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ABSTRACT

STRUCTURAL AND FUNCTIONAL CHARACTERIZATION OF L-ENDURACIDIDINE
BIOSYNTHETIC ENZYMES

by
Nemanja Vuksanovic

The University of Wisconsin-Milwaukee, 2020
Under the Supervision of Professor Nicholas R. Silvaggi

The mannopeptimycins produced by Streptomyces hygroscopicus are non-ribosomal
peptide antibiotics with activity against a number of Gram-positive pathogens, including drug-
resistant strains like methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-
resistant enterococci (VRE). Attempts to synthesize more potent mannopeptimycin analogues
have so far not been successful. One reason this has proven difficult is that the mannopeptimycins
contain the unusual non-proteinogenic amino acid L-enduracididine, or its hydroxylated derivative
B-hydroxy enduracididine (BhEnd,). This amino acid is not commercially available and, while
synthetic routes have been developed, they are multi-step processes starting from an advanced
intermediate. Understanding enzymatic synthesis of L-End is an important goal, because it may

lead to a more efficient enzymatic or chemoenzymatic route to this interesting building block.

The first enzyme in the L-End pathway is MppP, an unprecedented PLP-dependent L-Arg oxidase
that catalyzes a 4-electron oxidation to give 4-hydroxy-2-ketoarginine (4HKA). Our previously
proposed mechanism involved several speculative steps lacking the support of experimental data
characterizing the species involved, such as the formation of 4,5-unsaturated intermediate and
superoxide anion. Through the use of pre-steady state kinetics studies, EPR spectroscopy, and
NMR spectroscopy, this work has provided answers to several outstanding questions regarding the

mechanism of MppP.



In addition to MppP, the L-End pathway contains another unusual enzyme whose apparent
function is completely different from that predicted by sequence analysis. MppR was predicted to
be an acetoacetate decarboxylase (ADC), but structural studies suggested that MppR was likely
responsible for the conversion of 4HKA to 2-ketoenduracididine (2KE). However, this activity
had not been demonstrated kinetically owing to the lack of an assay. This study has confirmed and
quantified turnover of 4HKA to 2KE by MppR through a development of a quenched-flow LC-
MS/MS assay. Preliminary kinetic studies and substrate screening of MppQ have also been carried
out, confirming its role as a bona fide aminotransferase responsible for catalyzing the final step in
the synthesis of L-End. Through characterization of all enzymes involved, this work represents a

significant advance towards the complete understanding of L-End biosynthesis.
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different orientation (rotated ~60 ° in the horizontal) to give a clearer picture of the PMP and catalytic
lysine. A schematic representation of the active site (C) shows the interactions of active site functional

groups with the cofactor and each other (associated distances are given in A). ........oeeeeeeeeeeeerenn, 60
Figure 2-6. Michaelis-Menten curve for the reaction of ShMppQ with 7 and L-Ala. ........ccccveeevcvveeennnenn. 62
Figure 2-7. MS chromatograms of MppQ reaction with 5 and L-Ala at 10 (A) and 50 seconds (B). .......... 64

Figure 2-8. Production of 1 in a reaction of ShMppQ with 6 and L-Ala. The peaks corresponding to all
fragments generated from 173 m/z precursor ion were integrated and areas under the curve plotted on
10 TS = DTSSR 65

Figure 2-9. Production of 2KA (174 m/z) and lack of produced L-Arg (175 m/z) in reactions of MppQ with
glyoxylate and glycine, respectively. The coupling partner in each reaction was 7.........cccccevevvveevinnennn. 66

Figure 2-10. Reactivity of MppQ and 7 with various amino donor substrates...........cccccceeeevieeeeccieeeeeenneen. 67

Figure 3-1. The L-enduracididine biosynthetic pathway begins with L-arginine (1), which is oxidized by the
unusual PLP-dependent L-Arg oxidase, MppP, to 4(R)-hydroxy-2-ketoarginine (2). MppP, at least in vitro,
releases the partially oxidized dead-end product 2-ketoarginine (3) in about 40% of catalytic cycles. The
oxidized arginine derivative 2 is cyclized by MppR to create the iminoimidazolidine ring of the
intermediate 4 (i.e. 2-ketoenduracididine). MppQ is thought to catalyze the transamination of 4 with an
as-yet-unidentified amino donor substrate to yield the finished amino acid L-enduracididine (5). MppQ
also catalyzes the transamination of the dead-end product 3 to regenerate L-Arg, though it has not been
ascertained if this is a physiologically relevant catalytic activity or an adventitious in vitro phenomenon.

