University of Wisconsin Milwaukee

UWM Digital Commons

Theses and Dissertations

May 2021

Structure & Function of Enzymes in Two Uncharacterized Gene
Clusters from Pseudomonas Brassicacearum & Streptomyces
Griseofuscus

Lamia Tabassum Badhon
University of Wisconsin-Milwaukee

Follow this and additional works at: https://dc.uwm.edu/etd

6‘ Part of the Biochemistry Commons, Chemistry Commons, and the Molecular Biology Commons

Recommended Citation

Badhon, Lamia Tabassum, "Structure & Function of Enzymes in Two Uncharacterized Gene Clusters from
Pseudomonas Brassicacearum & Streptomyces Griseofuscus” (2021). Theses and Dissertations. 2643.
https://dc.uwm.edu/etd/2643

This Dissertation is brought to you for free and open access by UWM Digital Commons. It has been accepted for
inclusion in Theses and Dissertations by an authorized administrator of UWM Digital Commons. For more
information, please contact scholarlycommunicationteam-group@uwm.edu.


https://dc.uwm.edu/
https://dc.uwm.edu/etd
https://dc.uwm.edu/etd?utm_source=dc.uwm.edu%2Fetd%2F2643&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/2?utm_source=dc.uwm.edu%2Fetd%2F2643&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/131?utm_source=dc.uwm.edu%2Fetd%2F2643&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/5?utm_source=dc.uwm.edu%2Fetd%2F2643&utm_medium=PDF&utm_campaign=PDFCoverPages
https://dc.uwm.edu/etd/2643?utm_source=dc.uwm.edu%2Fetd%2F2643&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarlycommunicationteam-group@uwm.edu

STRUCTURE & FUNCTION OF ENZYMES IN TWO UNCHARACTERIZED GENE CLUSTERS FROM

Pseudomonas brassicacearum & Streptomyces griseofuscus

by

Lamia Tabassum Badhon

A Dissertation Submitted in
Partial Fulfillment of the

Requirements for the Degree of

Doctor of Philosophy

in Chemistry

at
The University of Wisconsin-Milwaukee

May 2021



ABSTRACT

STRUCTURE & FUNCTION OF ENZYMES IN TWO UNCHARACTERIZED GENE CLUSTERS FROM
Pseudomonas brassicacearum & Streptomyces griseofuscus

by
Lamia Tabassum Badhon

The University of Wisconsin-Milwaukee, 2021
Under the Supervision of Professor Nicholas Silvaggi, PhD

Pyridoxal 5’-phosphate (PLP)-dependent enzymes harness this versatile cofactor to catalyze
a variety of reactions including transamination, decarboxylation, racemization and various
elemination/subsitution reactions. Several years ago, a new class of PLP-dependent enzymes was
discovered that uses PLP and molecular oxygen to catalyze the 4-electron oxidation of L-arginine
to 4-hydroxy-2-ketoarginine. Work with the prototypical enzyme of this class, MppP from
Streptomyces wadayamensis (SwMppP), showed that the dioxygen consumed during the
reaction is reduced to hydrogen peroxide, and that the hydroxyl group installed in the product
derives from water. Thus, SWMppP is an L-arginine oxidase, and not an oxygenase. This was
surprising given that the hydroxylation step occurs at an un-activated methylene group of the
substrate, L-arginine. SWMppP is part of the mannopeptimycin biosynthetic cluster and works
together with MppR and MppQ to synthesize the non-proteinogenic amino acid L-enduracididine
(L-End). A BLASTp search of the NR database using the sequence of S. wadayamensis MppP
revealed close homologs in a number of species of pseudomonads, including Pseudomonas

brassicacearum, P. syringae, P. amygdali, and P. aeruginosa.



The first section of this thesis is focused on the genomic context of the pseudomonad MppP
homologs. None of the pseudomonad genomes examined contained other key mannopeptimycin
biosynthetic genes like the nonribosomal peptide synthetases mppA and mppB, or the other two
L-End biosynthetic genes mppQ and mppR. The lack of MppQ and MppR homologs in these
organisms suggests that the arginine oxidase activity of MppP homologs is used in a distinct
biochemical context. We cloned, expressed, and purified the MppP homolog from Pseudomonas
brassicacearum, a soil-dwelling bacterium associated with the roots of plants in the
mustard/cabbage family that protects the plants from several bacterial and fungal pathogens.
The genomic context of the gene encoding this MppP homolog (PbrMppP) consists of a
regulatory gene, the MppP homolog, and four additional open reading frames annotated as
hypothetical protein (PbrHYP), dihydrodipicolinate synthase family protein (PbrDHPS),
Mononuclear Fe-dependent oxygenase; (PbrOX), and 2Fe2S-binding protein ferredoxin (PbrFD).
All these genes were annotated from sequence analysis. The observations that (1) the genes are
overlapping, (2) that the open reading frame includes a /uxR-type regulatory gene, and (3) 5’-
untranslated region contains a putative promoter sequence suggests that these genes may
constitute an operon, which we will refer to as the P. brassicacaerum MppP containing operon
(PbrMPCO). Understanding the biochemical context of PorMppP requires assigning functions for
the other 4 non-regulatory gene products. To begin, we confirmed that the structure and activity
of PbrMppP are both identical to the prototypical SWMppP. Next, we analyzed the X-ray crystal
structures of PbrHYP, PbrDHPS and PbrOx. We also identified condition that activates the
promoter of this gene cluster. Since the structures were not sufficient to deduce the functions of

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



operon. Knowing the final product would limit the possibilities for substrate of these putative
enzymes, we show here a comparative metabolomic analysis by knocking out the entire operon

and searching for “missing” metabolite(s) by multiple MS.

The second section focuses on a second MppP homolog from Streptomyces griseofuscus. The
gene encoding this MppP homolog, SgrMppP, is flanked by 5 other genes whose products are
annotated as a putative biotin carboxylase (SgrLIG), flavin-dependent monooxygenase (SgrOX),
S-adenosyl methionine (SAM)-dependent methyltransferase (SgrMT), amidinohydrolase (SgrAH),
and GNAT-family acetyltransferase (SgrNAT). The goal of these studies is to determine the
activities of all the enzymes in this gene cluster and to identify the 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 4-hydroxy-2-ketoarginine produced by SgrMppP. We also determined
that SgrMT products are used by SgrAH as substrate and the turned over products by SgrAH are
ornithine derivatives and urea. Succeeding research will involve structural and functional
determination of rest of the gene products, which will eventually lead to the identification of final

product of these gene-contexts.
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Chapter 1

Introduction to natural products biosynthesis

Beyond the biochemistry of energy production, macromolecule biosynthesis, and cell division,
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 are known as secondary metabolism. Many
secondary metabolites possess biological activities like cytotoxicity, biofilm inhibition, or
signaling. Collectively, these bioactive secondary metabolites are known as "natural products'.
Secondary metabolites can be obtained from both prokaryotes and eukaryotes. Prokaryotic
secondary metabolites, in general, have defensive actions to protect the producing cells.
Antibiotics are common examples of such natural products and discovery of antimicrobial agents
like penicillin, streptomycin, and chloramphenicol revolutionized medicine. Eukaryotic secondary
metabolites, for example alkaloids, have been used historically as anti-inflammatory,
anticarcinogenic, and analgesic medicines'. Over the last two decades, the pace of discovery of
bioactive natural products has increased exponentially. With the aid of metabolomic profiling
approaches in conjunction with computational chemistry, natural products and their derivatives
has been developed as treatments for numerous diseases™. Since 1981, the majority of FDA-

approved drugs were unaltered natural products or derivatives of natural products" (Figurel).



=N =ND =S

Figure 1: Categories of drug approved by FDA since the last three decades (1984 to 2014). N

(unaltered), ND (derivatives), and S (synthetic).

Using natural products from direct sources threatens the natural growth of microorganism and
endangers many plant species’. A remedy to overcome this problem is systematic application and
conjugation of Biotechnology and synthetic chemistry. Towards that resolution, it is

indispensable to understand the biochemical pathway of the natural products.



1.1 Different types of natural products

Historically, natural products have been used as a potent source of medicinal compound. Without
knowing the exact route of function, they were primarily used as therapeutic agents like cough,
cold healer, and pain killer, for a long period of time. Back in early eighteenth century, the
pioneering of Lavoisier principles (1789) for naming chemical elements, isolation of first recorded
plant based natural product “morphine” (1804) by Friedrich Wilhelm Sertiirner", Friedrich
Wohler’s breakthrough discovery for chemical synthesis of natural product (1828), and many
other inventions commenced a new era for natural products and their functional
characterization. For instance, the discovery of penicillin by Alexander Fleming in 1928 was

facilitated by the developments mentioned above.

The emerging number of natural products discoveries require assortment for further study and
modification. Natural products are classified into two major groups depending on the source:
those synthesized by eukaryotes and those synthesized by prokaryotes. All three domains of life
produce natural products... the bacterial and archeal systems (prokaryotes) and the Eukarya,
which includes natural products from plants, fungi, and animals. Among them, plants produce
highly diversified compounds with structural and functional attribution. Thus, natural products
from plants are further sub-categorized into four groups depending on their biosynthetic origin"'
: (1) alkaloids, (2) phenylpropanoids, (3) polyketides, and (4) terpenoids. It should be noted that
the production of polyketides is not limited in plants, they are also synthesized in bacteria and

fungi.



Natural products from prokaryotes can be bioactive as antibiotic, many are used for cell signaling
(i.e., quorum sensing) and nutrient scavengers like Siderophores. Although some produce
compounds of other medicinal use, for example Bleomycin is a cytotoxic glycopeptide used for
cancer treatment"i. Here, for the purpose of understanding later studies in chapters 2 and 3,
different classes of natural products will be discussed briefly along with the biosynthetic route of

representative compounds.

1.1.1 Alkaloids

The largest group of plant based natural products are alkaloids. As Plants cannot excrete nitrogen
directly, so they store it as nucleosides or amino acids. When the nucleoside pool exceeds the
amount needed for primary metabolism, they are incorporated into alkaloid natural products,
called nucleoside derived alkaloids. A major subcategory of nucleoside derived alkaloids are
purine [1] alkaloids that commonly act as central nervous system stimulant and muscle relaxant™.
For instance, theophylline [3] is a purine alkaloid derived from caffeine [2] (Scheme 1.1.1-A).

Similar to nucleoside derived alkaloids, when the amino acid pool exceeds what is needed for
protein synthesis, these building blocks are diverted to other metabolic fates*, which includes

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

For example, alkaloids produced from Ornithine [4] precursor, are known as tropane and
generally used as anti-spasmatic drug. In the biosynthesis route of tropane alkaloids, ornithine
[4] is first converted into amino alcohol tropine [5], and then branched towards scopine [6].

Some alkaloids are synthesized from further esterification of tropine [5] and tropic acid [7]. For



example, (S)-hyoscyamine [8], which has major use for bowel and gallstone treatment. Some
alkaloids are simply derived from tyrosine [9], lysin [10] and dicarboxylic acid necic acid or
(2R,3R,Z)-5-Ethylidene-2-hydroxy-2,3-dimethylhexanedioic acid [11] (Scheme 1.1.1-C, D, E ).
Papaverine [12] is a benzylisoquinoline alkaloid synthesized from tyrosine and it used to prevent
vasospasm during heart disease and erectile dysfunction. Sparteine [13] is a quinolizidine
alkaloid derived from lysine [10] precursor and used as medication for cardiac dysrhythmia. On
the other hand, pyrrolizidine alkaloid monocrotaline [14] is synthesized from Necic acid [11] and

used as feeding deterrent.

(8]



C) HO. 0

o
HoN® NN

32
|
|
|

[10]
CH
E) [0} CHz .
i I OH
s ! —_—— —
OH o
[11]

Scheme 1.1.1: representative example of various types of alkaloids and their precursors.

1.1.2 Phenylpropanoids

Naming of this group of natural products comes from their biosynthetic precursors phenyl
alanine and propane. Although the actual route of synthesis is not that simple. The simplest
phenylpropanoid is cinnamic acid [16], derived directly from L-phenylalanine [15] by
phenylalanine ammonia lyase enzyme. Cinnamic acid [16] then acts as precursor of other
phenylpropanoids like lignan, lignin, phenylpropanes, benzenoids and coumarins®. Another
simple phenylpropanoid would be coumaric acid [17]. The coumaric acid acts a a building

precursor of another phenyl propanoid called ferulate [18]*.



A representative example of phenylpropanoid would be coniferyl alcohol [22], the precursor of
lignin. Coniferyl alcohol is synthesized from ferulate [18] in angiosperm” (Figure 1.1.2B). Ferulate
is condensed with an acetyl group from acetyl CoA [19] to form ferulyl-CoA [20] by the enzyme
4-coumarate:CoA ligase. Cinnamoyl-CoA reductase converts the ferulyl-CoA into coniferyl

aldehyde [21], which is subsequently reduced by cinnamyl alcohol dehydrogenase into coniferyl

alcohol [22].
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Scheme 1.1.2: Biosynthesis of phenylpropanoids



The basic medicinal use of phenylpropanoid lignans is to treat rheumatoid arthritis*V. Lignans are
major antioxidants and free radical scavengers used to treat cancer *. Another major use of
phenylpropanes would be as local anesthetics®™'. Benzenoids, coumarins and their derivatives

have medicinal uses as antinociception and anti-inflammatory agents i, xVili,

1.1.3 Polyketides

Polyketides have medicinal attribution due to their antibiotic, antifungal, anti-cancer, and
immunosuppressant properties®™. Their biosynthetic source can be plant, microorganisms, fungi,
or certain seawater animals. In particular, they are synthesized by enzymes expressed in module

form, a concept discussed later in section 1.2.

Polyketides are natural products comprised of conjugated carbonyl group or methylene group.
These molecules are incorporated from donors like acetyl- CoA or malonyl-CoA. Polyketide
synthesis is similar to fatty acid synthesis. Except, unlike fatty acids, polyketides retain all their
oxygen atoms in the macromolecular structure. The presence of multiple ketone groups aid for
condensation reaction, thus polyketides have a variety of substitution. Some polyketides contain
phenolic group forming aromatic polyketides, but their pattern is different from
phenylpropanoids. For example, plumbagin ([23] in Scheme 1.1.3) is a plant derived polyketide
used as anti-inflammatory agent. On the other hand, Rapamycin [24] is a polyketide synthesized
in gram- positive bacteria like Streptomyces ** and typically used as immunosuppressants. Many
polyketides are glycosylated, and some of them even contain phenylpropanoid or terpenoid

moieties.



HO

Scheme 1.1.3: structure of polyketides

1.1.4 Terpenoids

Terpenes are naturally occurring hydrocarbons comprised of monomeric five-carbon unit
isoprene ([25] in Scheme 1.1.4). Both isoprene [25] and methacrolein [26] are terpenes and act
as terpenoid building block. Terpenoids are oxygen substituted derivative of terpenes or
isoprenes. Thus, terpenoids are also known as isoprenoids. They are further subcategorized
according to the number of units present in the structure®. For example, methacrolein [26] is a
Hemiterpene which is a five-carbon terpenoid natural product, Menthol [27] is a C-10 mono
terpene used to treat sore throat pain. Thus, sequential incorporation of isoprene unit will be
named as sesquiterpene (C-15), diterpenes (C-20), triterpenes (C-30 ), tetraterpenes (C-40 ), and
polyterpenes (>C 40). For instance, labdane [28] is a diterpene and Germacrene [29] is a
sesquiterpene, both having medicinal use as antimalaria, antibacterial, antifungal, and anti-

inflammatory agent™. Nowadays, Labdane is popular to inhibit replication of HIV virus®,



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

synthesizes terpenoids (Figure 1.1.4).

One is the mevalonic acid (MVA) pathway, that occurs in the cytoplasm. The other is the
desoxyxylulose phosphate (DXP) pathway, occurring in the plastid. Isoprene or isoprene
derivatives are a biproducts of these pathways. Consequently, excessive sugar production in the
plant is diverted into the terpenoid biosynthesis via DXP pathway. Figure 1.1.4 represents routs

of terpenoids biosynthesis™V.

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 ~ ~

Steroids (C27)

Plastid Cytosol

Figure 1.1.4: Biosynthetic route of terpenoids in plants. DXP, deoxyxylulose phosphate; pyr,
pyruvate; G3P, glyceraldehyde-3-phosphate; DMAPP, dimethylallyl diphosphate; IPP, isopentenyl
diphosphate; GPP, geranyl diphosphate; GGPP, geranylgeranyl diphosphate; MVA, mevalonate;

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

1.1.5 Non proteinogenic amino acids in natural products

There are more than 1000 nonproteinogenic amino acids synthesized in plants, microorganisms,
and other species. The naturally occurring non proteinogenic amino acids are not synthesized
aimlessly, rather they serve as precursors of secondary metabolites. There is an enormous
diversity of non-proteinogenic amino acid structures. For instance, B-amino acids, y-amino acids,
D-amino acids, a-hydrogen devoid amino acids, amino acid dimer or twin amino acids and so on.
Here only naturally occurring non-proteinogenic amino acids will be discussed, which are direct
precursors of natural products with medical significance.

B-amino acids have amino group attached to the B-carbon instead of a-carbon. There are around
100 different B-amino acid derived natural products discovered so far, which have biological
significance. For example, B-amino-a-hydroxy phenyl butyrate ([30] in scheme 1.1.6) is a

constituent of bestatin [31] *, a linear dipeptide used as an angiotensin stimulator. A few more

11



examples of B-amino acid containing natural products would be capreomycin [32], viomycin [33],
bleomycin [34] and they all have antibacterial property. On the other hand, y-amino acid
analogues have clinical significance as neurotransmitter mimic. Ranunculin A [35] is a recently
discovered natural product isolated from Ranunculus ternatus *V, with y-amino acid and sugar
hybrids. Interestingly, Ranunculins have a trend of tail-to tail ether links between amino acid and
sugar components. This extraordinary feature provides opportunity for new natural products.
Structural analysis shows that compound exhibits structural similarity to GABA
neurotransmitters. The extracted compound has historically been used as Chinese medicine for
faucitis.

Incorporation of D-amino acids into natural products are far more complex than other groups of
nonproteinogenic amino acids. Most prevalent example of D-amino acid is in the peptidoglycan
layer of microorganism, which provides them resistance against peptidases®™i. Antibacterial-
natural products derived from microorganisms, show versatile composition of D-amino acids in
peptidyl oligomer subunit. Former in-vivo study shows that actinomycin D [36] biosynthesis in
Streptomyces parvullus involves L-valine rather than D-valine®ii i A multifunctional enzyme,
actinomycin synthetase-Il (ACMS-II) catalyzes the formation of the peptide bond between
threonine and valine and eventually epimerizes the L-valine into D-valine, while the residue is
already in peptide bound form**. Plant derived natural products with D-amino acid constituents,
are simpler than bacterial. For example, some parasitic plants from genus Orobanche, can
produce D-tryptophan in response to arduous environment. The D-tryptophan is simply

metabolized into indole-3-pyruvate by aminotransferase activity*. The indole-3-pyruvate is

12



further converted into natural products like indole-3-acetic acid [37] and other hormones®i. All

these compounds have physiological aspect of cell differentiation.
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Scheme 1.1.6: non proteinogenic amino acid based natural products. Highlighted portion in the

structures come from amino acids. In structure [39], [39], [40], [41], highlighted portion forms

twin amino acids.
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The group of non-proteinogenic amino acids where two residues are connected by bonds other
than peptide bonds, are called amino acid dimers or twin amino acids. Many dimeric amino acids
opt a scope of stereocenter. For example, djenkolic acid [38] from djenkol beans, is formed by
fusion of two cysteine molecules by methylene group® i, Though there are yet some
experimental studies required, djenkolic acid seems to produce carbonyl sulfide natural products
that act as soil fumigants to naturally control plant parasitic nematodes*V. Cystathionine [39]
and lanthionine [40] (discussed in section 1.1.7) are two other examples of twin amino acids that
are natural product precursors. Cystathionine is biosynthesized from trans-sulfuration of
activated serine and cysteine residues, whereas Lanthionine is formed from trans-sulfuration of

two L-cysteine molecules.

The Naturally occurring a-amino acid L-arginine ([42] in scheme 1.1.7) is precursor of protein
biosynthesis among all the living kingdom. However, the distinguished functional feature gives it
a possibility to serve as biosynthetic precursor for molecules other than proteins. The large
aliphatic side chain opts flexibility for the structure. Terminal guanidinium cap provides a pK,
value of approximately 12.5, which is far higher than physiological pH, thus this functional group
acts as hydrogen bond donor in proteins. Apart from that, delocalized electron in the guanidinium
group allow it to participate in multiple hydrogen bonding interactions. All these features, permit
L-arg to attain diverged conformation. Thus, natural products derived from L-arginine precursors,
are biologically important to show different mode of action, basically of anti-bacterial and

antifungal activity.
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For instance, Clethramycine [43] and bicornutin [44], are naturally occurring antibiotics,
containing L-arg residues. The flexible free side chain of L-arginine is retained in the final structure

(highlighted).

1.1.6 Lantibiotics

Over the last three decades, the increasing prevalence of antibiotic-resistant microorganisms has
highlighted the need for antibiotics with distinct modes of action. As a result, a new class of
antibiotics, known as Lantibiotics has got attention. The term Lantibiotics came from its structure
containing Lanthionine (Scheme 1.1.7-A), a thioether linked non-proteinogenic amino acid. The
term Lanti derived from lanthionine ([45] in scheme 1.1.8), was incorporated into the name to
highlight the repetitive functional thioether link into the macromolecular structure. Lantibiotics
are unique for its polycyclic non-proteinogenic peptide form, interspersed with unsaturated or

dehydro amino acids.
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Schemel.1.6: representative lantibiotics structure. [58] Nisin A a class-I lantibiotic, [59]

Mersacidine a class-Il lantibiotic, [60] Labyrinthopterin a class-1II lantibiotic.

According to the structural features and chemical characteristics, lantibiotics are grouped into
three classes™". Class-I lantibiotics are those with elongated and flexible peptide chains®i. For
example, Nisin A [46] isolated from Lactococcus lactis, is a class-| lantibiotic comprised of 34
amino acids®i, 80% residues in the peptide chain comes from a- amino acids, interspersed by

altered amino acids like dehydroalanine (Dha) [49], dehydrobutyrine (Dhb) [50] and amino
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butyric acid (Abu) [51]. These altered amino acids come from enzymatic dehydration of serine or
cysteine®Vil Furthermore, they are significant because they prevent cleavage of the polypeptide
chain and studies showed that cleavage of Nisin A in the Dha or Dhb position results in inactive
lantibiotic®™. The extensile conformation enables this class of lantibiotics to interact with the
cell wall. Although their actual mode of action is followed in two steps*. Primary mode of action

is to cell membrane disruption by N-terminal hydrophobic residue of Nisin A, and pore formation.

Pore formation occurs by Nisin A binding with lipid-Il and forming a poration complex that
mediates efflux of K* ion*. Secondary mode of action is exerted by forming a complex with the
lipids present in peptidoglycan layer, consequently inhibiting cell wall biosynthesis by depriving

the substrate for transpeptidase.

Class-1l lantibiotics have more globular conformations, which facilitate their translocation
through the cell membrane. Class-Il lantibiotics also often contain Dha, Dhb and Abu. The class-
Il antibiotic is different from class-I antibiotic in term of structure, as the class-I lantibiotics only
thioether linkage. In contrast, class-Il lantibiotics have amino-ethen thiol linkage (shown in
structure of mersacidin [47]) which renders small chain chemical bonds. Thus, class-Il lantibiotics
attain more globulat conformation comparing to class-1 lantibiotics. Unlike class-1 lantibiotics,
class-Il lantibiotics show bactericidal activity by specifically binding with phosphoethanolamine
in the cell membrane, resulting in increased membrane permeability. They do not make an actual
pore because of the lack of N-terminal hydrophobic residue inaccessible, which is required for
cell membrane disruption. Furthermore, they also lack the flexible hinge region present in class-

| lantibiotics (Scheme 1.1.7 [47]).
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Class-1ll lantibiotics are still a small group of lantibiotics, which are usually non-antibiotic, but
undergo morphological change to gain activity, thus they are pro-drugs. This class of antibiotic
has special attention due to the occurrence of a rare amino acid triplet called “labionin” [54]. The
biosynthetic precursors of the tripeptide are two serine and one cysteine residues. The three
precursor amino acids are not adjacent to each other, rather they are two or three amino acids
apart from each other [52]. Thus interestingly, this rare tripeptide is formed while present in the
primary polypeptide of class-lll lantibiotics. The three interspersed precursors are further
modified by dehydration of serine residues and forming Dha-Dha-Cys tripeptide [53]. This
tripeptide has 2S5,4S,8R configuration, and consists of a central quarternary carbon atom with a
lanthionine motif. Also, they possess an unusual methylene bridge, which establishes a covalent
link to a further amino acid moiety. This tripeptide has to give Labionin is comprised of two Dha
and one Cys residuea-amino butyric acid, D-serine, and D-cysteine, where the cysteinyl sulfur
linked to D-serine is further connected with the y-carbon of a-amino butyric acid¥. Compared
with lanthionine, labionin has only one thioether bridge in peptide side chains. In addition to that,
labionin facilitates an additional unusual carbacyclic ring linkage [48]. Thus class-l lantibiotics
can form more compact structure. For instance, Labyrinthopeptin [48] synthesized in
Actinomadura namibiensis shows antiviral activity against HIV when HIV-induced cell-cell

syncytia forms in the host cell*
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1.1.7 Non ribosomal peptide and their biosynthesis

Protein synthesis relies on the ribosome (Figure 1.1.7-2) and this function is limited to the 20
proteinogenic amino acids®". The secondary metabolites produced by bacteria and fungi often
contain non-proteinogenic amino acids, which are an important source of structural diversity and
often play a role in forcing such compounds into the specific conformation needed for their
biological activity™. Since there are so many different non-proteinogenic amino acids, the
ribosomal machinery is not efficient for synthesizing secondary metabolites, using non-
proteinogenic amino acids as substrate. Thus, peptide natural products containing non-
proteinogenic amino acids are produced by non-ribosomal peptide synthetase (NRPS) systems,
where the sequence of the peptide is encoded directly in the enzymatic assembly line producing
a particular non-ribosomal peptide (NRP). This enzymatic assembly line is known as module. 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 elongation of peptide 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*ii.

