow us to
unambiguously assign the pattern of double bonds. Furthermore, a mixture of intermediates may

contribute to the densityat wasobserved.

D243

Figure 2.15Modeling of RohP-quinonoid 2 intermediates.

Left: External aldimine species modelled shown in stick form. The fits to the available F

density in the active site of RohPskown below (positivé-Fcd ensi ty i s contour
Right: Modelled quinonoid ligand in the active site of ROREsidue side chagthat interact with

the ligand are shown as sticks.

In this structure of the Q2 intermediate, electdmmnsity for residues 135 of the N
terminus i s pr e shelxthat closes offithe actjve site, satating the ddtive site
from the bulk solvent Figure 2.15). With the ordering of the Merminus, the amide nitrogen of
Leul6 forms a hydrogen bond with Asp120. Additionally, the hydroxyl sidechain of Thrl7 forms
a hydrogen bond with the guanidium gpoof Q2 and pushes the guanidium deeper into the active
site where it forms additional hydrogen bonds with Ser95 and the carbonyl oxygen of Val264. The

conserved residue Glu20 becomes ordered near the carboxylic acid ah@Z Phell9 also
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exhibits a dial conformation, with the additional conformer rotating from its previous position
above the pyridine ring to a position ~3.5 A above the carboxylic acid of Q2. Asn121 also moves
~180° from its previous position to partially occupy the area that wasedabgtthe rotation of

Phel19. Collectively, these changes push Q2 deeper into the active site, into a position where
Glu20 is 4.0 j away from Cb and Hi s34 is 3.2
of thel3 substrateKigure 2.12).

2.3.8 Structure of RohP-product complex

A final snapshot of the RohP catalytic cyelas obtainedby soaking RohP crystals with
10 mM13overnight. During this experimerthe crystal changed from yellow to red and then back
to yellow. The resulting yellow crystalvas cryoprotected and flagitozen The structurel
obtained has residues-25 of the Nterminuspresent, though the density of these residues in
chain B is waker. Therefore, these residues were modelled with an occupancy-@£8@hthain
B, compared to full occupancy in chain A. The active site of the enzyme also remains largely
unchanged compared to the Q2 structure, with Asn121 remaining flipped rétaiigeinitial
position, and Phell9 exhibiting a dual conformation away from the pyridine ring of PLP.
However, in this structure, PLP has again formed an internal aldimine with LyS2B852.16).
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Lys243 ) Asp198

PLP-Lys235

Asn167

Asn121 Arg367

Leu266
‘ ‘ Glu2
i Leu16

Thr17

Figure 2.16 Active site of RohRproduct complex.

Residue side chagrthat interact witHS)-4-hydroxy-2-ketoargininel4 (teal)are shown as sticks.
Strong k-Fc density was present above the internal aldimine, displaying a shape consistent

with a product containing alydroxy groupAs the stereochemistry of thehgdroxyl was still

undetermined, both tHe andS enantiomers ofthe molecule were modelled into the positive F

Fc density present in the active silgdure 2.17). Refinement of th®-enantiomer produced strong

negative b-Fc density around the hydroxyl group, while the same refinement &é&mantiomer

produced no negative-f-c density around theylaroxyl group.l also modelled both enantiomers

of the presumed enamine product into the available density to determine their fit d&igueé (

2.18). Once refined| again observed a clear preference forStemantiomebased on the refined

density. Howeverl also observed slightly moreegative density over the enamine double bond,

leading us taultimatelymodel §-14into the final structurdt is likely that the dynamic nature of

the N-terminus should allow for hydrolysis of the enamine product over the extended incubation

period, and therefore it is more likely that the hydrolysis product is present in the active site.
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Figure 2.17 Possible sterecisomers of-Aydroxy-2-ketoarginine.

A) The R-enantiomer modelled into.f~ omit density present in the active site. B) The density
present around thie-enantiomer after refinement usiRgfmac. C) The&s-enantiomer modelled

into F-Fc omit density present in the active site. D)The density present aroueetientiomer

after refinement using Refmac. Thelkmaps are contoured at 3.0 {0
density indicated as greand red, respectively. TheZQkkmaps are contoured at
Ligands were built using eLBOW in the Phenix software suite.
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Figure 2.18 Refinement of alternative products.

A) The density surrounding theenantiomer after refinement. B) Density surroundingshe

enantiomer after refinement. Comparison of the refinement X144 and D) the modelled

enamine. TheqfFcmaps are contoured at 8endtyindicated ash po s i
green and red, respectively. TheeFckmaps are contoured at 1.0 O i
using eLBOW in the Phenix software suite.

2.3.9 Characterization of the RohRHis34Ala variant

Based uporhe analysis of thdour crystal structures dRohP,His34 appears likely to be
involved in the installation of the-Aydroxyl group, due to its position relative to the quinonoid
intermediatesand hydroxyl group of the final produffigure 2.12). To probe the function of
His341 created a His34Ala variant of RohP with siieected mutagenesis. EBIS analysis was
again employed to determine the product(s) of the His34Alantaffde production ol4 was
abolished, however, the variant was still able to prod@& The corresponding decarboxylation
product110 was also detectedrigure 2.19). That this variant was only able to perform one
oxidation, and no other intermediates were detected, suggests that His34 may also be involved in

catalyzing the second oxidation of the arginine substrate and possibly the final hydration.rea
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Figure 2.19 Reaction of the RohPHis34Ala variant with L-arginine.

