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ABSTRACT

STRUCTURE & FUNCTION OF ENZYMES IN TWO UNCHARACTERIZED GENE CLUSTERS FR
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The Universityf WisconsiAMiilwaukee, 2021
Under theSupervision of Professor Nicholas SilvagtiD

t & NJA R-ghBspHate (PKRJependent enzymes harness this versatile cofactor to catalyze
a variety of reactions including transamination, decarboxylati@gemization and various
elemination/sub&ution reactions. Several years agajew class of PL&ependent enzymgwas
discovered that usePLP and molecular oxygen to catalyze thadettron oxidation ot-argnine
to 4-hydroxy2-ketoarginine. Work with e prototypical enzyme of this class, MppP from
Streptomyces wadayamens(SwMppP) showed that the dioxygen consumed during the
reaction is reduced to hydrogen peroxide, and that the hydroxyl group installéukei product
derives from water. Thus, SwMpp® anL-argnine oxidase, and not an oxygenase. This was
surprising given that the hydroxylation step occurs at araativated methylene group of the
substrate,L-argnine. SwWMppP is part of the mannopeptinnydiosynthetic cluster and works
together with MppR and MppQ to synthesize the nproteinogenic amino acid-énduracididine
(L-End).A BLASTp search of the NR database using the sequerf8eveddayamensiMppP
revealed close homologs in a number of gpecof pseudomonads, includifgseudomonas

brassicacearumP. syringagP. amygdaliandP. aeruginosa



The first section of this thesis is focused on the gyait context of thepseudomonadvppP
homologs. None of thepseudomonadienomes examined contain@dher key mannopeptimycin
biosynthetic genetike the nonribosomal peptide synthetasegppAandmppB or the other two
L-End biosynthetic genesippQ and mppR The lack of MppQ and MppR homologsthese
organismssuggests that the arginine oxidase activaf MppP homologs isised in a distinct
biochemical context. We cloned, expressed, and purified the MppP homologPseudomonas
brassicacearum a so#dwelling bacterium associated with the roots of plants in the
mustard/cabbage family that protects tha@lants from several bacterial and fungal pagiens.

The genomic context othe gene encodinghis MppP homolog (PbrMppPXxonsists of a
regulatory gene, the MppP homolog, and four additional open reading frames annotated as
hypothetical protein (PbrHYP)dihydrodipicolinate synthase family protein Hi®PHPS),
Mononuclear Falependent oxygenase; (PbrOX), and 2Heia8ing protein ferredoxir{PbrFD).

All these genes were annotated from sequence analy$is.observations that (1) the genes are
overlapping, (2) that the open reading frame includeleixR(i @ LIS NXB I dzf I G2 NB ISy §
untranslated region contains a putative promoter sequence suggests that these genes may
constitute an operon, which we Witefer to as the P. brassicacaerum MppP containing operon
(PbrMPCO). Understanding the biochemiaaitext of PbrMppP requires assigning functions for
the other 4 nonregulatory gene products. To begme confirmed that the structure and activity

of PbrMppP are both identical to the prototypical SwMppWext, weanalyzed thexX-ray crystal
structures of PbrHYP, PbrDHPS and Pbrde also identifiedcondition that activates the
promoter of this gene cluster. Since the structsirgere notsufficient to dedue the functions of

these enzymes, we turned to a metabolomic strategy to determine the final prooiuthe



operon. Knowing the final product would limit the possibilities for substrate of these putative
enzymes, & show here a comparative metabolomic aysa byknocking out the entire operon

FYR aSIFNOKAY3 F2N) aYAdaaray3dé YSauloz2tAiSo6a0 oe

The second section focuses on a second MppP homolog f8treptomyces griseofuscushe
gene encoding this MppP homolog, SgrMppP, is flanked by 5 other gdmes wroducts are
annotated as a putative biotin carboxylase (SgrLIG), Haependent monooxygenas&grOX),
Sadenosyl methionine (SAMlependent methyltransferase (SgrMT), amidinohydrolase (SgrAH),
and GNATamily acetyltransferase (SgrNAT). The gdathese studies is to determine the
activities of all the enzymes in this gene cluster and to iderkié final product. So far | have
shown, in the presence of Mg(ll) and SAM, SgrMT catalyzes the transfer of a methyl group from
SAM to carbon 4 of the-Aydroxy-2-ketoarginine produced by SgrMppW/e alsodetermined

that SgrMT products are used by SgrAt+sabstrate and the turned over products by SgrAH are
ornithine derivatives and ureaSucceeding research will involve structural and functional
determination of rest of the gene products, which will eventually lead to the identification of final

product d these genecontexts.
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Chapter 1

Introduction to natural products biosynthesis

Beyond the biochemistry of energy production, macromolecule biosynthasd celldivision,

there exists a universe of metabolites and associated chemical transformations that, while not
required for cell viability, nonetheless provide distinct advantages in harsh or competitive
environments. Collectively, these reactions araown as scondary metabolism. Many
secondary metabolites possess biological activities like cytotoxicity, biofilm inhibition, or
signaling. Collectively, these bioactive secondary metabolites are known as "natural ptoducts
Secondary metabolites can be tained fom both prokaryotes and eukaryotes. Prokaryotic
secondary matabolites, in general, have defensive acBoi protect the producing cells
Antibiotics are common exammef such natural products and discovery of antimicrobial agents
like penicillh, stregomycin,andchloramphenicotevolutionized medicinedukaryotic secondary
metabolites, for example lkaloids have been used historically asanti-inflammatory;
anticarcinogenicand analgesimedicined. Overthe last two decadeshe pace ofdiscovery of
bioactive natural products hascreasedexponentially. With the aid of metabolomic profiling
approactesin conjunction with computational chemistrynatural products and their derivatives
has beendeveloped as treatments fanumerous diseaséds Since 1981the majority of FDA

approved drugs were unaltered natural products or derivatives of natural pro¥(ieigurel)



=N =ND =S

Figure 1. Categories of drug approved by Bibwe the last three decadesOgd to 2014. N

(unaltered), ND (derivatives), @i (synthetic).

Using natural products from direct soustireatensthe natural growth of microorganism and
endangers many plant specteé remedy to overcome this problem is systematic applicatimh
conjugation of Biotechnolog and synthetic chemisy. Towards that resolution, it is

indispensable to understand the biochemical pathway of the natural products



1.1 Different types of atura products

Historically, natural products heebeen used as a potent source of medicinal compound. Without
knowing the exact route of functiorthey wereprimarily used agherapeutic agents likeough,
cold healer,and pain killey for a long period of timeBack in earlyeighteenth century, the
pioneeringof Lavoisier principles (1789) for naming chemical elemésdation of first recorded
plant based natural productmorphinet (1804) by Friedrich Wilhelm Sertlirnér Friedrich
2 2Kt SND& 0 disBoveryfoikchenitzd $¢nthesis afatural product(1828) and many
other inventions commenced a new erafor naturd products and their functional
characterization.For instancethe discovery ofpenicillin by Alexander Fleming 128 was

facilitated by thedevelopmens mentioned above.

The emerginghumber of naturaproducts discoveriegequire assortmentfor further study and
modification. Natural products are classified into two major groups dependinghensource:
thosesynthesizedy eukaryotes andhose synthesizedy prokaryotes All three domains of life
produce natural products... the bacterial and archegstems (prokaryotes) andhé Eukarya,
which includes natural products from plants, fungi, and animals. Among thiemts produce
highly diversifieccompoundswith structural and functional attribution. Thusatural products
from plarts arefurther sub-categorizednto four groupsidepending on their biosynthetic origin
- (1) alkaloids(2) phenylpropanoids(3) polyketides, and4) terpenoids.It should be noted that
the production ofpolyketidesis not limited in plants, they are also synthesized intbaa and

fungi.



Natural produts from prokaryotegan bebioactive as antibiotianany are used for cell signaling
(i.e., quorum sensing) and nutrient scavengers like Siderophofdthough some prduce
compounds of other medicinal use, for example Blgom & a cytotoxicglycopeptide used for
cancer treatmenit'. Here, forthe purpose of understanding later studies in chaptérand 3,
different classes of natural products will be discussed bradfiyg withthe biosynthetic route of

representative componds.

1.1.1Alkaloids

The largest group of plant based natural products are alkaloids. As Péammtstexcrete nitrogen
directly, so they store it as nucleosgler amino acidsWhen the nucleoside pool exceeds the
amount neededor primary metabolismthey are incorporated into alkaloid natural products,
called nucleoside derived alkaloid&. major subcatgory of nucleoside derived alkaloids are
purine[1] alkaloidshat commonly act as central nervous system stimulant and muscle refaxant

For instance,lieophylline[3] is a purine alkaloid derived from caffeiffy (Scheme 1.1-R).

Similarto nucleosde derived alkaloidswhen the amino acid pool exceeds what is needed for
protein synthesis, these building blocks are diverted to other metabolic fardsch includes

incorporation into alkaloid natural products, commonly known as amino acid derikatbals.

For example,alkaloids produced fronOrnithine [4] precursor,are known as tropaneand
generally used as anspasmatic drugln the biosynthesisoute of tropane alkaloidsornithine
[4] is first converted into amino alcohol tropir{®], and then branched towards scopiipé.

Some alkaloidsare synthesized from further esterification wbpine [5] and tropic acid7]. For



example (Syhyoscyaming8], which has major use for boweind @llstonetreatment. Some
alkaloids are simply derived from tyrosif@], lysin[10] and dicarboxylic acid necic aciar
(2R,3R,2»-Ethylidene2-hydroxy-2,3-dimethylhexanedioic acidll] (Schemel.1.2-C, D, E).
Pagpavering[12] is abenzylisoquinolinalkaloidsynthesized from tyrosine andused to prevent
vasospasm during heart disease and erectile dysfuncti@parteine[13] is a quinolizidine
alkaloidderivedfrom lysine[10] precursa andused as medicatiofor cardiac dysrhytmia.On
the other hand, pyrrolizidine alkaloid monocrotaliffet] is synthesized frorlecic acid11] and

used adeeding deterrent.
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H = N CH3 HN. CH3
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Schemd..1.1: representative example of various types of allsdoidl their prectsors

1.1.2Phenylpropanoids

Naming of this group of natural products comes from their biosynthetic precsingbenyl
alanine and propane. Although the actual route of synthesis is not that sirfipée simplest
phenylpropanoid is cinnamic acifil6], derived directly from Lkphenylalanine [15] by
phenylalanine ammonia lyase enzyme. Cinnamic §t&} then act as pecursor of other
phenylpropanoids like lignan, lignin, phenylpropanes, benzenoids and couthafinsther
simple phenylpropanoid would be coumaricié[17]. The coumaric acid acts a a building

precursor of another phenyl propanoid called ferul§&]x.



A representative example of phenylpropanoid would be coniferyl alc[#8)] the precursor of
lignin. Coniferyl alcohol is synthesized frterulate[18] in angiospernt' (Figure 1.1.2B}erubte

is condensed witlan acetyl group from acetyl CojA9] to form ferulyl-CoA[20] by the enzyme
4-coumarate:CoA ligase. Cinnam@0A reductase converts thierulyl-CoA into coniferyl

aldehyde[21], which is subsgquentlyreducedby cinnamyl alcohol dehydrogenase intoniferyl

alcohol[22].
OH HO. (o}
HO. (0]
o A
HZN\\“ ™
phenylalanine
ammonia lyase
[15]— [9] —
OH
[15] [16] [17]
ch\o HJC\O ch \o
HO HO HO.
4-coumarate:CoA Cinnamoyl-CoA
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- I R | ;- CoAsH |
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U 119)
0
[18] o [20] HsC cinnamyl alcohol
o dehydrogenase
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| OH
[22]

Schemd..1.2:Biosynthesis gdhenylpropanoids



The basic medicinal use of phenylpropanoid liggiaro treat rheumatoid arthriti¥’. Lignans are
major antioxidans and free radical scavengeused to treat cance¥. Another major use of
phenylpropanes woulde as locabnesthetie". Benzenoids, coumarins and their derivatives

have medicinal useasantinociception and antinflammatory agerg i, Vi,

1.1.3Polyketides

Polyketdes have medicinahttribution due to their antibiotic, antifungal, antiancer,and
immunosuppressant propes® Their biosynthetic source can be plant, microorganisonsgi,
or certain seawater animals. In particular, they are synthesized by enzypesssed in module

form, a cancept discussed later in section 1.2.

Polyketidesare natural productcomprised of conjugated carbonyl group or methylene group.
These moleculesire incorporated from donors like acetyCoA or malonyCoA.Polyketide
synthess issimilarto fatty acid synthesisExceptunlike fatty acids, polyketides retain all their
oxygen atomsn the macromolecular structur@he presence of multiple ketone groups aid for
condensation reaction, thysolyketides have a variety of ssffitution. Some polyketidesontain
phenolic group forming aromatic polyketides but their patten is different from
phenylpropanoidsFor exampleplumbagin([23] in Schemel.1.3)is a plant derived polyketide
usedasanti-inflammaitry agent On the other handRapamycij24] is a polyketide synthesized
in gram positive bacteria lik&treptomyces®and typically used as immunosuppressaiMsny
polyketides are glycosylated, and some of them even contain phenylpropamdiepenoid

moieties



HsC

[23] [24]

Schemel.13: structure of polyketides

1.1.4Terpenoids

Terpenes are naturally occurring hydrocarbooemprised of monomeric fivearbon unit
isoprene [25] in Scheme 1.14). Bothisoprene[25] and methacroleirf26] are terpenes and act
as terpenoid building blockTempenoids are oxygen substituted derivative of terpenes or
isoprenes. Thus, terpenoids aeso known as isoprenoidghey are further subcategorized
according to the number of ursipresent in the struaire™. For example, methacrole[@6] is a
Hemiterpenewhich is a fivecarbon terpenoid natural product, Menth¢27] is a €10 mono
terpeneused to treat sore throat pain.hlis sequential incorporation of isoprene unit will be
named as sesquiterpene-I5), diterpenes (20 ), triterpenes (€30 ), tetratergenes (€40 ), and
polyterpenes(>C 40) For instance, labdang28] is a diterpeneand Germacrend29] is a
sesquiterpene, both havinghedicinal use as antimalaria, antibacteriahtifungal, and antt

inflammatory agenti. Nowadays Labdanes popular to iniibit replication of HIV viru&,



Terpenoids are exclusively derived in plartsplants, tvo major subcellular organelles devoted
for sugar synthesis, are plastid and cytoplasm. Two different pathways from these organelles

synthesizesdrpenoids (Figure 11.4)

One is the mevalonic aciMVA) pathway, that occursin the cytoplasm The other is the
desoxyxylulose phosphat€DXP) pathwayoccurring in the plastid. Isoprene or isoprene
derivatives are a biprodusbf these pathwaysGonsequently, excessiveigar production in the
plantisdiverted into the terpenoid biosynthesis via DXP pathwiigurel.1.4 represents rowt

of terpenoids biosynthesi¥.