Figure 1.1.7-1 briefly describes route of non-ribosomal peptide. For instance, each module can
have different functional domain like adenylation domain, condensation domain and tailoring
domain like epimerase, hydroxylase, deaminase etc. Product from each module is carried to the
subsequent module by peptidyl carried domain till the peptide chain is fully grown. Finally, a

terminal enzyme i.e., thio-esterase, oxy-esterase cyclizes the chain into final product.
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Figure 1.1.7-1: A brief mechanism of peptide growth in NRPS. C, condensation domain; A,
adenylation domain; PCP, peptidyl carried domain; E, an exemplary tailoring enzyme epimerase;
TE, terminal cyclization catalyzing thio-esterase. R, M, L, G, S, D are symbols used for different
amino acid residues that are components of final product. Each residue is connected by peptide

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

The non-proteinogenic amino acid L-enduracididine (L-End) [55] is a conformationally
constrained derivative of L-arg that is found in a number of non-ribosomally produced peptide
natural products. The structure of L-End is unique because it contains a five membered cyclic
moiety of guanidinium group. It is a constituent of peptide antibiotics like enduracidin [61],
mannopeptimycin [62], minosaminomycin [63], teixobactin [64], and enramycin [65]. There are
several stereoisomers of L-enduracididine found in the nature*Vil for instance D-enduracididine
[56], L-allo-enduracididine [57], D-allo-enduracididine [58]. Two more derivative of L-End, L-B-
hydroxyenduracididine [59] and D-B-hydroxyenduracididine [60] are also found as natural
product precursors.

Biosynthesis of L-enduracididine involves three steps, catalyzed by enzymes present in
corresponding antibiotic biosynthetic gene clusters. First step is oxidation of L-arginine, followed
by second step of cyclization between y-carbon and one of the guanidinium nitrogen. Finally,

transamination results in release of the products (Scheme 1.4).
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Scheme 1.1.8: structure of natural products containing L-arginine derivatives, both in flexible
chain form and constrained form. Highlighted portion of the structures are derived from L-
arginine, L-enduracididine or L-capreomycidine. The highlighted residues are L-End (in 53-55) or

L-Cap or 25,3R-Capreomycidine in Viomycin (Tubercatinomycin B or [56]).

1.2 A novel glycopeptide antibiotic “mannopeptimycin”

Over the last 5 decades, more than 95% of isolated Stephylococcus aureus worldwide have
become penicillin resistant, and 60% of them are even methicillin resistant (according to WHO
report)‘X. As an ultimate solution to this problem, vancomycin (discovered in 1953) has had been
used solution to fight infectious caused by Stephylococcus aereus'. Unfortunately, a large group
of enterococci, disquietingly continued to develope resistance to vancomycin". At the beginning
of the 21t century (2002), a distinct class of glycopeptide antibiotics was discovered, which is
effective against Gram-positive bacteria including vancomycin resistant S. aureus (VRSA) as well
as methicillin-resistant S. aureus (MRSA)'". This novel glycopeptide antibiotic is called
mannopeptimycin ([66] in scheme 1.2). Mannopeptimycin is a non-proteinogenic peptide
antibiotic having glycosidic bond between 4-hydroxy group of D-mannose with nitrogen of cyclic
guanidinium  moiety present in Aiha-B  (a-amino-B-[4’-(2’-iminoimidazolidinyl)]-B-

hydroxypropionic acid) or B-hydroxy-L-enduracididine [67].
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Scheme 1.2: Structures of compounds mentioned in section 1.3
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Figure 1.3: Mannopeptimycin open reading frame. Black color gene represents transporter, blue
for tailoring enzymes, red for non-proteinogenic amino acid formation, Green color represents
NRPS (discussed previously in section 1.2), and gray stands for gene with unknown function,

yellow color represents regulatory genes.

The mannopeptimycin biosynthetic gene cluster in Streptomyces hygroscopicus' is presented in
figure 1.3. The products of the mppJ, mppN, mppO, and mppP genes are involved in non-

proteinogenic amino acid biosynthesis. The mppA and mppB gene products are non-ribosomal
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peptide synthetases. The rest of the genes encode tailoring, regulatory, transport proteins and

resistance factors.

Similar to other glycopeptide antibiotics, mannopeptimycins also blocks bacterial cell wall
synthesis via secondary inhibition of transglycosylase enzymes. It binds with the transglycosylase
substrate, lipid-1 [69], rather than binding with the enzyme itself'". Vancomycin inhibits cell wall
synthesis by binding with the terminal D-Ala-D-Ala residue of growing polypeptide chain®.
Mannopeptimycin does not compete with vancomycin and does not show any cross-resistance.
As mannopeptimycin is active against vancomycin-resistant bacterial strains, it is believed that
mannopeptimycin might interfere with the later stage of transglycosylation or obstructs nascent
peptidoglycan maturation™. However, it is possible that mannopepimycin mechanism of action
involves lipid-1 [68] interaction rather than lipid-1l [69], which would mean that mannopeptimycin
acts before transglycosylase activity. Another possible target of mannopeptimycin activity is LTA

(lipoteicholic acid [70]) carrier protein.

Structural analysis of mannopeptimycin [66] shows that, it has the unprecedented precursor
amino acid B-hydroxy-L-enduracididine or Aiha [67]. It contains two different isomers of this non
proteinogenic amino acid within the molecule, AihaA (2S, 3S, 4’S) and AihaB (2R,3S,4’S) ([66] in
Scheme 1.2). The delocalized electrons in iminoimidazolidinyl ring provides resonance stability as
well as scope of more electrostatic interaction. These properties might attribute to the efficiency

of mannopeptimycin against vancomycin resistant bacteria.
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1.3 PLP dependent enzymes

Pyridoxal 5'-phosphate (PLP) is a versatile cofactor, associated with about 4% of all known
enzyme activities. Structure of PLP reveals its dynamic property to act as electron sink, enabling
covalent bonding, hydrohen bonding and ioninc interacttion. Moreover, the pyridine ring is
slightly basic, wherease phenolic group provides acidic property. Thus, PLP can easily lower the
activation barrier of reactions by stabilizing intermediates"i. In the course of evolution, five
different folds of PLP-depndent enzymes have emerged, where orientation of the active site
residues helps the substrate to interact properly with the delocalized electrons of the cofactor.
This orrrientation effect is responsible for reaction specificity™. =~ Moreover the, the PLP-
dependent enzymes provide stereoselectivity by optimizing transition state by maximizing the
overlap of m-orbital. This extended m-orbital facilitates bond breaking by lowering activation

energy. This phenomenon is also known as Dunathan’s hypothesis (1966)".

Depening on the types of recations catalyzed, PLP-dependent enzymes are classified into 4 major
groups: transaminase, decarboxylase, deaminase, racemase. During 2015, an unique class of
PLP-dependen enzymes were discovered, which acts as both deaminase and oxidase™ (discussed

in topic 1.4.5).
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1.3.1 PLP-dependent transaminase

In the transaminases, PLP forms a Schiff base with the catalytic lysine residue of the enzyme. This
complex between the enzyme and PLP the cofactor is called the Internal aldimine ([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 the external aldimine [72]. The a-H of the
substrate is abstracted by the enzyme and the electron flows into the cofactor to form the
quinoid [73]. The quinoid is re-protonated to form the ketamine [74], which is subsequently
hydrolyzed to pyridoxamine phosphate (PMP) [75] and release the ketone product [76]. Then a
new ketone substrate binds to the PMP-bound form of the enzyme, is attacked by the free amine
of PMP to form a new external aldimine, and the entire series of steps runs in reverse to yield a
new amino acid substrate. Aspartate aminotransferase (AAT) is an example of this class of

enzymes™. It takes Asp and aKG and produces oxaloacetate and Glu.

1.3.2 PLP-dependent decarboxylase

PLP-dependent decarboxylases have similar catalytic mechanism as PLP-dependent
aminotransferases. The reaction mechanism of this class of enzymes also begins with enzyme-
PLP complex or Internal aldimine [71]. Upon substrate binding, a schiff base forms between the
PLP and substrate forming the external aldimine [77]. 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 the external aldimine destabilizes a-carboxylate group, resulting in
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release of carbon dioxide and quinoid intermediate [78]. The rearrangement of quinoid results
in release of decarboxylated product [79]. In some cases, decarboxylated produtc complex is
further hydrolyzed into ammonia and hydrogen peroxide byproduct™. For instance, L-DOPA

decarboxylase is a PLP-dependent enzyme with akin reaction mechanism™ii,

1.3.3 PLP-dependent deaminase

The mechanism of PLP-dependent deaminase are similar to that of transaminases and
decarboxylases. There are very few substrates undergo this reaction. Serine dehydratase and
threonine dehydratase is example of this class of PLP-dependent enzymes. Due to the presence
of a beta-hydroxyl in the substrate[80], it introduces new possibilities into the standard sequence
of events in the transaminase mechanism (Scheme 1.4 blue branch). Upon formation of the
external aldimine [81], B-hydroxy group of the substrate forms hydrogen bond with phosphate
group of PLP, destabilizing the bond, followed by release of water molecule. The following steps
are similar to the transaminase reaction. The catalytic lysine residue [82] from the enzyme forms
Schiff base [83], regenerating internal aldimine [71] followed by release of deaminated product

[84] Ixiv_
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1.3.4 PLP-dependent racemase

PLP-dependent racemase is prevalent to catalyze the conversion of L-amino acids into D-amino
acids. Endogenous D-amino acids act as signaling molecule in both prokaryotes and eukaryotes.
However, predominant enantiomer of amino acid is the L-form which occurs naturally. Thus, the
amino acid racemase is an important enzyme of D-amino acid metabolism. For example, alanine

racemase is such an PLP-dependent enzyme.

The mechanistic analogy of this class of enzyme involves two nucleophilic residues rather than
one. The catalytic lysine residue forms the usual internal aldimine [71], which eventually converts
into external aldimine [72] upon substrate arrival. Soon after, a catalytic tyrosine residue from
the B-chain (ENZ-H in [73]) forms a hydrogen bond with the a-hydrogen of the substrate in the
external aldimine. Rearrangement of the hydrogen bond interaction results in protonation of the
a-carboxylate group and deprotonation of a-amino group. At this point, re-orientation of the
catalytic lysine results in exclusion of the B-chain tyrosine residue from the scaffold, followed by
electrophilic attack by the g-amino group of lysine on the a-carbanion of the substrate-PLP
complex. Consequently, the deprotonated lysine residue acts as a Lewis base, donating an
electron from the other side and leaving the D-amino acid product [85] as well as regenerating

internal aldimine [71] ™.
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1.3.5 MppP: A unique PLP-dependent L-arginine oxidase

L-Enduracididine biosynthesis in Streptomyces wadayamensis involves a unique PLP-dependent
oxidase, SWMppP. The function of this enzyme is to convert L-arginine into 2-oxo-4(S)-hydroxy-
5-guanidinovaleric acid ([95] in Scheme 1.4.5-2). In vitro, the enzyme produces a mixture of major
product [95] and the abortive product 2-oxo-5-guanidinovaleric acid [91]. Apart from SwMppP,
the L-enduracididine biosynthetic pathway involves two other enzymes, SwWMppQ and SwWMppR
(Figure 1.4.5-1). SWMppR cyclizes the 2-oxo-4(S)-hydroxy-5-guanidinovaleric acid [95] to give the
ketone form of L-eduracididine [96]. On theother hand, SWMppQ, a putative PLP-dependent

aminotransferase converts the 2-Keto enduracididine into L-enduracididine [97].

The mechanism of SwWMppP is interesting not only because it uses molecular oxygen to catalyze
the 4-electron oxidation of L-arginine, but also it hydroxylates L-arginine at the un-activated y-
carbon. Although the molecular oxygen is reduced to H;0,, L-arginine is actually hydroxylated by

H,O (Scheme 1.4.5-2). These findings reveal that SwWMppP is not an oxygenase, but an oxidase™".

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

Figure 1.4.5-1: L-enduracididine biosynthetic gene cluster in Streptomyces wadayamensis, is a

part of mannopeptimycin biosynthesis gene context.
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Scheme 1.4.5-1: L-enduracididine biosynthesis by Streptomyces wadayamensis

The mechanism is actually similar to other PLP-dependent enzymes., but the quinonoid is
stabilized to an unusual extent (Scheme 1.4.5-2), lasting several hours in vitro. This stable
guinonoid can react with O2 when it finds its way into the active site. PLP forms Schiff base with
catalytic lysine residue (lys-233) of enzyme thus PLP bound enzyme forms the internal aldimine
[86], giving absorbance at 415nm wavelength. Then the deamination of L-arginine followed by
formation of PLP-substrate complex forms external aldimine [87], giving absorbance at 425nm.
At this point the MppP active site Lys-221 makes nucleophilic attack to the a-hydrogen of the L-
arginine and resonance structure forms a quinoid intermediate [88] or Q1 that gives absorbance
at 510nm. Electron transfer from Q1 to molecular oxygen could create superoxide anion that
conceivably attacks the B-hydrogen [89] forming hydroperoxide, and eventually leaving Dehydro-
arginine bound with PLP [90]. It coud be a peronodide or radical recombination. The exact
mechanism is still unknown as the intermediates rae hsort lived. But the first molecule of O;

definitely results in a partial oxidation of L-arg.
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From this point, MppP reaction follows two branches. The first one leads towards major product
2-ox0-4(S)-hydroxy-5-guanidinovaleric acid [95] formation, where the hydroperoxide attacks the
y-hydrogen in L-arginine, producing first molecule of H,0; byproduct and quinoid-Il complex [92]
or Q2, that fluoresce at 560nm. A 2nd molecule of O, forms radical, attacking the activated y-C
[93]. Finally, water molecule likely neutralizes the reaction [94] by producing second molecule of
H.>0,. Oxygen from the water molecule incorporates ultimately with the substrate to form 2-oxo-

4(S)-hydroxy-5-guanidinovaleric acid [95].

On the contrary, the reactive peroxide anion complex follows a second pathway using a water

molecule, where the peroxo-anion attacks the water molecule’s H to produce H,0; and

MppP minor product 2-oxo-5-guanidinovaleric acid [91].
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Chapter 2

Beyond Enduracididine Biosynthesis I: Exploring the biochemical context

of MppP activity in a putative operon in Pseudonomas brassicacerum

2.1 Background

As discussed in topic 1.1.7, the conformationally restricted form of arginine L-enduracididine (L-
End) is present in a number of antibiotics, and the first step in the biosynthesis of this
nonproteinogenic amino acid is the oxidation of L-arginine by MppP. Work on an MppP homolog
by the Ryan laboratory™i showed that the L-arginine oxidase activity of MppP operates in at least
one other biochemical context beyond L-End biosynthesis. We were interested to know how
diverse the biochemical contexts of the MppP activity are. To find out, we did a PHI-BLAST
search™ii ysing a sequence motif specific for MppP homologs (T-x-x-E-x(10,20)-H-x(150,170)-D-
x(2)-F-x(20,30)-[ED]-D-[TS]-G-K). This motif was identified by comparing the sequences of three
known MppP homologs with those of a small number of fold type | PLP-dependent enzymes (e.g.
aspartate aminotransferase, kynurenine aminotransferase, and LL-diaminopimelate
aminotransferase). The PHI-BLAST search returned 198 MppP homologs, which were analyzed
using MEGA-X"* to generate a distance tree (Figure 2.1-1). Manual analysis of the gene contexts
of all 198 identified MppP homologs shows that they group into a three-lobed family of proteins.
For the most part, the clusters, 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 lower-left lobe on the distance tree, the MppP homologs in the red
clade are flanked by the genes for B-hydroxy-enduracididine production, 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). The sequences in the
neighboring clade (maroon) have a similar genomic context where the MppP gene is flanked by
MppQ and MppR genes, indicating that these MppP homologs are involved in L-End production
in the context of enduracidin biosynthesis. The MppP homolog from Verrucosispora maris
(VmMppP; 62 % identical to SwMppP, highlighted yellow) is an example. The MppP-like
sequences in the orange clade are all associated with genes annotated as “agmatinase family”,
SAM-dependent methyltransferase, N-acetyltransferase, and two hypothetical proteins. The
MppP homolog from Streptomyces greciofuscus (SgMppP; 50 % identical to SWMppP) is an
example of this group. Finally, the MppP homolog from Micromonospora chokoriensis (McMppP;
44 % identical to SWMppP) belongs to the green branch, where the MppP homolog is flanked by

genes similar to vioC and vioD of the viomycin biosynthesis pathway.
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Figure 2.1-1: Genetic distant tree of MppP homologs constructed from PHI-BLAST

The MppP homologs in the lower-right lobe (marked with a gray semicircle) are all associated
with an NAD(P)H-dependent reductase and are similar to Ind4, which is involved in indolmycin
biosynthesis®™, ™. The MppP homologs from Pseudomonas elgii (PeMppP) and Bartonella
doshiae (BdMppP) are Ind4 homologs. In contrast, the homolog from Pseudoalteromonas
luteoviolacea (PIMppP) is associated with a slightly different genomic context, which also
includes a gene homologous to the rebeccamycin biosynthetic gene rebM, the product of which

is a sugar O-methyltransferase™. As rebeccamycin contains no obvious guanidine-derived
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moiety, these homologs are likely involved in the biosynthesis of a different, as-yet-

uncharacterized natural product.

The sequences in the top lobe (blue and cyan clades) is dominated by a single genomic context,
where the MppP homolog is flanked by 6 open reading frames encoding a LuxR-type regulatory
protein, 4 putative enzymes, and an accessory protein (Figure 2.1-2). The Pseudomonas
brassicacearum MppP homolog (PbrMppP; highlighted in Figure 2.1-1) 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 co-expressed under same promoter as well as they can
be exalted as “Operon” ™ii_ The 500bp 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 acylhomoserinelactone synthase (AHLS) which has quorum-sensing
ability in response to fluctuations in cell-population/density™". The additional open reading
frames encode 5 non regulatory genes, predicted as PbrMppP, a hypothetical protein (PbrHYP),
a dihydrodipicolinate synthase family protein (PbrDHPS), a mononuclear Fe(ll)- and a-keto
glutarate-dependent oxygenase (PbrOx), and a 2Fe2S-binding protein similar to ferredoxin

(PbrED).

The cyan cladecontains MppP homologs similar to the enzyme RohP, which has been
characterized by the Ryan group™ and flanked by methyltransferase, Cu-oxidase and
thioredoxin genes. RohP is an enzyme involved in polyketide biosynthesis, which converts

rhodomycin-D into 10-carboxy-13-deoxy caminomycin®V, To conclude, the presence of MppP
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homolog in genomic context lacking MppQ and MppR homologs, suggests that the oxidase

activity of MppP is more broadly employed than in simply making L-End.

RS05025

Putative
promoter
region

(porsve

Figure 2.1-2: MppP-containing putative operon in Pseudomonas brassicacearum. The LuxR gene
(red) encodes a regulatory protein, followed by a putative promoter region. The gene labeled
“AHLS” (acylhomoserinelactone synthase) is encoded by the opposite stand. Downstream of the
putative promoter region, is the MppP homolog gene, followed by four genes predicted as
hypothetical protein (PbrHYP), dihydrodipicolinate synthase family protein (PbrDHPS),
mononuclear Fe(ll)- and a-ketoglutarate-dependent oxygenase (PbrOx), and a 2Fe2S-binding

protein (similar to ferredoxin, PbrFD).
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Scheme 2.1-1: Reaction catalyzed by PbrMppP. The major product of MppP reaction is 2-oxo-4(S)-

hydroxy-5-guanidinovaleric acid [95], the minor product is 2-oxo-5-guanidinovaleric acid [91].
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Table 2-1: Gene accession codes, sequence annotations, and identity to closest

characterized homolog of PbrMPCO proteins.

Gene Protein | Functional prediction Sequence

Accession Identity(%)

CD58_RS05015 LuxR LuxR type TX regulator bxvii bowviii jn 72 %
Pseudomonas chlororaphis 06

RS05020 (Opposite | AHLS Pseudomonas chlororaphis PCL1606 53%

strand) Acylhomoserinelactone Synthase™

CD58 RS05025 PbrMppP | Streptomyces wadayamensis ™ PLP- | 33%
dependent L-arginine Oxygenase

CD58 _RS05030 PbrHYP Hypothetical protein, closest homology with | 9.8%
VapC, the toxin component of the virulence-
associated protein complex  from
Mycobacterium tuberculosis ™

CD58_RS05035 PbrDHPS | E. coli Dihydrodipicolinate synthase™ 26%

CD58 RS05040 PbrOX Pseudomonas aeruginosa PAO1 | 56%
Mononuclear Fe(ll)- and a-ketoglutarate-
dependent oxygenase’ i

CD58_RS05045 PbrFD Rieske Fe-S domain-containing reiske | 90%

protein in Pseudomonads "
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PbrMppP and SwMppP are similar in both their structures and mechanisms. PbrMppP has 33%
sequence identity with SwWMppP. However, the superimposed structures of these two homologs
has a small RMSD value of 1.2 A for all Ca atoms. This similarity in the structures extends from
the overall fold to the detailed active site architecture. Figure 2.1-3 shows the overlay of SWMppP
and PbrMppP and highlights the similarities in the orientations of all of the key active site residues

as well as the bound product [95].

Figure 2.1-3: The PbrMppP active site structure overlaid with SwWMppP (PBD ID: 6C9B). The dark

purple and light purple section is coming from N-terminus of PbrMppP and SwMppP, respectively.
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The main chain trace and side chains of PbrMppP are colored blue (carbon atoms only), while
SwMppP is colored yellow. The labels correspond to the structure colors. The dark green and light

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

The N-terminal residue of Threonine-12 and glutamate-15 is essential for hydroxylation and
catalytic efficiency of the substrate™. In SWMppP, when these N-terminal residues are mutated
to eliminate hydrogen bonds to the substrate, or the N-terminal 22 residues are deleted, the
SwMppP variants can only produce 2-ketoarginine. Asn160 and Arg352 make hydrogen bonding
and electrostatic interactions, respectively, with the carboxylate group of [95] (Figure 2.1-3). The
side chain carboxylate group of Asp218 forms a hydrogen bond with the catalytic Lys229 amino
group in the external aldimine forms of the enzymes (Scheme 1.4.5-2). Moreover, His29 is crucial

as acid-base catalyst*.

The next gene in the PbrMppP gene context is PbrHYP, with 51% sequence identity with VapC,
the toxin half of the virulence-associated protein toxin-antitoxin system in Mycobacterium

tuberculosis

(Vap-BC complex)®, VapC possess a (PIN) domain fold, which, in VapC, contains a divalent metal
center and is associated with ribonuclease activity™, We show here that PbrHYP shares the PIN
domain fold, but the loss of several acidic residues in the putative active site of PbrHYP has

eliminated the metal-binding site, and presumably, the ribonuclease activity.

PbrDHPS shares 26% sequence identity with the bona fide E. coli DHPS. The function of DHPS in

E. coliis to condense pyruvate with aspartate semi-aldehyde (ASA) to form 4-hydroxy-tetrahydro-
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picolinic acid (HTPA), an intermediate that dehydrates non-enzymatically to vyield 2,3-
dihydrodipicolinate. The product of E. coli DHPS is used in the L-lysin and meso-diaminopimelate
synthesis pathways in plants and bacteria®i, Interestingly, SWMppR, one of the 3 enzymes that,
together with SwMppP generates L-End in S. wadayamensis, catalyzes an intramolecular
cyclization of [95] to give [96]. The chemistry uses a catalytic lysine residue and a Schiff base
intermediate and is thus like the type | aldolases. This observation leads to the possibility that,
while PbrDHPS may be a true aldolase 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,
—_—
(o] (0] (0]
H,N HaN H,N
o o (0]
L-arg [95] [96]

Scheme 2.1-2: Reactions catalyzed by SWMppP and SwWMppR. SWMppP catalyzes conversion of L-
arg [42] to 2-oxo-4(S)-hydroxy-5-guanidinovaleric acid [95], SWMppP catalyzes conversion of [95]

to 2-ketoendutacididine [96]
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The next enzyme in the putative operon, PbrOX, is a mononuclear Fe?*- and a-ketoglutarate-
dependent oxygenase homolog. Its sequence identity is 33% with the non-heme iron oxygenase
UndA from Pseudomonas aeruginosa PAO1®Vii_ \We show here that Fe(ll) loading onto PbrOX is
necessary for catalytic activity. Finally, PbrFD is a putative Fe-S cluster protein 90% identical to
Toluene 1,2-dioxygenase system ferredoxin in Pseudonomas putida™**. The co-existence of
PbrOX and PbrFD in the same putative operon suggests they belong to a possible three-
component oxygenase system. The function of three component oxygenase systems *¢in bacteria
is to catalyze redox reactions (figure 2.1-4) where the first component is a NAD(P)H-dependent
ferredoxin-reductase (FNR)*“. FNR oxidizes NAD(P)H to NAD(P)* and transfers the electron to the
second component in the system, the ferredoxin (FD). Finally, the reduced FD (hypothetically,
PbrFD in the PbrMPCO gene context), delivers the electron to the metal center of the third

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

3. Oxygenase

2.Fd e-

(ferredoxin)

e=

Terminal e- acceptor or

2e-
/\ Oxygenase substrate

FAD
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Figure 2.1-4: Bacterial three-component oxygenase system. FNR, the first component that
oxidizes NAD(P)H into NAD(P)* and transfers the electron to the second component, ferredoxin.
The FD then transfers the electron to the terminal oxygenase, where the electron is utilized to

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

Interestingly, there are only two annotated NAD(P)H-dependent ferredoxin reductases in the
Pseudomonas brassicacaerum DF41 genome. Either or both of these FNR enzymes could work

with PbrFD and PbrOX to catalyze the oxidation of an as-yet-unknown substrate.