Liquid chromatographynass spectrometry analysis of the products of (a) the reaction of
arginine @3) and (b) the reaction with-arginine(13) in the presence of catalase. Assays were
carried out under the same reaction conditions as thetyp&l butusing 2 mML-arginine (3)

and 20 uM of enzyme. Representative integrated total ion chromatogramsare fein each
spectrum.

2.4 Discussion

This work describes the investigationRbhP, an enzyme that uses pyridoxal phosphate
to catalyze the transformationiofarginine(13) and Q to two products2-ketoargining105 and
(9-4-hydroxy-2-ketoargining14). While previous studies by Eguchi and Silvaggi highlighted this
enzymatic reaction, the key question of how an enzyme uses PLP .d@ndh@droxylate an
unactivated, sphybridized carbon remained unaddressed. Herese detiled mass spectral,
kinetic, stoichiometric, and Xay crystallographic analysis to build a firm mechanistic framework
for understanding this group of PLRO,-dependent hydroxylaseghis work demonstrates that
RohP and the oxidase Ind4 share many katufes: both stoichiometrically convert © HxOo,
both generate quinonoid and conjugated quinonoid intermediates, and both produce the less
oxidized product105 which results from hydrolysis of the corresponding imine. The enzymes
differ only in whethethey producd,5-didehydroargininel(02) or 14. TheX-ray crystal structures
of RohP containing trapped quinonoid and conjugated quinonoid intermediates, along with a
structure with product boundinveil a shared mechanism whereby b&bhP and Ind4an
catalyze a fouelectron oxidation ofi3. However, only RohP can utilize water to gaout a
stereospecific alkene hydration.
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The crystallographic worldescribed in this chapteshows that RohP forms an external
al di mi n eamimotgroup fofeargihine, exactly as would be expected for adependent
aminotransferasdhe following mectanistic proposa(Figure 2.20), begins witht he CU pr ot o
of the external aldimine (EAl)eing abstracted by Lys235, with the resulting anionic species
stabilized by formation of a quinonoid intermediate (Q1). Q1 is a typical intermediate in PLP
dependent aminotransferases)d one that is alsobserve to accumulate by UWisible
spectroscopylt is here thaQ1, like in the proposednd4 mechanismreads directly with Q,
oxidizing the bound amino acid and releasing#d The exact mechanism of how @teracts
with Q1 is currently unknown, as is the mechanism for release-©$. KCurrent speculative
proposals for oxygen activation by arginiogidases like MppP, Ind4, and RohP involve an
electron transfer from Q@or Q2)to O, which would generate superoxitié®"1%%n a process
similar to those used by both flavitependent enzym¥&$ and some cofacténdependent
oxidases® The superoxide could then oxidize the quinonoid radical at particularly electron rich
positionsof the resultant quinonoid radi¢aluch as Gof the 13 substrate, or C4' of PL¥? After
oxidation, the resulting external aldimine intermediate (EA2) forms. This intermediate can
undergo one of two fates: it can eithss attacked by Lys235, which will reform the internal
aldimine and release an enamine product, which tautomerizes to the imine and is then hydrolyzed
to give2-ketoargining 105). Alternatively, the oxidized intermediate can remain in the active site.
If it remains in the active site, the Co proton
His34, shuttling electron density into the cofactor to give the more conjugated quinonoid (Q2)
intermediate. Then, a second molecule pt@uld react with Q2, agaioxidize the substrate, and
release a second molecule ofQ4d. Now, the PLPethered didehydroarginine could undergo
hydration. One possible scen@uoibsibitsatptaeo
Ci position. The resulting carbocation at Co
from the PLP pyridine ring. Now His34 deprotonates an adjacent water to insert the hydroxyl
group at Co and gtethered finah producte Bhea bteraospecifici/ LoPthe
hydration appears to be promoted by the positioning of His34, which is pesitio thesi face of
the alkene. At the same time, the phosphate of PLP occludes solvent access tadhef the

alkene. To complete the catalytic cycle, th@ydiroxy product is then released when Lys235
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attacks to release the enamine with the comiamt formation of the RohPLP internal aldimine.

The imine tautomer is then hydrolyzed by water to produce the final prbdluct
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Figure 2.20 Proposed mechanism of the RdPcatalyzed reaction to 4hydroxy-2-
ketoarginine.