Figure 3-2. EcGhrA is active as a dimer of 35 kDa protomers as shown in (A). One protomer is shown in
cartoon representation, and the other as a solvent-accessible surface. Each protomer is comprised of two
domains: a nucleotide binding domain (blue) and a substrate binding domain (green). In the absence of
NADP(H), the substrate binding domain is disordered (B). This figure was generated using the POVSCRIPT+
MOIfication Of MOLSCRIPT 3435 ...ttt ettt ettt er et sre et s st e eneestssbeentesbeeneebesreenes 85

Figure 3-3. The view of EcGhrA active site with glyoxylate (A) and 2-ketoarginine (B) bound. The 2|F,| -
| Fe| electron density map contoured at 1.0c is shown as blue mesh, and the 2|F,| - |F.| composite omit
map, also contoured at 1.00, is shown as green mesh. The (A) and (B) were prepared using the POVSCRIPT+
modification of MOLSCRIPT. The 3D views were displayed in 2D in (C) and (D) to clearly show distances
between ligands and the active site residues. All distances were calculated using tools provided in COOT.

Figure 3-4 The view of wild-type EcGhrA active site with a-ketoglutarate bound. The 2|F,| - |F¢| electron
density map contoured at 1.0o is shown as blue mesh, and the 2|F,| - |F.|] composite omit map, also
contoured at 1.0g, is shown as green mesh. The image was generated using the POVSCRIPT+ modification
OF IMIOLSCRIPT . oottt e ettt ettt e e ettt e e e e bt e e e e ebeeeeeebaeeeeeabaeeaeabaaeesaasaseasansssaaaanssaaaeansssaseassseesanssnaesaassanaesnses 87