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

interdependence as part of three-component oxygenase system.
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2.2 Methodology

2.2.1 Cloning, expression and purification of the PorMPCO Enzymes

The coding sequences of PbrMppP, PbrHYP, PbrDHPS, PbrOX and PbrFD were optimized for

expression in E. coli and synthesized by GenScript Inc. (Piscataway, NJ). The synthetic genes were

cloned into the pE-SUMOxan expression vector. PbrMppP and PbrFNR were cloned into the pET-

TEVamp expression vector by GenScript Inc.

Table 2.2.1-1: Primers used for cloning Pbr proteins

Names Primer sequences

PbrHYP_F 5’-GGTCTCAAGGTATGGCGGAGGCGAGCATC-3’

PbrHYP_R 5’-GCTCTAGATCATTAGCCAACGTGTTGAAAGTCTTCTTTA-3
PbrDHPS_F 5’-GGTCTCAAGGTATGAGCGGCAAGCACATCT-3’
PbrDHPS_R 5’-GCTCTAGATCATTACGCCATAACTTCTTGCTCCG-3
PbrOX_F 5’-GGTCTAAGGTATGAGCGACCTGCAGAAGGC-3’

PbrOX_R 5’-GCTCTAGATCATTAAATCGCACGTTCGATCATACGC-3’
PbrFD_F 5’-GGTCTCAAGGTATGAACGAGCCGAGCGAATTCT-3’
PbrFD_R 5-GCTCTAGATCATTAGCTCAGACGTTTCACTTCCAGAC-3’

RS05025_pProbeNT_Hindlll_F

5 -GGTGGTAAGCTTCTTGAAGAAGTTTCGAAACGGAC-3’

RS05025 pProbeNT_EcoRI_R

5 -GTTGTTGAATTCATTGTTATTCCTATAGGTGCTAAAGATATTT-3’

GFP_F (for sequencing)

5-GGTCCTTCTTGAGTTTGTAAC-3’

GFP_R (for sequencing)

5’-CCATCTAATTCAACAAGAATTGGGACAAC-3’
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All proteins were expressed using similar protocols. The Hise-SUMO fusion proteins were
expressed from E. coli BL21 Star (DE3) cells (Invitrogen Inc., Carlsbad, CA) carrying one of the
various pE-SUMO plasmids. Cultures were grown in Luria-Bertani medium with 50 pg/mL
kanamycin at 37 °C. Cells containing plasmid pE-SUMO-PbrFD were cultured in Terrific Broth (TB)
containing 0.1 mg/ml ferric ammonium citrate, 1 mM cysteine, and 50ug/ml Kanamycin at 37°C.
When the cultures reached an ODgoonm of ~0.7, protein expression was induced with 0.4 mM
isopropyl B-D-1-thiogalactopyranoside (IPTG). The temperature was reduced to 25°C, and the
cultures were grown overnight with shakinig at 250 rpm. Cells were harvested by centrifugation
at 6000 rpm for 20 minutes. The cell pellets were collected and resuspended in 5 mL/g cell paste
of buffer A (25 mM TRIS pH 8.0, 300 mM NaCl, 10 mM imidazole) supplemented with 0.1 mg/mL
DNase | (Worthington Biochemical Corp., Lakewood, NJ). In the case of PbrMppP, buffer A
included 20 uM PLP to stabilize the enzyme. The cells were lysed using a Branson Sonifier S-450
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 was maintained 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 applied to a 5 mL HisTrap column
(GE Lifesciences) at a flow rate of 5 mL/min to isolate the Hise-SUMO fusion proteins. The proteins
were eluted by a four-step gradient of buffer B (25 mM TRIS pH 8.0, 300 mM NaCl, and 250 mM
imidazole; 5, 15, 50, and 100%). The Hise-SUMO fusion proteins were eluted in the third and
fourth steps and were all >90% pure, as judged by Coomassie-stained sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE). Peak fractions were pooled and dialyzed

overnight at 4°C against 4 L of 25 mM TRIS pH 8.0, 150 mM NaCl, and ~3 uM SUMO protease
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(LifeSensors Inc). In the case of PbrMppP, the dialysis buffer contained 100 uM PLP to keep the
protein active. The dialysates were passed through the HisTrap column a second time to remove
the cleaved Hise-SUMO tag as well as the protease. The resulting protein preparations were >95%
pure. The proteins were desalted using a HiTrap desalting column (GE Lifesciences) into 10.0 mM
MES pH 6.7 and 20 uM PLP and stored at -80°C. All other enzymes were purified by the same
protocol, with the omission of 20 uM PLP from the buffers. Selenomethionine-labeled PbrHYP
and PbrDHPS were expressed from T7 Express Crystal cells (New England Biolabs, Ipswich, MA)
carrying the pE-SUMO-PbrHYP or pE-SUMO-PbrDHPS plasmids. Cells were grown in
Selenomethionine Medium Complete (Molecular Dimensions, Newmarket, Suffolk, U.K.) with 50
ug/mL kanamycin. All other aspects of the expression and purification were identical to those

described for the unlabeled proteins.

2.2.2 Differential scanning fluorimetry

The purified enzymes were used for differential scanning fluorimetry (DSF), or “thermofluor
assay”. For the thermofluor assay, 200uL of Spyro Orange dye dilute solution (50X) were
prepared by adding 2 pL of 5000x Sypro Orange to 198 plL of deionized water and 25uL were
portioned into each vial of 8 PCR tubes. Similarly, dilute protein solutions (1 mg/mL) were
prepared and 25uL were portioned into each vial of 8 separate PCR tubes. Using an 8-channel
pipet, 11 uL of deioninzed water were placed into each of the wells in a 96 well Eppendorf
TwinTec plate. Then 2uL of the prepared dilute protein solution was added, followed by 5uL of

the Slice pH kit (Hampton Research,CA). Finally, 2uL of the 50X Spyro orange dye solution were
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added and the samples were mixed by carefully pipetting up and down twice. The plates were
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 plates were placed in the RT-PCR
instrument and equilibrated to 25°C for 5 minutes, in order for 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 performed from 25°C to 95°C with a temperature ramp of 1°C per
minute. Based on the results of 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 purified enzymes were stored accordingly (refer to Table 2.2.2-2).

Table 2.2.2-2: Storage buffer of PorMPCO enzymes

Protein Storage buffer

PbrMppP 10mM MES pH 6.7, 20 uM PLP
PbrHYP 10mM BisTris pH 7.5

PbrDHPS 10mM Succinate pH 6.0
PbrOX 10mM HEPES pH 7.4

PbrFD 10mM BisTris pH 6.3

PbrFNR 10mM BisTris pH 6.3
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2.2.3 Fe'' loading on PbrOx

After cleavage of the Hise-Tag, PbrOX was diluted with storage buffer (10mM HEPES pH 7.4) to
~2 uM. Small amounts of FeSO4 (~*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 at 4°C for 4 hours*, 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(ll)-bound PbrOX and also used in steady state assays on the

Clark electrode (O, probe) with PbrFD and PbrFNR.

2.2.4 Confirmation of PbrMppP activity

A Hewlett-Packard 8453 diode array spectrophotometer was used to collect spectra from a 500
UL reaction containing ~20 uM PbrMppP with 1 mM L-Arg and oxygen-saturated buffer (20 mM

BisTris propane pH 9.0. The scans were taken every 0.5 s from 300 nm to 600 nm.

2.2.5 NMR characterization of PbrMppP reaction products

To perform reactions for NMR analysis, PbrMppP was desalted into 20mM sodium phosphate
buffer pH 8.4 using a HiTrap desalting column (GE Lifesciences). Similarly, 1 mL of 1mg/mL
catalase from bovine liver (Sigma-Aldrich, St. Louis, MO) was 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 a by-product of MppP catalysis, since it leads to non-
enzymatic oxidative decarboxylation of the products [95] and [91]. Reactions were assembled in
50mL corning tubes by adding 724 uL of 277uM desalted PbrMppP, 2 uL of 500ug/mL desalted
catalase, and 5mL of 4mM L-Arg stock solution prepared in 20mM sodium phosphate buffer pH
8.4. The pH of all solutions was adjusted using a Fisherbrand™ accumet™ AE150 Benchtop pH
meter. The volume of each reaction mixture was adjusted to 10mL by adding 4.7mL of phosphate
buffer to reach final concentrations of approximately 20uM PbrMppP, 2mM L-Arg and 1 ug/mL
catalase. Reaction tubes were shaken at 25°C, 200 rpm for 4 hours and protected from light. At
the end of the reaction time, samples were evaporated to dryness using a Centrifan PE Rotary
Evaporator (KD Scientific, Holliston, MA) at 50°C overnight. The resulting residue was taken up in
600 puL D20 and centrifuged at 17,000 x g for 10 min to remove any remaining particulates. The
supernatants (500 pL) were loaded into NMR tubes for 'H NMR analysis to determine the

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

2.2.6 Characterization of PbrMppP reaction products 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 (titrated down to 8.0, 250 uL were added for a final
concentration of 1ImM L-Arg. From a catalase (Sigma-Aldrich, St. Louis, MO) stock solution of 500
ug/mL (desalted into deioninzed water as described in section 2.2.3), 1uL was added to each

reaction for a final catalase concentration of 0.5ug/mL. Finally, 72uL of PbrMppP enzyme stock
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(277uM) was added for a final PbrMppP concentration of approximately 20uM. Reaction volumes
were adjusted to 1mL with mgH20. The negative control was performed in same way, except the
PbrMppP enzyme was denatured by heating in boiling water for 10 minutes. Reactions were run
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. The supernatants were directly injected into
a Shimadzu LCMS-2020 to analyze by mass spectrometry. Samples 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/second.

2.2.7 Crystallization and structure determination of Pbr 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 Index HT screen
(Hampton Research) and LMB Screen (Molecular Dimensions). After optimization, diffraction-
quality crystals were obtained by the hanging drop vapor diffusion method. Final crystallization
conditions are listed in Table 2.2.7-1. Crystals were cryo-protected by sequential soaks in the
holding solutions listed in Table 2.2.7-1 and flash-cooled by plunging into liquid nitrogen. The
structures of PbrMPCO proteins in complexes with various ligands were obtained by transferring

crystals into 50 uL drops of the cryo-protectant solution supplemented with ~20 mM ligand.

X-ray diffraction data were collected at beamline 21-ID-D of the Life Science Collaborative Access

Team (LS-CAT) 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 data were
processed with the HKL2000 software package*@ or MOSFLM*V and AIMLESS*® of the CCP4

software suite*Vi .

As SWMppP and PbrMppP share 33% sequence identity, the PbrMppP structure was determined
by molecular replacement using SwWMppP as the reference model. The diffraction data were
collected from a crystal using a wavelength of 0.97921 A. PbrMppP crystallized in space group P
21 21 21 with two chains in the asymmetric unit. The molecular replacement solution was
subjected to iterative cycles of manual model building in COOT&* and maximum likelihood-
based refinement using the PHENIX package*i. Ordered solvent molecules were added
automatically in phenix.refine* **, Hydrogen atoms were added to the model using
phenix.reduce® and were included in the later stages of 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 of the model for translation-libration-screw (TLS) refinement were
identified using phenix.find_tls_groups (P. V. Afonine, unpublished work), and the TLS
parameters were refined in phenix.refine®. Once the refinement converged (Reryst = 0.137, and
Rfree = 0.166), the model was validated using the tools implemented in COOT®. Structure of

PbrMppP with 4HKA bound was determined by difference Fourier.
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Table 2.2.7-1: Crystallization conditions of the PbrMPCO enzymes.

Protein Crystallization condition Cryo-
protectant

solution

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

100mM BisTris pH 5.5

PbrHYP (10mg/mL) 25% PEG 3350, 0.2M NacCl, 0.1M BIS-TRIS pH | Paratone N

5.5, 0.25M LiCl

PbrDHPS (15 mg/mL) 25% PEG 3350, 0.2M MgClI2, 0.1M TRIS pH 8.5 | Paratone N

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

For PbrHYP, the nearly cubic crystals formed after 3-5 days. Crystals were cryoprotected and
flash-cooled by plunging into liquid nitrogen. The PbrHYP structure was determined by single
wavelength anomalous diffraction (SAD) using data collected from a crystals at 0.97849 A, 62.0
eV below the tabulated K-edge wavelength for Se (0.97950 A). PbrHyp crystallized in space group
C2 with two chains in the asymmetric unit. AutoSHARP** was used to determine the Se-
substructure and calculate density-modified electron density maps. The initial model was built
automatically using the PHENIX package (phenix.autobuild)®’. The solution was subjected to
iterative cycles of manual model building in COOT8* and maximum likelihood-based refinement

using the PHENIX package. Solvent molecule, H-atoms, and TLS refinements were perfomed
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similarly described above. Once the refinement converged (Rcryst = 0.183, and Rfree = 0.231), the
model was validated using the tools implemented in COOT*“. The final refined model was used to

determine the structure of the PbrHYP.

PbrDHPS crystals formed after 10 days and grew to maximum dimensions of ~10 pum x ~10 pm x
~5 um. The structure of PbrDHPS with [91] bound was obtained by soaking a crystal in
crystallization solution supplemented with ~12 mM [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 eV below the tabulated K-edge wavelength for Se (0.97950 A). PbrDHPS
crystallized in space group C 2 2 2 with two chain in one asymmetric unit. AutoSHARP** was used
to determine the Se substructure and calculate density-modified electron density maps. The
initial model building and refinement strategy was similar as described above. Once the
refinement converged (Rcryst = 0.186, and Rfree = 0.234), the model was validated using the tools
implemented in COOT*“. The final refined model was used to determine the structure of the

PbrDHPS. Structure of PbrDHPS with [91] bound was determined by difference Fourier.

The SeMet-substituted PbrOX crystals formed needle shaped after 3 days and grew to maximum
dimensions of ~160 um x ~50 um x ~2 um. Crystals were directly cryo-protected by soaking in
holding solutions listed in table 2.2.7-1. The structure of SeMet-substituted PbrOX was
determined by single wavelength anomalous diffraction (SAD) using data collected from crystals
at 0.97853 A, 61.0 eV below the tabulated K-edge wavelength for Se (0.97950 A). PbrOX

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 chain buries ~1300 A2. Thus, PbrOX is
likely a dimer in solution. AutoSHARP> *¥ was used to determine the Se substructure and
calculate density-modified electron density maps. The initial model building and refinement
strategy was similar as described for PbrHYP.Once the refinement converged (Rcryst = 0.159, and
Riree = 0.202), the model was validated using the tools implemented in COOT*. The final refined

model was used to determine the structure of the PbrOx.

Data collection and model refinement statistics are listed in Appendix A.

2.2.8 Steady 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 PbrMppP-catalyzed hydroxylation of L-Arg was measured
directly by monitoring the decrease in dioxygen concentration as measured using a Clark-type
electrode (Hansatech Instruments, Norfolk, UK). The concentration of L-Arg was varied from 5 to

6400 uM. The ket and Km values were determined by fitting the initial velocity data using equation

Vo = Vm[A]/(Km + [A])
where, Vois the initial velocity, Vm is the maximal velocity, Km is the Michaelis constant and

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

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

canavanine

The stoichiometry of the reaction was estimated by measuring the quantity of dioxygen
consumed in reactions with a fixed enzyme concentration (5 uM PbrMppP) and varied L-Arg
concentrations. Reactions were monitored using the Clark electrode. The concentration of
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:

0, consumed per eq. of L-Arg added = ([02]o — [02]¢)/ [L-Arg]:

where [0;]o is the initial concentration of O, [O;]¢is the final concentration of O, and [L-Arg]:is
the total concentration of L-arg added.

The same procedure was repeated with L-canavanine.

2.2.10 Pre-steady state kinetics of PbrMppP

Pre-steady state kinetics data were collected on a Model SF-61DX double-mixing 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 oxidase, which had been flushed

through the entire system. Solutions for anaerobic stopped flow experiments were prepared in
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a tonometer. Briefly, 7 ml of 26 uM PbrMppP in 10 mM MES pH 6.7 and 100 uM glucose (with 1
ug/mL catalase) were placed in the main body of the tonometer and 25 uL (1 U/ul) glucose
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 PbrMppP protein is light-sensitive 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 L-arg in 100 mM BIS-TRIS propane pH 9.0 with 200 uM glucose
were placed in glass syringes and sparged with argon gas for 5 min to remove dioxygen. Single-
mixing experiments were conducted with 10 uM PbrMppP and 63 to 1000 uM L-Arg (all
concentrations quoted are the concentrations in the cuvette after mixing 1:1).

To measure L-Arg binding, anaerobic PbrMppP (13uM) was mixed with anaerobic L-Arg 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 reaction. The rate of
formation of the first quinonoid intermediate (Q1) was measured by monitoring the absorbance
at 510 nm for 20 s after mixing anaerobic enzyme and L-Arg solutions. To measure the rates of
the dioxygen-dependent steps, double-mixing experiments were performed where anaerobic
enzyme was mixed 1:1 with a saturating concentration of anaerobic L-Arg. This was then mixed
1:1 with buffer containing concentrations of dioxygen ranging from 82 to 136 uM. The first
tonometer contained 40 uM enzyme and 1 pg/mL catalase in 10 mM MES pH 6.7 under anaerobic
conditions (100 uM glucose and 25 pL or 1 U/ul glucose oxidase). The second tonometer
contained 2,000 uM L-Arg in 100 mM BIS-TRIS propane pH 9.0. The third tonometer contained

100 mM BIS-TRIS propane pH 9.0 with concentrations of dioxygen of 30, 82, 166, 252, 402, and
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523 uM. Defined dioxygen concentrations were obtained using a Maxtec Maxblend gas blender
to mix 90% pure O, gas with gaseous N,. The concentrations of dioxygen produced at different
settings of the mixing valve were determined using the oxygen electrode. Samples of oxygenated
buffer were prepared by sparging the 100 mM BIS-TRIS propane pH 9.0 buffer with a set
concentrations of dioxygen for 5 min. After the first mixing step (enzyme plus L-Arg), the
reactions were aged for 20 s to give all of the enzyme time to convert to the first quinonoid
intermediate prior to the second mixing step. The second step mixed the anaerobic reaction
mixture with oxygenated buffer. The reactions were monitored for 100s at 510 nm or 560 nm for

100s.

2.2.11 Substrate specificity of PorMppP

Reactions containing 500 pl of 30 uM PbrMppP in 20 mM BIS-TRIS propane pH 9.0 were initiated
by adding 10 ul of different L-Arg analogs, including D-Arg, L-citrulline, D-ornithine, L-ornithine,
L-Lys, N-methyl-L-Arg or L-canavanine, to a final concentration of 10mM. The reactions were
monitored by recording spectra from 200-700 nm (0.5 s between scans) for 300 s in a Hewlett-
Packard 8453 diode array spectrophotometer. The products of these reactions were analyzed by
ESI-MS as discussed above.

The steady state kinetics of L-canavanine was determined using the steady state dioxygen
consumption assay described above. L-Canavanine concentrations ranging from 100 uM to
10,000 uM were added to 20mM BIS-TRIS propane pH 9.0. Reactions were initiated by the

addition of PbrMppP to a final concentration of 30 uM and initial velocities were recorded.
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These initial velocities were plotted against the L-canavanine concentration and fitted to

Equation 1, where [A] is the concentration of L-canavanine.

2.2.12 Ferredoxin NADP reductase (PbrFNR) activity test

Reactions containing 1 uM PbrFNR with concentrations of NADPH ranging from 1 uM to 40 uM
were monitored by recording spectra from 200-600 nm (0.5s intervals) for 300 s in a Hewlett-
Packard 8453 diode array spectrophotometer. 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 a final concentration of 1 uM.

To inspect the interactivity of PbrFNR, PbrFD and PbrOX, the decrease in absorbance at 340 nm
was monitored to observe the oxidation rate of NADPH. In the cuvette containing different
concentration of NADPH and 1 puM PbrFNR, PbrFD (final 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.

To measure the quantity of O, consumed in reactions with 1uM PbrFNR, 10 uM PbrOX, 10 uM
PbrFD, and 10uM NADPH, reactions were monitored using the Hansatech dioxygen electrode.
The concentration of dioxygen remaining when the reaction reached equilibrium was subtracted

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

(RS05025)

Pseudomonas brassicacearum DF41

promoter
region
—_— PbrDHPS E
PbrHYP PbrOX
AHLS

Figure 2.2.13-1 PbrMppP Promoter region (RS05025)

To identify the conditions under which the putative promoter of the PbrMppP-containing operon
is activated, the untranslated sequence between the luxR and mppP genes was cloned into the
reporter plasmid pPROBE-NT. The putative promoter region of the PborMPCO was amplified from
Pseudomonas brassicacaerum DF41 genomic DNA using Phusion® High-Fidelity PCR Master Mix
with  HF Buffer (MO0531S, New England Biolabs, Ipswitch, MA) and primers
“RS05025_ pProbeNT_Hindlll_F” and “RS05025_ pProbeNT_EcoRIl_R” from Table 2.2.1-1, which
added the Hindlll and EcoRl 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 from the gel using the QIAquick gel extraction kit (28115, Qiagen, Inc). The purified
DNA was digested with HindlIll (HindIlI-HF® R3104S) and EcoRI (EcoRI-HF® R3101S) restriction
enzymes (New England Biolabs). The empty pPROBE-NT (kanamycin-resistant) was digested using

the same restriction enzymes. The digested insert and vector were ligated using T4 DNA ligase
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(M0202S, New England Biolabs) in 1:3 (vector:insert) ratio. Ligation reactions (10 pL) containing
~20ng DNA were used to transform NEB5a high efficiency competent E. coli cells. The
transformations (~50 L) were streaked into LB-agar plates containing 50 pg/ml kanamycin and
incubated at 37°C for 16 hours. Transformants from these plates were used to inoculate 10 mL
of LB medium for isolation of plasmid DNA using the Miniprep kit (Qiagen, Inc). Isolated plasmids
were used for subsequent 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 Plainfield, NJ) using the sequencing primers GFP_F and GFP_R (Table 2.2.1-1).
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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 2.2.13-2: Schematic of the process for cloning the putative PbrMPCO promoter region

(RS05025) into the pPROBE-NT reporter plasmid. Image created with SnapGene® °'.,

Pseudomonas brassicacaerum (DF41) cells were made competent by washing 3 times with ice-
cold 10% glycerol. Cells were resuspended in ice-cold 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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electrocompetent. The putative PbrMPCO promoter cloned into the pPROBE-NT plasmid was
used to electroporate DF41 cells. Approximately 74 ng of plasmid DNA (50 uL) was added with
50uL of competent cells and transferred into a 2mm electroporation cuvette. The DF41 cells were
electroporated by applying 1600 V using a 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 cells were centrifuged at 12,000 rpm for
2 minutes. From the supernatant ~50 uL was discarded and the pelleted cells were resuspended
in the remaining 50 pl of SOC media. The concentrated cells were streaked onto an LB-agar plate
containing 50 pg/ml kanamycin. DF41 cells were transformed with the empty pPROBE-NT vector

as a negative control.

DF41 cells harboring the GFP (green fluorescence protein) reporter plasmid (oPBROBE-NT) were
grown under a series of conditions to identify which one(s) caused expression of the GFP reporter
gene under control of the putative PbrMPCO promoter. Media compositions are listed in Table

2.2.13-1.
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Table 2.2.13-1 Screening conditio

ns used to test the putative PbrMPCO promoter.

Media

Composition (Final concentrations in media)

1. Basal media 2

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

7 mM (NH4)2504, 40 mM K2HPQO4, 22 mM KH2POa,
0.5 mM MgS0g4, 0.1 mM FeSOa.

*PH adjusted to 7.0 during ammonium-phosphate base
(BM2) 10X preparation with (NH4);S04, KoHPO4, KH2PO4
stock solutions.

2. PP2 media

Proteose peptone (10g/L)

3. Phosphate sufficient media

100mM Hepes pH 7.0,

80 mM NaCl, 20 mM KCI, 20mM NH4Cl, 4.26 uM FeCl,, 3
mM NazS04, 200 puM CaCl;, 1mM MgCly, 0.4% (w/v)
glucose, 1.0mg/ml thiamine, 660 uM K;HPO4

4. Phosphate deficient media:

100mM Hepes pH 7.0,

80 mM NaCl, 20 mM KCI, 20mM NH4CI, 4.26 uM FeCl2, 3
mM Na2S04, 200 uM CaCl2, 1ImM MgCI2, 0.4% (w/v)
glucose, 1.0mg/ml thiamine, 42uM K,HPO,

5. Defined minimal media:

93.5 mM NH,Cl, 25 mM K,HPO, 5 mM MgSO,, 18 uM
FeSO, 2.5% glycerol, 51mM monosodium glutamate, 110

mM Disodium succinate, 10 mM Nitrilotriacetic acid (Ca,
Mg chelator)

6.LB

Luria borth (25g/L)

7. No salt media

Tryptone (10g/L), yeast extract (1g/L)

8. M9 minimal media

42 mM NazHPOQOg4, 22 mM KzHPO4, 8.6 mM NacCl, 18.7 mM
MgSQ4, 0.2% glucose.

*PH adjusted to 7.0 during 10X M9 salt preparation with NazHPOa, Kz2HPO4, NaCl, MgSOa
stock solutions.

# All the carbon sources were used in individual media

*condition screened in both liquid and Agar (Solid) culture, No CaCl, used for DF41 cells
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2.2.14 Metabolite extraction for LCMS analysis

P. brassicacearum DF41 cells expressing GFP (exhibiting a green glow) were scooped from LB-
agar plates and re-suspended in 10 mL solvent comprising 10% methanol in mgH20 , ,

Metabolites from P. brassicacearum DF41 cells carrying the empty pPROBE-NT vector 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 tested to confirm GFP expression
by measuring spectra from 250 to 600 nm. These samples were used for comparative
metabolomics studies by LC-MS. A C18 reversed phase column (Phenomenex, 30 mm X 2 mm;
particle size 2.5 A) was used to separate the ions. The mobile phase consisted of 0.1% formic acid
in deionized water (A) and 100% LCMS-grade methanol (Milipore 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 gradual step down to 5% B over the next 5 minutes. The interface
voltage was set to 4.5 kV and the 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 scan speed of 7500 units/second.
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2.3 Results

2.3.1 PbrMppP oxidizes L-Arg

Since PbrMppP 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. The X-ray crystal structure
of PbrMppP shows that its tertiary and quaternary structures are almost identical to those of
SwMppP (RMSD value 1.2 A, Figure 2.1-3). Likewise, the active sites of the two homologs are
nearly identical as well. The substrate and products bind in very similar orientations in both
enzymes and make the same interactions with the same active site residues.