The work described in this chaptarsesnewquestions about QPLR-dependent oxidases.
First, what are the structural features that distinguish arginine oxidases like Ind4 from arginine
hydroxylases like RohP and MppPhe data supports that themarkable feat of RohlP
installation of a hydroxyl group could be he stereospecific hydration of a Ri&hered
didehydroarginine. If this possibility is true, what causes the hydroxylase RohP to catalyze the
hydration, whereas the oxidase Ind4 releases didehydroarginine as a product? The two types of
enzymes have all sedues conserved in their active sitaacluding His34i suggesting that other
residues will be key to determining the product outc¢fable A.3). An Ind4 structure will be
essential for pinpointing which residues are critical to determining product outcome. Second, in
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both RohFike and Ind4like enzymes105is produced. Is the production Bd5an unavoidable
waste product for such3, PLP, O,-dependent enzymes, or is there a purpose for production of
105? Elucidation of the full biosynthetic pathway will begin to address this issue. Finally, an
unresolved question is why a select group offlePendent enzymes are able to ust@atalyze
oxidation reactions and how.® activated during catalysté>144146Answers to these questions

await further study.
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Chapter 3: In vitro biochemical characterization of the azomycin biosynthetic

gene cluster
3.1 Introduction

Nitroimidazoles are an essential component of tbdem antibiotic arsenal. For example,
5-nitroimidazole derivatives, exemplified by metronidaz@®ge(Figure 1.2), are commonly used
to treat both grampositive and gramrmegative anaerobic bacterial infections, including
Clostridium difficileand Helicobacter pylori®'°® The lov redox potential of anaerobic bacterial
cells allows the nitroimidazolérugto act as an electron sink for the bacterial pyruvate:ferredoxin
oxidoreductase complé& The resiltant radical species, whose specific identity varies depending
on the particular nitroimidazole and target bacteria, cause DNA damage, eventually inducing
bacterial cell deatt'8°Despite several decades of their use, incidents of nitroimidazole resistance
remain relatively low, and nitroimidazoles are increasingly being utilized to treat muitidrug
resistant bacteri.

The development of the nitroimidazoles can be traced back to the discovery of azomycin
(6) in 195312 The novel 2nitroimidazole pharmacophore was found to be an effective treatment
for Trichomonas vaginali® Interest in this intriguing heterocycle led to several investigations
into its biosynthetic origin&2° These early studies established thatrginine (3) is converted
to 6 via 2aminoimidazolg12) in the producing straiStreptomyces eurocidicuBuilding upon
these studies, Eguchi and coworkers determined tf&tenrocidicusQ, andPLP were required
to convertl13 to the unusual oxidized intermediatenyidroxy-2-ketoarginine 14).2” They also
observedhat14 was conerted stoichiometrically tpyruvate {5) and12. Based on these results,
they proposed guanidinoacetaldehydd) as a key intermediate capable of spontaneously
cyclizing to 12, which is in turn oxidized to produd®(Figure 1.4, Figure 3.1). However, no
azomycin biosynthetic enzymes were ever identified.

Perhapstht most i ntriguing aspect of >BrglRL&®hi 6s
dependent enzymatic reaction. While Pdépendent enzymes are extremely diverse, their
reactions with oxygen are generally limited tocsa | | ed Opar acat alducd i c 6
unintended side products in low amoul{ts**Recently, several PL-Bependent enzymes that use
O; as a cesubstrate have beenpated!*® These include decarbghases such as plant
phenylacetaldehyde synthdééas well as the-arginine oxidases MppP fromenduracididine
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biosynthesi®”1%% and Ind4 from indolmycin biosynthesigigure 1.38, Figure 1.39).150:152
Interes in theseO,- andPLP-dependent enzymésd me to identify ahird O2- andPLP-dependent
arginine oxidase RohRvhich was described i@hapter 2.8 RohP generatelS)-4-hydroxy-2-
ketoargining14) and 2ketoargining105) from 13 like MppP (Figure 2.5),%®"but is encoded in a
gene cluster unrelated to either thenduracididine or indolmycin gene clust¢Fsgure 2.2).
Therebre my hypothesis is thathis novel cryptic gene cluster containing Rob®&uld be

responsible for the biosynthesisa#omycin 6) (Figure 3.1).

H

+ + H
e o e O RohR (g RohQ [ Rohs N
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Figure 3.1 In vitro reactions linking L-arginine to azomycin.

3.2 Materials and Methods
3.2.1 General Methods

Primers were purchased from Integrated DNA Technologies. 88d@encing was carried
out by the NAPS Unit DNA Sequencing Facility and the DNA Sequencing Core Facility at the
Center for Molecular Medicine and Therapeutics (The University of British Columbia). Gene
synthesis and codon optimization was performed byBBic Inc. (Markham, Canada). Reagents
were purchased from Alfa Aesar, Bio Basic Inc., Enamine Ltd., Gold Biotechnology, Millipore
Sigma, New England Biolabs (NEB), Thermo Fisher Scientific Canada, and VWR International.
3.2.2 Cloning and expression of recombinat proteins