DXP pathway MVA pathway
Pyr + G3P 3 X AcetylCoA
l i
DXP Mevalonate
/i\ N
Isoprene (C5) «—DMAPP ——— IPP ~— , IPP —— . DMAPP
Monoterpenes (C10) «— GPP l

FPP —» Sesquiterpenes (C15)
Diterpenes (C20) «— GGPP 1

Squalene — Triterpenes (C30)
Tetraterpenes (C40) <— Phytoene ~ ~

kY
Steroids (C27)

Plastid Cytosol

Figure 1.1.4: Biosynthetic route of terpenoids in plants. DXP, deoxyxylulose phosphate; pyr,
pyruvate;G3P, glyceraldehye@phosphate DMAPP, dimethylallyl diphosphate; IPP, isopentenyl
diphosphate; GPP, geranyl diphoapdy GGPP, geranylgeranyl diphosphate; MVA, mevalonate;

FPP, farnesyl diphosphate.
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Scheme 1.1.4: Structure of basic terpenoids

1.1.5Nonproteinogenic amino acs&dinnatural products

Thereare more than 1000 nonproteinogenic amino acgisthesized in plalst microorganisms,

and other species. The naturally occurring non proteinogenic amino acids are not synthesized
aimlessly rather theyserve asprecursors of secondary metaboliteShere is a enormous
diversity of norproteinogenic amino acid structurelSor instancel, -amino acids! -amino acids,
D-amino acidsh -hydrogen devoid amino acids, amino acid dimer or twin amino acids and so on.
Here only naturally occurring neproteinogenic amio acids will be discussed, which are direct
precursos of naturalproducts withmedical significance

i -amino acids have amino group attached to thearbon instead of -carbon. There are around

100 differenti -amino acid derivedhatural products discovered so farwhich have biological
significance For examplej -amino-"-hydroxy phenyl butyrate ([30] in scheme 1.1.6)s a

constituent of bestatirf31] ¥, a linear dipeptide used a1 angiotensin stimulatorA few more

11



exampleofi -amino acid containing natural products would degpreomycif32], viomycin33],
bleomycin [34] and they all have antibacterial propertyOn the other hand,’-amino acid
analogues have clinical significance as neurotransmitter mimic.riRahn A[35] is a recently
discovered natural product isolated froRanunculus ternatu&, with + -amino acid and suga
hybrids.Interestingly, Ranunculins haggrend of taitto tail ether linksbetween amino acid and
sugar componerg This extraordinary featurprovides opportunity for new natural products.
Structural analysis shows that compouneéxhibits structural similarity to GABA
neurotransmitters. The extracted compound has historically been used as Chinese medicine for

faucitis.

Incorporation ofD-amino acidsnto natural products are far more complex than other groups of
nonproteinogenic amino acids. Mostgyalent example of Eamino acid is in the peptidoglycan
layer of microorganism, which provides them resistance against pepst@dséntibacteriat
natural products drived from microorganisrg, show versatile composition of-Bmino acids in
peptidyl oligome subunit. Former iavivo study shows that actinomycin [36] biosynthesis in
Streptomyces parvullugvolves kvaline rather than Bralinevii > A multifunctional enzyme
actinomycin synthetaséd (ACMSI) catalyzes the formatiorof the peptide bondbetween
threonine and valinend eventuallyepimerizesthe L-valine into Dvaline, while the residue is
alreadyin peptide bound fornt* Plant derived natural products with-@mino acid constituents
are simpler than bacterial. For example, som&rasitic plants from genusOrobanche,can
produce DBtryptophan in response to arduous environmenthe DBryptophan is simply

metabolized intoindole-3-pyruvate by aminotransferase activity. The indole3-pyruvate is

12



further converted intonatural products like idole-3-acefc acid[37] and other hormone¥*. All

these compounds have physiological aspect of cell differentiation.

NH; ; OH OH
HiC o H3C N /g
Q"X C:
OH O CH o NH
‘o OH ’ Ji N N%C)i
(30] [31] HN NH OH
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CH; (_-:Hg CH3

Scheme 1.1.610n proteinogenic amino acid based natural products. Highlighted portion in the
structures comé&om amino aciddn structurg39], [39], [40], [41]highlighted portion forms

twin amino acids.
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Thegroup of nonproteinogenic amino acids where twesidues are connectelly bondsother

than peptide bond, are called amino acid dimers or twin amir@ds Many dimeric aminacids

opt a scope of stereocenter. For exampdgenkolic acid38] from djenkol beansis formed by
fusion of two cysteine moledes by methylene group® Though thereare yet some
experimental studies requiredjenkolic acid seesto produce carbonyl sulfide natural products
that act as soil fumigants to naturally control plant parasitic nemat$g&<Cystathioning39]
andlanthionine[40] (discussed in section 1.1.7) aveo other examples of twin amino acitisat

are natural prodct precursors. Cystathionine is biosynthesized fromngisulfuration of
activated serineand cysteine residug whereas Lanthionine is formerbfn transsulfuration of

two L-cysteinemolecules

Theb I ( dzNJ f f &-anfinO @oitzNagIiyied42)in scheme 1.1.7) is precursor of protein
biosynthesis among all the living kingdom. However, the distinguished functional feature gives it
a possibilly to serve as biosynthetic precursor for molecules other than proteins. The large
aliphatic side chain optfexibility for the structure. Terminal guanidinium cap provides a pK
value of approximately 12.5, which is far higher than physiologldaiiusthis functional group

acts ashydrogen bond donor in proteinépart from that, delocalized electron in tigganidinium
group allow it to participate in multiple hydrogen bonding interactiohkthese featurespermit

L-arg to attaindiverged conformatn. Thuspatural products derived from-arginine precursors,

are biologically important to showlifferent mode of action, basically of adbacterial and

antifungal activity.
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For instance, Clethramycingt3] and bicornutin [44], are naturallyoccurring antibiotis,
containing karg residuesThe flexible free side chain eakginine is retained in the finalraicture

(highlighted).

1.1.6Lantibiotics

Over the last three decades, the increasing prevalence of antibiesistant microorganismsas
highlighted the need for antibiotics with distinct modes of action. As a result, a new class of
antibiotics, known a Lantibiotics has got attention. The term Lantibiotics came from its structure
containing Lanthionine (Scheme 1.44), a thioether linkd nonproteinogenic amino acid. The
term Lanti derived from lanthioning45] in scheme 1.1.8), was incorporated irttte name to
highlight the repetitive functional thioether link into the macromolecular structure. Lantibiotics
are unigue for its polycyic nonproteinogenic peptide form, interspersed with unsaturated or

dehydro amino acids.

NH,
Ho\‘(k/s\/z\rrcm

[45]

mnz
T
N
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Shemel.l6: representative lantibiotics structure. [58] Nisin A a dl&stibiotic, [59]

Mersacidine a clads lantibiotic, [60].abyrinthopterin a claddl lantibiotic.

According to the structural features and chemical characteristics, lantibiotics auwpepianto
three classe¥*. Clasd lantibiotics are those with elongated and flexible peptide chéitisFor
example, Nisin A46] isolated fromLactococcus lactiss a clas$ lantibiotic comprised of 34
amino acidg*i 80% residues in the peptide chain confiesn h - amino acids, interspersed by

altered amino acids like dehydroalanine (DIj4y], dehydrobutyrine (DhbJ50] and amino

19



butyric acid (Abu)51]. These altered amino acids come from enzymatic dehydration of serine or
cysteingVii. Furthermore, they are siginitint because they prevent cleavage of the polypeptide
chain and studies showed that cleavage of Nisin Aénha or Dhb position results in inactive
lantibiotic™X The extensile conformation enables this class of lantibiotics to interact with the
cell wdl. Although their actual mode of action is followed in two stédrimary mode of action

is to cell membane disruption by Merminal hydrophobic residue of Nisin A, and pore formation.

Pore formation occurs by Nisin A binding with liflicand forminga poration complex that
mediates efflux of Kion®. Secondary mode of action is exerted by forming a cemplith the
lipids present in peptidoglycan layer, consequently inhibiting cell wall biosynthesis by depriving

the substrate for transpeptidase.

Classll lantibiotics have more globular conformations, which facilitate their translocation
through the cell membrane. Clafidantibiotics also often contain Dha, Dhb and Abu. The<class
Il antibiotic is different from clasksantibiotic in term of structug, as the clasklantibiotics only
thioether linkage. In contrast, clas$k lantibiotics have aminethen thiol linkage (shown in
structure of mersacidif47]) which renders small chain chemical bonds. Thus,-tldesstibiotics
attain more globulat codrmation comparingo classl lantibiotics. Unlike cladslantibiotics,
classll lantibiotics show bactericidal activity by specifically binding with phosphoethanolamine
in the cell membrane, resulting in increased membrane permeability. dbewptmakean actual

pore be@ause of the lack of f&rminal hydrophobic residue inaccessible, which is required for
cell membrane disruption. Furthermore, they also lack the flexible hinge region present in class

| lantibiotics (Scheme 1.1[47]).
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Clasdll lantibotics are still asmall group of lantibiotics, which are usually ramtibiotic, but
undergo morphological change to gain activity, thus they aredsums. This class of antibiotic

has special attention due to the occurrence of a rare amino acid tidplett f SR [B4.TheA 2 Y A Y
biosynthetic precursors of the tripeptide are two serine and one cysteine residues.hiide t
precursor amino acids are not adjacent to each other, rather they are two or three amino acids
apart from each othe[52]. Thusgnterestingly, this rare tripeptide is formed while present in the
primary polypeptide of clasdl lantibiotics. The three interspersed precursors are further
modified by dehydration of serine residues and forming Die&Cys tripeptide[53]. This
tripeptide has 2S,4S,8R configuration, and consists of a central quarternary carbon atom with a
lanthionine motif. Alspthey possess an unusual methylene bridge, which establishes a covalent
link to a further amino acid moiety. This tripeptide has to give lrabiscomprised of two Dha

and one Cys residdeamino butyric acid, Berine,and Dcysteine, where the cysteinyl sulfur
linked to Dserine is further connected with the-carbon oft -amino butyric acid’. Compared

with lanthionine, labionin has only orkioether bridge in peptide side chains. In atitah to that,
labionin facilitates an additional unusual carbacyclic ring linka8". Thus clas#! lantibiotics

can form more compact structure. For instance, Labyrinthopedd®] synthesized in
Actinanadura namibiensisshows antiviral activity agash HIV when HPhduced ceklcell

syncytia forms in the host c&N
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1.1.7Non ribosomal peptidand theirbiosynthesis

Protein synthesis relies on the ribosontféigurel.1.7-2) and this function igimited to the 20
proteinogenic amino acid¥ The secondarynetabolites produced by bacteria and fungi often
contain nonproteinogenic amino acids, which are an important source of structural diversity and
often play a role in forcing such compounds ink@ specific conformation needed for their
biological activig®. Since there are so many different nproteinogenic amino acids, the
ribosomal machinery is not efficient for synthesizing secondary metabolites, using non
proteinogenic amino acids as suftmt. Thus, peptide natural products containing non
proteinogenic amino acids are produced by rdhosomal peptide synthetase (NRPS) systems,
where the sequence of the peptide is encoded directly in the enzymatic assembly line producing
a particular norribosomal peptide (NRP). This enzymatic assembly line is kapwrodule. The
components of modular multidomain enzymes are transposable. Thus, they can be multi
substrate enzymes where the binding site for each substrate is programable. The product of one
enzyme is carried to subsequent enzyme, thus the elongatigrepfide continuous until final

step of cyclization reaches. One NRPS system can be comprised of multiple modules, where each
module contains enzymes for particular substrate catalysis

Figue 11.7-1 briefly describesoute of nonribosomal peptide. Foinstance, each module can
have different functional domain like adenylation domain, condensation domain and tailoring
domain like epimerase, hydroxylase, deaminase etc. Product from each enisctdrried to the
subsequent module by peptidyl carried domdill the peptide chain is fully grown. Finally, a

terminal enzyma.e.,thio-esterase, oxyesterase cyclizes the chain into final product.
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Figure 1.17-1: A brief mechanism of pepedgrowth in NRPS. C, condensation domain; A,
adenylation domainPCP, peptidyl carried domain; E, an exemplary tailoring enzyme epimerase;
TE, terminal cyclization catalyzing thaeterase. R, M, L, G, S, D are symbols used for different
amino acid residuethat are components of final product. Each residue is coeddnt peptide

bond.The W,V and B indicates part of the system, that synthesiszes a particular peptide.
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1.1.8L-Enduracididin@sa natural product precursor

The nonproteinogenic amino acid tenduracididine (#End) [55] is a conformationally
constrainedderivative of karg that is found in a number of nembosomally produced peptide
natural products.The structure of {End is unige because it contains a five membered cyclic
moiety of guanidinium grouplt is a constituent of peptide antibiotics like em@cidin[61],
mannopeptimycif62], minosaminomycif63], teixobactin[64], and enramycin[65]. There are
severalstereoisomers ofenduracididine found in the natut¥', for instance Benduracididine
[56], L-allo-enduracididing[57], D-allo-enduracididing[58]. Two more derivative of-End,L- -
hydroxyenduracididingl59] and D-i -hydroxyenduracididing60] are also found as natural
product precursors

Biosynthesis of -bnduracididine involves three steps, catalyzed by enzymes present in
corresponding antibiotic biosynthetic gene clustersststep is oxidation df-argnine, folowed

by second step oD & Of AT | (i A ZafborpaBdiaheSd tfie guanidinium nitrogen. Finally

transamination results in release of the produ¢Eheme 1.5
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Scheme 1.8: structure of natural products containib@rgininederivativesboth in flexible
chain form and constrained form. Highlighted portion of the structures are deriveld from
arginine, kenduracididine or-tapreomycidinelhe highlighted residues aré&itd (in 5355) or

L-Capor 2S,3RCapreomycidini Viomycin (Tubercatinomycin B 56]).