PbrMppP crystallized in space group P212:2; with unit cell dimensions of a=85.7 A, b = 108.3 A,
and c = 195.4 A with 4 molecules in the asymmetric unit arranged as 2 independent homodimers
(Figure 2.3.1-1A). The domain architecture is identical to SWMppP, comprising a large domain
(Asp35-Asp284), a small domain (Phe25-GIn35 and Asp285-Asn388) and an N-terminal extension
(Met1-Arg24). The large domain contains a seven B-sheet flanked by ten a-helices forming an a-

B-a sandwich, while the small domain has a topology of mixed a-helices and B-sheets.

In the absence of substrate, PLP is covalently attached to Lys233 by an aldimine linkage (Figure
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 has been shown to be critical for catalysis in
a number of PLP-dependent enzymes like aspartate aminotransferase®. The cationic pyridinium
allows the cofactor to accept electrons from the substrate, stabilizing the carbanion formed

during catalysis.
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Y90*

Figure 2.3.1-1: The structure of PbrMppP. A) quaternary structure of PbrMppP. The dimer
structure shows one chain represented by a ribbon and the other chain as a transparent surface.
The blue ribbon represents the large domain, whereas the green ribbon represents small domain.
The red a-helix on the top represents N-terminus. Catalytic K233-PLP internal aldimine in the
active sites is shown in yellow stick (highlighted by red square). B) PbrMppP active site showing
internal aldimine formed by PLP and K-233. C) PbrMppP structure with 4HKA bound in the active

site.
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The structure of the PbrMppPe4HKA complex (Figure 2.3.1-1C) was obtained by soaking
PbrMppP crystals in a solution containing 10 mM L-Arg as described above (see Section 2.2.6).
PbrMppP is active in the crystalline form, thus after X-ray diffraction, the product [95] was
observed bound in the active site. Once the substrate binds in the active site, the substrate a-
amino group attacks C4’ of the internal aldimine to form the external aldimine, displacing Lys233.
The sulfate ion bound to Arg365 is replaced by the a-carboxylate of L-Arg. Thrl4 and Glul7 in the
N-terminal helix form hydrogen bonds with the guanidinium and carboxylate groups of L-Arg.
When the product is bound in the active site, the side chains of His31, Asp197 and Asp239 come
closer to C4’ of the external aldimine. The ring of Phe117 rotates away from the PLP and moves

closer to the bound product, [95].

The PbrMppP reaction involves a number of spectroscopically active intermediates. Initiation of
the reaction by adding PbrMppP to a cuvette with 1mM L-Arg under aerobic conditions results in
an immediate shift of the 415nm peak to 425nm (Figure 2.3.1-2) and a slow increase in
absorbance at 510nm as the reaction consumes the dioxygen in the cuvette. When the dioxygen
concentration approaches zero, the 510nm peak reaches a maximum. Soon after 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 aldimine, while the 425nm peak corresponds to the
external aldimine. The longer wavelength peaks at 510nm and 560nm are due to the first [88]
and second [92] quinoid intermediates, respectively. The 510nm persists after the 560nm peak
has decayed away, because quinonoid | is the first intermediate that requires dioxygen for the

reaction to proceed.
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— PbrMppP+L-Arg+0, (292s)

Wavelength (nm)

Figure 2.3.1-2: UV-visible spectra of the PbrMppP reaction with L-Arg. The pink spectrum is for
PbrMppP, where the 415nm peak shifts to 425nm upon L-Arg addition. The spectra are colored
according to time, with the light blue spectra representing the early stage of the reaction,
beginning at 1.4s, and transitioning to dark blue by the end of the reaction at 292s. The increase
in absorbance at 510nm is for quinoid | [88] formation, followed by a peak at 560nm for quinoid
11 [92] formation. After a short span of time, the absorbance at 560nm decays due to the reaction

proceeding towards 4H2KA [95].
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NMR analysis of PbrMppP reaction products (Figure 2.3.1-3) shows that, like SWMppP"*, PbrMppP
produces a mixture of [95] and [91] in a ratio of ~2:1. Reaction conditions 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 2.3.1-4A) analysis of the reaction mixtures in the presence
of catalase were m/z = 190, corresponding to [95] (190.1 Da) and m/z = 174, corresponding to
[91] (174.1 Da). In reactions without catalase (Figure 2.3.1-4B), the major ions in the positive
mode analysis are m/z = 162 and 146, corresponding to the decarboxylated forms of [95] and
[91], respectively. It was observed in previous studies of SWMppP that H,0, produced during the

reaction catalyzes non-enzymatic decarboxylation of the ketoacids’™.
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Figure 2.3.1-3: PbrMppP produces [95] and [91] in a ~2:1 ratio. The green spectrum (top) was

collected for a solution of pure L-Arg in D;0. The red spectrum is the PbrMppP reaction products.
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Figure 2.3.1-4: ESI-mass spectrometric analysis of PbrMppP products in positive mode. Labelled

m/z peaks show the major reaction products vs relative intensity (%). (A) m/z of PbrMppP

products [95] (m/z =190.1) and [91] (m/z = 174.1). There was no trace of L-arginine (m/z = 175.1)

after 4 hours, indicating that the reaction progressed to completion. (B) The ESI-MS spectra of the

catalase-free (decarboxylated) PbrMppP products.

decarboxylated [91] and the m/z=162 peak is due to decarboxylated [95].
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2.3.2 H,0; is a product of PbrMppP catalysis

PbrMppP reactions with concentrations of L-Arg ranging from 10 uM to 160 uM were monitored
using a Clark electrode (Figure 2.3.2-1). Catalase (1 pL of 5mg/mL) was added when the 500uL
reactions reached equilibrium. The oxygen probe traces show that, in all cases, the addition of
catalase resulted in the generation of an amount of dioxygen equal to one half of the total
dioxygen consumed by PbrMppP. This observation shows that PbrMppP is producing hydrogen
peroxide, which is then being disproportionated by catalase. The ratios of dioxygen consumed by
PbrMppP vs the amount of L-Arg in the reaction are listed in Table 2.3.2-1. The average ratio of
dioxygen consumed to L-Arg added is ~1.3. Assuming that all of the L-Arg was consumed in these
reactions, as it was in the reactions for NMR analysis, a ratio between 1 and 2 suggests the
operation of two branches of the mechanism (Scheme 2.1.1) where the production of the fully
oxidized product [95] consumes two equivalents of dioxygen and the production of the abortive

product [91] consumes only one equivalent.
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5uM PbrMppP with different conc. of L-Arg
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Figure 2.3.2-1: Regeneration of dioxygen after adding catalase into PbrMppP reactions at
equilibrium. The concentration of dioxygen was monitored in a Hansatech dioxygen electrode.
The reactions were initiated by adding PbrMppP (9 ulL of 272 uM PbrMppP; ~5 uM final
concentration) into solutions containing 10 uM, 20 uM, 40 uM, 80 uM and 160 uM L-arg in 50
mM BisTris Propane pH 8.5 buffer. When the reaction reached equilibrium (i.e. plateaued), 1 uL
of 5mg/mL catalase were added into the reactions for a final concentration of 1 ug/uL. The symbol
“E” in the figure is used to mark the event of PbrMppP addition and the symbol “V” is used to
mark the event of catalase addition. The regeneration of O, suggests that H;O,is a byproduct of

the reaction.
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Tabe 2.3.2-1: Amount of dioxygen released upon the addition of catalase to PbrMppP

reactions monitored in a Hansatech dioxygen electrode.

[L-arg] [02] used [02]/ [L-arg] [02] retrieved by catalase
10 uM 14.0 uM 1.40:1 8.8 UM

20 uM 25.5 uM 1.27:1 13.2 uM

40 uM 52.7 uM 1.32:1 27.2 uyM

80 uM 107.1 uM 1.34:1 56.2 uM

160uM 161.6 uM 1.01:1 85.2 uM

2.3.3 Steady 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 with L-Arg. The kinetic parameters determined from

these data (Km, keat, and the specificity constant) are listed in Table 2.3.3-1.
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Figure 2.3.3-1: Michaelis Menten graph of PbrMppP catalysis. The reactions were initiated by
adding PbrMppP (9 uL of 272 uM PbrMppP; ~5 uM final concentration) into solutions containing

10 uM, 20 uM, 40 uM, 80 uM and 160 uM L-arg in 50 mM BisTris Propane pH 8.5 buffer.

Table 2.3.3-1: Steady state parameters calculated from the oxygen probe-derived initial

velocity data with L-Arg.

Michaelis-Menten constant, Ky 24 +1.5 uM
Turnover number, kcat 0.16 +0.02 s1
Specificity constant, keat/Kwm (6.8 +0.1)x 103 M1s?
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2.3.4 Pre-steady state kinetics of PbrMppP

Changes at the PLP center of PbrMppP, upon binding of L-Arg were monitored using stopped flow
spectroscopy under anaerobic conditions (SX) by exciting the internal aldimine at 415 nm. All
concentrations mentioned here are after mixing (final concentrations in the cuvette). PborMppP
(13 puM) was mixed with L-Arg (125, 250, 500, and 1000 uM) under anaerobic conditions and the
internal aldimine was excited at 415 nm. Changes at the PLP center were monitored by the total
fluorescence. Figure 2.3.4-1A represents the kinetic model of the fittings.

In the absence of dioxygen, the fluorescence signal from the internal aldimine (Aex = 415nm)
exhibits complex behavior. First, there is increase in fluorescence that peaks at 0.1-0.2 s (Figure
2.3.4-1B). The amplitude of this fluorescence increases with the L-Arg concentration. Following
the increase in fluorescence, there is a decrease almost down to the initial values. We interpret
this signal, tentatively, to represent binding of L-Arg to give the Michaelis complex (ER), which
refers to the PLP-enzyme complex with N-terminus open conformation where the substrate L-
arg is just hanging at the active site. The decrease in fluorescence is consistent with conversion
of the external aldimine to the first quinonoid intermediate (EQ1). These data can be fitted to a

triple-exponential function (Equation 3):

Y= fo + Ar * exptki™ 4+ A, * expt2™) 4 A3 * expt3™)

where fo,is a constant, A1z are the amplitudes of the three phases, ki-3 are the associated rate

constants, and x is time. These data, however, were not analyzed using the traditional re-plotting
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of amplitudes and rate constants derived from such non-linear least squares fitting. Rather, the
data from all experiments were fitted 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 experiments performed.

The model of the fitting along with observed rate constants are represented in Figure 2.3.4-1A.
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Figure 2.3.4-1: Pre-steady state kinetic data from global fitting in KinTek explorer version 10. A)
Model 1, the hypothetical model with preliminary microscopic rate constants. The steps with
unidirectional arrows were forced to be unidirectional by manually applying k.x = 0. The purple
“K” refers to the minor product of the PbrMppP reaction, [91]. The red “P” refers to the major
product, [95]. B) the change in fluorescence after mixing 13 uM anaerobic PbrMppP with various
concentrations of anaerobic L-Arg. C) The same experiment as described in (B) monitored at 510

nm. D) Double mixing experiments where 40 uM (before the first mix) PbrMppP was mixed with
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2000 uM L-Arg in the first mixing step and aged for 10 seconds. In the second mixing step, 100
mM Bis-Tris propane buffer at pH 8.5 containing various concentrations of dioxygen was mixed
and the absorbance at 510 nm was monitored for 100 s. E) The 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.

The accumulation of the first quinonoid intermediate was observed at the absorption maximum
(510 nm) under anaerobic conditions (Figure 2.3.4-1C). The experiment was set up as described
for the fluorescence experiment, except that the reactions were monitored by absorbance rather
than fluorescence. The results are shown in Figure 2.3.4-1C. EQ1 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 when all 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 EQl with dioxygen were monitored by double-mixing stopped-flow
spectrophotometry. The prepared anaerobic PbrMppP (40 uM) in 10 mM MES pH 6.7, 20 uM
PLP was first mixed with 2000 uM L-Arg in 100 mM Bis-Tris Propane pH 8.5 and aged for 10 s
prior to the second mix of different defined concentrations of dissolved O, in 100 mM Bis-Tris
propane pH 8.5 buffer. The dissolved O, concentration in the buffer was defined by sparging
an inverted syringe containing 100 mM BisTris propane pH 8.5 buffer for 5 min with blended

N, and O, of known partial pressures supplied by a Maxtec Maxblend gas blender. The
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concentration of dissolved O, was determined by first sparging the reaction chamber of a
Hansatech dioxgen electrode filled with same buffer to define the equilibrium concentration
of dissolved O,. The EQ1 complex was observed at 510 nm (Figure 2.3.4-1D) and the EQ2

complex was observed at 560 nm (Figure 2.3.4-1E)upon the second mixing with O,.

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
decay happens before the second quinonoid forms. Hence, EQ2 only accumulates after EQ1

has decayed.

The microscopic rate constants resulting from fitting by simulation in KinTek Explorer,
together with the model used for fitting, are shown in Figure 2.3.4-1A. In 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 some conformational change. Thus,
E is the internal aldimine form of PbrMppP. Binding of the substrate L-Arg gives the Michaelis
complex (ER). To satisfy the fluorescence data, a hypothetical ER’ step was added to the model
that could represent a conformational change of the substrate or enzyme that is required to
progress to the external aldimine. For example, the ER conformation could have the N-
terminus disordered, and ER’ represents the species where the N-terminal helix orders and
forms its interactions with the substrate. In the ER’ conformation, all of the active site residues
are positioned to react with the substrate to give the external aldimine, which is subsequently
converted to EQ1. In presence of dioxygen, EQ1 reacts with O, to form intermediate X1, the
presence of which is required to satisfy the data and could be interpreted as a complex with

superoxide that progresses to a peroxo intermediate, X2, most likely at the L-Arg Ca. X2 then
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proceeds to the second quinonoid intermediate. EQ2 reacts with a second molecule of
dioxygen to form intermediate X3, that breaks down to an enzyme-product complex (EP).
Finally, EP is hydrolyzed to give the major product [95] (the red “P” in Figure 2.3.4-1A) and
regenerating the free enzyme, E. A branch of the mechanism goes from intermediate X2 to
form the enzyme-2KA complex, EK, which hydrolyzes to give the abortive product 2KA (the

purple “K” in Figure 2.3.4-1E) and regenerating the free enzyme.

We tested this model by moving the branch point of the bifurcated mechanism and excluding the

various hypothetical intermediates (e.g. F, EA) one at a time.

When the branch point to the abortive product [91] was moved from intermediate X2 to EQ2
(Figure 2.3.4-2A and the simulation was re-run, the quality of the fit was severely degraded
(Figure 2.3.4-2B-E). For instance, in the anaerobic single mixing experiment monitoring EQ1
formation at 510nm (Figure 2.3.4-2C), accumulation of the quinonoid is completely abolished in
the fit. Likewise, in the experiments looking at the effect of dioxygen concentration on the decay
of EQ1 (Figure 2.3.4-2D) and on the accumulation and decay of EQ2 (Figure 2.3.4-2E) are also
impacted. The fits (solid-colored lines) fit the data less well, and the parameter ranges (denoted
by the grey lines) have become unacceptably wide, meaning that a large range of rate constants
would fit the data equally poorly. The conversion of the external aldimine ER’ to intermediate EA
was unidirectional (the reverse rate refined to 0 s!) in the case of Model 2 (Figure 2.3.4-2A),
which is not physically realistic. The formation of EK from EQ2 was also two times slower than

the equivalent step in Model 1, conversion of X2 to EK.
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Figure 2.3.4-2: Pre-steady state kinetic data from global fitting in KinTek explorer V10, when the
branch point to [91] was placed at EQ2 (A). B) the change in fluorescence after mixing 13 uM
anaerobic PbrMppP with various concentrations of L-Arg under anaerobic conditions. C) The
absorbance at 510 nm monitored in the same condition as for B. D) Double mixing experiment
where 40 uM PbrMppP was mixed with 2000 uM L-Arg in the first step and aged for 10 s. In the
second step, 100 mM BisTris propane buffer pH 8.5 containing various concentrations of dioxygen
was mixed and absorbance at 510 nm was monitored. E) The same reaction as for D, but
monitored at 560 nm. The gray shading underneath the data refers to the range of parameters
(rate constants and extinction coefficients) that would be consistent with the fit. The steps with
unidirectional arrows were forced to be unidirectional by manually applying K = 0. The K labeled
with purple color refers to the minor product of MppP reaction, [91]. The P with red color refers
to the major product of MppP reaction, [95]. The rate constants with pink labeling refer to

deviations from Model 1.

When the branch point to the abortive product [91] was moved from intermediate X2 to X1
(Figure 2.3.4-3A and the simulation was re-run, the quality of the fit was also degraded (Figure
2.3.4-3B-E). Although the anaerobic single mixing experiments (Figure 2.3.4-2B,C) didn’t have
much impact, but the double mixing experiments (Figure 2.3.4-2D,E) are largely impacted. The
unidirectional step of EK conversion (the reverse rate refined to 0 s) has also became four time
slower in the case of Model 3 (Figure 2.3.4-3A). We use here the x? value of each experiment the
test fittings, as a quantitative parameter to evaluate how good the fittings are (Table 2.3.4-1).

The x? values refers to the placement of the best-fit lines relative to the data, wherease, the grey
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parameter ranges shows how well the model reflects the data. The EQ1 decay experiment of
model 3 has four times x? value and the EQ2 accumulation experiment of model 3 has ten times
x> value, comparing to that of model 1.

Thus the analysis of model 2 and model 3 shows that the best fit of abortive product [91] branch

point would be X1.
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Figure 2.3.4-3: Pre-steady state kinetic data from global fitting in KinTek Explorer when the EK
branch point was placed at intermediate X1. (A). B) the change in fluorescence after mixing 13
uM anaerobic PbrMppP with various concentrations of L-Arg under anaerobic conditions. C) The
absorbance at 510 nm monitored in the same condition as for B. D) Double mixing experiment
where 40 uM PbrMppP was mixed with 2000 uM L-Arg in the first step and aged for 10 s. In the
second step, 100 mM BisTris propane buffer pH 8.5 containing various concentrations of dioxygen

was mixed and absorbance at 510 nm was monitored. E) The same reaction as for D, but
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monitored at 560 nm. The gray shading underneath the data refers to the range of parameters
(rate constants and extinction coefficients) that would be consistent with the fit. The steps with
unidirectional arrows were forced to be unidirectional by manually applying K = 0. The K labeled
with purple color refers to the minor product of MppP reaction, [91]. The P with red color refers
to the major product of MppP reaction, [95]. The rate constants with pink labeling refer to

deviations from Model 1.

When the inactive form of the enzyme, F was omitted from Model 1 (Figure 2.3.4-4A), the aerobic
experiments were more affected than the anaerobic experiments (Figure 2.3.4-4B-E). The O;
dependency of Q2 (Figure 2.3.4-2E) is expanded far from all parameter ranges. The impact on
rate constant was also deviated. The conversion of external aldimine to intermediate EA was 5
times slower than model 1. Whereases, the formation of EA intermediate from external aldimine
ER’ is almost unidirectional. Finally, EQ1 formation was also slower in case of model 4 (Figure

2.3.4-4E)
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Figure 2.3.4-4: Pre-steady state kinetic data from global fitting in KinTek Explorer when the F is
omitted from the model 1 (A). B) the change in fluorescence after mixing 13 uM anaerobic
PbrMppP with various concentrations of L-Arg under anaerobic conditions. C) The absorbance at
510 nm monitored in the same condition as for B. D) Double mixing experiment where 40 uM
PbrMppP was mixed with 2000 uM L-Arg in the first step and aged for 10 s. In the second step,
100 mM BisTris propane buffer pH 8.5 containing various concentrations of dioxygen was mixed
and absorbance at 510 nm was monitored. E) The same reaction as for D, but monitored at 560
nm. The gray shading underneath the data refers to the range of parameters (rate constants and
extinction coefficients) that would be consistent with the fit. The steps with unidirectional arrows
were forced to be unidirectional by manually applying K = 0. The K labeled with purple color refers
to the minor product of MppP reaction, [91]. The P with red color refers to the major product of

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

When intermediate ER’ was omitted from model 1 (Figure 2.3.4-5A), the most impact was on Q2
accumulation phase (Figure 2.3.4-5E), as the model fitting 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

formation was slightly slower. Finally, the EQ1 formation step was forced to be unidirectional.
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Figure 2.3.4-5: Pre-steady state kinetic data from global fitting in KinTek Explorer when the ER’
intermediate is omitted from the model 1 (A). B) the change in fluorescence after mixing 13 uM
anaerobic PbrMppP with various concentrations of L-Arg under anaerobic conditions. C) The
absorbance at 510 nm monitored in the same condition as for B. D) Double mixing experiment
where 40 uM PbrMppP was mixed with 2000 uM L-Arg in the first step and aged for 10 s. In the
second step, 100 mM BisTris propane buffer pH 8.5 containing various concentrations of dioxygen
was mixed and absorbance at 510 nm was monitored. E) The same reaction as for D, but
monitored at 560 nm. The gray shading underneath the data refers to the range of parameters
(rate constants and extinction coefficients) that would be consistent with the fit. The steps with
unidirectional arrows were forced to be unidirectional by manually applying K = 0. The K labeled
with purple color refers to the minor product of MppP reaction, [91]. The P with red color refers
to the major product of MppP reaction, [95]. The rate constants with pink labeling refer to

deviations from Model 1.

When F and ER’ were both omitted from Model 1 to give Model 6, the effect 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 followed by omission of ER’. This optimization disrupted the fitting of anaerobic
experiment with fluorescent excitation (Internal aldimine monitoring, figure 2.3.4-6B), aerobic
experiment of Q1 accumulation (Figure 2.3.4-6D) and Q2 accumulation (Figure 2.3.4-6E). All
these model fitting expanded the parameter ranges far away from actual data points. Moreover,

the conversion step of ER to ER’ was 15 times slower than that one in model 1.
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Figure 2.3.4-6: Pre-steady state kinetic data from global fitting in KinTek Explorer when the F is
omitted, followed by omission of intermediate ER’ from the model 1 (A). B) the change in
fluorescence after mixing 13 uM anaerobic PbrMppP with various concentrations of L-Arg under
anaerobic conditions. C) The absorbance at 510 nm monitored in the same condition as for B. D)
Double mixing experiment where 40 uM PbrMppP was mixed with 2000 uM L-Arg in the first step
and aged for 10 s. In the second step, 100 mM BisTris propane buffer pH 8.5 containing various
concentrations of dioxygen was mixed and absorbance at 510 nm was monitored. E) The same
reaction as for D, but monitored at 560 nm. The gray shading underneath the data refers to the
range of parameters (rate constants and extinction coefficients) that would be consistent with
the fit. The steps with unidirectional arrows were forced to be unidirectional by manually applying
K =0. The K labeled with purple color refers to the minor product of MppP reaction, [91]. The P
with red color refers to the major product of MppP reaction, [95]. The rate constants with pink

labeling refer to deviations from Model 1.

The statistical analysis of all the alternative models is recorded in Table 2.3.4-1. The primary
model, Model 1, was the best global fit to the entire data set with the lowest all-experiment chi
squared (x2) value. The statistics for Models 2 and 3 show that both alternative placements of
the branch point in the mechanism fit the data poorly. Similar, more subtle impacts were
observed for Models 4-6, 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
ER’. While not as devastating to the fit as placing the branch point in the wrong place in the

mechanism, omitting F and/or ER’ significantly degrades the fit of Models 4-6 to the data. Thus,
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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 PbrMppP catalysis (Scheme 2.3.4-1).

Table 2.3.4-1: Statistical analysis (observed x? values) of different models explained in

2.3.4.
Model 1 Model 2 Model 3 Model 4 Model 5 Model 6
(EQ2 to EK) | (X1 to EK) (Omit F) (Omit ER’) (Omit F &
ER’)

Exp1 3182 3048 6370 5931 4568 5129
(a15f1
anaerobic)
Exp 2 2390 748663 2368 3360 2067 2862
(510
anaerobic)
Exp 3 1192 2950 4942 2894 3731 6377
(510+0,)
Exp 4 618 1180 6900 916 862 1929
(560+0,)
All-Exp x> 7.4x 103 7.6 x 10° 2.1x10* 1.3 x10* 1.1x10* 1.1x10*

Starting from the active, internal aldimine form of PbrMppP (Scheme 2.3.4-1, ll; the E=F
equilibrium has been omitted from Scheme 2.3.4-1), it could be binding of free PLP by enzyme

with no cofactor, or it could be some conformational change that results in the two different
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form of enzyme. Probably the N-terminus-open conformation of the enzyme allows the
substrate L-Arg to bind. At this point, the internal aldimine (ER,III) form of enzyme absorbs light
at 415 nm. Upon closing of the N-terminus, the active site residues are oriented properly for
nucleophilic attack of L-Arg on C4’ of PLP, resulting in the intermediate ER’ (IV) formation, which
ultimately forms the external aldimine (EA, V). The external aldimine absorbs light at 425 nm.
Then the external aldimine eventually forms quinoid-I intermediate (Q1, VI). In the presence of
0,, Q1 form an excited state dynamic (VIl) where molecular oxygen forms reactive oxo-anion to
attack the beta hydrogen of L-arg in PLP bound form or Q1 that has absorption maxima at 510
nm, and also originates hydroperoxide-anion. The other beta hydrogen rearranges to form
double bond between alpha and beta carbon. In the next excited state dynamic (VIII), the
mechanism follows two branches of reaction. If the hydroperoxide -anion attacks water molecule
and leaves as hydrogen peroxide, then the aldimine carbon attacks the hydrogen from hydroxyl
anion (XII) followed by incorporation of oxygen the alpha position to give the minor product 2-

oxo-5-guanidinovaleric acid [91].