Genomic DNA of Streptomyces cattleya(DSM 46488) was isolated using
phenol:chloroform extraction. The cell pellet of a 50 mL cultur&.ofattleyavas washed three
times with 10 mL of 25 mM Tris, 25 mM EDTA, 0.3 M sucrose pH 8 buffer (TES).CEtis were
then |lysed at 37 AC for 2 h with 5 mL of 3 mg/
Then 100 €L of 20 mg/ mL proteinase K and 1 ml
and this mixture was incubated at 55 °C for 2 h. After cgadimice, 2.5 mL of 5 M sodium acetate

was added, followed by 8 mL of a phenol:choroform mixture (1:1) and gently mixed. After
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centrifugation of the mixture the DNA was isolated from the aqueous phase by precipitation with
isopropanol and stored in 10 mMig, 1 mM EDTA, pH 8.0 buffer. The desired gene sequences
were amplified from the purified genomic DNA by the polymerase chain reagsiog primers

found in Table B.2. The amplified DNA and pET28a were digested with Ndel and Xhol, and
pPET28a was also treated with Calf Intestinal Alkaline Phosphatase. These reactions were purified
using the QlAquick PCR pdication kit, and the digested products were ligated together using T4
ligase. The ligation mixture was used to transform chemically comgétealiDH5 U cel | s .
nucleotide sequence of the insert was confirmed by sequencing. The plasmid contaigergethe

of interest was transformed into E. coli BL21 (DE3) cells for recombinant protein production.

For recombinant production of RohP, RohQ, SCyR@RBhS fromS. cattleya NCBI
accession number: AEW92765.KAzRohS(RohS fromKitasatospora azaticaNCBI accession
number: WP_063774763.And RohT, overnight cultures & coli BL21 (DE3) harboringthe
desired plasmid were wused to inoculate 4 X
kanamycin. These cultures were grown at 37 °C at 200 rpm to as Qflbetween 0.71.0 and
then cooled to 16 °C for 1 h. Protein expression was induced by adding ORT@VFor RohT,

1 mM (NHs)2Fe(SQ).BH20 and 1 mML-cysteine were also added to the cultures at the time of
induction with IPTG. All cultures were then growor fan additional 16 h at 16 °C. Cells were
harvested by centrifugation at 5000 rpm and frozeB@GEC until protein purification.

Due to its low yields in LB media, RohR was instead produced using an autoinduction
protocol capable of supporting high cdinsities. The autoinduction media contained 20 g/L
tryptone, 10 g/L yeast extract, 2.675 g/L MH 0.24 g/L MgSQ, 8 g/L glycerol, 2.31 g/L
KH2PQy, 12.54 g/L KHPQy, 0.05 g/L glucose, 0.2 g/L lactose, and 50 pg/mL kanamycin.
OvernightE. colicell culturesn LB were prepared as described above and were used to inoculate
1 L of autoinduction media. These cultures were initially grown for 1 h at 37 °C at 200 rpm. Afte
1 h the growth conditions were changed to 16 °C and 130 rpm for ~72 hours. Cells were harvested
by centrifugation at 5000 rpm and frozenr2@ °C until protein purification.

3.2.3 Purification of recombinant proteins

All proteins were purified using the sageneral procedur@&riefly, the cells were thawed

and resuspended in the appropriate binding buffer Taéée B.3). The cells were lysed with

sonication and then centrifuged at 12,000 rpm for 45 min. The clear lysate was gravity filtered
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through ~1 mL of Chelating SephaBHh®Afertheast FI
lysate had passed through the column, the resin was washed with 15 mL of bunigngThe
protein was then eluted using a stepwise gradient using binding buffer containing increasing
concentrations of imidazole00 mM) in 5 mL fractions. The fractions containing protein were
identified using SDSPAGE. These fractions were eitheombined and placed in dialysis
overnight, or the protein was further purified using a HiLoadTM Superdex 16/600 200 pg column
equilibrated with the appropriate storage buffer [Sae B.3). After the proteins were exchanged
into the appropriate storage buffer after dialysis or FPLC, they were concentrated by centrifugation
with anultra-centrifugalfilter (10,000 molecular weight cutff for RohP, RohQRohR, SCyRohS,
and KAzRohS or 3000 molecular weight-@it for RohT). The proteins were then stored at 4 °C
or flash frozen and stored-&0 °C.
3.2.4 In vitro biochemical analysis of the RohfRohR coupled reaction

In vitro assays for the RoRRohR coupled r&ction were carried out in 100 pL reactions
containing 4 mML13, 10 uM RohP, 20 uM RohR and 25 pg/mL catalase in 20 mM HEPES, 50
mM NacCl, pH 7.5 buffer. The reactions proceeded for 16 h at room temperature and were then
guenched with 100 pL of MeOH. Predigied protein was removed by centrifugation.
All direct ESFMS and LCMS analysis ofn vitro reactions was performed using a 1260 HPLC
apparatus (Agilent) coupled to a 6120 Quadrupole LC/MS system (Agégoipped with a
Poroshell 120, E€18, 2.7 um, 4 mm ID x 50 mm column (Agilentpperated in positive ion
mode. For direct ESMS analysis of the reaction mixture, 10 yL of the supernatant was analyzed
unless otherwise indicated.