file:///C:/Users/Marina/Desktop/THESIS%20Fall%202020/Thesis%20draft%20Dec%201st%202020%20v13.docx%23_Toc58558715
file:///C:/Users/Marina/Desktop/THESIS%20Fall%202020/Thesis%20draft%20Dec%201st%202020%20v13.docx%23_Toc58558715
file:///C:/Users/Marina/Desktop/THESIS%20Fall%202020/Thesis%20draft%20Dec%201st%202020%20v13.docx%23_Toc58558715
file:///C:/Users/Marina/Desktop/THESIS%20Fall%202020/Thesis%20draft%20Dec%201st%202020%20v13.docx%23_Toc58558716
file:///C:/Users/Marina/Desktop/THESIS%20Fall%202020/Thesis%20draft%20Dec%201st%202020%20v13.docx%23_Toc58558717
file:///C:/Users/Marina/Desktop/THESIS%20Fall%202020/Thesis%20draft%20Dec%201st%202020%20v13.docx%23_Toc58558718
file:///C:/Users/Marina/Desktop/THESIS%20Fall%202020/Thesis%20draft%20Dec%201st%202020%20v13.docx%23_Toc58558718
file:///C:/Users/Marina/Desktop/THESIS%20Fall%202020/Thesis%20draft%20Dec%201st%202020%20v13.docx%23_Toc58558718
file:///C:/Users/Marina/Desktop/THESIS%20Fall%202020/Thesis%20draft%20Dec%201st%202020%20v13.docx%23_Toc58558719
file:///C:/Users/Marina/Desktop/THESIS%20Fall%202020/Thesis%20draft%20Dec%201st%202020%20v13.docx%23_Toc58558719
file:///C:/Users/Marina/Desktop/THESIS%20Fall%202020/Thesis%20draft%20Dec%201st%202020%20v13.docx%23_Toc58558720
file:///C:/Users/Marina/Desktop/THESIS%20Fall%202020/Thesis%20draft%20Dec%201st%202020%20v13.docx%23_Toc58558722
file:///C:/Users/Marina/Desktop/THESIS%20Fall%202020/Thesis%20draft%20Dec%201st%202020%20v13.docx%23_Toc58558722
file:///C:/Users/Marina/Desktop/THESIS%20Fall%202020/Thesis%20draft%20Dec%201st%202020%20v13.docx%23_Toc58558722
file:///C:/Users/Marina/Desktop/THESIS%20Fall%202020/Thesis%20draft%20Dec%201st%202020%20v13.docx%23_Toc58558722
file:///C:/Users/Marina/Desktop/THESIS%20Fall%202020/Thesis%20draft%20Dec%201st%202020%20v13.docx%23_Toc58558722
file:///C:/Users/Marina/Desktop/THESIS%20Fall%202020/Thesis%20draft%20Dec%201st%202020%20v13.docx%23_Toc58558723
file:///C:/Users/Marina/Desktop/THESIS%20Fall%202020/Thesis%20draft%20Dec%201st%202020%20v13.docx%23_Toc58558723
file:///C:/Users/Marina/Desktop/THESIS%20Fall%202020/Thesis%20draft%20Dec%201st%202020%20v13.docx%23_Toc58558723
file:///C:/Users/Marina/Desktop/THESIS%20Fall%202020/Thesis%20draft%20Dec%201st%202020%20v13.docx%23_Toc58558723
file:///C:/Users/Marina/Desktop/THESIS%20Fall%202020/Thesis%20draft%20Dec%201st%202020%20v13.docx%23_Toc58558723
file:///C:/Users/Marina/Desktop/THESIS%20Fall%202020/Thesis%20draft%20Dec%201st%202020%20v13.docx%23_Toc58558723
file:///C:/Users/Marina/Desktop/THESIS%20Fall%202020/Thesis%20draft%20Dec%201st%202020%20v13.docx%23_Toc58558724
file:///C:/Users/Marina/Desktop/THESIS%20Fall%202020/Thesis%20draft%20Dec%201st%202020%20v13.docx%23_Toc58558724
file:///C:/Users/Marina/Desktop/THESIS%20Fall%202020/Thesis%20draft%20Dec%201st%202020%20v13.docx%23_Toc58558724
file:///C:/Users/Marina/Desktop/THESIS%20Fall%202020/Thesis%20draft%20Dec%201st%202020%20v13.docx%23_Toc58558724

Figure 3-5. Michaelis-Menten (with substrate inhibition) curve for reaction of wild-type EcGhrA with
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Figure 3-6. The view of EcGhrAY*F active site. The image was generated using the POVSCRIPT+
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Figure 4-1. Schematic representation of quench-flow instrument adapted from Lymn and Taylor, 1970.
Figure 4-2. Schematic representation of a time-delay quench flow apparatus (Adaptation from Barman et
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Figure 4-3. A) HILIC “click” saccharide stationary phase. B) Mixed mode HILIC stationary phase. C)
Structure of the sulfobetaine functional group of the ZIC-HILIC stationary phase. Adapted from Buszewski
=10 T I Lo TR 0 RS 103

Figure 4-4. Separation of MppP reactant and products using ZIC-HILIC. ........ccccccvvveeiriieeeesiiiie e 104

Figure 4-5. Graphical representation of ionization mechanism employed by electrospray ionization (ESI)
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Figure 4-6. Schematic representation of a triple quadrupole mass spectrometer (Shimadzu LCMS-8040).
Adapted from LCMS 8040 Brochure, Shimadzu Corporation, 2012. ........cccceeeeiieeeeeiiieeeeciieeeeceee e 106

Figure 4-7. Schematic representation of a quadrupole mass-analyzer. Adapted from El-Aneed et al., 2009