On the other hand, if hydroperoxide anion attacks the y-hydrogen of L-arg in PLP bound form
(vi), then second molecule of H,0; byproduct is produced along with quinoid-Il complex (Q2,
IX) that has absorption maxima at 560nm. A 2nd molecule of O, forms radical, attacking the
activated y-C (X). Finally, water molecule likely neutralizes the reaction producing intermediate
Xl and another molecule of H,0,. Oxygen from the water molecule incorporates ultimately with

the substrate to form 2-oxo-4(S)-hydroxy-5-guanidinovaleric acid [95].
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2.3.5 PbrMppP substrate specificity

To explore the substrate specificity of PbrMppP, a series of L-Arg isosteres including D-Arg, L-Lys,
L-ornithine, L-citrulline, N-methyl-L-Arg, and L-canavanine were tested for activity with
PbrMppP . All reactions were performed in a total volume of 500 pL containing 10 uM PbrMppP
and 10mM of each potential substrate. Reactions were monitored using a diode array
spectrophotometer to detect the presence and rate of accumulation of the quinonoid species. In
cases where turnover was observed (as build-up of Q1 due to dioxygen depletion), the product(s)
were identified by ESI-mass spectrometry.

D-Arg, L-Lys, L-ornithine, and L-citrulline were not substrates for PbrMppP. When PbrMppP
reacted with D-Arg [98], no reaction was observed, as compared with the reaction with L-Arg
(Figure 2.3.5-1A,B). The structure of SWMppP with D-Arg bound suggests that the a-proton of D-
Arg is oriented away from the catalytic Lys233 residue and is thus not in a position to progress
past the external aldimine'™. The reactions with L-Lys [99] reaction shows an absorption
maximum at 432 nm suggestive of the external aldimine [100]. It is less clear why this peak
decreases so markedly over time, but the shoulder at ~¥320 nm leads us to propose that either
the external aldimine is slowly hydrolyzed, leaving the active site with pyridoxamine 5-phosphate
(PMP) bound, or a ketimine intermediate is formed (Figure 2.3.5-1C and Scheme 2.3.5-1B). The
reaction with L-ornithine [101] showed similar absorbance maxima at ~320 nm and 425 nm
(Figure 2.3.5-1D). Like L-Lys, ornithine [101] is able to form the external aldimine [102] (Scheme
2.3.5-1C). As for lysine, the new peak at ~320 nm might be due to PMP or to ketimine [103]

formation. When PbrMppP reacts with L-citrulline [104], the absorption maximum immediately
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after mixing the enzyme and citrulline is at 425 nm, consistent with external aldimine formation
[105]. Curiously, the absorbance at 425 nm decreases over time, but it is not replaced by any
peak at ~320 nm (Figure 2.3.5-1E). While it is difficult to explain this observation, it is clear that
L-citrulline is not a substrate for PbrMppP.

With N-methyl-L-Arg [106] as a substrate, a small accumulation of Q1 [108] is observed at 510
nm (Figure 2.3.5-1F). The observation of Q1 indicates that it is a substrate, but the fact that it
does not accumulate much past its initial value suggests that the reaction is much slower than
that with L-Arg so that the cuvette is not depleted of oxygen during the assay period. This slow
reaction may be explained by the bulky addition of the methyl group to the L-Arg guanidinium
nitrogen misorienting the substrate in the active site. It is also possible that, although the addition
of the methyl group does not significantly alter the side chain pK, of arginine, it may affect the
charge distribution across the guanidinium group®”. If, as we hypothesize, the guanidinium group
of the substrate provides the positive charge in the active site to encourage the formation of
superoxide, then any deviation of this charge from its natural position might adversely affect the

activation of dioxygen for electron transfer from Q1.

The L-canavanine [109] reaction shows Q1 [111] formation (Figure 2.3.5-1G), but no
accumulation of Q2 (560 nm). This result suggested that L-canavanine [109] supports only two-
electron oxidation, forming only 2-keto-L-canavanine [114]; the L-canavanine substrate is not
converted to the fully oxidized product “4-hydroxy-2-ketocanavanine”. A proposed mechanism
for the reaction of PbrMppP with L-canavanine, is presented in Scheme 2.3.5-1F. Beginning with

the enzyme as the internal aldimine [86] form of enzyme that absorbs light at 415 nm, upon
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closing of the N-terminus, the active site residues are oriented properly for nucleophilic attack of
L-canavanine on C4’ of PLP. Thus, the internal aldimine [86] is converted to external aldimine
[110] due to proper orientation of the active site residues. The external aldimine [110] is
eventually converted into quinoid-1 or Q1 [111] intermediate that gives absorbance at 510nm.
Afterward, O molecule forms reactive oxygen species that attacks the B-H forming
hydroperoxide, leaving Dehydro-L-canavanine bound with PLP. The hydroperoxide then attacks
the y-H on the PLP bound L-canavanine and produces H,0; byproduct. Finally, the product 2-
keto-L-canavanine [114] leaves the active site, regenerating the enzyme-PLP complex.

Due to the presence of an oxygen atom at the 6-position, the pKa of the y-carbon is shifted by
the oxygen, making it more difficult to abstract a proton. Consequently, possible hydroperoxide
radical can’t attack the y-H. As a result, PbrMppP catalyzes only 2 electron oxidation of L-

canavanine.
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Figure 2.3.5-1: PbrMppP substrate specificity. Spectrometric scans of reactions with L-Arg and a
panel of potential alternative substrates: (A) L-Arg, (B) D-Arg, (C) L-Lys, (D) L-ornithine, (E) L-
citrulline, (F) N-methyl-L-Arg, (G) L-canavanine. The structure in the subset of each panel shows
corresponding substrate structure. The light blue spectrum represents the first measurable point
of the reaction (1.4s). Subsequent spectra (every 25 s pictured) grade from light blue to dark blue,

which is the last spectrum collected (292 s).
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Scheme 2.3.5-1: Possible reaction mechanisms of PbrMppP with different substrate analogs.(A) D-
Arg, (B) L-Lys, (C) L-ornithine, (D) L-citrulline, (E) N-methyl-L-Arg, (F) L-canavanine. A) D-Arg [98]
barely forms external aldimine due to orientation of aH away from catalytic K-233; B) L-lysine; [99]
forms a possible external aldimine [100] which shows absorption maxima at 432 nm; (C) L-ornithine
[101] forms external aldimine [102] followed by ketamine [103]; D) L-citrulline [104] probably gives
a slow reaction to form external aldimine [105] which eventually diffuses out of active site; E) N-
methyl-L-arg [106] forms external aldimine [107] followed by very slow formation of Quinoid-/
[108] which gives absorbance at 510nm; F) Proposed reaction mechanism of PbrMppP with L-
canavanine [109]. L-canavanine [109] is a true substrate of PbrMppP following one equivalent of
oxygen reduction. The hypothetical reaction forms expected external aldimine [110] (Amax = 425
nm) followed by Quinoid-I formation [111] (Amax = 510 nm), consequently the oxidized product 2-
keto-L-canavanine [114] is released regenerating PLP-PbrMppP complex of internal aldimine (Amax
=415 nm). Due to the presence of electronegative oxygen atom at &-position, bonding electron
from y-C is attracted towards the oxygen atom, making the y-H less likely an electrophile.
Consequently, possible hydroperoxide can’t attack to the y-H. As a result, PbrMppP catalyzes only
2 electron oxidation of L-canavanine. Otherwise, it is also possible that the fully oxidized form of L-

canvanine is converted so quickly that it is not tractable via spectrophotometry.
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Comparison of the rate of Q1 formation with L-Arg and L-canavanine shows that PbrMppP
accumulates Q1 faster with L-Arg, as would be expected for the natural substrate. What is
interesting here, is that the canavanine reacts quickly enough to deplete the cuvette of dioxygen.
It is not clear at this time what species is absorbing light at 350 nm. This species decays slowly,

but that is all that can be said at this point.

2.0 == 510nm of L-Canavanine
== 510nm of L-Arg

1.57

Absorbance
|—\
Q

== 350nm of L-Canavanine

0 50 100 150
Time(s)

Figure 2.3.5-2: Comparison of quinonoid-I formation by L-arg and L-canavanine in PbrMppP

reaction. L-canavanine conversion is slower (green) than L-arg conversion (Blue) thus L-arg

reaction reached equilibrium early. On the other hand, slow decay of 350nm species (pink) is

proportional to the formation of quinoid-I in L-canavanine reaction.
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The reaction product of PborMppP and L-canavanine was also analyzed by ESI-Mass spectrometry
(Figure 2.3.5-3). In the positive mode, m/z 89 is consistent with the doubly charged cationic form
of L-canavanine, whereas m/z 177 is consistent with the singly charged cationic form [109]. The
m/z=176 is the MppP 2-electron oxidized product 2-keto-L-canavanine [114] and m/z=148
reveals the presence of decarboxylated [114]. In the negative mode, m/z=175 stands for the
singly charged anionic form of L-canavanine. The PbrMppP product [114] appears at m/=174,
whereas the decarboxylated [114] appears at m/z=146 in negative mode. The mass difference
between the L-canavanine starting material and the 2-electron oxidized product of the PbrMppP
reaction is small. The presence of the decarboxylated product (m/z 148 in positive mode and m/z
146 in negative mode) is an important indicator that L-canavanine was truly modified by

PbrMppP, and it, thus, a substrate for the enzyme.
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Figure 2.3.5-3: ESI mass spectrometric analysis of MppP reaction products with L-canavanine; (A)
positive mode, (B) Negative mode. Reactions were performed in 500 ul volume, with 50 uM

PbrMppP and 5 mM L-Canavanine in 10 mM BisTris Propane pH 8.5.
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2.3.6 Steady state kinetics of the reaction of PbrMppP with L-canavanine

The steady state kinetic parameters (Kw, keat, specificity constant) and Michaelis-Menten plot in
Figure 3.7-1 for the reaction of PbrMppP with L-canavanine were determined by calculating the
initial rates of dioxygen consumption in oxygen probe experiments as was done for PbrMppP
kinetics with L-Arg. The kinetic constants are listed in Table 2.3.6-1 (L-canavanine Kinetic
parameters highlighted green). As L-canavanine is not capable of 4-electron oxidation, there is
no branch in the mechanism with this substrate. The Turnover number with L-canavanine of 7.9
+ 0.5 s is ~50-fold higher than the turnover number with L-Arg (0.16 + 0.03 s!). The proposed

mechanism of the reaction of PbrMppP with L-canavanine is presented in Figure 2.3.5-1F.

PbrMppP Kinetics with L-Canavanine

—3

®
Q

o
Q

N
it

N
Q

Initial Velocity (uM/s)

0 5 10
[L-Canavanine] in mM

Figure 2.3.6-1: PbrMppP Michaelis-Menten plot with L-canavanine as substrate.
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Table 2.3.6-1: Comparison of the steady state kinetic parameters of PbrMppP with L-Arg

or L-canavanine as substrate.

PbrMppP Kinetics L-Arg L-canavanine
Michaelis-Menten constant, Km | 24 £ 1.5 uM 262 +17.8 uM
Turnover number, keat 0.16£0.025" 79+05s

Specificity Constant, kea/Kw (6.8+0.1)x10°M's | (30£0.002)x10° M s

PbrMppP seems to have lower affinity for L-canavanine than L-Arg, which is somewhat surprising
given that the two are almost identical in size, shape, and placement of hydrogen bond doners
and acceptors. It should be noted, however, that as the §-oxo analog of L-Arg, canavanine has an
oxyguanidinium group, which has a significantly lower pKa (7.0) than the guanidinium group of
L-Arg (~12.5). These reactions were performed at pH 9.0, so the side chain of L-canavanine
would be almost completely deprotonated. Without the charge on the oxoguanidine, L-
canavanine may not interact with the PLP phosphate group in exactly the same way as L-Arg. Of
course, if L-canavanine is not positively charged under the assay conditions, and the substrate
cation really is required for activation of dioxygen, it is very surprising that the turnover number
with L-canavanine is so much higher than the turnover number with L-Arg. While work on this
guestion is ongoing, we feel it is very clear that PbrMppP is a homolog of the prototypical
SwMppP that catalyzes exactly the same reaction with very similar kinetic properties. In order to
find out how this activity fits into the putative PbrMPCO, we set out to determine the structures

of the rest of the PbrMPCO enzymes in the hope of getting clues to their respective functions.
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2.3.7 Structural characterization of PbrHYP

Primary structure analysis of PbrHYP reveals that it is most similar to sequences having the PilT
N-terminus (PIN) domain fold. PIN domains are most commonly associated with
endoribonuclease activity that is involved in the pathogenicity in of Gram-negative bacteria.
Pseudomonas brassicacaerum (DF41) is a soil-dwelling, non-pathogenic Gram-negative
bacterium associated with the roots of plants in the mustard/cabbage family that protects the

plants from several bacterial and fungal pathogens®i,

2.3.7.1 Introduction to PIN domain

The PIN domain superfamily contains small proteins (~120-130 amino acids) with distinctive
structures comprised of a core of at least four parallel beta strands flanked by at least three alpha
helices®™ (Figure 2A). The superfamily is named after the pilT gene product from numerous Gram-
negative bacteria. A distinctive feature of this fold is that aspartate and glutamate residues that
form a binding site for divalent metal ions®, especially Mg2* or Mn%* i, The active site contains a
metal-binding tetrad (DEDD motif) comprised of three highly conserved acidic residue (DED) and

one poorly conserved residue where the aspartate is sometimes replaced by asparagine®ii,

PIN domain proteins occur in archaea, prokaryotes, and eukaryotes. Interestingly, PIN domain

proteins evolved activities in processes ranging from cell motility to cellular stress responses. In
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archaea®" and bacteria®’, PIN domain-like proteins act as part of a type-Il toxin-antitoxin system
(TA system), also familiar as virulence associated proteins.

The antitoxin protein binds with the toxin enzyme to suppress the activity under normal
conditions. Degradation of the antitoxin protein is triggered when the cell encounters a stressful
environment (e.g. competition with other species). In the absence of the antitoxin protein, the
endoribonuclease activity of the toxin is activated™"'. Bacterial PIN domain-like proteins act as 5’-
3’ endonuclease in type-Il TA systems, cleaving own RNA to undergo into static sate. This feature
is held responsible for prolonged and recurring infection in host®i. On the other hand, eukaryotic
PIN domain-like proteins function as exonucleases in various RNA surveillance mechanisms like

RNA interference (RNAI), degrading nonsense mRNA®Vil cxix,

2.3.7.2 PbrHYP is a PIN domain homolog

PbrHYP crystallized in space group P412:2 and the crystals of PbrHYP diffracted to 2.0 A
resolution. There were 2 molecules in one asymmetric unit. From the crystallographic structure
(Figure 2.3.7.2-1), PbrHYP appears to be a disulfide-linked homodimer. The overall fold is similar
to the PIN domain, with a central six-stranded beta sheet surrounded by seven alpha helices.
This homo-dimeric quaternary structure is prevalent in the PIN domain-like superfamily®™. A
PDBefold™ search shows that the structure of PbrHYP has highest structural similarity to VapC
(PDB ID 4CHG). Even though the sequence identity is only 10%, the root mean square deviation
for the superposition of the PbrHYP and VapC structures is 2.46 A. VapC is the toxic

endoribonuclease from the Mycobacterium tuberculosis type-l TA system. Under favorable
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growth conditions, VapC acitivity is suppressed by binding with the antitoxin protein VapB. Under
adverse conditions, VapB is degraded, activating VapC’s endoribonuclease activity™i. The vapB
and vapC genes are adjacent in M. tuberculosis chromosome, which is pivotal for bacterial TA

System functioncxxi, Cxxii, cxxiii

Figure-2.3.7.2-1: PbrHYP dimer structure. The yellow bond on the top indicated disulfide link

between the two dimer.
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2.3.7.3 PbrHYP has no metal-binding site

PbrHYP possesses a low degree of sequence identity (<10%) with the PIN domain protein VapC,
it is perhaps not surprising that important functional features of the latter protein are missing
from PbrHYP. The superimposed structures of the PbrHYP and VapC active sites (Figure 2.3.7.3-
1) show that in VapC, three aspartate residues, Asp10, Asp122, and Asp96, coordinate two Mg?*
ions (purple spheres). Two of the aspartate residues, D10 and D122, are retained in the PbrHYP
active site, but the other metal-binding residues of VapC, Asp96, and Asp116, are replaced with
lysine (Lys104) and serine (Ser124), respectively, in PbrHYP. The lysine-for-aspartate substitution
effectively eliminates any potential metal-binding character in PbrHYP. Glu42 of VapC, which is
part of the second shell of residues around the dimetal center, is replaced by isoleucine (lle49) in
PbrHYP. Thus, while PbrHYP retains the gross features of the PIN domain fold, it has lost the
functional residues central to the endoribonuclease activity of other PIN domain superfamily
members and likely represents an unknown group of proteins within the superfamily with an as-

yet-uncharacterized function.
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Figure 2.3.7.3: Overlaid structures of PbrHYP (blue) and VapC (PBD ID: 4CHG; light grey). The dark
grey ribbon is a part of VapB that interfaces with the dimetal center of VapC to prevent

endoribonuclease activity.

2.3.7.4 Absence of an anti-toxin component near the PbrHYP gene

In prokaryotic TA systems, the toxin and antitoxin components are expressed together under
same promoter, normally from adjacent genes™¥: Vi i Additionally, at the structural level, the
interaction of the toxin and antitoxin parts plays an imperative role. Furthermore, the antitoxin
actually does not dissociate completely from the toxin part. Rather, a glutamate residue
consistently interacts with the toxin at the binding interface, preferably by an arginine
residue®™", Regardless of the fact that antitoxin removal activates the toxin enzyme, a weak

ribonuclease activity was observed in vitro with the toxin-antitoxin complex“*V,
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Curiously, there is no antitoxin protein near PbrHYP in DF41 genome. None of the other proteins
in PbrMppP gene cluster are homologous to antitoxins. As putative antitoxins are small protein
comprise of 80-85 amino acids, we made a genome wide search for DF41 and interestingly only
one annotated antitoxin (CD58_RS00980) was found in pseudomonas brassicacaerum (DF41)

genome®i which is not adjascent to the PbrHYP gene.

2.3.8 Structure of PbrDHPS

The next enzyme in the PbrMPCO is a dihydrodipicolinate synthase family protein we are
tentatively calling PbrDHPS until its actual activity can be identified. PbrDHPS is predicted to be
a Type | aldolase. Type | aldolases use a catalytic lysine to form a Schiff base intermediate with
the substrate, as opposed to the metal-dependent Type Il aldolases. We determined the X-ray
crystal structure of PbrDHPS at 2.0 A resolution. The enzyme was annotated as DHPS because of
its homolgy (26% sequence identity) with dihydrodipicolinate synthase from E.coli (ECDHPS)®*Vi,
A PDBefold™ii search also shows highest structural similarity to EcCDHPS (RMSD 1.8A) The
function of EcDHPS is to condense pyruvate [116] and 2-(S)-aspartate semi-aldehyde [117] into
4-hydroxy-tetrahydropicolinic acid [118], which is then non-enzymatically dehydrated into 2,3-
dihydrodipicolinate [119] (Scheme 2.3.8-1). This compound is incorporated into the L-Lys and

meso-L-diaminopimelate biosynthesis pathways in plants and bacteria®,
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Scheme 2.3.8-1: Reaction catalyzed by ECDHPS.

2.3.8.1 Type | aldolases

The Type | aldolases™* are a ubiquitous enzyme group with members found in all domains of life.
From a structural perspective, most type | aldolases possess the TIM barrel fold with eight parallel
B-strands forming a barrel in the center of the protein (Figure 2.3.8.2-1A). Each strand is
connected to the next one by an a-helix. These 8 helices pack against the outside of the central
barrel.*, The TIM barrel is so far most abundant protein fold known in the Protein Data Bank
(PDB), and in all cases, TIM barrel proteins have proven to be enzymes. The catalytic site is
invariably located at the C-terminal end of the barrel.

As mentioned earlier, Type | aldolase mechanisms are characterized by the involvement of a
catalytic lysine residue that forms an iminium complex (i.e. Schiff base) with the substrate®i
(Scheme 2.3.8-1). The catalytic lysine residue makes electrophilic attack at the carbonyl group of
the substrate, forming the iminium ion. It can catalyze both the aldol condensation of a ketone
and an aldehyde substrate, or the retroaldol cleavage of a ketone substrate. In the aldol

condensation reaction, the binding of substrates is typically sequential ordered with the ketone
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substrate binding first to form animinium, that then facilitates binding of the aldehyde

substrate®xii,

2.3.8.2 PbrDHPS is likely a Type | aldolase

The quaternary structure of PbrDHPS (Figure 2.3.8.2-1A) reveals that it is a 2-fold symmetrical
homodimer. The active site structure (Figure 2.3.8.2-1B) shows that there is a lysine residue

(Lys160) adjacent to a tyrosine (Tyr132) that resemble the catalytic dyad found in many Type |

aldolases™.

Figure 2.3.8.2-1: (A) PbrDHPS homodimer with core alpha-beta barrel fold. (B) PbrDHPS active

site residues with the Lys-160 and Tyr-132 shown with electron density map contoured at +1.0
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sigma. (C) Overlay of PbrDHPS (blue) and EcDHPS (gray, PDB ID: 1DHP)**", The root mean square
deviation for matching Ca atoms is 1.84A. ECDHPS is shown with pyruvate covalently bound as the

enamine with Lys-161. The Tyr107’ (dark grey) is contributed by the other protomer of the dimer.

The superimposed structures of PbrDHPS and EcDHPS (Figure 1C) have an RMSD value of 1.8A
for all matched Ca atoms (SSM algorithm®™V, The Lys161/Tyr133 catalytic dyad of EcDHPS
(Lys160/Tyr132) is conserved in PbrDHPS. Most other active site residues are either conserved or
are changed to chemically similar amino acids. For example, Thr44 is conserved and Thr45 of
EcDHPS is replaced by Ser45 in PbrDHPS, and 1le203 is replaced by Val200. Less conservative
changes are observed at Arg138 and Asp187 in EcDHPS, which are substituted by Leu137 and
Trp186, respectively, in PbrDHPS. Overall, the PbrDHPS appears to be slightly more hydrophobic
than the EcDHPS active site. Asp187 is a catalytically important residue in the EcDHPS reaction to
anchor the substrate in the active site®™V, Its substitution by tryptophan in PbrDHPS likely

reflects a different substrate preference in PbrDHPS™*Vi,

2.3.8.3 The putative catalytic lysine residue is active in PorDHPS

Previous studies showed that the enzyme MppR from Streptomyces hygroscopicus (ShMppR)
catalyzes the cyclization of the MppP product [95] into the ketone form of enduracididine [96]
(scheme 1.4.5-1)ii_ Although its fold bears no relationship to the TIM barrel fold of the Type |
aldolases, MppR uses a Schiff base-forming lysine residue and is capable of catalyzing aldol

condensation reactions, albeit poorly. At high concentrations of ShMppR (~100uM) condensation
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of the aldehyde substrate 3-(2-furyl) acrolein [120] with pyruvate [121] (Scheme-3) was observed

as a bright yellow color (Amax = 360 nm) resulting from the condensation product [122]9iil

Enz
0 |
0 . o +NH
\ / N 0] Hs3C ShMppR ™ x> o
+ —_— /
o o
[120] [121] [122]

Scheme 2.3.8.3-1: Structure of ShMppR product [122] when alternative aldehyde substrate 3-(2-
furyl)acrolein [120] and pyruvate [122] are condensed. Compound [120] has Amax = 325 nm and

compound [122] has Amax = 360 nm.

A structural homolog of MppR from Streptomyces bingchenggensis, Sbi00515, is a bona fide
aldolase, catalyzing the retro-aldol cleavage of benzylidene pyruvate [123] (Scheme-4) into
benzaldehyde [124] and pyruvate®™*, and aldol condensations of pyruvate with a wide variety

of aldehyde substrates®™.

. HsC
N 0 x
Sbi00515 o o
n— 0
-
[123] [124] [121]

Scheme 2.3.8.3-2: Shi00515 acts as an aldolase. Retro-aldol cleavage of benzylidene pyruvate [123]

by Sbi00515 produces benzaldehyde [124] and pyruvate [121].
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To determine whether PbrDHPS might have similar aldolase activity, 10 uM PbrDHPS was mixed
with 3-(2-furyl) acrolein [120] and pyruvate [121] (Scheme 2.3.8.3-1) and incubated for 1 hr at
25 °C, after which the reaction was passed through a 10 kDa MWCO concentrator. The retentate
was a yellowish orange color, indicating that 3-(2-furyl)acrolein was bound to the enzyme, most
likely as the condensation product with pyruvate (Figure 2.3.8.3-1A). PbrDHPS, thus possesses

aldolase activity, and Lys160 is likely the nucleophile for the reaction.
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== 10 uM PbrDHPS
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10 uM Pyr
== 10 pM 3-(2-Furyl) acrolein + 10 uM pyr
w= 10 uM PbrDHPS+10 uM 3-(2-Furyl) acrolein+10 uM pyr

Figure 2.3.8.3-1: A) 3-(2-Furyl) acrolein and pyruvate condensed product stays in the membrane
by binding covalently with PbrDHPS. The orange color section in the mini concentrator indicates
the covalently bound fraction. B) UV-vis spectra of PbrDHPS, possible substrate analog and

products.
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The retentate from the concentrator was analyzed by UV-Vis spectrophotometry (Figure 2.3.8.3-
1B, red trace). There is no peak at 360 nm corresponding to pure [122], but there is a double-
peak at 380-420nm that may be due to the Schiff base of [122] with the enzyme, which would
have more extended conjugation and would conceivably absorb at a longer wavelength. It is

worth noting that there is no peak at 325 nm for pure 3-(2-Furyl) acrolein.