For DNS-CI derivatization, 50 pL of the reaction mixture was reacted with 50 pL 80 mM
LioCQs, 70 uLACN, and 30 pL of 5 mM DN&CI dissolved iPACN. The reaction was carried out
at room temperature for 1 h and then 40 pL of 2 % ethylamine was added to the mixéaret to
with excess DNECI. The mixture was centrifuged, and 10 L of the supernatant was subjected to
LC-MS, using a Luna &, 5 pm, 4.6 mm ID x 250 mm column (Phenomenex). Elution was
performed at 0.5 mimin using a mobilgohase consisting of a linear gragt of water andACN
((v/v): 95:5 to 50:50, 0 to 15 min; 0:100, 15 to 20 min, 95:5, 20 to 22 min; 95:5 22 to 26 min),
with both solvents containing 0.1% (ViWA.
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For OPD derivatization, 100 pL of the reaction mixture was treated with 100 pL.6f H
and 1@ pL of 100 mM OPD dissolved in 2 M HCI for 20 minutes at 80 °C. The reaction mixture
was then cooled on ice for 5 minutes, centrifuged, and 10 pL of supernatant was subjected to LC
MS analysis, using the same instrument and column as the@N@alysis.Elution was
performed at 0.5 mimin using a mobilgohase consisting of a linear gradient of water AGN
((v/v): 95:5 to 50:50, 0 to 15 min; 0:100, 15 to 20 min, 95:5, 20 to 22 min; 95:5 22 to 25 min),
with both solvents containing 0.1% (ViVA.
3.2.5 Invitro biochemical analysis of the Roh@atalyzed reaction

In vitro assays for the RORROhRRohQ coupled reaction were carried out in 100 pL
reactions containing 4 mi3, 10 uM RohP, 20 uM RohR, 8 uM of RohQ and 25 pg/mL catalase
in 20 mM MOPS, 50 mM NacCl, pH.@ buffer. For the initial assays the mixture reacted for 16 h
at room temperature and was then quenched with an equal volume of MeOH. To monitor the initial
product distributions in the presence and absence of RohQ, the reaction was scaled up to 600 pL.
From this mixture 60 €L aliqguots were taken
with an equal volume of MeOH. In both sets of experiments the precipitate was removed by
centrifugation, and 1 pL of the resulting supernatant was then analyzesihy3E

To directly test the activity of RohQ, its proposed substtat®as generateith situ using
the RohPRohR coupled reaction. In this case, six 200 pL reactions were set up in parallel,
consisting of 1 mML3, 10 uM RohP, 20 uM RohR, 25 pug/mL catalas€0 mM MOPS, 50 mM
NaCl, pH 7.0 buffer. The reactions were incubated at room temperature for 2 h, combined, and
then RohP and RohR were removed from the reaction mixture by centrifugation using an ultra
centrifugal filter with a 10,000 Da molecular wetgutoff. Next, 10 pL of 80 uM RohQ (4 uM
final concentration), and 20 pL of 20 mM MOPS, 50 mM NaCl, pH 7.0 were added to 170 pL of
supernatant. A control reaction with an equivalent volume of boiled RohR was carried out in
parallel. Aliquots of 20 uL we collected at the time points as indicated and quenched by the
addition of 180 puL oACN. Precipitation was removed by a brief centrifugation, and then 1 pL of
the resulting supernatant was analyzed with-ESl
3.2.6 Invitro biochemical analysis of the KAzRbS-catalyzed reaction

In vitro assays for the KAzRoRh&atalyzed reaction were carried out in 100 pL reactions
containing 2 mM12, 15 yM KAzRohS, 2 mM FeSO7H:0, 50 uMPMS, and 5 mM NADH, in
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20 mM HEPES (pH 7.5) buffer. Control reactions lacking eachimgacbmponent were carried

out in parallel. To test the activity of KAzRohS in the presence of various metal ions the reaction
was the same as described above except for the inclusion of 2 mM of the following metal hydrates:
MnCl2:4H0, FeSQ-7H.0, CuSQ:-5H20, NiSQy-6H.0, CoCh-2H:0, or ZnSQ-5H.0. In all

cases the reactions proceeded for 16 h at room temperature and were quenched by the addition of
an equal volume of MeOH. The precipitate was removed by centrifugation, and 5 pL of the
resultingsupernatant was then analyzed by-ES.

The activity of KAzRohS was also tested in the presence of the characterized Rieske
ferredoxinferredoxin reductase pair of BphF and BphG from the biphenyl degradation
pathway'8”18These assays were 100 pL in volume, and contained 3a® mM FeSQ-7H-0,

3 mM NADH, 10 pM KAzRohS, 5 pM of BphF, and 5 uM of BphG in 20 mM HEPES (pH 7.5)
buffer. The reactions proceeded for 16 h at room temperature aadheerquenched with 100

puL of MeOH. Precipitated protein was removed by centrifugation and 10 pL of the resulting
supernatant was analyzed by B\5$.