Figure 4-9. MS precursor ion scan of DAAO after overnight reaction with the threo-4(R/S)-hydroxy-D,L-
arginine mixture (A). A similar MS precursor ion scan after the second addition of DAAO (B). .............. 114
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Figure 4-11. Decarboxylated 4(S)HKA standard curve used to determine the concentration of DAAO-
EIIVEA A(S)HKA. ..ttt ettt eete e et e e e eetbe e e e seabaeeeseaaaesesastaesesastaesesasbaesesassaesesasseesesansrneennn 118
Figure 4-12. Schematic representation of a quenched-flow gPOD double-mixing experiment. ............. 120
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Chapter 1

The role of arginine and its analogues in the antibacterial
activity of peptides

Antibiotics dramatically altered human society in the latter half of the 20" century by preventing
millions of deaths from bacterial infections. However, antibiotic resistance was problematic even
at the outset, and in the beginning of the 21 century it continues to pose a growing global threat.!
2 Bacteria causing tuberculosis, other respiratory tract illnesses, and sexually transmitted
diseases—many diseases that were once thought to be all but eradicated—have again become
major public health issues due to antibiotic resistance. Antibiotics like [-lactams and
fluoroquinolones, which are typically a part of the first-line treatments, are becoming less
effective.® The major problem with these antibiotics is that bacteria can acquire genes necessary
for resistance relatively easy via horizontal gene transfer. The reason for these drugs’ original
effectiveness is also their Achilles’ heel: they target bacterial enzymes involved in cell wall
biosynthesis or DNA coil relaxation with high affinity. In many cases a few mutations, or in some
cases a single mutation, are sufficient to alter a bacterial enzyme such that a particular antibiotic
can no longer bind to it. In the case of B-lactams, in addition to producing B-lactamases, bacteria
can alter their penicillin binding proteins, which is the case in methicillin-resistant Staphyloccocus
aureus (MRSA).* Resistance to fluoroquinolones can arise due to mutations in DNA gyrase and
topoisomerase IV.®> In the case of macrolides, lactone-based bacteriostatics that inhibit protein

synthesis, resistance occurs due to methylation of ribosomal RNA.¢ This review will discuss the



role that arginine and its analogues play as components of peptide-based antibiotics with promising
activities against drug-resistant bacteria. Although penicillins and cephalosporins are also peptide-
derived, this review will focus on linear peptides, depsipeptides with glycan and lipid moieties,
and synthetic antimicrobial peptidomimetics with modes of action that make it more challenging

for bacteria to become resistant.

1.1 Naturally occurring antimicrobial peptides

Antimicrobial peptides (AMPs) have been a target of research for several decades, as they
constitute a key defense mechanism in eukaryotes. Their role goes beyond antimicrobial activity
as they can modulate immune system responses as well as target viruses and cancer cells. The very
first AMPs were actually discovered in bacteria and plants in the early 20™ century.” ® Bacterial
AMPs, like the gramicidins, are hydrophobic peptides that act as ionophores, forming channels in

the membrane that destroy cells by altering ion gradients (Figure 1-1A).% 1



Figure 1-1. A) Dimer of gramicidin A in complex with cesium ions. (PDB: 1AV2).1! B) Structure of hybrid
peptide of cecropin A and magainin 2 solved using NMR (PDB: 1D9L).*? C) Crystallographic dimer of
alpha defensin HNP-3 (PDB:1DFN)** 4. Disulfide bridges and arginines side chains are displayed. Note
that one of the arginine sidechains is truncated due to a lack of electron density.D) Monomer of
human beta defensin-1 (PDB:11JU).** Disulfide bridges and lysines sidechains are displayed. E)
Cathelicidin LL-37 (PDB: 5NMN).%> Note that R29 and R34 have alternative sidechain conformations
displayed. Images were generated using UCSF Chimera.®