2.3.8.4 Lys160 forms a Schiff base with a ketoacid

The abortive product [91] (Scheme 1.4.5-2) was tested for binding to PbrDHPS with the idea that
the true substrate for the enzyme is likely to be some modified form of arginine. PbrDHPS crystals
were soaked with 12mM [91] for 2 hours, and the resulting X-ray crystal structure reveals [91]
covalently bound to the catalytic Lys160 residue in the active site (Figure 2.3.8.4-1A). The
guanidinium group of [91] makes a salt bridge with the carboxylate group of Glul87. The
superimposed structures of PbrDHPS and EcDHPS (Figure 2.3.8.4-1B) with ligands bound show

that most of the active site residues align similarly, as do the ligands.
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Figure 2.3.8.4-1: Crystallographic structure of PbrDHPS with [91] bound. (A) [91] is covalently
bound to Lys160, shown in the electron density map of difference flourier with a contour level of
+1.0. (B) Superimposed structure of PbrDHPS (blue chain) and EcDHPS (gray chain) where
PbrDHPS is bound with 2KA and EcDHPS is bound with its substrate analog hydroxy pyruvate. Both

ligands have similar orientations in the overlaid structures.

2.3.9 Structure of PbrOX, a putative nonheme Fe(ll)-dependent
oxygenase

The next gene in the PbrMPCO encodes a putative nonheme iron-dependent oxygenase we have
labeled PbrOX. We determined the structure of PbrOX at 2.1 A resolution. A PDBefold™' search

shows highest structural identity of PbrOX with the nonheme iron oxygenase UndA (RMSD 4.15

R) from Pseudomonas protegens Pf-5. UndA (PDB ID: 4WX0") is involved in biosynthesis of the
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medium chain 1-alkene 1-undecene [126] from lauric acid [125] (Scheme 2.3.9-1)ii, While it is
not possible at this point to test potential substrates of PbrOX, we did test ways to produce iron-
loaded holoenzyme, since no metal was observed in the likely iron-binding site in the PbrOX
active site. During the course of experiment, we identified using spectrometry that the Fe was
loaded onto PbrOx by incubating the enzyme with small amounts of FeSO4 (~1mg) and ascorbate
(~1mg) at 4°C for 4 hours . 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(ll)-bound PbrOX.

(o)
Hac/\/\/\/\/\)j\oH
[125]
UndA, Fe(ll)l

Scheme 2.3.9-1: Reaction catalyzed by UndA

2.3.9.1 Introduction to mononuclear non-heme iron oxygenase

Mononuclear nonheme iron oxygenases are versatile enzymes that contain a reduced iron center
to catalyze transfer of one or both oxygen atoms from molecular oxygen to organic substrates.
Oxygenases incorporating one oxygen atom into the product (and the other into water) are
known as monooxygenases™V. Enzymes that incorporate both atoms of dioxygen into their

products are called dioxygenases®V>Vi, One of the features of nonheme iron oxygenases that
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distinguishes them from heme oxygenases is that, they have catalytic iron atom coordinated with
amino acids from active site residues rather than the organic cofactor heme. In most cases the
so-called “facial triad” of residues that coordinate the iron atom in the non-heme enzymes is
comprised of two histidine residues and one aspartate or glutamate®Vi, The metal, thus
coordinated, is not only able to act as an electron sink, but also to facilitate the binding of multiple
substrates. In many cases, the electrons required for reduction of the iron come from an a-
ketoacid co-substrate, such as a-ketoglutarate. These are a-ketoacid-dependent mononuclear
iron oxygenases™Vil, Other subfamilies include aromatic ring-cleaving dioxygenases™,
tetrahydrobiopterin-dependent mononuclear dioxygenases® and Rieske oxygenases®” i which

have an Fe-S cluster domain.

2.3.9.2 PbrOX is a mononuclear iron oxygenase homolog

PbrOX crystallized in space group P4, with a single chain in the asymmetric unit, though a
symmetry-related chain forms an extensive interface where each chain buries ~1300 A2
Thus, PbrOX s likely a dimer in solution (Figure 2.3.9.3-1A). The active site of PbrOX is particularly
rich in tyrosine residues and contains a Glu-His-His triad (E124, H134 and H218) that may
constitute a metal-binding site (Figure 2.3.9.3-1B). Alignment of the PbrOX and UndA structures
(Figure 2.3.9.3-1C) suggests that the mononuclear iron-binding site of UndA is likely retained in
PbrOX. The much more polar binding pocket of PbrOX suggests that its substrate is more polar
than that of UndA.

The active site structure of PbrOX shows that the His134 adopts two alternate conformations

(Figure 2.3.9.3-1B). Presumably, the orientation would be stabilized by metal coordination in the
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holoenzyme. The Glu98 forms a hydrogen bonding interaction with Tyr214. Tyr138, Tyr215 and

Tyr200 are also interacting through two water molecules (blue spheres in Figure 2.3.9.3-1B).

Figure 2.3.9.2-1 A) tertiary structure of PbrOX homodimer B) active site of PbrOX retains metal
binding facial triad C) PbrOX (yellow) active site overlaid with UndA (red) with an RMSD value of

4.15A over 6% sequence identity.
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2.3.9.3 Fe'' Loading of PbrOX

The holoenzyme (iron(Il)-bound form) for PbrOX was reconstituted by adding a small amount of
iron sulfate crystals crushed together with dry ascorbic acid™. After incubation with Fe" and
ascorbate, the UV-Vis spectrum of PbrOX shows a broad feature centered at 325nm (Figure
2.3.9.4-1) that seems to be associated with the Fe(ll)-bound (holo) enzyme, since free Fe(ll)
shows a peak at 272 nm. Apo PbrOX, Fe(lll), and ascorbate have no feature at 325nm. We propose
that ascorbate acts here as a potential one-electron reducing agent for Fe" i which can then
bind to the enzyme. Upon concentrating the dilute protein solution (~175 uM before
concentrating up to 250 uM) using a 10kDa MWCO concentrator, the 325 nm peak becomes

more intense, supporting the suggestion that this feature is associated with enzyme-bound Fe(ll).

137



A)

0.04
o 0.03
¥}
c
T}
T 0.024}
v L
o
I
0.01- = ~250 uM PbrOx +Fe(ll}+Ascorbat
== ~175 uM PbrOx+Fe(ll})+Ascorbate
== Apo PbrOx (~175 uM)
0.00 = Fe(lll) (~125 uM)
300 400 500 == Ascorbate (~125 uM)
Wavelength (nm) — Fe(ll)+Ascorbate
B)
0.10
0.08
Q
Z
o 0.06
=)
b
8 |
a 0.04
T

300 400 500
Wavelength (nm)

Figure 2.3.9.3-1: A) Spectra of Apo PbrOX and Fe' installed PbrOX. Both Fe' (FeSO4) alone and
ascorbate mixed Fe' (FeSOy4) solution has a small peak near 272nm, whereas apo PbrOX doesn’t
have any peak other than 280 nm wavelength. B) The concentrated sample of Fe' loaded PbrOX

is overaid with A. The red spectra (~250 uM PbrOX+ Fe(ll)+ascorbate) is the sample concentrated

after incubation with Fe and ascorbate (pink spectra: ~175 uM PbrOX with Fe(ll) and ascorbate)
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2.3.9.4 Introduction to bacterial three component system

Bacterial three-component oxygenase systems are most commonly associated with the
biodegradation of environmentally hazardous compounds®V. This multienzyme systems consist
of three soluble proteins (Figure 2.1-4) that interact to form an electron-transport chain to
transfer electrons from NAD(P)H via flavin and [2Fe-2S] redox centers to a terminal
dioxygenase®. The first component is a ferredoxin-NAD(P)H reductase (FNR) that oxidizes
NAD(P)H and transfers two electrons to flavin adenine dinucleotide (FAD). FNR transfers these
electrons, one electron at a time, from the flavin to the second component, a [2Fe-2S] cluster-
containing protein called ferredoxin. Finally, the electrons are transported by the ferredoxin to
the iron center of a terminal oxygenase, where they are used to reduce molecular oxygen to
oxidize a substrate. In almost all cases, the proteins involved in bacterial three-component

oxygenase systems are co-expressedc!Vi i, clviii

Interestingly, the co-existence of PbrOX with PbrFd suggests a possible three component electron
transport system in this gene cluster®™. Although there is no presence of FNR in the pbr gene
context, we used one of the only two annotated FNR enzyme from the P. brassicacearum genome

to test this hypothesis.

2.3.9.5 PbrFD is a Fe-S cluster protein

The PbrFD is a [2Fe-2S] cluster protein homolog with 90% sequence identity to the ferredoxin

from Pseudomonads °*. The iron-sulfur cluster is not installed properly in protein from cells grown
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on plain LB medium (Figure 2.3.9.5-1A, green spectrum). When BL21* cells containing the pE-
SUMOxan-PbrFD expression vector were grown in Terrific Broth (TB) rich medium supplemented
with 1 mM L-cysteine 0.1 mg/ml ferric ammonium citrate, the protein produced had the [2Fe-
2S] cluster properal installed (Figure 2.3.9.5-1A, blue spectrum). The HisTrap eluate during PbrFD
purification had a brown color characteristic of [2Fe-2S] clusters (Figure 2.3.9.5-1B, fractions 28
and 29). The UV-Vis spectrum (Figure 2.3.9.5-1A, blue spectrum) shows a characteristic Fe-S
charge transfer band®™ around 320nm when reduced and 450 nm when it is oxidized. The blue

spectrum in Figure 2.3.9.5-1A is thus a mixture of reduced and oxidized PbrFD.
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Figure 2.3.9.5-1: A) Spectra of PbrFd expressed in terrific broth supplemented with cysteine and
ferric ammonium citrate (blue spectrum). The green spectrum is for PbrFd when expressed in LB
media only, thus Fe-S cluster not installed. B) The elution fractions from HisTrap purification off

PbrFd shows a brown color.
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2.3.9.6 PbrFNR is active in the absence of any specific substrate

When examining FNR in activity tests, we found that the enzyme oxidizes NADPH in the absence
of any other electron acceptor (data nor shown). This observation was independent of the buffer,
with the same phenomenon being observed in 50 mM Tris pH 8.5, 50 mM BisTris propane pH 9.0
and 50mM sodium phosphate pH 8.5. To test whether the electrons from NADPH are reducing
dioxygen in this reaction, we performed a similar experiment in the oxygen electrode (Figure
2.3.9.6-1). We observed that addition of 1 uM PbrFNR to a solution with 20 uM NADPH in 50 mM
Tris pH 8.5 resulted in consumption of ~8 uM dioxygen. Once the rate of dioxygen consumption
began to change, the addition of 1 pug/ml catalase (final concentration in 500 pL) resulted in an
increase in the dioxygen concentration of ~4 uM. This observation suggests that PbrFNR is
reducing dioxygen to produce H,0,. Heat-denatured PbrFNR was used as a control (Figure

2.3.9.6-1, grey curve).
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Figure 2.3.9.6-1: PbrFNR reduces dioxygen to produce H;O; in the absence of any other electron

acceptor. Denatured PbrFNR does not consume dioxygen.

2.3.9.7 Electrons flow from NADPH towards PbrOX

The oxygen probe experiment described in the previous section was continued with additions of
PbrFD and PbrOX (Figure 2.3.9.7-1). When 02 consumption by FNR slowed down, addition of
approximately 1 uM PbrFD resulted in more O, consumption. Adding PbrOX in the absence of
PbrFD does not alter the rate of dioxygen reduction by PbrFNR (Figure 2.3.9.7-1, grey curve), but

upon addition of PbrFD, the rate increases significantly, showing that PbrFD is likely an
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intermediate transporter of electron. The observation leads to the conclusion that electrons flow

from NADPH via PbrFD to the metal center of PbrOX.

NADPH (20uM)
,],PhrFNR

Figure 2.3.9.7-1: Electron flows from NADPH towards PbrOX. The black curve indicates rate of
dioxygen reduction in the NADPH solution (in 50mM Tris pH 8.5) due to addition of PbrFNR, folloed
by PbrFD and PbrOX. The gray curve is the control where rate of dioxygen reduction in the NADPH
solution (in 50mM Tris pH 8.5) is shown due to addition of PbrFNR, followed by heat denatured
PbrOX. No significant dioxygen reductiuon was observed upon addition of this by heat denatured

PbrOX (control). But, addition of PbrFD resumed dioxygen reduction.
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2.3.9.8 Holo PbrOX is required for electron flow

The oxygen probe experiment was continued to determine if the holo PbrOX prepared as
described earlier has Fe"' bound in a catalytically competent mannor, or if there is simply free Fe'"
ions in solution. The apo PbrOX and heat-denatured PbrOX were used as negative controls (Figure
2.3.9.8-1, grey curve). Neither of these inactive forms of PbrOX altered the rate of uncoupled
dioxygen reduction by PbrFNR. Adding 500 nM FeCl, and ascorbate resulted in a dramatic
consumption of dioxygen.
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Figure 2.3.9.8-1: Fe(ll) loading on PbrOX is required for electron flow
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2.3.10.1 PbrMppP operon genes are expressed only in solid culture

Since the structures described above provide few clues about possible functions of the enzymes
in PbrMPCO, we decided to use a metabolomics approach to determine the final product of the
pathway. This information would dramatically reduce the possibilities for reactions and
substrates involved. With this idea, the putative promoter region of the PorMPCO (Figure 2.2.13-
1)was cloned into a promoterless reporter vector, pPROBE-NT, upstream of the green fluorescent
protein (GFP) reporter gene (Figure 2.2.13-1). Thus, if the promoter is activated, GFP will be
expressed and the cells will glow when illuminated by UV light. The conditions listed in Table
2.2.13-1 were tested. The PbrMPCO promoter is activated only when P. brassicacearum (DF41)
cells are grown on solid media (Figure 2.3.10.1-1A,B). To check if the cells are glowing due to
expression of GFP, P. brassicacearum (DF41) cells were scooped from the agar plates and
resuspended in 10 mL of solvent (see Section 2.2.13). The suspension was sonicated to lyse the
cells and the suspensions were centrifuged to remove cell debris. The collected supernatants
were scanned in a UV-Vis spectrophotometer to confirm the presence of GFP (Figure 2.3.10.1-
1C,D). From these observations, it seems that GFP/PbrMPCO expression is activated when cells
reach a sufficient density (quorum sensing). P. brassicacearum (DF41) cells can form biofilm, and
this regulates the expression of a variety of genes. The presence of an acylhomoserine lactone
(AHL) synthase on the opposite strand of the putative promoter region (Figure 2.2.12-1) supports
the involvement of the PbrMPCO proteins in activities related to biofilm formation or
maintenance, since AHL is an important quorum sensing messenger™i. |t is possible that we are

not observing quorum sensing behavior, but rather changes in gene expression due to oxygen
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depletion. Additional tests will need to be performed in defined atmospheres to rule this

possibility out.
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Figure 2.3.10.1-1: (A) DF41 cells electroporated with PbrMppP promoter: pPROBE-NT plasmid
construct. (B) PbrMppP operon in DF41 cells are expressed in solid culture, thus transformed cells
are glowing under UV (top row of cell smear on B). The bottom row of cell smear is the negative
control. i.e empty vector transformed DF41 cells. (C) Sonicated cell extract DF41 cells grown in LB-

agar plates (greenish cell extract on the left). Cells from liquid LB media, was used as negative
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control as PbrMppP operon knocked out strain was not available ad also, liquid culture doesn’t
turn-on PbrMppP operon (pinkish cell extract on the right). (D) Supernatant of the cell extract

check via spectroscopy.

The DF41 cells electroporated to transform with PbrMppP promoter: pPROBE-NT plasmid
construct. PorMppP operon in DF41 cells are expressed in solid culture, thus the transformed
cells are glowing under UV (Figure 2.3.10.1-1 B). The bottom row of cell smear (Figure 2.3.10.1-1
B) is the negative control i.e DF41 cells transformed with empty vector, thus not glowing under
UV. The transformed cells were sonicated and cell extract (greenish cell extract on the left of
Figure 2.3.10.1-1C) was used to check the expression of GFP. The UV-vis spectra of DF41 cell
extract was compared with standard GFP (Figure 2.3.10.1-D). Both the standard GFP and
electroporated DF41 cell extract have the absorption maxima of approximately 479 nm¢iicixiv,
The same construct in DF41 cells grown on liquid LB media, was used as negative control as
PbrMppP operon knocked out strain was not available yet. Moreover, liquid culture of
transformed DF41 cells doesn’t turn-on PbrMppP operon as well as GFP expression (pinkish cell
extract on the right of Figure 2.3.10.1-1C). Thus, Liquid culture is persuasive negative control in

absence of knocked out strain.

147



2.3.10.2 Preliminary “comparative metabolomics” of DF41 cells by LC-MS

With the hypothesis that very high cell densities activate the PbrMPCO, our next goal was to
knock out the entire PborMPCO from the P. brassicacearum (DF41) genome using single-strand
overhang extension PCR (SOE PCR)*™<xi_ Once we have the knockout strain, the metabolites of
the knockout strain can be compared with the wild type DF41 metabolites using LC-
MS/MSevibeviii Therefore, we can proceed towards finding the final product of the pathway. So
far, we have the PCR products prepared for knockout process. The gene knockout and following
analysis of the knockout strain will be done by the successor to this project. In the absence of a
validated knock out strain, we took advantage of the fact that the promoter is only turned on
under solid phase growth. Cells collected from solid cultures (PbrMPCO active) were compared
to P. brassicacearum (DF41) cells from liquid cultures (PbrMPCO inactive). While these results
are not definitive, some changes in the metabolite ions were observed between the two culture
conditions. The LC-MS data from solid culture and liquid culture were analyzed with XCMS®™* and
aligned pairwise to prepare a metabolite could plot map (Figure 2.3.10.2-1). The summary of the

preliminary comparative metabolomics results is presented in Table 2.3.10.2-1.
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Figure 2.3.12-A: Metabolic cloud plot generated from DF41 cells expressed in solid culture (green
traces) vs liquid culture (red traces). X-axis represents the retention time in minutes, Y-axis
represents the m/z. The green labeled m/z on the upper half represents m/z associated in solid
culture metabolites, whereas the red labeled m/z on the lower half represents m/z associated in
liquid culture metabolites. All the data screened here was with minimum absolute intensity of
25000, at least 20-fold higher expressed in any solid culture than liquid culture. Finally, the
bubbles in cloud plot correspond to their relative intensity. Metabolites of DF41 cells scooped from
solid culture were analyzed using (A) ESI in positive mode, (B) ESI in negative mode, (C) APCl in
positive mode, (D) APCl in negative mode, media extract analyzed using (E) ESI in positive mode,

(F) ESI in negative mode, (G) ) APCl in positive mode, (H) APCl in negative mode.
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Table 2.3.12-1: list of m/z expressed highly in DF41 solid culture

lon source m/z lonization method | Relative intensity in solid
media vs liquid media
Solid culture 278.5 ESI (+) 221 X
Solid culture 310.4 ESI (-) 60 X
Solid culture 346.65 APCI (+) 20 X
Solid culture 275.7 APCI (-) 20 X
Media extract of DF41 solid | Nothing found | ESI (+) N/A
culture
Media extract of DF41 solid | 277.143 ESI (-) 83 X
culture 277.148 ESI (-) 98 X
291.2 ESI (-) 62 X
141.2 ESI (-) 100 X
Media extract of DF41 solid | Nothing found | APCI (+) N/A
culture
Media extract of DF41 solid | Nothing found | APCI (-) N/A
culture

We did a bioinformatics analysis of the putative promoter region using TFsitescan®*, The
promoter analysis shows that the PbrMppP promoter (Figure 2.2.13-1) might interact with an
RpoS type o-factor?™i, Such transcription regulators, in combination with histone-like nucleoid
protein, is expressed under stress conditions. The accordance of an acylhomoserine lactone
synthase (AHLS) at the opposite strand, is suggesting the possible involvement of such o-factor

in response to cell density,
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2.4 Discussion

The MppP homolog of Pseudomonas brassicacaerum is quite like the first characterized MppP
enzyme, SwWMppP. The surprising feature of the PbrMPCO is the incorporation of the L-Arg
oxidase activity of MppP into a new biochemical context completely distinct from L-

enduracididine biosynthesis.

PbrMppP is basically identical to SwMppP, but the biochemical context of the L-Arg oxidase
activity is different. The structures of the various proteins showed us proteins with similar
structures, but revealed no tangible clues to the exact functions of any of the other proteins, or
even about their substrate specificities. Finally, the PbrMppP operon is activated under
conditions of high-density cell growth. From the XCMS analysis of DF41 cell metabolites, we were
able to narrow down some precursor ions which might be of interest for the next step. Thus
structure detemination of the product in PborMCPO pathway ca be determined. We are looking
forward to the fragmentation of some of the ions that are most enhanced in the solid culture

samples in an effort to determine the structures of those metabolites.
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Chapter 3

Structure and Function of the Enzymes Expressed by the MppP-

Containing Operon in Streptomyces griseofuscus

3.1 Background

Since the activities of the PbrMPCO enzymes proved too cryptic for rapid identification, we
looked for an alternative MppP homolog having a unique genomic context, but one where the
associated genes had more definitive function annotations. Just such a gene cluster was found in
Streptomyces griseofuscus. This MppP containing operon in Streptomyces griseofuscus or
SgrMPCO has MppP homolog flanked by five other gene products (Figure 3.1-1). All these genes
appear to be co-transcribed as they have 4 to 5 bp overlapping gene sequences. The gene
products are annotated as a putative biotin carboxylase (SgrLIG), flavin-dependent
monooxygenase (SgrMO), SAM-dependent methyltransferase (SgrMT), amidinohydrolase
(SgrAH), PLP-dependent L-arginine oxidase (SgrMppP), and GNAT-family acetyltransferase
(SgrNAT). These proteins are more similar to their closest homolog comparing to that of PbrMppP
gene cluster. Thus with the hope that it will be more tractable, to get the final product of this

pathway, | worked on the second project.

EDEISED  FIrD Ems
e

Figure 3.1-1: putative biosynthetic gene cluster in Streptomyces griseofuscus
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Table 3.1-1: Gene accession codes, sequence annotations, and identity to closest

characterized homolog of SgrMPCO proteins

Annotation from | Functional prediction Sequence
Genebank Identity(%)
SgrLIG D-Ala-D-Ala ligase 54% identical to

biotin carboxylase
superfamily<i

SgrMO Fe(ll) and Flavin dependent 33 % identical to the
monoooxygenase oxygenase
component of 4-HPA-
3-monooxygenase

(HpaB)chxiv
SgrMT SAM and Mg?* dependent | 20% identical to
methyltransferase norcoclaurine-6-0O-

methyltransferase®v

SgrAH Amidino hydrolase 43% identical to
procalvaminate
amidino  hydrolase

(PAH)chxvi

SgrMppP L-Arginine oxidase 51% identical to
SWMpchlxxvii

SgrNAT GNAT family N-acetyltransferase no homolog in PDB

Similar to the PbrMPCO project, the bioinformatics analysis shows an MppP operon in
Streptomyces griseofuscus where the MppP homolog behaves in exactly the same enzymatic way
as PbrMppP and SwWMppP. The Superimposed image of SgrMppP with SWMppP active site shows

that it retains most of the active site residues with exact same conformation (Figure 3.3-1)
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The sequence annotations of the PbrMPCO enzymes do not give sufficient clues to their activities,
and none seem to react with the products of PbrMppP. In contrast, the higher degree of
confidence in the functional annotations of the SgrMPCO proteins led us to pursue this gene
cluster. We did build a plausible pathway (Scheme 3.1.-1) using the sequence analysis of

hypothetical enzymatic activities.

The goal of these studies is to determine the activities of all of the enzymes in this gene cluster
and to identify the product of their concerted action. Our preliminary characterization has
demonstrated that, in the presence of Mg(ll) and SAM, SgrMT catalyzes the transfer of a methyl
group from SAM (S-Adenosyl-methionine) to carbon 3 of the fully oxidized product [95] of
SgrMppP. Crystal structures of SgrMT in the unliganded state, and with 2-ketoarginine bound,
show that it is similar to the Fe(ll)- and SAM-dependent methyltransferase MppJ®ii, We also
determined the structure of the amidinohydrolase homolog, SgrAH, at 2.1 A resolution. The
closest homolog of SgrAH is the procalvaminic acid hydrolase from Streptomyces clavuligerus
(ScPAH, PDB ID: 1GQ6) with RMSD value of 1.0 A for all Ca atoms and 51% sequence identity.
Mass spectrometric analysis of reaction products with the SgrMT product as the substrate, shows
that SgrAH produces urea from the product of SgrMT. Although the major product of SgrAH has
yet to be determined, it may be 4-hydroxy-3-methyl-2-ketoornithine or a cyclized derivative
thereof. Structural characterization of the other proteins in this putative biosynthetic pathway is

ongoing.
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3.2 Methodology

3.2.1 Cloning, expression, and purification of SgrMT Enzymes

The coding sequences of SgrMppP, SgrMT, SgrAH and EcMetK were optimized for expression in
E. coli, synthesized, and cloned into the pET-TEVamp expression vector by GenScript Inc.
(Piscataway, NJ). All proteins were expressed using similar protocols. The Hise-TEV-fusion
proteins were expressed from E. coli BL21 Star (DE3) cells (Invitrogen Inc., Carlsbad, CA) carrying
one of the pET-TEV-X plasmids, where “X” is SgrMppP, SgrMT, SgrAH, or EcMetK. Cultures were
grown in Luria-Bertani medium with 100 pg/mL ampicillin at 37 °C. When the cultures reached
an ODeoonm of ~0.7, protein expression was induced with 0.4 mM IPTG. The temperature was
reduced to 25°C, and the cultures were grown overnight while being shaken at 250 rpm. Cells
were harvested by centrifugation at 6000 rpm for 20 minutes. The cell pellets were collected and
resuspended in 5 mL/g of buffer A (25 mM TRIS pH 8.0, 300 mM NacCl, 10 mM imidazole)
supplemented with 0.1 mg/mL DNase | (Worthington Biochemical Corp., Lakewood, NJ). In the
case of SgrMppP, buffer A included 20 uM PLP to stabilize the enzyme. The cells were lysed using
a Branson Sonifier S-450 cell disruptor (Branson Ultrasonics Corp., Danbury, CT) for a total of 10
min at 60% amplitude with 30 s pulses separated by 30 s rest periods. The temperature was
maintained 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 applied
to a 5 mL HisTrap column (GE Lifesciences, Piscataway, NJ) at a flow rate of 5 mL/min to isolate

the Hise-SUMO fusion proteins. The proteins were eluted by a four-step gradient of buffer B (25
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mM TRIS pH 8.0, 300 mM NacCl, and 250 mM imidazole; 5, 15, 50, and 100%). The Hise-TEV-fusion
proteins were eluted in the third and fourth steps and were ~90% pure, as judged by Coomassie-
stained sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Peak fractions
were pooled and dialyzed overnight at 4 °C against 4 L of 25 mM TRIS pH 8.0, 150 mM NacCl, 5mM
DTT and ~3 uM TEV protease®™, The dialysates were passed through the HisTrap column a
second time to remove the cleaved Hise-TEV tag as well as the protease. The resulting protein
preparations were >95% pure.