3.2.7 KAzRohS kinetic methods

For determination of Michaeh§lenten kinetic parameters the reaction mixturet@ioed
20 mM HEPES, pH 7.5, 5 mM NADH, 2 mM Feglo0H. O, 50 €M PMS in a tot a
eL. The cond2wanst rvaatriioend offr om 31 €M to 1 mM, and
performed in triplicate. The Meatt KAnRwhS (&6i
300 €M stock) to the reaction mixture. The re
was quenched with the addition of 100 eL of
remove precipitated enzyme and the resulting sigtant was immediately analyzed by HPLC
using an Agilent 1260 HPLC apparatus, equipped with a LugabGm, 4.6 mm ID x 250 mm
column (Phenomenex). Elution was performed at 0.5hmmLusing a mobilgohase consisting of
a linear gradient of water amdCN ((v/v): 90:10, 0 to 5 min, 90:10 to 0:100, 5 to 6 min; 0:100, 6
to 10 min, 90:10, 10 to 11 min; 90:10 11 to 15 min), with both solvents containing 0.05% (v/v)

TFA. The amount o6 produced by the reaction was calculated by comparison to a standard curve
of authentic6 generated using the same elution gradient. The data points were plotted and
subjected to a nelnear regression in GraphPad Prism v. 5.04 to obtain the final kinetic

parameters.
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3.2.8 ICP-MS analysis of KAzRohS and RohT

KAzRohS and RohT were purdd fromE. coli BL21(DE3) as described in the protein

purification section. For ICIMS analysis, KAzRohS and RohT were transferred into 20 mM Tris,

50 mM NaCl, pH 8.0 buffer by dialysis overnight. The concentration of KAzRohS was adjusted

to 105 he/ExRASY RrogParam calculated coefficient of 32,555kt and measured

by Nanodrop. The concentration of RohT was ad
assay by comparison to a standard curve generated using bovine serum alburMs. dae

were generated by ALS Limited in Burnaby, BC, Canada. Protein samples were treated with
hydrochloric acid and nitric acid to release all metal ions prior to analysis. The metal:molar enzyme
molar ratio was calculated using enzyme concentration.

3.2.9 UV Vis-spectroscopy of RohT

A quartz cuvette with a path length of 1 cm and a Varian Cary 100 Biev/igV
spectrophotometer (Agilent) were used to record\¥ spectra of RohT. As purified RohT was
used to obtain the oxidized spectrum, while RohT was incubatedwithl of reductant for 15
minutes prior to obtaining each reduced spectrum. The concentration of RohT in each spectrum
was 110 uM as calculated using the Bradford assay by comparison to a standard curve generated
using bovine serum albumin.

3.2.10 In vitro biochemical analysis of RohT

In vitro assays for the reaction betweEhand RohT were carried out in 100 pL reactions
containing 2 mM12, 30 pM RohT, 2 mM FeS£7H0, 100 uM PMS, and 2 mM NADH in 20
mM HEPES, pH 7.5 buffer. A reaction containing 28 uM2#0hS instead of RohT was used as
a positive control. The reactions proceeded for 16 h at room temperature and were then quenched
with 100 pL of MeOH. Precipitated protein was removed by centrifugation and 10 pL of the
resulting supernatant was analyzed28+MS.

In vitro assays for the RohT and KAzRohS coupled reaction were carried out in 100 pL
reactions containing 1 mM2, 2 mM FeSQ@ 7H.0O, 100 pM PMS, 2 mM NADH, 15 puM
KAzRohS, and 30 uM RohT in 20 mM HEPES, pH 7.5 buffer. Controls lacking RohT welexicarr
out in parallel. The reactions proceeded for 16 h at room temperature and were then quenched with
100 pL of MeOH. Precipitated protein was removed by centrifugation and 10 uL of the resulting

supernatant was analyzed by B\55.
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In vitro assays for th&ohT and KAzRohS coupled reaction under reducing conditions
were carried out in 100 L reactions containing 2 m&12 mM FeSQ@ 7H.0, 5 mM NADH, 4
mM DTT, 10 uM KAzRohS, and 10 uM RohT in 20 mM HEPES, pH 7.5 buffer. The reactions
proceeded for 16 h at roomemperature and were then quenched with 100 pL of MeOH.
Precipitated protein was removed by centrifugation and 10 pL of the resulting supernatant was
analyzed by ESMS.

In vitro biochemical analysis of the RohT and KAzRohS coupled reaction includirg non
cognate ferredoxin reductases was carried out in 100 pL reactions containing 502 pM
FeSQ-7H.0, 3 mM of NADH or NADPH, 5 uM KAzRohS, 10 uM RohT, and 5 pM of either
spinach ferredoxin reductase, ferredoxin reductase from the cyanobact&ymechococcus
elongatus®®seFDR or Bph@&in 20 mM HEPES, pH 7.5 buffer. The reactions proceeded for 16
h at room temperature and were then quenched wirulLOof MeOH. Precipitated protein was
removed by centrifugation and 10 pL of the resulting supernatant was analyzedMBESI
3.2.11 Anaerobic reconstitution of RohT

Aerobically purified RohT (400 eL) was di a
NaCl (pH 8) bdfer, and the buffer was purged with fér 1 hour. After this time, sodium dithionite
was dissolved in dgassed buffer, and added to this solution to a final concentration of 4 mM and
allowed equilibrate for 30 mins. Next, MaT 9 H2 O wa s d-gassedduffercand them d e
added to this solution to a final concentration of 1 mM. The solution was allowed to mix for an
additional 30 mins. Then, (Nf§Fe(SQ).BH20 was dissolved in dgassed buffer, and then added
to the anaerobic mixture to a final contration of 1 mM. The protein was allowed to mix with
this now black mixture for 3 hours. Then the protein was removed from this mixture and
transferred to fresh, dgassed 20 mM Tris, 50 mM NaCl (pH 8) buffer containing 1 mM sodium
dithionite. Here it wasllowed to equilibrate for an additional 2 h. At this point it was removed
from the anaerobic conditions and then used for analysis.