1.2Anovel3f @02 LISLIOARS | YUGAOA20A0 GYIyy

Over the last 5 decades, more than 9%foisolated Stephylococcuaureus worldwide have
become penicillin resistanand 60% of them are evanethicillin resistant éccording to WHO
report)™ As an ultimate soition to this problemyancomycir(discovered i1953 has had been
used solutionto fight infectiouscaused byStephylococcus aerdusinfortunately a largegroup
of enterococcidisquietinglycontinued todeveloperesistanceo vancomycifh. At the beginning
of the 215t century (2002), a distinct class of glycopeptide antibsotias discovered, which is
effective againsGram-positive bacteria including vaomycin resistan. aures (VRSA) as well
as methicillinresistant S. aureus(MRSA). This nwel glycopeptide antibioticis called
mannopeptimycin([66] in schemel.2). Mannopeptimycin isa nonproteinogenic peptide
antibiotic having glycosidic bormktween 4-hydroxy group ob-mannose withitrogen of cyclic
guanidinium moiety psent in  AihaB (h-aminoi -w RO Qinddnoimidazolidinyl) -

hydroxypropionic acigor i -hydroxyL-enduracididingd67].
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Scheme 2: Structures of compounds mentioned in section 1.3

CD EFG H mppA mppB KL MNOP QR WX Y Z

b 1 e ) 1 b 4 b

Figure 1.3: Mannopeptimycin open reading frame. Black color gene represenisottensblue
for tailoring enzymes, red for neproteinogenic amino acid formation, Green color represents
NRPS (discussed previously in section ar),graystands for genewith unknown function,

yellow color represents regulatory genes.

The mannopepmycin biosynthetic gene clustém Streptomyces hygroscopidiis presented in
figure 1.3 The products of themppJ, mppN, mppCand mppP genesare involed in nam-

proteinogenic amino acid biosynthesiBhemppAand mppBgene products are nenibosomal
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peptide synthetases. Thest of the genegncode tailoring, regulatorytransport proteinsand

resistance factors

Similar to other glycopeptide antibiosc mann@eptimycins also blocks bacterial cell wall
synthesisvzia secondarynhibition oftransglyosylase enzyngelt binds with the transglycosylase
substrate lipid-11 [69], rather than binding with the enzyme its&lfVancomycin inhibits cell wall
synthesis by binding with the terminal-AlaD-Ala residue of growing polypeptide ch#in
Mannopeptimyin doesnot compete with vancomyciand does noshow any crossesistance.

As mannopeptimycin is active against vancoimyesistant bacterial stram it is believed that
mannopeptimycin might interfere with the later stage of transglycosylation orralbott nascent
peptidoglycan maturatio. However, it is possible that mannopepimycin mechanism of action
involves lipidl [68] interaction rather than lipidl [69], which wouldneanthat mannopeptimycin
acts before transglycosylase activity. Anotbessble targetof mannopeptimycin activity is LTA

(lipoteicholic acid7Q]) carrier protein

Structural analysis aihannopeptimycin[66] shows that, it hasthe unprecedented precursor
amino acid -hydroxyL-enduracididine oAiha[67]. It contains two differat isomers of this non
proteinogenic amino acid within the molecule, Aihg@S,3S,n Qdnd AihaBd H w X o(f66] in Q{ 0
Schemel.2). The delocalized electrons in iminoimidazolidinyl ring provides resonance stability as
well as scope of more electrostatiteraction. Tleseproperties might attribute to theefficiency

of mannopeptimycin against vancomycin resistant bacteria.

31



1.3PLP dependent enzymes

Pyridoxal 5phosphate (PLP) is a versatile cofactor, associated with about 4% of all known
enzyme activitie. Structure of PLP reveals its dynamic property to aclestronsink enabling
covalent bonding, hydrohen bonding and ioninc interacttibforeover, the pyridine ring is
slightly basic, wherease phenolic group provides acidic prop@hys, PLP can &y lower the
activation barrier of reactionsbstabilizing intermediaté¥. In the course of evolutignfive
different folds of PLi¥lepndent enzynes hae emerged, where orientation of the active site
residues helps the substrate to interact properly witle delocalized electros of the cofactor.

This orrrientation effect is responsible for reactispecificity. ~ Moreover the, the PLP
dependentenzymes provide stereekectivity by optimizing transition statby maximizing the
overlap of ™ -orbital. Thisextended™ -orbital facilitates bond breaking by lowering activation

SYSNH&® ¢KAa LIKSy2YSy2y Aa |[fta? (y2g6y | & 5dzyl

Depening on the types of recationatalyzed, PL-Bependent enzymes are classified into 4 major
groups: transaminse, decarboxylase, deaminasacemase During 2015, an unique class of
PLPdependen enzymes were discovered, which acts as both deamindsexatasé (discussed

in topic1.4.5)
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1.3.1PLPdependent transaminase

In the transaminasg PLP forms &hiff base withthe catalytic lysine residuef the enzyme. Tls
complex betweenthe enzyme and PL#Re cofactor is calledhe Internal aldiming([71] Scheme
1.4).Upon substrate binding, a free amine on the substrate attacks the Schiff base linkage to the
enzyme displacing the catalytic lysine to form thexternal aldimine [72]. The h-H of the
substrate is abstracted by the eyime and the electron flows into the cofactor to form the
quinoid [73]. The quinoid is reprotonated to form the ketamine[74], which issubsequently
hydrolyzed to pyridoxamine phosphate (PMPJ] and releasahe ketoneproduct[76]. Then a

new ketone substrate binds to the PMi®und form of the enzyme, is attacked by the free amine

of PMP to form a new external aldimine, and the entiegiess of steps runs in reverse to yield a
new amino acid substrateAspartate aminotransferase (AAT an example of this clasd

enzyme¥'. It takes Asp and aKG and produces oxaloacetate and Glu.

1.3.2PLPdependent decarboxylase

PLPdependent decarboxylaseshave similar catalytic mechanism as Pdependent
aminotransferasesThe reaction mechanism ofighclass of enzymes also begins with enzyme
PLP complex dnternal aldiming71]. Upon substrate binding, a schiff base forms between the

PLP and substratefming theexternal aldiming77]. the substrate in the

Decarboxylase is bound in a way so that the carboxylate is out of the plane of the PLP ring and

thus made labile. Then theexternal aldimine destabilize’s-carboxylate group, resulting in
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release ofcarbon dioxide and quinoid intermediafé8]. The rearragement of quinoid results
in release of decarboxylated produft9]. In some cases, decarboxylated produtc complex is
further hydrolyzed intoammonia andhydrogen peroxide byprodutt For instance, DOPA

decarboxylase is a Pidependent enzyme with akireaction mechanisi'.

1.3.3PLPdependent deaminase

The mechanism of Pidependent deaminaseare similar tothat of transaminass and
decarboxylase There arevery few substratesindergothis reaction. Serine dehydratase and
threonine dehydratase is example of this class of-@&tpendent enzymedue to the presence

of a betahydroxylin the substrat§80], it introduces new possibilities into the standard segce

of events in the transamase mechanisniScheme 1.4 blue branch)Ypon formation of the
external aldimind81], i -hydroxy group of the substrate forms hydrogen bond with phosphate
group of PLP, destabilizing the bomallowed by release of water molate. The following steps
aresimilar to the transaminase reaction. Ttetalytic lysineresidue[82] from the enzyme forms
Schiff bas€83], regenerating internal aldiming’l] followed byrelease of deaminated product

[ 8 4] Ixiv_
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1.3.4PLPdependentracemase

PLPdependentracemase is prevalent to catalyze the conversion-afmino acids into Exmino
acids.Endogenous famino acids act as signaling molecule in both prokaryotes and eukaryotes.
However, predominant enantiomer of amino acid is th®tm which ocars naturally.Thus the
amino acid racemase is an important enzyme -@miino acid metabolisnt-or example, alanine

racemase is such an Rid&pendent enzyme.

The mechanistic analogy of this class of enzyme involves two nucleagsidues rather than
one.The atalytic lysine residutorms the usual internal aldimin@1], which eventually converts
into external aldiming72] upon substrate arrival. Soon aftea,catalytic tyrosine residuéom
the B-chain(ENZH in [73]) formsa hydrogen bond witithe h-hydrogen of the substratein the
external aldimineRearrangement of the hydrogen bond interaction results in protonatichef
hOF ND2E&f S 3NP dzLJ -dmja& gravS AN (pdny, kefiehtgtigh oftie b
catalytic lysinegesults in exelsion ofthe B-chain tyrosine residuérom the scaffold, followed by
electrophilic attack bythe - YAy 2 3 NP dzLJ 2 Farfariod bfhiéSsubBtyatePilK S
complex. Consequently, the deprotonated lysine residue acta hewis base, donatingn
electron from the other side and leavinthe D-amino acidoroduct[85] as well as regenerating

internal aldiming[71] .
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1.3.5MppP:A unique PL#EependentL-argnine oxidase

L-Enduracdidine biosynthesign Streptomyces wadayamensis/olves a uniquéLPdependent
oxidase SwMppP The function of this enzyme is to convésargnine into 20xo-4(Shydroxy
5-guanidinovaleric aciff95] in Scheme 1.4:2). In vitro,the enzyme produces a mixture of major
product[95] andthe abortiveproduct 2oxo-5-guanidinovéeric acid[91]. Apart from SwMppR
the L-enduracididine biosynthetic pathway involves two other enzynssMppQ and SwMppR
(Figure 1.4.8). SWMppR cyclizes #2-oxo-4(Syhydroxy5-guanidinovaleric acifp5] to give the
ketone form of keduracididine[96]. On theother hand SWwMppQ, a putativePLPdependent

aminotransferase converts theRetoenduracididine into {enduracididing97].

The mechanism ddwMppP is interestingot only becausdat uses molecular oxygen tatalyze
the 4-electron oxidation of.-argnine, but also ithydroxylatesL.-argnine at theun-activated- -
carbon.Although the molecular oxyges reduced td+0O,, L-argnine is actually hydroxylateloly

HO (Scheme 1.4-8). These findings reveal that SWMppP is not an oxygenase, but aséXida

mppP (put. aminotrans.) mppQ (put. aminotrans.) mppR (unknown)

Figure 1.4.58.: L-enduracididine biosynthetic gene clusterStreptomyces wadayamensis a

part of mannopeptimycin biosynthesis gene context.
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[42] [95] [96] [97]

Scheme 1.4:%: L-enduracididine biosynthesis by Streptomyces wadayamensis

The mechanism is aglly similar to other FR-dependent enzymes., but the quinonoid is
stabilized to an unusual extent (Scheme 1-2)5lasting several hours in vitro. This stable
quinonoid can react with £when it finds its way into the active sitBLP form&chiff basevith
catalyticlysire residue(lys233)of enzyme thus PLP bound enzyme forms the inteat@imine
[86], giving absorbance at 415nm wavelength. Then the deaminatidnaofinine followed by
formation of PLPsubstrate complex forms external aldimif&/], giving absorbance a25nm.

At this point the MppP active site -.81Y | { Sa y dzOf S 2 LIK Aydrogenoftiel-I O1 G 2
argnineand resonance structure fornasauinoid intermediate[88] or Q1that givesabsorbance

at 510nm.Electron transfer from Q1 to molecular oxygewutd create superoxide aniottat
conceivablhattaO | & -ly@r&)en[89] forming hydroperoxideand eventuallyeaving Dehydre
arginine bound with PLI9O0]. It coud be a peronodide or radical recombinatiofihe exact
mechanism is still unknown as the intermediates rae hsort lived. But the first molet@e

definitely results in a partial oxidation ofdrg
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From this pointMppP reaction follows two branches. The first one leads towards major product
2-0x0-4(S)hydroxy5-guanidinovaleric acifp5] formation, where thehydroperoxide attacks the

1 -hydrogen inL-argnine, producingfirst molecule oHO; byproduct and quinoidl complex92]

or Q2,that fluoresce at 560nm. A 2nd molecwe ;¥ 2 Nya NI RAOI £ X F4€LaGl Ol AY
[93]. Finallywater moleculdikelyneutralizes the reactioff4] by producingsecondmolecule of

H>O.. Oxygen from the water molecule incorporatdimatelywith the substrate to forn2-oxo-

4(S)hydroxy5-guanidinovaleric aci{b5].

On thecontrary, the reactive peroxide anion complex follows a second pathway @sivater

molecule, where the peroxb Y A 2y GGl O01la GKS g1 (,§HadY2f SOdzf SQ:

MppPminor product2-oxo-5-guanidinovaleric acif91].
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Chapter 2

Beyond Enduracididine Biosynthesis I: Exploring the biochemical context

of MppP activity in a pative operon irPseudonomas brassicacerum

2.1 Background

As discussed in topic 1.1.7, the conformationally restricted form of argin@ruracididine (L

End is present in a number of antibiotics, and the first step in the biosynthesis of this
nonproteinogenic amino acid is the oxidation ehtginine by MppP. Work on an MppP homolog
by the Ryan laboratoy showed that the targinine oxidase activity of Mppiperates in at least
one other biochemical context beyondHnd biosynthesis. We were interestéal know how
diverse the biochemical contexts of the MppP activity are. To find out, we did -8IA8T
searchVii using a sequence motif specific for MppP hoogd (Tx-x-Ex(10,20)H-x(150,170)D-
X(2)Fx(20,30)[ED}D-[TS}GK). This motif was identified lyomparing the sequences of three
known MppP homologs with those of a small number of fold type id@peéndent enzymese(g.
aspartate aminotransferase, kyrenine aminotransferase, and -diaminopimelate
aminotransferase). The PBLAST search returne®8 MppP homologs, which were analyzed
using MEGA®™*to generate a distance tree (Figure 21 Manual analysis of the gene contexts
of all 198 identified NdpP homologs shows that they group into a tlebed family of proteins.

For the most part, the chters, or clades, on the distance tree each have a consistent genomic

context, but there is considerable variation in genomic contexts from clade to clade.
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For example, starting in the lowdeft lobe on the distance tree, the MppP homologs in tkd
cldeF NB Ff I y{1 SR 0 #ydrixiefduraclligirg sprodiciod) MppQ, MppR and
MppO (discussed in topic 1.3 and 1.4.5) and are likely all mannopeptimycin biosynthetic clusters.
SwMppP belongs to this clade (the yellow circle in the red clade). Theeisegs in the
neighboring cladenfaroon)have a similar genomic context where the Mphg is flanked by
MppQ and MppR genes, indicating that these MppP homologs are involveind production

in the context of enduracidin biosynthesis. The MppP homdlogn Verrucosspora maris
(VmMppP; 62 % identical to SwMppP, highlighted yellow) is an example. The-likppP
sequences in the orange clade are all associated with genes annotatedéal 3 Yl GAY Il &S F
SAMdependent methyltransferase, -Bcetyltransferase, and two hgphetical proteins. The
MppP homolog fromStreptomyces greciofuscSgMppP; 50 % identical to SwMppP) is an
example of this group. Finally, the MppP homolog fidimromonospora chokoriensiscMppP;

44 % identical t&wMppP) belongs to the green branch, where the MppP homolog is flanked by

genes similato vioCandvioDof the viomycin biosynthesis pathway.
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“PbrMppP Operon” o
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“PbrMppP Operon” + Transporter,
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50 (BAMppP)
BhEnd biosynthesis SWMppP ,: 7 / I\ 5o ©
(MppF, Q. &, and O homologs) ..(:. _// . _: ? tPIMppP (+RebM homolog
313 o TGP" [sugar MTase])
L-End biosynthesis YMMPPP < AN '
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“Arginase” » MppP
McMppP ©

“Arginase” » MppP

Figure 2.11: Genetic distant tree of MppP homologs constructed fromBRIAST

The MppPhomologs in the lwer-right lobe (marked with a gray semicircle) are all associated
with an NAD(P)tdependent reductase and are similar to Ind4, which is involved in indolmycin
biosynthesi¥, " The MppP homologs frorPseudomonas elgiiPeMppP) andBartonella
doshiae (BdMpgP) are Ind4 homologs. In contrast, the homolog frddseudoalteromonas
luteoviolacea(PIMppP) is associated with a slightly different genomic context, which also
includes a gene homologous to the rebeccamycin biosynthetic gerd, the product of which

is a sugar @methyltransferas&i. As rebeccamycin contains no obvious guanidiagved
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moiety, these homologs are likely involved in the biosynthesis of a differenyetas

uncharacterized natural product.