The purified proteins were used in differential scanning fluorimetry (DSF, aka Thermofluor)
assays (described in topic 3.2.2) to identify the storage buffer with the greatest increase in
melting temperature over the control. Each protein was desalted into its optimal buffer (10 mM)
using a HiTrap desalting column (GE Lifesciences) and stored at —80°C. Storage condition for each
of the SgrMPCO proteins are listed in table 3.2.1-1. Selenomethionine-substituted SgrMT was
produced in the same way, except that T7 Express Crystal cells (New England Biolabs, Ipswich,
MA) carrying the pET-TEV-SgrMT plasmid were used for expression. These cells were grown in
Selenomethionine Medium Complete (Molecular Dimensions, Newmarket, Suffolk, U.K.) with

100 pg/mL ampicillin.
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Table 3.1.1-1: Storage buffer of SgrMPCO proteins and EcMetK

Protein Storage buffer

SgrMppP 10mM MES pH 6.7, 20 uM PLP

SgrMT 10mM BisTris pH 7.5 + 20 uM MgCl,
SgrAH 10mM Succinate pH 6.0 + 10 uM MnCl,
EcMEtK 10mM HEPES pH 7.4

3.2.2 Differential scanning fluorimetry

For the DSF assay, 200uL of Spyro Orange dye solution (50X) were prepared by adding 2 plL of
5000x Sypro Orange concentrate to 198 plL of deionized water. This dye solution was distributed
into 8 PCR tubes (25 pL each). Similarly, dilute protein solutions at 1 mg/mL were prepared and
25uL were aliquoted into 8 fresh PCR tubes. Using an 8-channel micropipet, 11 plL of deionized
water were transferred to each well of 96-well Eppendorf TwinTec plates (one for each protein
under study). Next, 2uL of dilute protein solution were added, followed by 5uL of the 96-
condition Slice pH screen (Hampton Research, Aliso Viejo, CA). Finally, 2uL of the 50X Spyro
Orange dye solution were added. Each well was carefully mixed by pipetting up and down twice.
The plates were immediately sealed with an optically clear sealing film and centrifuged for 30 s
at 1000 rpm to ensure that the solution was at the bottoms of all the wells. The sealed plates
were placed in a RealPlex RT-PCR instrument (Eppendorf) and equilibrated to 25°C for 5 minutes,
in order for the temperature of the plate and reagents to equalize with the heating block. Finally,

the DSF assay was performed from 25°C to 95°C with a temperature ramp of 1°C per minute.
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3.2.3 Crystallization and structure determination of SgrMPCO proteins

Each of the purified SgrMPCO proteins was screened for initial crystallization conditions at 8-12
mg/mL against the Index HT (Hampton Research) and LMB (Molecular Dimension). After
optimization, diffraction-quality crystals were obtained by the hanging drop vapor diffusion

method. Final crystallization conditions are listed in table 3.2.3-1.

Table 3.2.3-1: Crystallization condition of Sgr enzymes

Protein Crystallization condition Cryo-protectant
solution

SgrMppP (12mg/mL) | 100 mM Ca-acetate+ 50 mM CaCly+ 25% PEG+ 20% Glycerol+

100mM BisTris pH 5.5 Crystallization
solution
SgrMT(8mg/mL) 0.2M MgCl, 025% PEG 3350, 0.1M TRIS pH 8.5 20% Glycerol+
Crystallization
solution
SgrAH (9 mg/mL) 0.16M Li2SO4, 100mM MnCl,, 30% PEG 3350, ParatoneN

0.1M BisTris propane pH 7.

X-ray diffraction data were collected at beamlines 21-ID-F of the Life Science Collaborative Access
Team (LS-CAT) at the Advanced Photon Source (APS). All data were processed with HKL2000
version 715.

As SWMppP and SgrMppP share 51% sequence identity, the PbrMppP structure was determined
by molecular replacement using SwMppP as the reference model. The diffraction data were
collected from a crystal using a wavelength of 0.97921 A. PbrMppP crystallized in space group P

21 21 21 with two chains in the asymmetric unit. The molecular replacement solution was
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subjected to iterative cycles of manual model building in COOT? ¥** and maximum likelihood-
based refinement using the PHENIX package®. Ordered solvent molecules were added
automatically in phenix.refine*®i  Hydrogen atoms were added to the model using
phenix.reduce®™ii and were included in the later stages of 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 of the model for translation-libration-screw (TLS) refinement were
identified using phenix.find_tls_groups (P. V. Afonine, unpublished work), and the TLS
parameters were refined in phenix.refine®i. Once the refinement converged (Reryst = 0.142, and
Rfree = 0.184), the model was validated using the tools implemented in COOTv,

SgrMT formed rod-shaped crystals after 3-4 days and grew to maximum dimensions of ~150 x
~60 x <5 um. Crystals were cryo-protected using 20% glycerol in the holding solution and were
flash cooled by plunging into liquid nitrogen. The structure of SgrMT with [91] bound was
obtained by soaking crystals in crystallization solution with 10mM [91]. After soaking for 2 hours
at RT, crystals were cryo-protected by sequential soaks in holding solutions containing 5, 10, or
20% glycerol with 10mM [91] in crystallization solution listed in table 3.2.3-1, and flash cooled by
plunging into liquid nitrogen.

The SgrMT structure was determined by the single wavelength anomalous diffraction (SAD)
method using data collected at 0.97856 A. SgrMT crystalized in space group P212121 with two
molecules in the asymmetric unit. The initial model was built automatically using the PHENIX
package (phenix.autobuild)®, The solution was subjected to iterative cycles of manual model
building in COOT® *“i and maximum likelihood-based refinement using the PHENIX package.

Ordered solvent molecules were added automatically in phenix.refine?. Solvent molecule, H-
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atoms, and TLS refinements were perfomed similarly described above. Once the refinement
converged (Reryst = 0.22, and Rfree = 0.31), the model was validated using the tools implemented
in COOT**®"_The final refined model stripped of water molecules and H atoms and with all B
factors optimized, was used to determine the final. Structure of SgrMT liganded with 2KA was
determined by difference Fourier.

The SgrAH formed rod-shaped crystals after 5 days and grew to maximum dimensions of ~140 x
~40 x ~5 um. These crystals were cryo-protected using Paratone N and flash-cooled by plunging
into liquid nitrogen. SgrAH SAD using similar procedure described for SgrMT. The initial model
building; solvent molecule, H-atoms, and TLS refinements were also perfomed similarly described
above, till the refinement converged (Reryst = 0.142, and Rfree = 0.184), the model was validated
using the tools implemented in COOT**", Data collection and model refinement statistics are

listed in Appendix B.

3.2.4 Mass spectrometric analysis of reaction products

To perform reactions for LCMS analysis, SgrMppP and SgrMT enzymes were separately desalted
into 20mM sodium phosphate buffer pH 8.4 using a HiTrap desalting column (GE Lifesciences).
Similarly, 1 mL of Img/mL catalase from bovine liver (Sigma-Aldrich, St. Louis, MO) was desalted
deioninzed water to get rid of the trehalose stabilizer from the catalase preparation. Catalase
was added to remove the hydrogen peroxide that is produced as a by-product of SgrMppP

catalysis, since it leads to non-enzymatic oxidative decarboxylation of [91] and [95].
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Reactions were assembled into a 1.5mL PCR tube by adding 36 uL of 277uM SgrMppP desalted
enzyme, 1 uL of 50ug/mL desalted catalase and 250 pL of 4mM L-arginine stock solution prepared
in 20mM sodium phosphate buffer pH 8.4. pH of all solutions was adjusted using a Fisherbrand™
accumet™ AE150 Benchtop pH Meter. The reaction mixture was adjusted to 500 plL volume by
adding 213 uL of phosphate buffer to reach the final concentration of approximately 20uM
SgrMppP, 2mM L-arginine and 0.1 pg/mL catalase. Reaction tubes were shaken at 25°C, 200 rpm
for 4 hours and protected from light. At the end of the SgrMppP reaction, 54 uL of 445 uM SgrMT,
84 uL of 15 mM S-adenosyl methionine (SAM) and 2.8 pL of 5.0 mM MgCl; was added to reach
the final concentration of 20 uM SgrMT, 1.8 mM SAM and 20 uM MgCl;, considering final volume
of 700 uL. The negative control contains all the same ingredients, except SgrMT was denatured
by heating on boiling water bath.

The products of SgrMT reaction was analyzed using triple quad LCMS-8040 (UPLC) from Shimadzu
Scientific Instruments in the Shimadzu Laboratory for Advanced and Analytical Chemistry, UWM.
Compounds in the reaction samples and control, were ionized using ESI method with an applied
current of 4.4 volt. A ZIC® HILIC column from EMD Millipore corporation, MA was used to
separate the ions. Stationary phase was zwitterionic particles comprised of silica, amide and
sulfobetaine. For aqueous mobile phase, 2mM NH4COOH pH 7.4 was used, and LCMS grade
acetonitrile (From Fischer chemical) was used as organic mobile phase. A binary gradient was
applied starting with 90% organic phase and going down to 50% across 8 minutes, followed by
increment up to 90% from 8-12 minutes. The 90% organic phase were continued to 15th minute
to store the HILIC column. Enzymatically synthesized S-13C labelled SAM and SgrAH reaction

products were also identified using similar method.
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3.2.5 Preparation of S-13C-labeled SAM

Reactions were assembled in 50mL corning tubes by adding 3.3 mL of 300 uM EcMetK, 2 mL of
10 mM ATP and 2 mL of 10 mM methyl-13C L-methionine (Cambridge Isotope Laboratories, Inc.;
catalog number CLM-206-PK). The reaction mixture was adjusted to 10 mL by adding 2.7 mL of
20 mM sodium phosphate buffer, pH 8.4, to reach final concentrations of 100 uM EcMetK, 2 mM
methyl-13C L-Met, and 2 mM ATP. The reactions were incubated at 25°C with shaking at 200 rpm
for 6 hours. After 6 h, the reactions were evaporated to dryness using a Centrifan PE Rotary
Evaporator (KD Scientific, Holliston, MA) at 50 °C overnight. The resulting residue was taken up
in 600 pL H20 and centrifuged at 17,000 x g for 10 min to remove any remaining particulates. The
supernatants were analyzed by LCMS to confirm the presence of methyl-*3C labelled SAM as

described in Section 3.2.4.

3.2.6 NMR characterization of SgrMT reaction products

Reactions were assembled in 50mL corning tubes by adding 724 L of 277uM SgrMppP in 20 uM
phosphate buffer pH 8.4 , 2 uL of 500 pug/mL catalase (desalted into H,0) and 5 mL of 4 mM L-
Arg stock solution prepared in 20mM sodium phosphate buffer pH 8.4. The reaction mixture was
adjusted to 10mL with 20 mM sodium phosphate buffer to reach final concentrations of 20uM
SgrMppP , 2mM L-Arg and 1 pg/mL catalase. The reactions were incubated at 25 °C with shaking
at 200 rpm for 4 hours in the dark. After the SgrMppP reactions were complete, 539 uL of 445

UM SgrMT, 1413 pL of 15 mM S-adenosyl methionine (SAM) and 48 plL of 5.0 mM MgCl; were
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added to reach final concentrations of 20 uM SgrMT, 1.8 mM SAM and 20 uM MgCl; in a total
volume of 12 mL. To determine the promiscuousness of SgrMT for divalent metals, the same
procedure was followed, except that the MgCl, solution was replaced with either FeCl, or MnCl,.
These reactions were incubated for 4 hr at 25 °C with shaking at 200 rpm. The reactions were
then evaporated to dryness in the rotary evaporator at 50°C Overnight. The resulting residue was
taken up in 600 uL D0 and centrifuged at 17,000 x g for 10 min to remove any remaining
particulates. The supernatants (500 uL) were loaded into NMR tubes. Samples were shimmed in
the Bruker Avance Il HD 500 MHz spectrometer for taking *H NMR, *H-'H COSY (correlated
spectroscopy) and HSQC (heteronuclear single quantum transfer correlation spectroscopy)
spectra. For the Incredible Natural Abundance DoublE QUAntum Transfer Experiment
(INADEQUATE) analysis, a similar reaction was performed using 3C-L-Arg and methyl-13C labeled

SAM (preparation described in 3.2.5).

3.2.7 Steady state kinetics determination of SgrMT

A SAM-dependent methyltransferase assay kit from G-Biosciences (SAM510: SA
Methyltransferase Assay, Cat. # 786-430) was used to study the steady state kinetics of SgrMT.
Assays (115uL) were conducted in triplicate at 37 °C in 100 mM TRIS pH 8.0. The initial velocity
of SgrMT-catalyzed methylation of [91] was measured using a Hewlett-Packard 8453 diode array
spectrophotometer. For each trial, 100 pyL of the SAM assay master mix, 5 puL of ~8 u SgrMT and
10 pL of various concentrations of [91] ranging from 10 uM to 300 uM (methyl group acceptor

substrate) were mixed in a cuvette and the absorbance at 510 nm was measured immediately.
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The concentration of substrate [91] was varied from 10 to 300 uM. The initial velocity for each

reaction was calculated from linear regression of each curve, using equation 4:

(Abs at Time 2) -(Abs at Time 1)
Time 2—Time 1

AAbs/min =

Activity of methyltransferase was obtained using equation 5:

AAbs/min 115 L 1
k *
0.026 /(uM) 5uL  60s

Methyltransferase Activity (uM/s) =

The ket and Ky values were determined by fitting the initial velocity data using the equation 1.
The same procedure was followed for analysis of SgrMT kinetics with [95]. Kinetic parameters

are listed in table 3.3.5-1.
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3.3 Results and discussions

3.3.1 SgrMppP is a homolog of SWMppP

SgrMppP is a homolog of SWMppP with a sequence identity of 54%, thus the activity of SgrMppP
is same as SWMppP (data not shown here). The X-ray crystal structure of PorMppP shows that its
tertiary and quaternary structures are almost identical to those of SwWMppP (RMSD value 0.9 A,
Figure 2.1-3). Likewise, the active sites of the two homologs are nearly identical as well.

SgrMppP crystallized in space group P212121 with unit cell dimensions of a=85.7 A, b = 108.3 A,
and ¢ = 195.4 A with 4 molecules in the asymmetric unit arranged as 2 independent homodimers
(Figure not shown here). The domain architecture is identical to SwWMppP. In the absence of
substrate, PLP is covalently attached to Lys230 by an aldimine linkage (Figure 3.3.1-1B). The
negative charge of Asp197 stabilizes the pyridinium form of the cofactor by making a salt bridge
to the pyridine N atom. This interaction has been shown to be critical for catalysis in a number of
PLP-dependent enzymes like aspartate aminotransferase®Vi, The cationic pyridinium allows the
cofactor to accept electrons from the substrate, stabilizing the carbanion formed during

catalysis'.
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Figure 3.1-1: A) Structure of SgrMppP homolog liganded with cofactor PLP resolved at 2.1 A, Reryst:
0.142, Rfree: 0.184. B) SgrMppP (blue chain) active site overlaid with SwWMppP (gray chain) with

51% sequence identity and RMSD value of 0.97 A.

3.3.2 SgrMT is a structural homolog of Mpp)J

SgrMT crystalized in space group P2:212; with two molecules in the asymmetric unit. The
crystallographic structure of SgrMT (Figure 3.3.2-1A) reveals that it has a potential divalent metal-
binding triad comprised of His232, Glu233 and His290. SgrMT shares 21% sequence identity with
the enzyme MpplJ (PDB ID: 4kig), a methyltransferase from Streptomyces hygroscopicus. In this
organism, Mppl is a part of the mannopeptimycin-y biosynthetic cluster where it functions in a
SAM- and Fe(ll)-dependent manner to methylate phenylpyruvate into B-methyl phenylpyruvate

(Scheme 3.3.2-1).
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Superimposition of the structure of SgrMT with Mg?* and [91] bound on that of MppJ with B-
methyl phenylpyruvate bound (Figure 3.3.2-1B) shows that the orientations of most active site
residues as well as the metal-binding triad are similar. The carboxylate group of [91] is

coordinated with the Mg ion. The guanidinium group of [91] interacts with the carboxylate group

of Asp136.
NH, 0
0 Tyr8 N MppJ+Fe 0
[1271 OH [128] CH; OH
[129]
Ho

, CH; OH
o N /CH, 3
H [130]
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(o T
HsC CH; HN
H
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Scheme 3.3.2-1: reaction catalyzed by SghMppJ. MppJ is part of mannopeptimycin-y [131]
biosynthetic gene cluster in Streptomyces hygroscopicus. TyrB oxidizes phenylalanine [127] into
phenylpyruvate [128]. MppJ methylates [128] in Fe' and SAM dependent manner to produce 6-
methyl phenylpyruvate [129], which finally incorporates into mannopeptimycin-y [131]. The

purple highlighted structure in [131] is the coming from MppJ product derivative.
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Figure 3.3.2-1: A) structure of SgrMT liganded with Mg?* and [91] or 2KA bound at 2.2 A

resolution. The silver sphere is the Mg2+ ion and the blue structure underneath the electron
density map is the 2KA or [91]. B) Superimposed structures of SgrMT (yellow) with substrate [91]
and Mg?* bound and of MppJ (green, PDB ID: 4kig) liganded with the product B-methyl
phenylpyruvate (RMSD = 1.2 A for all Ca atoms). The red sphere is the Fe bound in the active site

of MppJ
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3.3.3 SgrMT product identification by LCMS

The products of the SgrMT reaction were analyzed by LC-MS using ESI ionization. Analytes were
separated by hydrophilic interaction liquid chromatography using a ZIC® HILIC column. The
extracted ion chromatogram (in positive mode) from LC-MS analysis is presented in Figure 3.3.3-
1A. The SgrMT negative control (Figure 3.3.3-1B) shows base peaks of m/z = 190 and m/z = 174,
which correspond to the SgrMppP products [95] and [91]. There is a trace of L-Arg starting
material (m/z = 175), but it is very slight. The vast majority of the starting material was turned
over by SgrMppP. The peak at m/z = 399 is for intact SAM (Scheme 3.2.2-1) [134] and m/z = 298
is a fragment of SAM that appears early in the separation method (ref METLIN ID: 3289). Notably,
the 298 species only comes from SAM. The SAM byproduct after methyl donation, S-adenosyl
homocysteine (SAH, Scheme 3.3.2-1) [135] does not have any similar fragment. The SgrMT
reaction mixture shows a peak at m/z = 204 (Figure 3.3.3-1A), which corresponds to the
methylated 4-electron oxidized product of SgrMppP [136] (Scheme 3.3.3-1). Interestingly,
another peak is observed at m/z = 188, which refers to methylated 2-electron-oxidized SgrMppP
product [137] (Scheme 3.3.3-1). Thus, SgrMT turns over both the major, [95], and minor, [91],
products. Also, in the SgrMT reaction sample, a peak at m/z = 385 is found due to the SAM
byproduct SAH (ref METLIN ID: 296). These peaks (m/z 204, 188 and 385) are absent in negative
control reactions lacking Mg?* and SAM. Thus, it can be clearly stated that SgrMT is a SAM- and
Mg?*-dependent methyltransferase. Individual mass spectra for each chromatogram are
presented in Figure 3.3.3-2. All the data show m/z species above a 5% relative abundance
threshold. Table 3.3.3-1 represents all the major peaks along with their corresponding predicted

structures.

175



A)

SgrMT reaction products

600007 — 204(+m/z)
— 188(+m/2)
— 385(+m/z)
— 190(+m/z)
— 174{+m/z)
€ 400001 — 399(+m/z)
@ — 298(+m/z)
5
2
0
< 20000+
0 “ T T J —
0 2 4 6 15
Retention time (min)
B)
SgrMT negative control
— 204{+m/z)
600007 — 188(+m/z)
— 385(+m/z)
— 190(+m/z)
— 174(+m/z)
+ 1 — 399(+m/2)
E 400001 — 298(+m/z)
5
©
8
< 20000+
0 1/
(1] 2 4 6 15

Retention time (min)

Figure 3.3.3-1: A) Extracted ion chromatograms of SgrMT reaction products B) Extracted ion

chromatograms of SgrMT negative control.
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Figure 3.3.3.-2: Mass spectra of individual chromatogram at specified retention time. All the data

shown are above 5% relative abundance threshold, considering the base peak 100%. A) mass

spectrum of EIC 204 (m/z) in positive mode at 4.93 min retention time, B) mass spectrum of EIC

188 (m/z) in positive mode at 4.24 min retention time, C) mass spectrum of EIC 385 (m/z) in

positive mode at 5.23 min retention time.
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Table 3.3.3-1: The major traces of m/z along with their corresponding predicted

structure, analyzed from LCMS data of SgrMT reaction products. The negative control

refers to SgrMppP reaction products + SAM+ Mg?* + heat denatured SgrMT.

m/z | Ret Structure prediction Chemical Presence Annotation
time name in sample | in scheme
(min) 3.3.2-1

204 | 4.93 3-methyl-2- SgrMT [136]

oxo-4(S)- reaction
NH, CH; ©
J,I\ hydroxy-5-
H,N N Y OH
H =
OH o guanidinovale
ric acid
188 | 4.24 3-methyl-2- SgrMT [137]
0X0-5- reaction
NH, CH;, O
),]\ guanidinovale
H,N N OH
H
o ric acid

385 | 5.23 S-adenosyl SgrMT [135]

homocysteine | reaction
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190 | 5.92 2-ox0-4(S)- negative [95]
hydroxy-5- control
guanidinovale

OH
ric acid

174 | 5.28 2-0X0-5- negative [91]

guanidinovale | control
(o]

ric acid
OH

399 | 3.85 S-adenosyl negative [134]
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“l\ﬂ
298 | 0.91 S-methyl Both,
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Scheme 3.3.3-1: Predicted reaction catalyzed by SgrMT.
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3.3.4 Determination of SgrMT products by NMR spectroscopy

The SgrMT reaction products were concentrated to approximately 12 mM by evaporating the
reaction mixtures to dryness and reconstituting the residue in D;0. The SgrMppP reaction
mixture (before addition of SgrMT) was used as a negative control (green spectrum in Figure
3.3.4-1A). There was subtle chemical shift observed in the SgrMT reaction. Such downfield shift
is usual for SAM dependent reactions, possibly due to the ionic state of sulfur atom that is easily
influenced by p" fluctuation in enzymatic reactions Vi A pair of doublets are observed in the
SgrMT reaction at 0.9 ppm (d and d’ in Figure 3.3.4-1A). Such doublets are not observed at this
chemical shift when SAM and SAH are analyzed by NMR at different pH values. Moreover, such
up-field chemical shift is observed in case of aliphatic protons®iii, This observation is consistent
with the fact that the possible methylation position is the B-carbon of [95] and [91]. The doublet
with higher intensity corresponds to the major product of MppP [95] methylation (annotated as
d in figure 3.3.3-1A). On the other hand, the doublet with lower intensity corresponds to the
minor product of MppP [91] (annotated as d’ in figure 3.3.4-1A).

The 2D-'H correlation was acquired by 2D-H-COSY NMR of SgrMT Reaction with 2KA (figure
3.3.4-1B). As the MppP reaction product contains unreacted L-Arg, [95], and [91], it was difficult
to assign all of these peaks in the 1D spectra. The presence of SAM and SAH further complicates
these spectra. This problem was addressed by running reactions of SgrMT with pure [91] rather
than the mixture from the SgrMppP reaction and the products were analyzed by COSY NMR.

Figure 3.3.4-1B clearly shows the correlation of annotated B-hydrogen “a” with methyl hydrogen
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d’, the B-H is also split by y-H, annotated as b’. On the other hand, b’ is coupling with the a’ as
well as the 6-H c’.

To get a cleared picture of the SgrMT product correlation, we also analyzed the 2D-H-13C HSQC
Spectrum of SgrMT Reaction with 2KA (Figure 3.3.4-1C). The X-axis refers to the 'H-NMR and the
Y-axis refers to the 3C-NMR. The annotated methyl carbon B’ shows up at 12 ppm, which is
coupled with d’ or, methyl hydrogens. In contrast, the B-C at 43 ppm is coupled with B-H or the
a’ multiplet near 2.35 ppm along X-axis. The y-C at 29.5 ppm is coupled with b’ or the y-Hs, which
is the multiplet at 1.68 ppm along X-acis. Finally, the 6-C at 47ppm along Y-axis is coupled with ¢’

or the y-Hs, the multiplet at approximately 3.4 ppm.
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Figure 3.3.4-1: determination of SgrMT reaction products by NMR spectroscopy. A) 1H-NMR of
SgrMT reaction products. The green spectrum is the negative control or in other words SgrMppP
reaction products only. The red spectrum is the SgrMT reaction products in presence of SAM and
Mg?*, where substrates are SgrMppP products. B) 1H-COSY NMR of SgrMT Reaction with 2KA. C)
1H-13C HSQC Spectrum of SgrMT Reaction with 2KA. The X-axis refers to the 'H-NMR and the Y-

axis refers to the 13C-NMR.
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3.3.5 Confirmation of methyl-13C SAM synthesis by LC-MS

The purified EcMetk enzyme was used to generate methyl-13C SAM from methyl-13C L-Met and
ATP (Scheme 3.3.5-1). The product of the reaction was analyzed using LC-MS. The results were
compared with naturally abundant SAM [134]. The fragment fingerprint of naturally abundant
SAM shows base peaks of m/z =399, 298, and 264 (Figure 3.3.5-1A) where all the three fragments
retain the S-connected donor methyl group (METLIN ID 3289). The methyl-*3C-labeled SAM
shows base peaks of m/z = 400, 299, and 265 instead, confirming the isotopic substitution. In
case of methyl-13C labeled SAM, the specific ions are eluting across a larger retention timespan,
possibly due to sample overload. Table 3.3.5-1 shows the structures of the major ions in the

chromatograms.