3.2.12 In vitro production of azomycin using four enzymes

For the oneot reaction to produdgthe reaction mixture contained 4 mi\3, 50 pg/mL
catalase, 5 mM NADH, 50 uM PMS, 500 uM FeSO4, 20 uM RohP, 10 uM RohQ, 20 uM RohR,
and 20 OM KAzRohS in 20 mM HEPES, pH 7.n5 buff

was initiated upon the addition &8 and reacted for 16 h at room temperature. The reaction was
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guenched with an equal volume of MeOH. The precipitate was removed by centrifugation, and 5
pL of the resulting supernatant was then analyzed byMESI
3.2.13 Cultivation and extraction of metabolites fromStreptomycesattleya

Frozen spore stocks 8f cattleygin 10% glycerol) were used to inoculate 50 mL of seed
culture medium containing 10 g/L yeast extract, 10 g/L glucose, 0.182B®H).190 NaHPQy,
0.05¢/L MgSQ:iT7H-0, adjusted to pH 6.5° The culture was grown for 3 d at 28 °C, 150 rpm.
Next 20 pL of growing seedutture was used to inoculate 50 noff growth medium. Three
different growth mediums were used, glucose yeast maltose (GYM) medium containing 4 g/L
glucose, 4 g/L yeast extract, 10 g/L malt extract, adjusted to pH 7.2, peptone glycerol (PG) medium
containirg 10 g/L peptone, 20 g/L glycerol, 2.5 g/L NaCl, 0.5 g/L MgB8&.0, 0.25 g/L KRPQ;,

0.5 g/L CaC4RH0, adjusted to pH 7.%,and soybean glycerol (SG) medium containing 15 g/L
soybearmeal, 20 g/L glycerol, 2.5 g/L NaCl, 0.5 g/L Mg%lZH20, 2 g/L NaNQ, adjusted to pH
7.02” The growth cultures were incubated at 28 °C, 150 rpm. After 5 d, 20 ftyads added to
each culture to directly feed into the azomycin biosynthetic pathgvawn for an additional 2 d
at 28 °C, 150 rprmand then analyzefar productionof 6 as follows.

To extract metabolitedé culture was lowered to pH 2 using concentrated HCI and then
centrifuged to remove the mycelium. The supernatant was extracted with 50 mL of ethyl acetate
three times. The organic phases were cabtetnd then the ethyl acetate was removed by rotary
evaporation. The residual solid was resuspended in 1 mL DMSO and dilufettiternth MeOH.

The resulting mixture was analyzed by IMS using a Luna €, 5 pm, 4.6 mm ID x 250 mm
column. Elution was pesfmed at 0.5 mimin using a mobilgphase consisting of a linear gradient
of water andACN ((v/v): 90:10 0 to 5min, 90:10 to 0:100 5 to 6 min, 0:100, 6 to 10 min, 0:100 to
90:10, 10 to 11 min, 90:10, 11 to 15 min), with both solvents containing 0.1%~A/\§elected

ion monitoring ofm/z84 andm/z 114 was used to specifically detect productioridfand 6,
respectively.

3.2.14 Cultivation and extraction of metabolites from Pseudomonas

The PseudomonastrainsP. syringaepv. tomato strDC 3000 andP. brassicacarum
DF41, both harbouring putative azomycin biosynthetic gene clusters were obtained from the lab
of Cara HaneyMichad Smith Labs, UBC). To detethe production o6 in thesePseudomonas

strains, bacterial cells of both strains were used to inoculate 50 mL liquid cultures of both LB and
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Kingébs medium B (KB). The | atter m#BQUY% consi
(v/v) glycerol, and 5 mM MgS® The cell cultures were grown at 30 for either one, three, or

five days. After the indicated time had elapsed the cultures were centrifuged to remove the cells,

the supernatant was acidified to pH 2 with HCI, and then stor@® &C until extraction.

For polar metabolite extraction, #ften supernatant samples were first thawed, then
extracted with 50 mL of ethyl acetate twice. Both ethyl acetate fractions were combined, and then
solvent was removed by rotary evaporation. T
DMSO. Prior to analyis samples were diluted twold with MeOH. For LCMS anal ysi s, &
of the MeOH diluted sample was separated using a Lug®d@m, 4.6 mm ID x 250 mm column
(Phenomenex), and was eluted at 0.5 mL/min using a mobile phase consisting of a linear gradient
of water and ACN ((v/v): 90:10, 0 to 5 min, 90:10 to 0:100, 5 to 6 min; 0:100, 6 to 10 min, 90:10,

10 to 11 min; 90:10 11 to 15 min), with both solvents containing 0.1% (v/v) FA.