However, not much work was done on antibacterial AMPs, since antibiotics like penicillin
became true miracle drugs. The rise of drug resistance led scientists to look into natural sources
for novel antibiotics, and the potential of AMPs for therapeutic uses first generated interest in the
second half of the 20™ century. The discovery of a potent AMP in the Cecropia moth solved the
question of how insects deal with bacterial infections. Cecropins are typically less than 40 amino
acids long and show activity against both Gram-positive and Gram-negative bacteria. All cecropins
contain lysine residues that provide a net positive charge that allows them to bind to the negatively
charged phosphate groups in the membrane and disrupt it.!” Another class of AMPs that has been
extensively studied are magainins, first isolated from African clawed frog (Xenopus laevis).'®
These peptides are disordered in the solution and order into alpha-helical secondary structure upon

binding to the membranes (Figure 1-1B).!2°

In humans and several other eukaryotes, there are two major families of peptides that can be
classified as AMPs: defensins and cathelicidins. In addition to cationic residues, defensins contain
six cysteines that form disulfides bridges giving structural stability to the peptide. Defensins are
classified as a- or B-defensins based on the positioning of these disulfide bridges. The a-defensins
typically have more arginine residues in their sequences, while B-defensins have more lysine

residues (Figure 1-1C, Figurel-1D).%!

This is particularly interesting because arginine occurs relatively unfrequently in mammalian
proteins, and less frequently than lysine, making a strong case that these residues comprise an

important functional element of the a-defensins. 2*The potential advantage of arginine over lysine

4



can be explained through their respective properties. While they are both basic, the guanidine
group of arginine has a significantly higher pKa than the primary amine of the lysine sidechain.
This means that essentially all of arginine residues will be positively charged even in hydrophobic
membrane environment. The nature of the guanidine group leads to delocalization of the positive
charge, allowing arginine to interact with other molecules in ways that lysine cannot. Arginine can
participate in more hydrogen bonding interactions, and can interaction with conjugated 7 systems
in multiple ways.?? Peptides that rely on cationic interactions face an additional challenge. In
environments with high salt concentrations, salt ions can compete with charged residues for
binding to the membrane, thus potentially lessening the biological activity of the peptide. Arginine
is more resistant to high salt concentrations due its multi-modal interactions. However, this does
not mean that arginine is always the best option for any type of cationic peptide. As demonstrated
herein, the structure and mechanistic details dictating the manner of interaction play a major role
in determining the optimum cationic residue, leading to highly variable results across different

peptides.

To determine to what extent the identity of the positively charged residues impacts the
functions of cationic peptides, Zou et al. carried out a detailed study comparing arginine, lysine
and several analogues thereof in the defensins.?>?*> The results showed that in a-defensins, the
substitution of arginine for lysine leads to less potent antibacterial activity. However, this effect
varied significantly across different bacteria; for some strains, the arginine-substituted a-defensins
were more potent. This can be explained by the different negatively charged residues that these
peptides interact with on the surfaces of Gram-positive or Gram-negative bacteria. For instance,
anionic phospholipids are present on the outer membranes of Gram-negative bacteria, while Gram-

positive bacteria lack the outer membrane and have teichoic acid and lipoteichoic acid moieties



protruding from the peptidoglycan layer. Using the arginine analogue homoarginine in a-defensins
had a detrimental effect. Homoarginine has an additional methylene carbon, placing the positive
charge farther from the peptide backbone and potentially allowing better interactions with the
membrane. However, it is likely that other neutral residues also play a role in binding, and that a

longer carbon chain of homoarginine disrupts these additional interactions with the membrane.

Further studies aimed at understanding why arginine to lysine substitutions affect some a-
defensins significantly, while in some the activity remains unchanged, employed small angle X-
ray scattering (SAXS) to observe phase changes in lipid-peptide complexes. Two a-defensins with
the same net cationic charge, Crp4 and RMAD4, were studied. 2*In order to destabilize the lipid
membrane, electrostatic interactions with cationic residues need to generate negative Gaussian

curvature (saddle curvature) in the membrane. Arginine is more effective than lysine at inducing

Lipid bilayer

Figure 1-2. The bidentate hydrogen bonding of arginine with phosphate groups of the lipid bilayer results
in positive Gaussian curvature of the membrane along with negative curvature component in orthogonal
direction, leading to saddle-splay curvature and membrane destabilization. Image adapted from Mishra
et al.?*



this curvature. The greater hydrogen bonding potential of arginine allows it to generate both

negative and positive stress components in the membrane (Figure 1-2). 242

Lysine on the other hand, with its localized charge, can only generate the negative Gaussian
curvature component, decreasing its ability to disrupt bacterial membranes. It should be noted,
however, that membrane disruption requires a critical density of guanidinium groups. Below this
threshold number of arginine residues, the ability of arginine to induce saddle curvature will be
comparable to lysine. Conversely, if there is significant clustering of lysine residues, they will

mimic the multi-dentate hydrogen bonding networks of clustered arginine residues.