The sequences in the top lobe (blue and cyan clageddminated by a single genomic context,
where the MppP homolog is flanked Byopen reading frames encoding a Luype regulatory
protein, 4 putative enzymes, and an accessory protein (Figure2)2.The Pseudomonas
brassicacearunMppP homolog (PbrMppHiighlighted in Figure 2-1) is the prototype of this
group. Interestingly, all these genes have 4 to 6 bp overlapping region at the end, which is a
compelling evidence to say that they are@xpresseduinder same promoter as well as they can

be exalted & & h LI3NIRe/5H0bp region between the genes encoding the LuxR and MppP
homolog, contains a putative promoter sequence. On the opposite strand, in the region of
putative promoter,is an acylhomoseamnelactone synthase (AHLS) which has quoesemsing
ability in response to fluctuations in cedbpulation/density*". The additional open reading
frames encode 5 non regulatory genes, predicted as PbrMppP, a hypothetical protein (PbrHYP),
a dihydrodipicolimte synthase family protein (PbrDHPS), a mononucledii}Fe y Rketb
glutaratedependent oxygenase (PbrOx), and a 2HegBR8ing protein similar to ferredoxin

(PbrFD).

The cyan cladecontains MppP homologs similar to the enzyme RohP, which has been
characterized by the Ryan groliy and flanked by methyltransfase, Ctoxidase and
thioredoxin genes RohP is an enzyme involved in polyketide biosynthesis, which converts

rhodomycinD into 1Gcarboxyl13-deoxy caminomyci“. To conclude, the presence of MppP
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homolog in genomic context lacking MppQ and MppR homolsgggests that the oxidase

activity of MppP is more broadly employed than in simply makibgd.

RS05025

Putative
promoter
region

(porive

Figure 2.12: MppRcontaining putative operon in Pseudomormaassicacearum. The LuxR gene
(red) encodes a regulatory protein, followed by a putative mt@mregion. The gene labeled
a ! 1 [afythombserinelactone synthase)encoded by the opposite stand. Downstream of the
putative promoter region, is the MppP hotog gene, followed by four genes predicted as
hypothetical protein (PbrHYP)dihydrodipicolnate synthase family protein (PbrDHPS),
mononuclear Fe(H)- y Rketbglutaratedependent oxygenase (PbrOx), and a 2ARs8&ing

protein (similar to ferredoxin, PBD).

45



NH 0
o JJ\N A/\[HLOH
H =
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NH 0 20, [95] (70%)
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H,N N OH
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i
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[01] (30%) °

Scheme 2-1: Reaction catalyzed by PbrMppP. The major product of MppP rea@mo-4(S)

hydroxy5-guanidinovaleric acif®5], the minor product is-@xo-5-guanidinovaleric acif®1].
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Table 21: Gene accession codes, sequence annotations, and identity to closest

characterized homolog of PbrMPCO proteins.

Gene Protein | Functional prediction Sequence

Accessio Identity (%)

CD58_RS05015 LuxR LuxR type TX regulattyviijp 72 %
Pseudomonas chlororaphis

RS05020 (Opposit AHLS Pseudomonas chlororaphis PCL1606 53 %

strand) Acylhomoserinelactone Synthag

CD58_RS0562 PbrMppP | Streptomyces wadayamensis®* PLP | 33%
dependent Larginine Oxygenase

CD58_RS05030 PbrHYP | Hypothetical protein, closest homology wij 9.8%
VapC, the toxin component of the viruleng
associated  protein  complex  frof
Mycobacterium tuberculosg

CDB_RS05035 PbrDHPS| E. colDihydrodipicolinate synthaggi 26%

CD58 RS05040 PbrOX Pseudomonas aeruginosa PA| 56%
Mononuclear Fe(H)I y R-ketbglutarate
dependent oxygenageXi

CD58_RS05045 PbrFD Rieske F& domaircontaining  reiskg 90%

protein inPseudomonad¥>V
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PbrMppP and SwMpp&e similar in both their structures and mechanisms. PbrMppP has 33%
sequence idntity with SwWMppP. However, the superimposed structures of these two homologs

KFra + avylftf wa{5 @ltdzS 2F modu ) F2NI L&t [/ |
the overall fold to the detailed active site architecture. Figure2shows tle overlay of SwWMppP

and PbrMppP and highlights the similarities in the orientations of all of the key active site residues

as well as the bound produf®5].

Figure 2.13: The PbrMppP active site structure overlaid with SwMppP (PBD ID: 6C9B). The dark

purple and light purple section is coming frortekminus of PbrMppP and SwMppP, respectively.
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The main chain trace and side chains of PbrMppP are colored blue (carbonaatginsvhile
SwMppP is colored yellow. The labels correspond to the structars.cbhe dark green and light

green residues belong to the other chain of PbrMppP and SwMppP dimers, respectively.

The Nterminal residue of Threonin&2 and glutamatel5 s essential for hydroxylation and
catalytic efficiency of the substrdte In SWMppP, when these ferminal residues are mutated

to eliminate hydrogen bonds to the substrate, or thetddminal 22 residues are deleted, the
SwMppP variants can onpyoduce 2ketoarginine. Asn160 and Arg352 make hydrogen bonding
and electrostatic interatons, respectively, with the carboxylate group[@5] (Figure 2.13). The

side chain carboxylate group of Asp218 forms a hydrogen bond with the catalytic Lys220 amin
group in the external aldimine forms of the enzymes (Scheme-2} Moreover His29 $ crucial

as acidoase catalyst'.

The next gene in the PbrMppP gene context is PbrHYP, with 51% sequence identity with VapC,
the toxin half of the virulenc@ssociagd protein toxirantitoxin system inMycobacterium

tuberculosis

(VapBC compleXy. VapGossess a (PIN) domain fold, which, in VapC, contains a divalent metal
center and is associated with ribonuclease actiity We show here that PbrH%Rares the PIN
domain fold, but the loss of several acidic residues in the putative active site of PhedYP

eliminated the metabinding site, and presumably, the ribonuclease activity.

PbrDHPS shares 26% sequence identity withotirea fideE. colDHPS. The function of DHPS in

E. colis to condense pyruvate with aspartate seahilehyde (ASA) to formiydroxy-tetrahydro-

49



picolinic acid (HTPA), an intermediate that dehydrates -eomymatically to yield 2;3
dihydrodipicolinate. The product &. colDHPS is used in thelysin andnesatRA I YA Y 2 LA Y St |
synthesis pathways in plants and bact&4' Interestindy, SWMppR, one of the 3 enzymes that,

together with SwMppP generates-Hnd inS. wadayamensiscatalyzes an intramolecular
cyclization off95] to give[96]. The chemistry uses a catalytic lysine residue and a Schiff base
intermediate and is thus like thiype | aldolases. This observation leads to the possibility that,

while PbrDHPS may be a traédolase like ECDHPS, it might also catalyze an intramolecular

modification of some intermediate similar to SwMppR.

. H . H . H
HszN H2NYN HzNYN
NH; SwMppP NH; SwMppR NH,
e s o —_—
(o] (0] (0]
H,N HaN H,N
o o o
L-arg [95] [96]

Scheme 2:2: Reactions catalyzed by Swi¥pand SwMppR. SwMppP catalyzes conversien of L
arg [42] to2-oxo-4(S)hydroxy5-guanidinovaleric aci®5], SWMppP catalyzes conversion of [95]

to 2-ketoendutacididine [96]

50



The next enzyme in the putative operon, PbrOX, is a mononucléarFg¢ Rketbglutarate-
dependent oxygenase homolog. Its sequence idgnsi 33% with the nofeme iron oxygenase
UndAfrom Pseudomonas aeruginosa PA®1! We show here that Fe(ll) loading onto PbrOX is
necessary for catalytic activity. Finally, PbrFD is a putativ& €laster protein 90% identical to
Toluene 1,lioxygenasesystem ferredoxin irPseudonomas putid®™ The ceexistence of
PbrOX and PbrFih the same putative operon suggests they belong to a possible three
component oxygenase system. The function of thtemponent oxygenase systerfign bacteria

is to catalyze redox reactions (figure 2)J1where the first component is a NAD(Rjependen
ferredoxinreductase (FNR. FNR oxidizes NAD(P)H to NADHRY) transfers the electron to the
second component in theystem, the ferredoxin (FD). Finally, the reduced FD (hypothetically,
PbrFD in the PbrMPCO gene context), delivers the electron tongtal center of the third

component, a terminal oxygenase (perhaps PbrOX here), to initiate catalysis.

2 Fd o= 3. Oxygenase

(ferredoxin)

2e= Terminal e- acceptor or
/\ Oxygenase substrate
FAD NAD(P)H
1. FNR
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Figure 2.314: Bacterial threecomponent oxygenase system. FNR, the first component that
oxidizes NAD(P)H into NAD(&)d transfers the electron to the second component, ferredoxin.
The FD then transfers the electron to the terminal oxygenase, where the electrdizésl it

reduce the metal center of the oxygenase , readying the system for catalysis.

Interestingly, there are only two annotated NAD(R)&pendent ferredoxin reductases in the
Pseudomonas brassicacaerf41 genome. Either or both of these FNR enzyuoekl work

with PbrFD and PbrOX to catalyze the oxidation of aye&sinknown substrate.

In this thesis, we show the structural characterization of PbrMppP, PbrHYP, PbrDHPS, and
PbrOX, along with kinetic studies and substrate specificity determinadibRrMppP At the
end of this chapter, we will also characterize the functions of PbrOX and PbrFD to show their

interdependence as part of threeomponent oxygenase system.
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2.2 Methodology

2.2.1Cloning, expression and purification of the PbrMPI&Yries

The coding sequences of PbrMppP, PbrHYP, PbrDHPS, PbrOX and PbrFD were optimized for
expression irk. coland synthesized by GenScript. (Piscataway, NJ). The synthetic genes were
cloned into the pESUMQan expression vector. PbrMppP and PbrEMd&e cloned into the pET

TEMmpexpression vector by GenScript Inc.

Table 2.2.11: Primers used for cloning Pbr proteins

Names Primer sequees

PbrHYP_F p -GGTCTCAAGKSITGGCGGAGGCGAGEATLC

PbrHYP_R p-GCTCTAGATCATTAGCCAACGTGTTGAAAGTOIDCTT
PbrDHPS_F p -GGTCTCAAGKIGAGCGGCAAGCACATQT
PbrDHPS_R p-GCTCTAGATCATTACGCCATAACTTCTI&QTCCG
PbrOX_F p -GGTCTAAGBATGAGCGACCTGCAGAABQC

PbrOX_R p-GCTCTAGATCATTAAATCGCACGTTCGAT@ADACGC
PbrFD_F p -GGTCTCAAGKSIGAAGAGCCGAGCGAATOCT
PbrFD_R p-GCTCTAGATCATTAGCTCAGACGTTTCACT6QATAGAC
RS05025pProbeNT_Hindlll_F| p - GGTGGTAAGCTTCTTGAAGAAGTTTCGAAACBGAC
RS05025_pProbeNT_EcoRI_F p-GTTGTTGAATTCATTGTTATTCCTATAGGTGCTAAAQ
GFP_F (for sequencing) p-GGTCCTTCEAGTTTGTAADY

GFP_R (for sequencing) p -QCATCTAATTCAACAAGAATTGGGACAAC
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All proteins were expressed using similar protocols. The-$UBVMO fusion proteins were
expressed fronk. coliBL21 Star (DE3) cells (Invitrogen Inc., Carlsbad, CA) carryimg three

various pESUMO plasmids. Cultisewere grown in Luria SNI F YA YSRAdzY 6AGK
kanamycin at 37 °@ells containing plasmid g2JMQGPbrFD were cultured in Terrific Broth (TB)

O2y G FAYAY3I ndm YIKYE FSNNAO | YiXKahanmayh aCBrCii NI G S =
When the culturegeached an O&onm Of D0.7, protein expression was induced with 0.4 mM

A & 2 LIN:B-L-dBidgalactopyranoside (IPTG). The temperature was reduced to 25°C, and the
cultures were grown overnight with shakinig at 250npCells were harvested by centrifugation

at 6000 rpm for 20 minute The cell pellets were collected and resuspended in 5 mL/g cell paste

of buffer A (25 mM TRIS pH 8.0, 300 mM NacCl, 10 mM imidazole) supplemented with 0.1 mg/mL
DNase | (Worthington Biochecal Corp., Lakewood, NJ). In the case of PbrMppP, buffer A
inculSR un >a t[t G2 adGdroAftAlT S GKS Syl ev&® ¢KS (
cell disruptor (Branson Ultrasonics Corp, Danbury, CT) for a total of 10 min at 60% amplitude with

30 s pulses separated by 30s rest periods. The temperature wasainaid at or below 4 °C by
suspending the steel beaker in an ice bath directly over a spinning stir bar. The lysates were
clarified by centrifugation at 18,000 rpm for 45 min and then agptio a 5 mL HisTrap column

(GE Lifesciences) at a flow rate of B/min to isolate the HisSUMO fusion proteins. The proteins

were eluted by a foustep gradient of buffer B (25 mM TRIS pH 8.0, 300 mM NacCl, and 250 mM
imidazole; 5, 15, 50, and 100%). THis-SUMO fusion proteins were eluted in the third and

fourth steps and were all>90% pure, as judged by Coomassi@ined sodium dodecyl

adzZf FIHaSLLIR2E & ONBf I Y APAGE)P8dk fratiorS WareNBoleKahdNdmzedi 0 {

overnight at 4C against 4 L of 25 mM TRIS pH 8.0, 150 mM NaChand>a { ! ah LINR (S
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7 A

(LifeSensors Inc). mKS Ol a8 2F toNhLIL}Xt X (K RAFf&@aAra odzF
protein active. The dialysates were passed through the HisTrap column a second time to remove

the cleaved HisSUMO tag as well as the protease. The resultioggin preparations wre >95%

pure. The proteins were desalted using a HiTrap desalting column (GE Lifesciences) into 10.0 mM
a9{ LI c®dt YR Hn >a t[t FTYyR aG2NBR |4 bync/ c
LINE 1202t ¢A0K (K Sromtherbafers. Bghongefhioninglabeted PbtHYR

and PbrDHPS were expressed from T7 Express Crystal cells (New England Biolabs, Ipswich, MA)
carrying the pESUMOPbrHYP or pBUMOPbrDHPS plasmids. Cells were grown in
Selenomethionine Medium Complete (Moular Dimensions, &vmarket, Suffolk, U.K.) with 50

>3kY[] 1FyFrYeOayo !ff 2G6KSNI FaLlS0Ga 2F (GKS SEL

described for the unlabeled proteins.