3.3 Results
3.3.1 Bioinformatic analysis of a cryptic gene cluster

To better understal the distribution and genomic context of Rdi@ arginine
hydroxylased conducted a BLASTp analysis using RohP as a templateened out athe
identified homologs from indolmycin ot-enduracididine gene clusters and used this curated
sequence atabase to construct a phylogenetic {feggure B.1). This phylogenetic treeevealed
that RohP homologs align into multiple subgroups, with each major branch of the tree linked to a
distinct gene clusteiF{gure 3.2). In all but one cas rohP was foundin-frame with four other
predicted genesohQ, a hypothetical proteinphR a dihydrodipicolinate synthasehS an iron
oxidase; andohT, a Rieske ferredoxirF{gure 3.2, light blug Table B.6). Two discrete copies of
this cryptic five gene clustervere also foundn the recently deposited genomic data for the
azomycin(6) produceiStreptomyces eurocidicdd CC 27428 Table 3.1, Figure 3.3), and copies
of this gene cluster in genomes of sevéséudomonaand Burkholderiastrains(Figure 3.2,
Figure B.1). | hypothesized that this fivgene region could be the lomfusive azomyia

biosynthetic gene cluster.
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Figure 3.2 Organization of the azomycin biosynthetic gene cluster in different sedwelling
bacteria.

Putative azomycin biosynthetic genes are indicated in light blue@htfPthomologs indicated by
diagonal striping.

Cluster 1 516.1 519.1 519.1 908.1

Accession numbers Accession numbers
WP_102917513.1 I 515.1 517.1 WP_102919047.1
WP_102917514.1 = = WP_102919046.1
WP_102917515.1 1 1 | 1 ] WP_102919045.1

| | |

| | |

WP_102017516.1 I I WP_102019044.1
WP_102917517.1 WP_102919043.1
WP_102017518.1 1000 bp | | Percent WP_102019042.1
WP_102917519.1 —_— ]63% 151%  ]45%  |47% 49%  identity (%) WP_102919041.1
WP_102917908.1 I WP_102919040.1
WP_102917520.1 |

I SO e—)

471 461

WP_102919039.1

Figure 3.3 Dual azomycin biosynthetic gene clusters irBtreptomyces eurocidicuATCC

27428.

The NCBI accession numbers for the accessory genes shown and the genes comprising each cluster
are indicated.
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Table 3.1 Bacterial strains with dual copies of the azomycin biosynthetic gene cluster.

Bacterial strain

NCBI accession number odhP

homolog 1

NCBI accession number odhP

homolog 2

Streptomyces eurocidicus
ATCC 27428

WP_102919045.1

WP_102917515.16@)

Streptomyces albireticuli
MDJK11

WP_087925758.197)

WP_087924922.180)

Streptomyces albireticuli
NRRL B-1670

WP_095581505.19¢)

WP_095584167.17)

Streptomyces
griseocarneustrain 132

WP_121801107.17¢)

WP_121803594.17)

Streptomyces exfoliatus
DSM 41693

WP_024758609.17(7)

WP_024754986.176)

Streptomyces olivioreticul
ATCC 31159

WP_116214779.176)

WP_116210246.170)

Values in parenthesis are the amino acid sequence percent ideate@sh corresponding.
eurocidicusseqeunceWP_102919045.1 for homolog 1, and the percent identities to RohP from
S. cattleydor homolog 2.Cells are shaded according to the type of cluster containingpltife
homolog, using the same color schemeFagure 3.2 and Figure B.1, with blue beingS.
eurocidicustype green beind. cattleyaype, and red being a redoype.

3.3.2 Invitro analysis of the aldolas&kohR

To determine the fate of the RohP prodiit| examined then vitro activity of RohR.

RohR is annotated as a dihydrodipicolinate synti@s#DPS) which catalyzes the condensation
of 15 and L-aspartate semialdehyd&l1?) to (2549-4-hydroxy-2,3,4,5tetrahydrodipicolinate
(HTPA) (113 in the biosynthesis af-lysine (70).19! Several closely related enzymes have been

shown instead to catalyze reteddol reactions, generatimgyruvate(15) and the corresponding

aldehyddrom variousU-ketoacidcontainingsubstratesRigure 3.4, Figure 3.5).1%2
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Figure 3.4 Diverse reactions catalyzed by dihydrodipicolinatdike enzymest®?
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Figure 3.5 Sequence alignment of RohR compared to DHDPS and other characterized retro

aldolases.

The sequences d&. coli DHDPS (PDB ID 1DHP), human HOGA (PDB ID3S50), and
Thermoproteus tenakKDPGA (PDB ID. 2R91) were used to construct the alignment. The
conserved catalytic lysine residue is highlighted in red. Sequence alignment generated with Clustal
Omegat®® and visualized with ESPript 3%}
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