Cathelicidins such as LL-37 are linear antimicrobial peptides that play an important role in the
human immune system response against bacterial and viral infections. It contains several arginine
residues that are responsible for its ability to damage bacterial membranes (Figure 1-1E). 2Unlike
magainins and cecropins, this peptide has ordered secondary structure in the solution, and tends to

form tetramers and higher oligomers.?’

This is particularly important for Gram-negative bacteria which possess outer membrane. LL-37

is a target of human peptidyl arginine deiminases (PADs), which convert arginine to citrulline, an

NH, o Peptidylarginine 2
deaminase (PAD - Jl\ -
HzNJJ\H/\/\HLD — ( ) » (o] H/\/\l)'ko

NH, Ca NH;
N

L-arginine L-citrulline

+
H,0 NH,

Scheme 1-1. The reaction of L-arginine with peptidylarginine deaminase (PAD) yields L-citrulline and
ammonium ion.



analogue of arginine where the guanidinium group is replaced with urea, and consequently is no

longer cationic (Scheme 1-1).28

This results in a loss of the antimicrobial activity of the peptide. Humans PADs are thought to
play a role in homeostatic regulation of LL-37, since this peptide is involved in inflammatory
response and autoimmune diseases.?® Interestingly, PAD expression is upregulated during human
rhinovirus (HRV) infections, which is likely one mechanism that the virus uses to evade the
immune system.? Although it appears that the only determinant in the activity of LL-37 is the
presence of positive charges, the positions of these charges in the peptide chain have been shown
to be important as well. Wang et al. went beyond relying solely on MIC values when comparing
different AMPs, as MIC values do not report whether the bacteria are dead or their growth has
simply stopped, or how fast the antibiotic kills the bacteria. They did a positional swap of arginine
and lysine residues in a derivative of LL-37 and probed membrane permeability over time.*° It was
found that the effectiveness of the lysine/arginine-swapped peptide was different than of the native
form, and that the greatest effect was exhibited when the interfacial arginine residue, R23, in the
amphipathic helix was replaced by lysine. This led to an inferior kinetic profile and increased
cytotoxicity. This suggests that these peptides have evolved to feature arginine instead of lysine,

as this may have made them a more effective defense against bacteria.

1.2 Arginine-Rich, Cell-Penetrating Peptides

Cell-penetrating peptides (CPPs) are short (typically less than 10 amino acid) peptides
typically containing arginine. Unlike AMPs these peptides do not need to maintain amphipathic
character; they can solely consist of charged residues and be disordered in the aqueous solution.
They are capable of membrane translocation and are therefore very useful for conjugation with
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drugs, as they can transport them across membrane.*!> > Unlike AMPs they do not permeabilize
and disrupt membrane, and their mechanism of action was debated until 2018, when Allolio et al.
used a combination of experimental techniques and molecular dynamics to show that arginine-rich

CPPs cross the membrane passively by inducing membrane multilamellarity (Figure 1- 3).3

b ™ “"QW Sy ~
o il — e ™y
., e
AR

B E
ot atfustnns RS Sesagput® o \\\
[ )
%
A Q .
c F

Lo Jee— RN - R e N
Sy
i / |

y /|

A M“"““' . 4
Figure 1-3. The mechanism by which commonly used cell-penentrating peptide, nonaarginine (R9),
cross the bacterial cell membrane. A-D Adsorption of R9 leads to a formation of a bifurcated bilayed
which extends until it merges with another bilayer resulting in a multilamellar structure (E). F The

instability in this multilamellar structure leads to an opening of a pore which allows R9 to enter the
cell. Adapted from Allolio et al.*?