2.2.2Differential scanning fluorimetry

The purifiedenzymes were used for differenfia & OF Y YAy 3 Ff d2NAYSGNE 05
Fadleédd C2N) GKS GKSNXY2Ftd2NJ aaleés wnnx|[ 27F
LINB LI NBR 06& |RRAY3I H >[ 2F pnnnE {&@LINE hNJI y3:
portioned into each vial of 8 PGRbes. Similarly, dilute protein solutions (1 mg/mL) were
prepared and 25uL were portioned into each vial of 8 separate PCR tubes. Usixtham8|

pipet, 11 pL of deioninzed water were placed into each of the wells 96 avell Eppendorf
TwinTecplate¢ KSy H>[ 2F GKS LINBLI NBR RAfdziS LINROSAY

the Slice pH ki(Hampton Research,CAinallyH >[ 2F (KS pn- {LRBNR 2NI Yy
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added and the samples were mixed by carefully pipetting up and down twice. dtes pVere
immediately sealed with an optically clear sealing film and centrifuged for 30s at 1000 rpm to
collect the samples in the bottoms of the wells. The sealed plateg wkrced in the RIPCR
instrument and equilibrated to 25°C for 5 minutes, in art the temperature of the plate and
reagents to equilibrate with the block as well as allow the reagents to diffuse and mix. Finally,
the thermofluor assay was performedomn 25°C to 95°C with a temperature ramp of 1°C per
minute. Based on the resultd differential scanning fluorimetry experiments with the Slice pH
screen (Hampton Research,CA), buffers with the highest Tm values were selected for the storage

buffers and pufied enzymes were stored accordingly (refer to Table 222.2

Table 2.2.2: Storage buffer of PbrMPCO enzymes

Protein Storage buffer

PbrMppP MnYa a9{ LI corT
PbrHYP 10mM BisTris pH 7.5

PbrDHPS 10mM Succinate pH 6.0

PbrOX 10mM HEPES pH4

PbrFD 10mM BisTris pH 6.3

PbrFNR 10mM BisTris pH 6.3
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2.2.3 Féloading on PbrOx

After cleavage of the Hisag, PbrOX was diluted Wwistorage buffer (1L0mM HEPES pH 7.4) to
~2> a Small amounts of Fe$(-1mg) and ascorbate (~1mg) were taken and mixed together
dry by crushing with the tips of two spatulas. The crushed mixture was added into the dilute
enzyme and incubated af@ for 4 lours®i. After the incubation period, the enzyme mixture was
centrifuged at 4000 rpm for 20 minutes to remove any insoluble material. The supernatant was
used to check the spectrum of Fe@dpund PbrOX and also used in steady state assays on the

Clark eleatode (Q probe) with PbrFD and PbrFNR.

2.2.4Confirmation of PbridpP activity

A HewlettPackard 8453 diode array spectrophotometer was used to collect spectra from a 500
>[ NBIFOGA2Yy O2y il Ay Ay 3-AY an oxygasaturatédlolffedPo nvA G K ™

BisTris propane pH 9.0. The scans were taken every 0.;s3036 nm to 600m.

2.2.5NMR characterization of PbrMppP reaction products

To perform reactions for NMR analysis, PbrMppP was desalted into 20mM sodium phosphate
buffer pH 8.4using a HiTraglesalting column (GE LifescienceSimilarly, 1 mL of 1mg/mL
catalasefrom bovine liver (SigmaAldrich, St. Louis, MQyas desalted into deioninzed water to

remove the trehalose stabilizer from the catalase preparation. Catalase was added to remove the
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hydrogen peroxide that is produced as afnpduct of MppP catalysis, sinéeleads to non
enzymatic oxidative decarboxylation of the produf@5] and[91]. Reactions were assembled in
50mL corning tubes by adding 724 uL of 277uM desalted PbrMppP, 250Diaf/mL desalted

catalase, and 5mL of 4mMArg stock solution prepared 20mM sodium phosphate buffer pH

~

yeond® ¢KS LI 2F |ff azfdziazya ¢l a | R2dzaliSR dzai

meter. The volume of each reaction mixture was adjusteti@mL by adding 4.7mL of phosphate
buffer to reach final concentrations 6f LILIN2Z EA Y| (St & H nsAa ard @ pgimlIL =
catalase. Reaction tubes were shaken &t@5200 rpm for 4 hours and protected from light. At

the end of the reaction time, samgd were evaporated to dryness using a Centrifan PE Rotary
Evaporator (KD &mitific, Holliston, MA) at 3@ overnight. The resulting residue was taken up in

c nn 20 and éentrifuged at 17,000 x g for 10 min to remove any remaining particulates. The
AdzLISNY FGlFryda o6pnn >[ 0 ¢ SINBIMR ahalyRiSte defeyranthe b a w

structure(s) of the reaction product(s).

2.2.6 Characterization of PbrMppP reactigroducts by mass

spectrometry

Reactions were performed in 1.5 mL Eppendorf tubes containing 1 mL of total volume. From a
4mM L-Arg stock in Phosphate buffer (tited down to 8.0, 25QuL were added for a final
concentration of 1ImM {Arg. From a catalag&igmaAldrich, St. Louis, MO) stock solution of 500
png/mL (desalted into deioninzed water as described in section 2.2.3), 1uL was added to each

reaction for a finatatalase concentration of 0.5ug/mL. Finally, 72uL of PbrMppP enzyme stock
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(277uM) was adde for a final PbrMppP concentration of approximately 20uM. Reaction volumes
were adjusted to 1mL with mg. The negative control was performed in same way, exdept t
PbrMppP enzyme was denatured by heating in boiling water for 10 minutes. Reactionsuwere

in the dark at 25 °C for 4 hours with shaking at 200 rpm. After this period, all samples were boiled
for 10 min and centrifuged at 30,000 x g for 10 min. Theesugtants were directly injected into

a Shimadzu LCMZ®20 to analyze by mass spectromet®amples were separated with a binary
gradient to 80% organic solvent across 2 minutes. Molecules were ionized using the ESI method

with a scan speed of 2500 unit/send.

2.2.7 Crystallizatiomnd structure determinatioof For proteins

Initial crystallization conditions of PbrMppP, PbrHYP, PbrDHPS, and PbrOX were all pursued in
the same way. Briefly, ~10 mg/mL of protein were screened against the Indexré#in sc
(Hampton Research) and LMB Screen (Molecular Dimensions). After optimiziticaction

guality crystals were obtained by the hanging drop vapor diffusion method. Final crystallization
conditions are listed in Table 2.217 Crystals were cryprotected by sequential soaks in the
holding solutions listed in Table 2.217and fla&h-cooled by plunging into liquid nitrogen. The
structures of PbrMPCO proteins in complexes with various ligands were obtained by transferring
ONBadGl fa Ayl 2crypprotestiint sBN@nlsiipplemeénted WitB ~20 mM ligand.

X-ray diffraction da& were collected at beamline 2D-D of the Life Science Collaborative Access

Team (LEAT) at the Advanced Photon Source (APS) using a MAR 300 CCD detector. A total of
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360 frames were collected from 0° to 180° with an oscillation range of 0.5°. All daw@a w
processed with the HKL2000 software packétjer MOSFLKfY and AIMLESS of the CCP4

software suit&vi,

As SwMppP and PbrMppP share 33% sequence identity, the PbidthoigRire was determined

by molecular replacement using SwMppP as the reference model.diffraction data were
collected from a crystal using a wavelength of 0.9792BbkMppP crystallized in space group P
21 21 21 with two chains in the asymmetric iin The molecular replacement solution was
subjected to iterative cycles of manual modelilding in COGF and maximum likelihood
based refinement using the PHENIX pack¥®feOrdered solvent molecules were added
automatically in phenix.refife** Hydrogen atoms were added to the model using
phenix.reducé and were included in the later stagesf refinement to improve the
stereochemistry of the model. The positions of H atoms were refined using the riding model with
a global B factor. Regions tife model for translatiodibration-screw (TLS) refinement were
identified using phenix.find_tls gops (P. V. Afonine, unpublished work), and the TLS
parameters were refined in phenix.refiieOnce the refinement convergedcgz = 0.137, and
Rree = 0.166), the model was validated using the tools implemented in COGffucture of

PbrMppP with 4HKA humd was determined by difference Fourier.
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Table 2.2.71: Crystallization conditions of the PbrMPCO enzymes.

Protein Crystallizationcondition Cryo
protectant

solution

PbrMppP (12mg/mL) | 100 mM Ammonium sulfate+ 25% PE 20% Glyerol

100mM BisTris pH 5.5

PbrHYP (10mg/mL) | 25% PEG 3350, 0.2M NaCl, 0.1MBR& pH Paratone N

5.5, 0.25M LiCl

PbrDHPS (15 mg/mL)| 25% PEG 3350, 0.2MgCl2, 0.1M TRIS pH 8] Paratone N

PbrOx (10mg/mL) 30% Tacsimate, pH 7.0, 10mM-BRIS pH 6.3 30% PEG 400

For PbrHYPthe nearly cubic crystals formed after533days. Crystals were cryoprotected and
flash-cooled by plunging into liquid nitrogen. The PliPstructure was determined by single
wavelength anomalous diffractiofBAD) using data collected from a crystals.a78® A, 62.0
eV below the tabulated4€dge wavelength for Se (0.97950 BhrHyp crystallized in space group
C2 with two chains in the asymmetric un&utoSHARP was used to determine the Se
substructure and calculatdensitymodified electron density m@s. The initial model was built
automatically using the PHENIX package (phenix.autoBuildhe solution was subjected to
iterative cycles of manual model building in C&®Tand maximum likelihoodhased refinement

using the PHENIX package. Solventecue, Hatoms, and TLS refinements were perfomed
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similarly described above. Once the refinementverged (Rst= 0.183, and Re = 0.231), the
model was validated using the tools implemented in CQQOTe final efined model was used to

determine the structure of the PbrMP

PbrDHPS crystals formed after 10 days and grew to maximum dimensiomsjof >Y R dwmna >\
dp >Y® ¢KS &0 NUzOG[eiNBoun@ Wwas bbiaMdd by §oakiagh ai étystal in
crystallization solution supplemented with ~&M [91] and a small amount of cryoprotectant

solution for 4 hours. PbrDHPS structure was also determined by SAD. Data collected from a
crystal at 0.97849 A, 61.0 &¢low the tabulated kedge wavelength for Se (0.97950 BprDHPS

crystallized in space group2@ 2 with two chain in one asymmetric uiuitoSHARPwas used

to determine the Se substructure and calculate densmydified electron density maps. The

initial model building and refinement strategy was similar as described abOwee the

refinemert converged (Byst= 0.186, and Re = 0.234), the model was validated using the tools
implemented in COOT The final refined model was used to determine thtructure of the

PbrDHPS. Structure of PbrDHPS yéitj bound was determined by difference titer.

The SeMesubstituted Pbr™X crystals formed needle shaped after 3 days and grew to maximum
dimensionsobDmcn >Y P dpna >Y P dirdatly ceyopotectediy Saaking én 6 S NB
holding solutions listed in table 27221. The structure of SeMeubstituted PbOX was
determined by single wavelength anomalous diffraction (SAD) using data collected fraatscrys

at 0.97853 A, 61.0 eV below the tdhted kedge wavelength for Se (0.97950 BbiOX

crystallized in space group P42 with a single chain in the asymmetric unit, though a symmetry
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related chain forms an extensive interface where each dhaiies ~1300 A Thus, PbriRis
likely adimer in solution.AutoSHARP** was used to determine the Se substructure and
calculate densitymodified electron density mapsrhe initial model building and refinement
strategy was similar as described for PBR®Oncethe refinement converged ¢hst= 0.159, and
Rree = 0.202), the model was validated using the tools implemented in ©OE final refined

model was used to determine the structure of the PbrOx.

Data collection and model refinement statiste® lided in Appendix A.

2.2.8Steady state kinetics of PbrMppP

All steady state kinetic assays (500uL) were conducted in triplicate at 25 °C in 20 mM BisTris
propane, pH 9.0. The initial velocity of PbrMpgdalyzed hydroxylation ofArgwas measuzd

directly by monitoring the decrease in dioxygen concentration as measured using aypkark
electrode (Hansatech Instruments, Norfolk, UK). The concentratio\af as varied from 5 to
cnnn > as@ndeiauesiwere determined bytfing the iitial velocity data using equation

1
Vo = Vn[A]/(Km + [A])
where, \4is the initial velocity, Mis the maximal velocity,Ks the Michaelis constant and

[A] is the concentration of-Arg. The same procedure was followed for the reactioRlmMppP

with L-canavanine
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2.2.9Stoichiometric analysis of PbrMppP reactions wifird. and L

canavanine

The stoichiometry of the reaction was estimated by measuring the quantity of dioxygen
O2yadzySR Ay NBIOlGA2ya 6AGK | FAESBRariéythrg YS O2
concentrations. Reactions were monitored using the Clark electrode. The concemtiat

dioxygen remaining when the reaction reached equilibrium was subtracted from the starting
concentration to obtain the concentration of dioxygen consumed. The stoichiometry was

computed using Equation 2:

O consumed per eq. of-Arg added = ([&)o ¢ [O2]f)/ [L-Arg}

where [Q]ois the initial concentration of £ [C]tis the final concentration of £and [l-Arg} is
the total concentration of {arg added.

The same procedure was repeated witcdnavanine.