*
Om/k/\S/CHB NH3+
0 +  [132] EcMetk Ho\r(k/\s o NFN
\_v |
NH3
o o 0 [134] #CHy NS

HO f

0 0. .0/ NH 0 0. o/ =, N
N AT N 2 N Y~ OH =N
HO-..F{’ P ;P.,O/\(J‘ s O:ﬂ':” >P) F;"OH N
[~o" = = j— | [ ~o" = =_
o)

Scheme 3.3.5-1: Reaction catalyzed by EcMetK, where the S-connected methyl group id 13C-

isotope labelled
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MetK rxn product: s-13csam
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Figure 3.3.5-1 A) Chromatogram of EcMetK reaction product with S-'3C labelled SAM, B)

Chromatogram of naturally abundant SAM.
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Table 3.3.5-1: Structure of major peaks determined from SAM mass spectroscopic

fingerprint. The green asterisks indicates *3C-isotope label

Structure of major peaks m/z of natural m/z of
compound prepared S-13C

SAM
NH 399 400*

H \H\/\ w /§N

Hz
\“ , \
OH VN
& 298 299*
HsC =
N o N/\N
A \ NH»
o' % I

oH N\ =N

" 264 265*
HsC -
N o N/\N
N NH;
|
N
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3.3.6 Determination of methylation position by INADEQUATE NMR

The preliminary NMR data of *H NMR, *H-'H correlation spectroscopy (COSY), and heteronuclear
single quantum transfer correlation spectroscopy (HSQC) suggested that the SAM methyl group
is installed at CB of the substrate, but these experiments were not definitive. To unequivocally
assign the methylation position on the substrate, we used 2D-13C-13C coupling NMR or Incredible
Natural Abundance DoublE QUAntum Transfer Experiment (INADEQUATE) NMR™xec The
distinguishing characteristic of the INADEQUATE experiment is that it is insensitive to the 0.01%
natural abundance of 3C isotope. Any species with at least 10% 3C can be exclusively excited by
INADEQUATE, thus the 2D coupling of adjacent carbons can be identified if only the carbons in
the target compounds are all 3C-labeled. Figure 3.3.6-1 shows the 2D 3C-'3C correlation of
SgrMT reaction products. The doublet around 17ppm is assigned as the B’ carbon. This shows
that SgrMT methylates the B carbon of [95] or [91]. Since the aC in both case of [136] and [137]
is a keto-group, it was supposed to be around 180 to 200 ppm region. We observe from the
INADEQUATE correlation that the aC has a chemical shift to approximately 47 ppm. This huge
chemical shift is probably due to the conversion of a-keto group into alcohol (C-OH)™¢. Also we
observed that there is only one set of doublet for methylation of [91] and [95]. This observation
suggests that the SgrMT products ([136] and [137]) has only one stereoisomer of B-methyl group.
Moreover, the absence of any additional doublet resembles that the [136] and [137] does not
form any lactone over the course of reaction at pH 8.4. Additional experiment, i.e. structure of
SgrMT with product [136] or [137] bound form is required to finally reveal the conformation of

B-methyl group.
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Figure 3.3.6-1: INADEQUATE (2D 13C-13C coupling) spectra of SgrMT reaction products. A) 13C-
NMR of 13C-isotope rich L-arg (green spectra) aligned with SgrMppP reaction product with the
13C-jsotope rich L-arg, followed by SgrMT reaction product (red spectra). B) 2D-INADEQUATE NMR
correlation of SgrMT reaction product [136], C) 2D-INADEQUATE NMR correlation of SgrMT

reaction products [137]. All the carbon of SgrMT products are labelled with *3C-isotope.
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3.3.7 SgrMT is not specific for any divalent metal

SgrMT requires both a divalent metal ion as well as SAM to catalyze its methylation reaction. The
reaction was tested with Mg?*, Fe?*, Mn?*, Ca?*, and Zn?*. Both LCMS and *H-NMR analyses show
that the methylation occurs in presence of Mg?*, Fe?* and Mn?*. In the reaction with Fe?*, a small
amount of ascorbate (~1 pg) was used to keep the Fe?* reduced®'. Figure 3.3.7-1 shows the *H-
NMR of the SgrMT reaction in the presence of Fe?*. The methyl hydrogen signal of SAM at 1.8
ppm goes down as it is consumed by SgrMT. Integration of the methyl proton singlet and the

doublet of the SgrMT product, shows that both signals have approximately equal intensity.

SgrMT reaction with 2KA in presence of Fe(lll) solution CH3 of SAM used up by SgriT
(SAM = Black spectrum]) v

Figure 3.3.7-1: 1H-NMR of SgrMT reaction product in presence of Fe" and Ascorbate. The

reaction substrate was pure 2KA [91].
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3.3.8 Steady State Kinetics of SgrMT with 2KA and 4HKA

The steady state kinetics of SgrMT were studied using a SAM-methyltransferase assay kit from G-
Biosciences (SAM510: SA Methyltransferase Assay, Cat. # 786-430). The kit contains a proprietary
enzyme mix that utilizes the SAM byproduct after methyl group donation, SAH, as a substrate for
a series of coupled reactions. The reaction product along with the colorimetric reagent in the kit,

gives a species with maximum absorbance at 510 nm (Scheme 3.3.8-1).

Methyl Trasferase

for test or, AdoHcy Nucleacidase Aenine Deaminase Xanthine Oxidase Colorimetric
SgrMT Ec3.2.2.9 Ec3.5.4.2 Ec1.17.3.2 Reagent
SAM TT" SAH T» Adenine ———  Hypoxanthine T’ Urate Abs at 510 nm

Substrate Product S-ribosylhomocystein H.0,

Scheme 3.3.8-1: reaction catalyzed by SAM-methyltransferase assay kit from G-Biosciences

(SAM510: SA Methyltransferase Assay, Cat. # 786-430)

The rates of the SgrMT-catalyzed reaction were monitored separately for both [91] and [95] as
substrate. Purified [91] was available for these experiments®i, We did not have access to pure
[95], so kinetics experiments used the reaction products of SgrMppP (approximately 120 uM
SgrMppP was reacted with 2mM L-arg, resulting in a mixture of [95], [91], and trace amounts of
unreacted L-Arg). The ratio of [95] to [91] in the reaction product was estimated using *H-NMR

spectroscopy. The reaction product contained 8% contamination of the minor product [91]; [95]
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was the major product (~92%). The enzyme was removed and the reaction product was
evaporated to dryness and reconstituted in 10 mM TRIS pH 8.0.

The reaction of SgrMT with [91] (Figure 3.3.8-1A) was slower, whereases reaction of SgrMT with
[95] was approximately 4-fold faster (Figure 3.3.8-1A). The kinetics with [91] reached a plateau
by 20 minutes; in contrast, the reaction with [95] reached a plateau by 5-6 minutes. Table 3.3.8-
1 represents comparison of Michaelis—Menten kinetic fit of SgrMT with 2KA and 4HKA. The Kcat
value of 2KA reaction is 30 uM, whereas the Kcat value for 4HKA is 58 uM. Moreover, the turnover
number of 2KA reaction is 0.03 s and for 4HKA reaction, it is 2.3 s1. From the value of turnover
numbers, reaction with 4HKA seems approximately 77 folds faster than 2KA. In addition to that,
the specificity constant for 4HKA (4 X 10* M1s1) is also higher than that of 2KA (1.1 X 103 M1s1).

Thus SgrMT is more specific to 4HKA that 2KA as a substrate.
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Figure 3.3.8-1: Steady state kinetic data of SgrMT. A) absorbance at 510nm vs time plotted for
different concentration of 2KA substrate with SgrMT, B) absorbance at 510nm vs time plotted for
different concentration of 4HKA substrate with SgrMT. The asterisk refers to the presence of 8%
2KA in the sample. C) Michaelis—Menten plot of SgrMT with 2KA, D) Michaelis—Menten plot of

SgrMT with 4HKA*.

Table 3.3.8-1: comparison of Michaelis—Menten kinetic fit of SgrMT with 2KA and 4HKA

SgrMT Kinetics 2KA as Substrate | 4HKA* as substrate
Michaelis-Menten constant, Kn (LM) 304+3.2 58.4*+7.3
Turnover number, Kcat (S%) 0.03 +0.002 2.3%+ 0.3

Specificity Constant, kcat/Km (M!s1) (1.1+0.01) x10® | (4.0+0.3) x10*

3.3.9 SgrAH is a structural homolog of ScCPAH

The next gene product adjacent to SgrMT is an amidinohydrolase homolog, SgrAH. It shares 51%
sequence identity with another amidinohydrolase homolog from the biosynthesis of clavulanic
acid in Streptomyces clavuligerus, procalvaminic acid hydrolase (ScPAH, PDB ID: 1GQ6). ScPAH is
a Mg**-dependent enzyme. The function of ScPAH is to hydrolyze procalvaminic acid [138] to

calvaminic acid [140], producing urea [139] in the process (scheme 3.3.9-1).
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COOH " H,0 o COOH
[138] )_l\ [140]
H,N NH,
[139]

Scheme 3.3.9-1: reaction catalyzed by ScCPAH

The superimposed structures of SgrAH and ScPAH (Figure 3.3.9-1) shows that the active sites are
rich in acidic residues. Most of the other active site residues are retained in SgrAH homolog,
except for Arg63 in SgrAH is substituted with His64 in ScPAH. Likewise, Glu249 of SgrAH is
substituted with Ala151 in ScPAH. These differences likely reflect differences in the substrates of
these enzymes. SgrAH retains the metal-binding triad of ScPAH, comprised of His159, His120 and
Asp147 (SgrAH numbering). We could see Mn?* bound in the metal-binding site. We made a
search on checkmyblob®™" using electron density, which shows that it could also be Mg or Co.

We assume the possibility to be Mn is more because Mn was in the crystallization condition, as

well as in the SgrAH storage buffer.
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Figure 3.3.9-1: SgrAH (greem chain) overlaid with ScPAH (gray chain, (PDB ID: 1GQ6) with RMSD
value of 0.97 A. The structure of SgrAH was determined at 2.1 A resolution, Reryst: 0.142, Riree:
0.184. The Light blue chain is the second chain of the SgrAH dimer. Similarly the light gray chain
is the second chain of ScPAH dimer. The pink spheres are the Mn?* ions associated with SgrAH,

whereas the silver spheres are the Mn?* ions of ScPAH.
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3.3.10 SgrAH Reacts with the product(s) of SgrMT

Our hypothetical reaction sequence predicts that SgrAH might hydrolyze the product(s) of SgrMT.
If this is the case, by analogy to ScPAH, the hydrolysis of the guanidinium group should produce
urea as a product. We used LC-MS with a Shimadzu 8040 triple quadrupole instrument to look
for the urea. We compared the mass spectra from reactions with SgrAH with published mass
spectra for urea (METLIN ID: 6). One drawback of the Shimadzu 8040 instrument was that its
lower resolution limit is m/z = 50. The di-cationic species of urea has m/z = 31. However,
published data (METLIN ID = 6) also showed a significant signal for the mono-cationic form with
m/z = 61. To increase the mass of urea as much as possible, we used the 3C- and 2D-enriched
sample from the SgrMT reaction (see Section 3.3.6). The mono-cationic form of the labelled urea
would have m/z =69 (Scheme 3.3.10-1). We analyzed the species by extracted ion chromatogram

of the SgrAH reaction sample.
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A) B) C)
0 0 0
* /u\ + )J\ + 13|c|\
H3N NH3 HoN NH;3 DzN/ ND3'
[139], [139], [139],
m/z=31 m/z =61 m/z =69

Scheme 3.3.10-1: different form of urea in positive mode with their corresponding m/z (Ref:
METLIN ID 6). A) di-cationic form of naturally abundant urea has m/z = 31, B) mono cationic form
of urea has m/z = 61, C) mono cationic form of urea with 13C and 2D isotope labelled, has m/z =

69.

The SgrAH reaction products were analyzed using LC-MS, where the samples were ionized using
ESI ionization method and separating the ions using ZIC® HILIC column. The Extracted ion
chromatogram (in positive mode) from LCMS analysis, is presented in Figure 3.3.10-1. The
expected mono-cationic form of isotope labelled urea is evident in the positive mode spectrum
with m/z = 69. Apart from that, two more base peak were observed having m/z of 180 and 164.
The ion at m/z = 180 is possibly the isotopically labeled product [141] of SgrAH hypothetical
reaction (Scheme 3.1-1). Theion at m/z = 164 could be the isotope labeled product [142] (Scheme
3.3.10-2). Fro predicted compound t and [142], isotopic effect was observed in mass
spectrometry. Thus for [141], m/z of 177,178,179 was present. Similarly for [142], m/z of

161,162,163 was present. For clear presentation, we are showing the extracted ion
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chromatogram (EIC) of m/z 69,180 and 164 These ions (m/z = 69, 180, and 164) were not
observed in the negative control, which was an identical reaction except that the SgrAH had been
heat-denatured by boiling for 10 min. Thus, it appears that SgrAH hydrolyzes methylated [95] (i.e.
2-oxo-3-methyl-4(S)-hydroxy-5-guanidinovaleric acid [136]) to give 2-oxo-3-methyl-4-hydroxy
ornithine [141]. SgrAH can also hydrolyze the minor product of SgrMT derived from [91], 2-oxo-
3-methyl-5-guanidinovaleric acid [137] to yield 2-oxo-3-methylornithine [142]. This finding
suggests that SgrAH is acting on the SgrMT products. The predicted reaction of SgrAH presented
in Scheme 3.3.10-2 appears to be confirmed. The major peaks observed in the SgrAH reaction LC-

MS chromatogram are listed in Table 3.3.10-1.

SgrAH reaction products

6000:
- m/z(+)= 69
— m/z(+)= 164
E‘ 40001 = m/z(+)= 180
]
=
(@]
8
< 2000;
'y SN I RN SU—
0 2 4 6 8 10

R.Time(min)

Figure 3.3.10-1: Extracted ion chromatogram of SgrAH reaction with 3C- and ?D-labelled SgrMT

products.
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Table 3.3.10-1: Prediction of structure from *3C- and ?D-labelled products from the

SgrAH reaction.

m/z | Ret time Structure prediction Chemical name | Annotation
(min) in scheme
3.3.9-1
69 |1.24 o) Urea [139]
13|C|\
DzN/ ND3'
164 | 5.31 0 2-oxo-3-methyl- | [141]
13 13 "
C C ND3
mﬁ’ 13;:/ B~ 4(S)-hydroxy
0 13 D
€3 ornithine
180 | 7.42 0 0 2-oxo-3-methyl | [142]
13 13/
\13 /cls ~C ND3 .
ﬁ g c” ornithine
0 Bep,
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Scheme 3.3.10-2: Predicted reaction catalyzed by SgrAH.
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4 Conclusion

MppP is a PLP-dependent L-Arg oxidase. In S. wadayamensis, MppP is involved in L-End
biosynthesis. The bioinformatics analysis of MppP homologs is compelling because it seems that
this enzyme activity is present not only in the context of L-End biosynthesis, but also in gene
clusters for unknown natural products that do not include L-End. The gene context of Pbr and Sgr
MppP homolog contains totally different genes comparing to our prototypical SwWMppP homolog.
None of these gene clusters contain genes for MppQ or MppR homologs, so clearly, MppP is
employed in biosynthetic contexts beyond L-enduracididine biosynthesis. We don’t have much
clue about rest of the enzymes in PborMPCO. We could reveal some biochemical function of SgrMT
and SgrAH from Sgr gene context. We have previously shown that SwWMppP is involved in L-end
biosynthesis, and another MppP homolog was also studied by Ryan lab, where they showed the
involvement of MppP homolog in Indolmycin biosynthesis. They also recently showed that similar
to PbrMPCO, gene cluster present on Streptomyces eurocidicus is involved in azomycin
biosynthesis™®. So, the presence of MppP homolog in these two gene contexts are significant.
Depending on the bioinformatic analysis, we are rooting for antibiotic, we still need some more

work to conclude the final product of these pathway.

The MppP-containing gene cluster in P. brassicacaerum includes four additional gene products.
PbrMppP behaves exactly as SwWMppP, both in terms of the mix of products produced as well as
the kinetics. None of the remaining gene products are homologous to MppQ or MppR. The gene

we call PbrHYP is a protein of unknown function with the PIN domain fold. In spite of a minuscule
205



sequence identity (<10 %) with the closest structural homolog VapC, the PIN domain fold of this
bacterial toxin is conserved in PbrHYP. The substitution of two active site residues (D116, D96)
results in disruption of metal-binding capacity, and thus the ribonuclease activity of the toxin
VapC is not conserved in PbrHYP. On the contrary, PbrDHPS is a type-| aldolase homolog. The
retention of the catalytic lysine as well as its orientation with [91] bound in the PbrDHPS active
site, suggest that PbrDHPS might retain aldolase activity. The substitution of Asp187 with
tryptophan might result in catalytic divergence. It is possible that the substitution of crucial
Asp187 in PbrDHPS is adopted to accommodate a specific substrate.

The PbrOX is a putative mononuclear Fe'-dependent oxygenase homolog. In the absence of a
terminal electron acceptor or PbrOX substrate, it is hard to decipher an actual reaction cycle.
Although the involvement of PbrFD as an intermediate electron transporter suggests that all

three enzymes are presumably part of three-component oxygenase system in P. brassicacearum.

The work that remains to be done would be cloning the deletion plasmid into donor cell S17-
19 followed by mating of the donor cell with DF41 to produce a strain where the PbrMPCO is
knocked out. Continuing towards the end of the project, comparative metabolomic analysis of
these two strains, using LC-MS/MS would lead to identification of the final product of the
PbrMPCO. The metabolomic analysis will also provide information about biochemical function of

the rest of the PbrMPCO enzymes.

Like the PbrMPCO, the MppP-containing gene cluster from S. griseofuscus includes 5 additional
open reading frames, but no mppQ or mppR homologs are present in the genome. Enzymatically,

SgrMppP is similar to both SwWMppP and PbrMppP. For the Sgr project, along with the structure
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and function of SgrMppP, we also identified that SgrMT is a metal- and SAM-dependent
methyltransferase that catalyzes the addition of a methyl group to the B-carbon of the SgrMppP
products (i.e. 2-oxo-4(S)-hydroxy-5-guanidinovaleric acid and 2-oxo-5-guanidinovaleric acid).
This is a development towards the final product identification of the SgrMPCO. We have also
shown that SgrAH hydrolyzes the guanidinium group of the SgrMT reaction products to give 2-
oxo-3-methyl-4(S)-hydroxyornithine and 2-oxo-3-methylornithine and urea. Our next goal is to
identify the functions of the remaining enzymes in this pathway, one of which much use the 2-

oxo-3-methyl-4(S)-hydroxyornithine as a substrate.
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Appendices

Appendix A: Crystallographic data collection and refinement statistics of Pbr proteins

PbrMppP.PLP | PbrMppP.4H | PbrHyp PbrDHPS PbrDHPS.2KA | PbrOx
KA (denzo for
scalling)
Beamline LS-CAT 21-ID- | LS-CAT 21-ID- | LS-CAT 21-ID- | LS-CAT 21-ID- | LS-CAT 21-ID- | LS-CAT 21-ID-
D D D D G D
Space group P212 21 P21221 Cl21 C222 Cc222 P42
Cell dimensions
a, b, c(A) 86.68, 86.68, 149.8, 60.2, 110.16, 110.16, 94.2,94.2,
104.29, 104.29, 96.7 126.694, 126.694, 435
199.76 199.76 72.227 72.227
a,B,v(°) 90.0, 90.0, 90.0, 90.0, 90, 125.02, 90.0, 90.0, 90.0, 90.0, 90.0 90.0
90.0 90.0 90 90.0 90.0 90.0
Resolution 41.5-2.05 44.53-2.25 40.166-2.5 35.99-1.2 41.7-2.8 47.08-2.7
(A) (2.14-1.8) (2.29-2.0) (2.31-1.83) (2.33-0.187) (2.33-0.187)
(last shell)?
Wavelength 0.97921 (D) 0.97856 (D) 0.97849 (D) 0.97849 (D) 0.97921 (G) 0.97856 (D)
(A)
No. of reflections
Observed 890997 256371 180163 982564 111722 20510
(711649) (12494) (84329) (47738) (53434) (97125)
Unique 143020 79816 (3984) | 43157 292765 60681 10735
(114176) (22868) (14556) (40713) (80257)
Completenes | 100.0 (100.0) | 96.2 (98.0) 93.91 (96.47) | 98.8(99.5) 94.5.9(97.1) | 99.1(100.0)
s (%)
Rmerge (%)*° | 0.120 (0.624) | 0.106 (0.726) | 0.057 (0.193) | 0.071(0.183) | 0.131(0.488) | 0.11 (0.28)
Multiplicity 6.2 (5.1) 3.2(3.1) 4.8 (3.9) 3.3(3.5) 4.8 (5.2) 4.1(7.2)
<I/o(1)>? 14.3 (6.1) 10.0(2.3) 24.6 (3.1) 13.2(5.3) 14.46 (6.3) 19.1(3.7)
Model Refinement Statistics
Reflections in | 100876 76747 20203 297119 16525 19721
work set
Reflections in | 19402 3015 19402 96068 9054 13047
test set
Reryst (Rfree) 0.137 (0.166) | 0.156 (0.197) | 0.183(0.231) | 0.1856 0.19 (0.243) 0.159 (0.202)
(0.2335)
No. of 782 779 688 1434 1454 285
residues
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No. of 621 593 370 1032 930 102
solvent
atoms
Number of 32 31 41 33 20 24
TLS groups

PbrMppP.PLP | PbrMppP.4H | PbrHyp PbrDHPS PbrDHPS.2KA | PbrOx

KA

Average B-factor (A?)
Protein 32.0 34.1 28.8 31.2 32.4 25.3
atoms
Ligands 30.9 33.9 31.6 27.6 419 21.5
Solvent 41.7 35.2 33.7 37.3 36.9 334
RMS deviations
Bond lengths | 0.013 0.015 0.010 0.013 0.081 0.017
(A)
Bond angels 1.395 1.565 1.141 0.73 0.9 1.462
(©)
Ramachand | 98.3/1.7 98.4/1.6/ 97.2/25/ 98.3/2.0/ 98.2/1.8/0 | 97.2/25/
ran statistics | /0.0 0.0 0.7 0.4 0.3

(favored/allo
wed/outliers

)

2Values in parentheses apply to the high-resolution shell indicated in the resolution row
bR =3(| |Fobs|-scale*|Fcalc||) /X |Fobs|
¢ Isotropic equivalent B factors, including contribution from TLS refinement
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Appendix B: Crystallographic data collection and refinement statistics of Sgr proteins

SgrMppP SgrMppP.4HKA | SgrMT.2KA | SgrAH
Beamline LS-CAT 21-ID- | LS-CAT 21-ID-D | LS-CAT 21- LS-CAT 21-ID-
D ID-D D
Space group P23212 P23212 P212121 P321
Cell dimensions
a,b,c (A) 91.429, 91.429, 71.65, 83.16, 83.16,
91.429, 91.429,91.125 | 75.76, 77.5
91.125 300.98
a,B,v(°) 90.0, 90.0, 90.0, 90.0, 90.0, 90.0, 90.0, 90.0,
90.0 90.0 90.0 120.0
Resolution 45,7 -2.3 47.7 -2.9 73.4-2.21 52.56 -1.59
(A) (2.14-0.16) (2.2-0.17) (2.29-0.22) | (1.97-0.92)
(last shell)?
Wavelength | 0.97921 (D) | 0.97921 (D) 0.97856 (D) | 0.97921 (D)
(A)
No. of reflections
Observed 1532933 1325441 34283 30385
(60186) (78452) (10942) (13521)
Unique 2889 (2708) | 3215 (2784) 4495 (3152) | 2712 (19781)
Completenes | 100.0 (100.0) | 99.2 (100.0) 90.2 (91.2) | 95.64 (98.2)
s (%)
Rmerge (%)>° | 0.106 (0.734) | 0.015 (0.821) 0.106 0.057 (0.193)
(0.726)
Multiplicity 14.4 (11.5) 11.9 (10.5) 3.2 (3.1) 4.8(3.9)
<I/o(1)>? 30.7 (5.2) 17.5(4.1) 10.0 (1.9) 24.7 (6.1)
Model Refinement Statistics
Reflections in | 2807 31521 76747 20203
work set
Reflectionsin | 174 20140 3015 19402
test set
Reryst (Rfree) 0.16 (0.21) 0.142 (0.184) 0.22(0.31) 0.142 (0.184)
No. of 772 778 673 1264
residues
No. of 242 201 311 409
solvent
atoms
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Number of 23 21 37 29
TLS groups

Average B-factor (A?)

Protein 32.0 29.2 34.1 28.8
atoms

Ligands 30.9 415 43.9 31.6
Solvent 35.6 29.7 36.6 33.0

RMS deviations

Bond lengths | 0.012 0.011 0.021 0.013
(A)
Bond angels 0.021 0.035 0.109 0.015
(A)

2Values in parentheses apply to the high-resolution shell indicated in the resolution row
bR =3(||Fobs|-scale*|Fcalc||) /X |Fobs|
¢ Isotropic equivalent B factors, including contribution from TLS refinement
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