2.2.10 Presteady state kinetics &fbrMppP

Pre-steady state kinetics data were collected on a Modeb8PX doublanixing stopped flow
spectrophotometer at 25 °C. The instrument was prepared for anaerobic work by overnight
incubation with a solution of 1 mM glucose, 10 U/mL glucose seidavhich had been flushed

through the entire system. Solutions for anaerobic stopped flow experiments were prepared in
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F 02y2YSOGSNYY . NASFfes 17 Yt 2F Hc >a toNmRLILXE A
ug/mL catalase) were placed in the main badyf G KS G2y 2YSGUSNJ FYyR Hp
oxidase were placed in the side arm. The tonometer was attached to a Schleck line and dioxygen
was removed from the solution using 45 cycles of vacuum (=5 s) and flushing with argon (~30 s).
Because the PbrMppPrgtein is lightsensitive and somewhat unstable at room temperature,

this procedure was conducted on ice and the tonometer was covered with foil to protect it from

light. Different concentrations of-arg in 100 mMBIS wL { LINR LI yS LI d¢ebn oG Al
were placed in glass syringes and sparged with argon gas for 5 min to remove dioxygen. Single
YAEAY3I SELISNAYSyG&d 6SNB O2yRdzOGSR gAg @l mn > a
concentrations quoted are the concentrations in the cuvette after mixing 1:1)

To measure 4Arg binding, anaerobic PbrMppP (13uM) was mixed with anaerobig and

changes at the PLP center were monitored by exciting the internal aldimine at 415 nm and
measuring the total fluorescence emission for 20 s after initiating the reacfidne rate of

formation of the first quinonoid intermediate (Q1) was measured mnitoring the absorbance

at 510 nm for 20 s after mixing anaerobic enzyme a#dad_solutions. To measure the rates of

the dioxygendependent steps, doublenixing experimerg were performed where anaerobic

enzyme was mixed 1:1 with a saturating concentmatof anaerobic 4Arg. This was then mixed

MYM GAOK O0dzFFSNI O2y Gl AyAy3 O2yOSYyiGN)r Az2ya 27
G2y2YSGSNI O2y il Ay Suifmlncatalasein 18 yiM MBS $H 6. AuRderrnaerobic
O2yRAGAZ2Yya o6wmnnp >a] FIANKOR &Sk Py RIMAz024S 2EARI &
O2y il Ay SR-ArgA00/mMBIERI$ propane pH 9.0. The third tonometer contained

100 mM BISTRIS propane pH®with concentrations of dioxygen of 30, 82, 166, 252, 402, and
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pHO >a® 5SR@nicoh&RratiRrs fvere obtained using a Maxtec Maxblend gas blender
to mix 90% pure ©gas with gaseousINThe concentrations of dioxygen produced at different
settingsof the mixing valve were determined using the oxygen electrode. Sampteygénated
buffer were prepared by sparging the 100 mM BRIS propane pH 9.0 buffer with a set
concentrations of dioxygen for 5 min. After the first mixing step (enzyme plug)l the
reactions were aged for 20 s to give all of the enzyme time to abriwethe first quinonoid
intermediate prior to the second mixing step. The second step mixed the anaerobic reaction
mixture with oxygenated buffer. The reactions were monitored@9s at 510 nm or 560 nm for

100s.

2.2.11 Substrate specificity of PbriMp

wSI OlAz2zya O2y iUl AYyAy3d pnn -FRIS pPopaneopH 9.6 veere inifiaked LILJt
by adding 10 pl of different-Arg analogs, including-8xg, Lcitrulline, Dornithine, Lornithine,

L-Lys, NmethylL-Arg or kcanavanine, to a final conceration of 10mM. The reactions were
monitored by recording spectra from 2a®0 nm (0.5 s between scans) for 300 s in a Hewlett
Packard 8453 diode array spectrophotometer. The patslof these reactions were analyzed by

ESIMS as discussed above.

The steady state kinetics of -tanavanine was determined using the steady state dioxygen
consumption assay described abovel L y I @gF yAYS O2y OSYyiNI A2y a NI
MAnZnnn esaddedads20inM BISRIS propane pH 9.0. Reactions were initiated by the

adRAGA2Y 2F toNRLILYX G2 | FAYyLFf O2yOSYyiGN) GAz2zy 2
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These initial velocities were plotted against thecdnavanine concentration and fitted to

Equation 1, wher¢A] is the concentration of-tanavanine

2.2.12 Ferrdoxin NADP reductase (PbrFNR) activity test

Reactions containing >a t O NCbw gAGK O2yOSYUNrGA2Yya 2F b
were monitored by recording spectra from 2600 nm (0.5s intervals) for 300 s in a Hewdett

Packard 8453 diode array spexphotometer. NADPH was diluted with buffer (10mM HEPES pH

7.0) and incubated at least 10 min at RT before performing the assay. Reactions were initiated

by adding PbrFNR with mé&l concentration of 1 uM.

To inspect the interactivity of PbrFNR, Pbdfid PbrOX, the decrease in absorbance at 340 nm

was monitored to observe the oxidation rate of NADPHR the cuvette containing different
concentration of NADPH and 1 uM PbrFNRFPBIfinal concentration of 1uM) was added to

observe the NADPH oxidation rate by monitoring decrease in absorbance at 340 nm. When the
decrease in 340 nm almost reached plateau, PbrOX (1 uM) was added to see if the NADPH
oxidation rate changes.

Tomeasurethe quantity of QO2 yadzYSR Ay NBIFOUA2Yya gAGK wm>a t
PbrFD, and 10uM NADPH, reactions were monitored using the Hansatech dioxygen electrode.
The concentration of dioxygen remaining when the reaction reached equilibrium was skract

from the starting concentration to obtain the concentration of dioxygen consumed.
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2.2.13ldentifying conditions that activate the PbrMppP promoter

(RS05025)

Pseudomonas brassicacearum DF41

promoter
region
—_— PbrDHPS E
PbrHYP PbrOX
AHLS

Figure 2.2.13 PbrMppP Promoter region (RS05025)

To identify the conditions underich the putative promoter of the PbrMpp&ontaining operon

is activated, the untranslated sequence between theRand mppPgenes was cloned into the
reporter plasmid pPROBYT. The putative promoter region of the PbrMP@as amplified from
PseudomonasrassicacaerunbF41 genomic DNA using PhuS$ibligh-Fidelity PCR Master Mix

with  HF Buffer NM0531S, New England Biolabs, Ipswitch, MA) and primers
Gw{ npnHp YLt NPO Sy InpyiRIlpWlLip Gl 61S¥ R ¢ 2.201A whighw ¢ T NP
added the Hindlll and BRI restriction sites to the 5' and 3' ends of the amplified product,
respectively.The amplified DNA was separated by 0.8% agarose gel, isolated band was excised,
and purified fom the gel using the QIAquick gel extraction kit (28115, Qiagen, Inc). Tifiegou

DNA was digested with Hindlll (HindHF® R3104S) and EcoRI (EEé®R R3101S) restriction
enzymesNew England Biolahshhe empty pPROBYET (kanamychnesistant) was digsted using

the same restriction enzymes. The digested insert and vector Vigaiged using T4 DNA ligase
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(M0202SNew England Biolabs) in 1:3 (vector:insert) raligation reactions (1jAL) containing

~20ng DNA were used to transform NEBBigh efficiety competentE. colicells. The
transformations (~5QL) were streaked intoB+ 31 NJ LI F 6§ S&a O2y Gl AyAy3 pn
incubated at 37C for 16 hours. Transformants from these plates were used to inoculate 10 mL

of LB medium for isolation of plasmiXNA using the Miniprep kit (Qiagen, Inc). Isolated plasmids

were used for subequent PCR to confirm the presence of insert. The purified plasmids were
screened for successful inclusion of the PbrMppP promoter region (RS05025 insert) by GENEWIZ

(South Plaifield, NJ) using the sequencing prim&BP_Rnd GFP_RTable2.2.1-1).
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HindIII

pProbe-NT_RS05025-IGr
7271 bp

INSERT

FRAGMENT|| Replace Insert
HindIII (3968) — EcoRI (4019) HindIII (7) — EcoRI (513)

HindIII EcoRI

RS05025-IGr_PCRproduct
524 bp

EcoRI
HindIII

pPROBE-NT
6816 bp

Amplify 1 .. 500 using:

PCR|RS05025-1Gr_pProbeNT_Hf
RS05025-I1Gr_pProbeNT_Er

PbrMppP_upstream
500 bp

Figure 2.2.12: Schematic of the process for cloning the putaBeMPCOpromoter region

(RS05025) intthe pPROBETreporter plasmid Image created with SnapGed@',

Pseudomonas brassicacaerbF41) cells were made competent by washirigrigs with ice
cold 10% glycerol. Cells were resuspended wtatd 10% glycerol and centrifuged at 12,000 rpm

for 2 minutes between washes. This procedure was repeated three times to make the cells
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electrocanpetent. The putative PbrMPCO promoter clonaetbithe pPROBET plasmid was

dza SR G2 St SOGNRLRNIGS 5Cnm OSttaod ! LIINBEAYFGS
pn>[ 2F O02YLISGSyd OStfa FYR UONIYAFTSNMNSWBe Ay (2 |
electroporated by applying 1600 V ugira BTX electroporation system. Immediately after
electroporation, 1 mL SOC media was added quickly and then the cells were incubated for 2 hours

at 30°C. After this incubation period, transformed DF41 cebisencentrifuged at 12,000 rpm for
2minutes. R Y GKS &dzLISNYFGFyd dpn >[ 61 Feskdpedaddd NR SR
NG KS NBYFAYAY3 pn >t 2F {h/ YSRAI® ageDlad2y OSy
O2y G AYyAy 3 pn Haell wereltrangforfedl Qith yhedbemBtCpPROBEvector

as a negative control.

DF41 cells harboring the GFP (green fluorescence protein) reporter plasmid (pRPBRQBEe
grown under a series of conditions to identify which one(s) caused expressloa @GP reporter
gene under control of the puteve PbrMPCO promoter. Media compositions are listed in Table

2.2.131.
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Table 2.2.3-1 Screening conditionssed to testhe putative PbrMPCQOrpmoter.

Media

Composition (Final concentrations in media)

1. Basal media 2

C source: 0.40% Glucose/ 20 msliccinate/20 mM
gluconate/ 20 mM pyruvate.

7 mM (NH)2SQ, 40 mM KHPQ, 22 mM KEPQ,
0.5 mM MgS@ 0.1 mM FeSO

"PH adjusted to 7.0 during ammonigomosphate base
(BM2) 10X preparation with (N}SQ, KHPQ, KHPQ
stock solutions.

2. PP2 media

Praeose peptone (10g/L)

3. Phosphate sufficient media

100mM Hepes pH 7.0,

80 mM NaCl, 20 mM KCI, 20mM XY 4.26 uM FegI3
mM NaSQ, 200 uM Cagl 1mM MgGl, 0.4% (w/v)
3t dz024S3S mMPAY Ik XHPQI KAl YA\

4. Phosphate deficient media:

mnnYa | SLJSa LI T1TdnZ

yn Ya bl /t%X wn Ya Y/ {Z H
Ya blu{hnZ wnn xa [ I/ {H
A

3t dz02aSzZ mOnivehk Yit hi KA YAy

5. Defin@l minimal media:

o dp VYat SblHpl thpYa a I hwmy
CS{mopz 3Tt &OSNRtZI pmYa Y
Y a §A§2F“ag\dzv ddz0O0AYIFGST ™
ad OKStl G2ND

6.LB

Luria borth (25g/L)

7. No salt media

Tryptone (10g/L), yeasix&ract (1g/L)

8. M9 minimal media

42 mM NaHPQ, 22 mM KHPQ, 8.6 mM NacCl, 18.7 ml
MgSQ, 0.2% glucose.

“PH adjusted to 7.0 during 10X M9 salt preparation witbH¥®0, KHPQ, NaCl, MgSO
stock solutions.

# All the carbon sources were used in individuadia
*condition screened in botliquid and Agar (Solid) culture, No GaGed for DF41 cells
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2.2.14 Metabolite extraction for LCMS analysis

P. brassicacearumF41 cells expressing GFP (exhibiting a green glow) were scooped from LB
agar plates ande-suspended in 10 mL solvent comprising 10% methanol in mgH20 ,
Metabolites from P. brassicacearum DF41 cells carrying the empty pPARDBEctor were
extracted in the way to use as the negative control. Resuspended cells were lysed by sonication
at 60% amplitude, 30 s pulses for a total of 10 minutes of sonication. The lysate was clarified by
centrifugation at 18,000 rpm for 45 min. The supernatant was testetbnfirm GFP expression

by measuring spectra from 250 to 600 nrhhese samples were user comparative
metabolomics studies by LS. A C18 reversed phase column (Phenomenex, 30 mm X 2 mm;
particle size 2.5 A) was used to separate the ions. The nutidige consisted of 0.1% formic acid

in deionized water (A) and 100% LCyt&e methanol (Mipore Sigma; B). lons were separated
with a binary gradient, increasing from 5% B to 80% B over 6 minutes. To regenerate the column
after the ion separation, a grawl step down to 5% B over the next 5 minutes. The interface
voltage was set to 4.5 kV arilde temperature of column oven was set to 350C. The column
pressure was set to a maximum of 4000 psi. Molecules were ionized using ESI or APCI, separately,

with a s@n speed of 7500 unitsecond
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2.3 Results

2.3.1PbrMppPoxidizes 1Arg

SincePbrMppP is a homolog of SwMppP with a sequence identity of 33%, it is perhaps not
surprising that the activity of PbrMppP would be the same as SwMppP -fidyecK/$al structure

of PbrMppP shows that its tertiary and quaternary structures are almosttickdnto those of
SwMppP (RMSD valuie2 A Figure 2.13). Likewise, the active sites of the two homologs are
nearly identical as well. The substrate apibducts bind in very similar orientations in both
enzymes and make the same interactions with the sattive site residues.

PbrMppP crystallized in space groupB&2: with unit cell dimensions o = 85.7 A, b = 108.3 A,
and ¢ = 195.4 A with 4 molecsl& theasymmetric unit arranged as 2 independent homodimers
(Figure 2.3.11A). The domain architeate is identical to SwMppP, comprising a ladyemain
(Asp35Asp284)a smalldomain (Phe285In35and Asp285Asn388kand an Nterminal extension
(Metl-Arg24).¢ KS I NAS R2YI A KGSSBYi i Fi Yy 5SS RaCEEES yFSYNIA y =

i Al yRo3 OKES g6XKXKEff R2YIFAY -K$@EA OSshiee2BJZR 2138 2F

In the absence of substrate, PLP is covalently attached to Lys233 by an aldimine kigage (
2.3.1-1B).The negative charge of Asp197 stabilizes the pyridinium form of the cofactor by making
a salt bridge to the pyridine N atom. This interaction hasrbghown to be critical for catalysis in

a number of PL¥ependent enzymes like aspartadgeninotransferas@’. The cationic pyridinium
allows the cofactor to accept electrons from the substrate, stabilizing the carbanion formed

during catalysis.
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Y90*

Figure 2.3.41: The structure of PbrMppP. A) quaternary structure of PbrMppP. The dimer
structureshows one chain represented by a ribbon and the other chain as a transparent surface.
The blue ribbon represents the large domain, whereas the green ribpa@sents small domain.

¢ KS MdiRon the top represents-tdrminus. Catalytic K23BLP intemal aldimine in the

active sites is shown in yellow stick (highlighted by red square). B) PbrMppP active site showing
internal aldimine formed by PLP an®83. C)PbrMppP structure with 4HKA bound in the active

site.
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¢KS aidNXzOG dzNB 2 F  UpkS (Figue NRBAI)Jtwasnobtiined WY 2s¢@king

PbrMppP crystals in a solution containing 10 m¥rg as described above (see Section 2.2.6).
PbrMppP is activen the crystalline form, thus after-pay diffraction, the produc{95] was

observed bound inthé OG A @S &AA0S® hyOS GKS &adzmadNI{4S oAy
FYAYy2 3ANRdzL) FGaG1FO1a /nQ 2F GKS Ay (l&NgLysl33l f RA Y
¢KS adzZ FILG4S A2y 02 dzy R -cérlxylathl# #\rg. @hrM ad AlB7LdtHe OS R 6 «
N-terminal helix form hydrogen bonds with the guanidinium and carboxylate gro@ihsArg.

When the product is bound in the active site, thdeschains of His31, Asp197 and Asp239 come

Ot2a8SNJ G2 /nQ 2F (K SHTir6tdas hviay ftomh RAPLR ghdmoves K S N.

closer to the bound producf95].

The PbrMppP reaction involves a number of spectroscopically active intermediatigion of

the reaction by adding PbrMppP to a cuvette with 1mdArg under aerobic conditiomgsults in

an immediate shift of the 415nm peak to 425nm (Figure 223.Jand aslow increase in
absorbance at 510nm as the reaction consumes the dioxyg#w iauvette. When the dioxygen
concentration approaches zero, the 510nm peak reaches a maxinnan.a®ter the 510nm peak
appears, a second peak at 560nm appears and then decays to zero as the 510nm peak plateaus.
The 415nm peak is due to the internal ahitie, while the 425nm peak corresponds to the
external aldimine. The longer wavelength peaks Hdrim and 560nm are due to the firg8]

and second92] quinoid intermediates, respectively. The 510nm persists after the 560nm peak
has decayed away, becauggainonoid | is the first intermediate that requires dioxygen for the

reaction to proceed.
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0.9

— PbrMppP+L-Arg+0, (292s)

Wavelength (nm)

Figure 2.3.12: U\tvisible spectra of the PbrMppP reaction witlig. The pink spectrum is for
PbrMppP, where the 415nm peak shifts to 425nm upémngLaddiion. The spectra are colored
according to time, with the light blue spectra representing thelyeatage of the reaction,
beginning at 1.4s, and transitioning to dark blue by the end of the reacti@a@2st The increase

in absorbance at 510nm is for quoid 1[88] formation, followed by a peak at 560nm for quinoid
[1192] formation. After a shortgan of time, the absorbance at 560nm decays due to the reaction

proceeding towards 4H2K85].
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NMR analysis of PbrMppPaction products (Figure 2.33) shows that, like SWMppPPbrMppP
produces a mixture 5] and[91] in a ratio of ~2:1. Reactioconditions were as described in
Section 2.2.4. The mass spectrometric analysis confirms the NMR results. The major ions
observed in the positive mode (Figure 2:3A) analysis of the reaction mixtures in the presence

of catalase were m/z = 190, correspbng to[95] (190.1 Da) and m/z = 174, corresponding to
[91] (174.1 Da). In reactions without catalase (Figure 24B) the major ions in the positive
mode analysis are m/z = 162 and 146, corresponding to the decarboxylated fofts] ahd

[91], respectively. It was observed in previous studies of SwMppP th@t produced during the

reaction catalyzes neanzymatic dearboxylation of the ketoacidis
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Figure 2.3.13: PbrMppP producd®5] and[91] in a ~2:1 ratio. The green spectrum (topasw

collected for a solution of pureArg in RO. The red spectrum is the PbrMppP reaction products.
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Figure 2.3.44: EShass spectrometric analysis of PbrMppP products in positive mode. Labelled
m/z peaks show the major reaction products vs redatintensity (%). (A) m/z of PbrMppP
products[95] (m/z = 190.1) angP1] (m/z = 174.1). There was no tradeLarginine (m/z = 175.1)

after 4 hours, indicating that the reaction progressed to completion. (B) TiIMESdectra of the
catalasefree (decarbxylated) PbrMppP products. The m/z=146 peak is due to the

decarboxylated91] and the m/z=162 peak is due tlecarboxylatedo5].
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2.3.2H,Oy is a product 6PbrMppP catabis

PbmMppPreactions with concentratios of L-Argranging from 10 uM to 160 pMere monitored
using aClarkelectrode (Figur@.3.21). Catalase (1 pL of 5mg/mL) was addduaew the 500uL
reactions reached equilibriumThe oxygemprobe traces show that, in all cases, the addition of
catalaseresulted in the generation of an amount dfoxygen equal to one half of the total
dioxygen consured by PbrMppPThis observation shows that PbrMppP is producing hydrogen
peroxide, which is then being disproportionated by catald$es ratios of dioxygen consumed by
PbrMppP vs the amount ofArgin the reaction are listed in Table 2.312 The averageratio of
dioxygen consumed to-Arg added is ~1.3. Assuming that all of th&rfy was consumed in these
reactions, as it was in the reactions for NMR analysis, a ratio between 1 and 2 suggests the
operation oftwo branchesof the mechanisn{Scheme 2.1.1\where the production of the fully
oxidized producf95] consumes two equivalents of dioxygen and the production of the abortive

product[91] consumes only one equivalent.

81



Catalase
2H,0; ——» H,0+ O,

cv

5uM PbrMppP with different conc. of L-Arg

E = Point of PbrMpppP addition
250 V = Point of 5 ug/mL Catalase addition

— 20uML-Arg

— 40uML-Arg
— 80uML-Arg
— 160uML-Arg

100 200 300 400

Figure 2.3.2-1: Regenerationof dioxygenafter adding catalase intd®®bMppP reactions at

equilibrium The concentration of dioxygen was monitored in a Hansatech dioxygen electrode.

The reactions were initiated by add PbMppP (9 pL of 272 uyM PbrMppP;~5 uM final
concaitration) into solutions cotaining10> a IJn  >405 3 80> a | §nR >hargin 50

mM BisTris Propane p8i5 buffer. When the reactioreached equilibrium (i.e. plateaued) uL

of 5Smg/mLcatalasewere added into theeactions for a final concentratiasf 1 ug/pL The symbol

EAY GKS FTAIdzNBE Aa dzaSR (2 YIFN)] (KW 3@Syin SRT
mark the event of catalase addition. The regeneration odui@gests that kD is a byproduct of

the reaction.
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Tabe 2.3.21: Amount of diaygen released upon the alidn of catalase to PivppP

reactionsmonitored in a Hansatech dioxygen electrode

OfF NE6 |0 dAaJwpkt BE(wE NBGNASHS

Mn dza (Mmndn x{MmdnnanyYm |ydy xa

Hn dza |Hp®Pp X MPHTYM [MODPH ¥Ka

nn dza |[pHPT XK MPOHYM |[HT PH X a

yn dza (matT®dm |[MmPon¥Ym |[pcPH Xa

Mcndza {[mMmc mdc MPAMYM |[ypPH Ka

2.3.3Stead state kinetics of PbrMppP

The initial velocity data from dioxygen probe experiments were used to determine the steady
state kinetics of the reaction of PbrMppP withAtg. The kinetic parameters determined from

these data (4, kat, and the specificity constant) alisted in Table2.3.31.
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Figure 2.3.3L: MichaelisMenten graphof PbrMppP catalysisthe reactions were initiated by
adding PbrMppP (9 uL 872 uM PbrMppP; ~5 pM final concentration) into solutions containing

MA >aX Hna >aX nna Stardin 50 mM BisTris-Pydopanewpkl 8.5 bufter

Table 2.3.3L: Steady state parameters calculated from the oxygen piadx@ved initial

velocity datawith L-Arg.

MichaelisMenten constant, & HN B M®p >a
Turnover number, 0.16 £ 0.02%
Specificityconstant, kafKwm (6.8 £0.1) x ITM1s?
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2.3.4Presteady state kinetics of PorMppP

Changes at the PLP center of PbrMppP, upon bindingh\of lvere monitored using stopped flow
spectroscopy under anaerobic conditions (SX) by exciting the adtatdimine at 415 nm. All
concentrations mentioned here are after mixing (final concentrationthe cuvette). PbrMppP

(13 puM) was mixed with-Arg (125, 250, 500, and 1000 uM) under anaerobic conditions and the
internal aldimine was excited at 415 nnmhahges at the PLP center were monitored by the total
fluorescenceFigure 2.3.41A representshie kinetic model of the fittings

Ly (KS 11 64aSy0S 2F RAZ2E&3ISYyI (KS TFiladz2D8B)OSyOS
exhibits complex behavior. Firgshere is increase in fluorescence that peaks at@2 s (Figure
2.3.41B). The amplitude othis fluorescence increases with theAtg concentration. Following
the increase in fluorescence, there is a decrease almost down to the initial values. Wxeanhter
this signal, tentatively, to represent binding o6Akg to give the Michaelis complex (ERhich
refers to the PL¥&nzyme complex with fierminus open conformation where the substrate L
arg is just hanging at the active sitehe decrease in fluoresnce is consistent with conversion

of the external aldimine to the first quinonoid intermediateQ1). These data can be fitted to a

triple-exponential function (Equation 3):

Y= 5 + Ag * eXp(—kl*x) + & * eXp(—kZ*x) + AS * eXp(—kS*x)

where tis a comstant, Az are the amplitudes of the three phaseg,skare the associated rate

constants, and x is time. These data, however, were not analyzed using the traditiquhatiireg
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of amplitudes and rate constants derived from such #iaear least squarestting. Rather, the
data from all experiments were fé#tl simultaneously by simulation in KinTek Explorer (version
10.0.200514). The results of fitting by simulation in KinTek Explorer are described in detail below,

after the descriptions of all of the prriments performed.

The model of the fitting along witbbserved rate constants are represented in Figure 2134

A)
Model 1
R
= = = k,,=1.65
po_Ku=193 E &kh 0.19 ER ks, =30.2 R < " v EA
Y k.=135 4 w k,.=0.18 Yk =15 k,.=0.39 Al
T ¥ 1
2 ] w
"I ;E
P, §
H,0, Ep .0,
HTA
?
I 2
o
w
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Figure 2.3.4L: Presteady state kinetic data from global fitting in KinTek explorer version 10. A)

Model 1, the hypothetical odel with preliminary microscopic rate constants. Thepstwith
unidirectional arrows were forced to be unidirectional by manually applyivg & The purple

GYE NBFSNER (G2 GKS YAy2N[QINR R&GI NBR ©OKSE tNGSNISING
product,[95]. B) the change in fluorescence after mixing 13 uM anaerobic PbrMppP with various
concentrations of anaerobicArg. C) The same experiment as described in (B) monitored at 510

nm. D) Double mixing experiments whdBeuM peforethe firstmix) PorMppP wasnixed with
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2000 puM EArg in the first mixing step and aged for 10 seconds. In the second mixing step, 100
mM BisTris propane buffer at pH 8.5 containing various concentrations of dioxygen was mixed
and the absorbance at 510 nm was monitofed100 s. EThe same reactions as (D), monitored

at 560 nm, the absorbance maximum of the second quinonoid intermediate. The gray shading
associated with the spectra refers to the fit through the entire ranges of all the parameters

derived from fitting.

Theaccumulation of the first quinonoid intermediate was observed at the absorption maximum
(510 nm) under anaerobic conditiofigure 2.3.4L.C) The experiment was set up as described
for the fluorescence experiment, except that the reactions weranittwed by absorbance rather

than fluorescence. The results are shown in Figure 28.4EQ1 forms in a single exponential
process with a ~100 ms lag that corresponds to the formation and ultimate decay of the external
aldimine. The signal saturates whath of the enzyme has been converted to EQ1, as evidenced

by the dependence on the amplitudes of the transients on the substrate concentration.

The reaction of EQ1 with dioxygen were monitored @yuble-mixing stoppeeflow
spectrophotometry. The prepareghaerob® t 6 NA LILX onn >al0 AYy wmMn Ya &
t[t 6Fa FANBG YAFESIROdVABIEKs PropanepH 8.5and aged for 10 s

prior to the second mix of different definembncentrations of dissolved,@ 100 mM BisTris

propane pH 8.5 buffer. Ehdissolved @concentration in the buffer wadefined by sparging

an inverted syringe containing 100 mM BisTris propane pH 8.5 Hofférmin with blended

N, and Q of known partial pressures supplied by a Maxtec Maxblend gas blender. The
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concentrationof dissolved @was determined by firsgparging the reaction chamber of a
Hansatech dioxgen electrode filled with same buffed&ine the equilibrium concentration
of dissolved @ The EQ1 complex wabserved at 510 nnfFigure 2.3.4.D) and the EQ2

complex was observed at 560 nfRigure 2.3.4LEuponthe second mixing with £

The absorbance at 510 nm was monitored for 100 s and the curve first decays until the
dioxygen was completely consumed, at which point EQ1 began to accumulate again. The EQ1
decayhappens before the second quinonoid forms. Hence, EQ2 only accumulates after EQ1

has decayed.

The microscopic rate constants resulting from fitting by simulation in Kirghorer,

together with the model used for fitting, are shown in Figure 2BMIn the hypothesized

model, F is an inactive conformation of the enzyme, which attains the active conformation E,

either upon binding with the cofactor PLP, or undergoing s@onformational change. Thus,

E is the internal aldimine form of PbrMppP. Bindifighe substrate {Arg gives the Michaelis

O2YLX SE 69w0®d ¢2 aldGrafe GKS Ftd2NBaoOSyOoS RIGI
that could represent a conformati@h change of the substrate or enzyme that is required to

progress to the externalldimine. For example, the ER conformation could have the N
GSNX¥YAYdzAz RA&A2NRSNBRI FyR 9 wrmhd hdidads/and G(KS &
formsitsinteractonsw i K (G KS &adzoadi N} §S® Ly (GKS 9wQ O2y T 2N
are postioned to react with the substrate to give thexternal aldiminewhich is subsequently

converted to EQ1. In presence of dioxygen, EQ1 reacts with fOrm intermediate A, the

presence of which is required to satisfy the data and could be interpreteal @mplex with

superoxide that progresses to a peroxo intermediate, X2, most likely atth®&llH / h @ - n G KS
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proceeds to the second quinonoid intermediate. EQ2 reacts wittecond molecule of
dioxygen to form intermediate X3, that breaks down to an emproduct complex (EP).
Finally, EP is hydrolyzed to give the major prod@sj 6 4t KS NBR Gt éA)and CA 3 dzNB
regenerating the free enzyme, E. A branch of the madm goes from intermediate X2 to
form the enzyme2KA complex, EK, which hydrolytegive the abortive product 2KA (the

LJdzNLI S &Y ¢ -1E)andCeycheiatid) the ke @mnyme.

We tested this model by moving the branch point of the bifurcated m@csm and excluding the

various hypothetical intermediates (e.g. F, EA) one @&ha.t

When the branch point to the abortive produf@1] was moved from intermediate X2 to EQ2
(Figure 2.3.2A and the simulation was #in, the quality of the fit was sevely degraded
(Figure 2.3.BE). For instance, in the anaerobic single mixingedarment monitoring EQ1
formation at 510nm (Figure 2.32C), accumulation of the quinonoid is completely abolished in
the fit. Likewise, in the experiments looking at thHéeet of dioxygen concentration on the decay

of EQ1 (Figure 2.32D) and on the amumulation and decay of EQ2 (Figure 2-3E) are also
impacted. The fits (solidolored lines) fit the data less well, and the parameter ranges (denoted
by the grey lineshave become unacceptably wide, meaning that a large range of rate constants
wouldfA & GKS RFEGF Slidahtfte LI22NIed ¢KS O2yOSNEAZ2Y
was unidirectional (the reverse rate refined to ) sn the case of Model 2 (kige 2.3.42A),
which is not physically realistic. The formation of EK from EQZalgsaswo times slower than

the equivalent step in Model 1, conversion & t& EK.
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Figure 2.3.8: Presteady state kinetic datircom global fitting in KinTek explor&r0, when the
branch point to[91] was placed at EQ2 (AB) the change in florescence after mixing 13 uM
anaerobic PbrMppP with various concentrasasf L-Arg under anaerobic conditios O The
absorbance at 510 nimonitored in the same condition as fBr D) Double mixing experiment
where 40 uM PbrMppP wasixed with 2000 uM 4Arg in the first step and aged for 10 s. In the
second step, IWmM BisTrigpropane buffer pH 8.5 containinvgrious concentrationof dioxygen
was mixed andabsorbance at 510 nm wasonitored. E The same reaction as f@, but
monitored at 560 nm. The ay shading underneath theata refers to therange of parameters
(rate constants and extinction coefficients) that would be consistent twélfit. The steps with
unidirectional arrows were forced to be unidirectional by manually applym@KTrhe Kabeled
with purple color refers to the minor product of MppP react[8d]. The P with red color refers
to the major product of MppP reaot, [95]. The rate constants with pink labeling refer to

deviations from Model 1.

When the branch point to the alstive product[91] was moved from intermediate X2 t§1

(Figure 2.3.48A and the simulation was #ein, the quality of the fit wasilsodegraded (Figure

2.3.43B-E). Althoughthe anaerobic single mixing experimer(Figure 2.3.2B.RA RY Qi KI @S
much impat, but the double mixingexperiments (Figure 2.3-2D E) arelargelyimpacted. The
unidirectional step of EBonversion (the reverse rate refined to ®)$as also became four time

slowerin the case of Moded (Figure 2.3.8A).2 S dza S R &NSf edck &periment the

test fittings, as a quantitative parameter to evaluate how good the fittings are (TableD.3.4

The.?valuesrefers to theplacement of the besfit lines relative to the datawherease the grey
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parameter rangeshowshow well the model reflects the dataThe EQ1 decay experiment of

Y2RSt o KI &valdeantiide BQ2 ¥dumulation experiment of model 3 has ten times

.2value, comparing to that of model 1.

Thus the analysis of model 2 and model 3 shows that thefliesftabortive producf91] branch

point would be X1

A)
Model 3

R
= k,,=0.19 = . k - 1.8

\ — \k -
\k17=13 3k, =018 ky =15 4.=0.2 - 7
~ - I
- I w
'l-ll m
P, S K,
H,0, ep H,0,
-~
5
I 2
o
w
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Figure 2.3.43: Presteady state kinetic datérom global fitting in KinTekxplorerwhen the EK
branch point was placed at intermediate . XA). B) the change in fluorescence aftaixing 13
UM anaerobic PbrMppP with various concentraiof L-Arg underanaerobic conditios Q The
absorbance at 510 nm monitored in the same conditiofioa®. D) Double mixing experiment
where 40 uM PbrMppP wasixed with 2000 uM 4Arg in the firststep and aged for 10 s. In the
second step, MM BisTrigpropane buffer pH 8.5 containinvgrious concentratiosof dioxygen

was mixed andabsorbance at 510m was monitored. E The same reaction as f@, but
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monitored at 560 nm. The gray shading undsath thedata refers to therange of parameters
(rate constants and extinction coefficients) that would be consistent witliith€he steps with
unidirectional arrows were forced to be unidirectional by manually applyin@KThe K labeled
with purple color refers to the mingrroduct of MppP reactiorf91]. The P with red color refers
to the major product of MppP reactiof@5]. The rate constants with pink labeling refer to

deviations from Model 1.

When the inactive form of the enzyme, F was osttfrom Model 1 (Figure 284A), the aerobic
experiments were more affected than the anaerobic experiments (Figure-2B8H). The ©
dependency of Q2 (Figure 2.28) is expanded far from all parameter ranges. The impact on
rate constant was also deted. The conversion of exteal aldimine to intermediate EA was 5
times slower than model 1. Whereases, the formation of EA intermediate from external aldimine
9wQ Aa FfY2ad dzyARANBOGAZ2YIfd CAYylIffeés 9vwm

2.3.44E)
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Figure 2.3.4: Presteady state kinetic dat&rom global fitting in KinTekExplorerwhen the F is
omitted from the model 1 (AB) the change in fluorescence after mixing 13 UM anaerobic
PbrMppP with various concentratisof L-Arg underanaerobic conditioa. G The absorbance at
510 nm monitored in the same condition as B)D) Double mixing experiment where 40 uM
PbrMppP was med with 2000 uM 4Arg in the first step and aged for 10 s. In the second step,
100 mM BisTrigoropane buffer pH.5 containingvariousconcentratiors of dioxygenwas mixed
and absorbance at 510 nm wamsonitored.E) The same reaction as fbr, butmonitored at 560
nm. The gray shading underneath tiiata refers to therange of parameters (rate constants and
extinction coefficients) that wuld be consistent with thi. The steps with unidirectional arrows
were forced to be unidirectional by manually applyirg € The K labeled with purple color refers
to the minor product of MppP reactiof91]. The P with redator refers to the majoproduct of

MppP reaction[95]. The rate constants with pink labeling refer to deviations from Model 1.

When intermediate & @as omitted from model {Figure 2.3.46A), the most impact was on Q2
accumulation phase (Figure 2.35B), as the modefitting expanded the parameter ranges far
away from actual data points. Although the conversion step of inactive enzyme F to active
enzyme E was slightly faster than that one in model 1, the consecutive step of internal aldimine

formationwas slightly slower. Finally, the EQ1 formation step was forced to be unidirectional.

97



Model 5

R
& k,,=0.08

E \ ER
\

k=15 | =28 o k=451 Lo
Nk, =47 k, =0.18 “ky =15
0,
mW
i
o
o
e
X2 €4——X1
L, =4.31
B) C)
140 1 0.35 -
B2 0.30
g 130 0.25 -
S 125 4 =)
% = 0.20
O 120 A <
R “. A 0137 125 uM L-Arg
[ =% 125 uM L-Arg 0.10 4 250 pM L-Arg
110 - “.. .7 250 uM L-Arg : 500 puM L-Arg
©..s% 500 pM L-Arg 0.05 1 1000 uM L-Arg
105 - St 1000 puM L-Arg '
B N —— 0.00 AR
10-3 102 10-1 10° 10t 103 102 1071 10° 10!
Time (s) Time (s)
D) E) o030
0.5 0.25
0.4 82 uM O: 0207 82 umMO
166 uM 02 o 166 1M O:
= 252 pM 0> 2 0154 252pM 0>
< 523 uM O: 523 iM O,
0.2 - 0.10 -
0.1 0.05
1072 102 10!  10° 10! 102 Time (s)
Time (s)

98



Figure 2.3.4: Presteady state kinetic datérom global fitting in KinTeExplorerg KSy G KS 9 w(
intermediate is omitted from the model 1 (&) the change inlfiorescence after mixing 13 puM
anaerobic PbrMppP with various concentrasasf L-Arg under anaerobic conditios O The
absorbance at 510 nm monitored in the same conditionoa8fD) Double mixing experiment
where 40 uM PbrMppP wasixed with 2000 uM 4Arg in the first step and aged for 10 s. In the
second step, IWmMM BisTrigpropane buffer pH 8.5 containirvgrious concentratiosiof dioxygen
was mixed andabsorbance at 510 m was monitored. E The same reaction as f@, but
monitored at 560 nm. Theray shading underneath theata refers to therange of parameters
(rate constants and extinction coefficients) that would be consistent witlfitth€he steps with
unidirectiond arrows were forced to be unidirectional by manually applyimgd The Kabeled
with purple color refers to the minor product of MppP react[8d]. The P with red color refers
to the major product of MppP reactiof@5]. The rate constants with ginlabeling refer to

deviations from Model 1.

2 KSYy C FyR 9wQ fronSNiaBel 1otgiveikMogeYB) tiielef& was similar to Model

5. It is obvious that the formation of ER and EA is a major component of the mechanism, thus we
omitted F followedo @ 2YAaaA2y 2F 9wQd ¢KAA 2LIAYATI GAZ2
expaiment with fluorescent excitation (Internal aldimine monitoring, figure 2-8B), aerobic
experiment of Q1 accumulation (Figure 2:88) and Q2 accumulation (Figure 2:8H).All

these model fitting expanded the parameter ranges far away from actualmiants. Moreover,

(0p))
Qx

0KS O2y@SNBA2Y adGSLI 2F 9w (2 9wQ gla mp GAY
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Figure 2.3.46: Presteady state kinetic dat&rom global fitting in KinTekxplorerwhen the F is
omitted, followed by onsish 2y 2 F Ay (i BoNviHe Rnbdel(i1S(A)B) & change in
fluorescence after mixing 13 uM anaerobic PbrMppP with various concensafidsArg under
anaerobic conditios O The absorbance at 510 nm monitored in the same condition & )r
Double mixing experiment whed0 uM PbrMppP wasired with 2000 pM4Arg in the first step
and aged for 10 s. In the second step) &M BisTrigoropane buffer pH 8.5 containingarious
concentratiors of dioxygenwas mixed anagbsorbance at 510 nm wamsonitored.E) The same
reactionas forD, butmonitored at 560 nm. The gray shading underneathdhta refers to the
range of parameters (rate constants and extinction coefficient) would be consistent with
thefit. The steps with unidirectional arrows were forced to be unidireatiby manually applying
K= 0. The K labeled with purple color refers to the minor product of MppP redgfipnlhe P
with red color refers to thenajor product of MppP reactiofi95]. The rate constants with pink

labeling refer to deviations from Miel 1.

The statistical analysis of all the alternative models is recorded in Tablel12.3He primary

model, Model 1, was the best global fit to thatee data set with the lowest akxperiment chi

dljdz- NER 6. HU @I f dz2Sod ¢ Kshowihatlbath adtainkteipladethevds af 2 RS a
the branch point in the mechanism fit the data poorly. Similar, more subtle impacts were
observed for Models 4, testing the value of including the equilibrium between active and

inactive protein (having F in the model) and of including the conformational change from ER to
IwQad 2KAfTS y2G a RS@gradadlraaya G2 GKS Hald I a

YSOKIYA&aYZ 2YAGOAYy3 C I yYRk2N 9 wRtothddatg Aug, O y i €
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we consider Model 1 as being the best model for this set of experimental data. From this

validated model, we proposed a reaction mechanism for PbrMppPysialScheme 2.34).

Table 2.3.4:{ G GA&GA Ot 12yaluds)ai diffdrent riodeis SEIRRIN -

2.3.4.
Model 1 Model 2 Model 3 Model 4 Model 5 Model 6
(EQ2to EK) | (X1 to EK) |(OmitF) OhYAlG |(Omit F &
9wQou
Exp 1 3182 3048 6370 5931 4568 5129
(415fl
anaerobiq
Exp 2 2390 748663 2368 3360 2067 2862
(510
anaerobic)
Exp 3 1192 2950 4942 2894 3731 6377
(510+Q)
Exp 4 618 1180 6900 916 862 1929
(560+Q)
All-9 EBJ |7.4x1C 7.6 x 10 2.1 x 10 1.3x 10 1.1x 10 1.1 x10

Starting from the active, internal aldimine form of PbrMppP (Scheme 2314 the B2 F
equilibrium has been omitted from Scheme 2:3)4 it could be binding of free PLP by enzyme

with no cofactor, or it could be some conformational change that resulthentwo different
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form of enzyme. Probably the-fdrminusopen conformation of the mzyme allows the
substrate EArg to bind. At this point, the internal aldiminER,IJ form of enzyme absorbs light
at 415 nm. Upon closing of the-tdrminus, the activesite residues are oriented properly for
nucleophilic attack of-L NH 2 Yy / esultingrifthetinfermadiat®Iw(I&) formation, which
ultimately forms the external aldimin€E@, V. The external aldimine absorbs light at 425 nm.
Then the external dimine eventually forms quino#lintermediate Q1, V). In the presence of
Oz, Q1 fam an excited state dynami¥/(l) where molecular oxygen forms reactive exioion to
attack the beta hydrogen of-érg in PLP bound form or Q1 that has absorption maxitr&a
nm, and also originates hydroperoxid@ion. The other beta hydrogen rearranges form
double bond between alpha and beta carbon. In the next excited state dynamiiy, ¢(he
mechanism follows two branches of reaction. If the hydroperoxashéon dtacks water molecule
and leaves as hydrogen peroxide, then the aldimine carbon kdtdee hydrogen from hydroxyl
anion I followed by incorporation of oxygen the alpha position to give the minor product 2

oxo-5-guanidinovaleric aci{b1].

OntheotherK I Y RE AT K& RNZR LIS NRhydrdgéh oftlafghire BLP bodnd ford] & G K
(v, then second molecule of.8, byproduct is produced along with quineltdcomplex Q2,

IX) that has absorption maxima at 560nm. A 2nd molecule ofo@ns radical, attaking the

I OO0 A @€ §).FRally, water molecule likely neutralizes the reactiondoaicing intermediate

Xland another molecule of #». Oxygen from the water molecule incorporates ultimately with

the substrate to form 2xo0-4(S)}hydroxy5-guanidinovaléc acid[95].
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