Even though arginine-rich CPPs have a different mode of action from AMPs, the two are capable
of synergistic action. In 2019, Lee et al. synthesized a conjugate of two different AMPs with a
nona-arginine (R9) CPP in the hope of enhancing the antimicrobial activity of AMPs.>* They
observed a 4- to 16-fold increase in activity against Gram-negative bacteria. Having the R9 CPP
attached allowed the AMPs to cross the membrane and bind intracellular contents in addition to

disrupting the membrane. Thanks to the magnitude of the positive charge, the R9-AMP conjugates
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could bind to DNA with much higher affinity, thus becoming more efficient at killing bacteria.
More importantly, having a multi-modal mechanism of action makes it less likely that bacteria will

develop resistance.

1.3 Polymer-Based Peptidomimetics

Large-scale synthesis of antimicrobial peptides, even when confined to proteinogenic amino acids,

can be quite expensive and difficult, which prompted the development of polymer-based
o
\OJj\/\ T XH
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3

CF,CO,

Figure 1-4. Polymethacrylate based peptidomimetic random copolymer with hydrophobic and cationic
side chains.

10



/, 0 \
PhHC% %:CHz
~10
0=~N7 O

Nt

Poly-1 Poly-3 PGON

Figure 1-5. Peptidomimetics with arginine and lysine mimicking sidechains synthesized by Gabriel et
al.

antimicrobial peptidomimetics. Using polymers is significantly cheaper and also allows for facile
structural modifications in a quest to improve antimicrobial activity. Additionally, there is no
possibility of degradation by proteases.*>’” Making charged amphipathic copolymers that are
antibacterial is not difficult; they are essentially like detergents. Such peptidomimetic molecules
cover the surfaces of bacterial cells in a “carpet-like” manner and dissolve the membrane. The
difficult task was to engineer in selectivity for bacterial membranes to prevent cytotoxicity toward
human cells. These polymers need to follow the same set of rules as natural AMPs, meaning that
hydrophobic and hydrophilic polymers need to be co-polymerized to achieve amphipathic
character and a positive charge at physiological pH is also required. Polymer-based
peptidomimetics also need to have relatively low molecular weight. This allows them to be
excreted from the body renally, thus obviating the need for biodegradability. In 2005, Kuroda et
al. designed polymethacrylate-based random copolymers with hydrophilic and hydrophobic
sidechains (Figure 1-4).>® The hydrophilic chain had a charged primary amine and provided
significant selectivity over human cells while retaining antibacterial activity. These first efforts of
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making polymer-based peptidomimetics used lysine mimics to provide cell penetrating ability.

Since naturally occurring

AMPs featuring arginine residues were generally more efficient at membrane penetration, Gabriel
et al. decided to design peptidomimetics with arginine-mimicking sidechains (Figure 1-5). These
polymers helped provide information about the optimum ratio of hydrophilicity and
hydrophobicity. Their first two oxanorbornene homopolymers both had ethyl amines and one of
them had an isopropyl substituted oxanorbornene. The first one was too hydrophilic and couldn’t
bind the membrane at all, while the one with isopropyl groups was too hydrophobic and while
active, it exhibited hemolytic properties. The optimal amphiphilic ratio was achieved in
polyguanidine oxanorbornene (PGON). What was also unique about this arginine-like
homopolymer was that, unlike typical AMPs, it did not damage the cell membrane. It simply

translocated across the membrane as cell-penetrating peptides do and killed the bacteria.
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In 2013, Locock et al. conducted a direct comparison of the activity of copolymers containing
either amine or guanidine moieties (Figure 1-6).* The polymethacrylate-based polymers
synthesized via reversible rddition-fragmentation chain transfer (RAFT)* and containing

guanidine groups were significantly more potent against Staphylococcus epidermidis and Candida
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Figure 1-6. Polymethacrylate based arginine and lysine mimics synthesized using Reversible Addition-
Fragmentation chain Transfer (RAFT).

albicans.
Exley et al. used RAFT (Reversible Addition-Fragmentation chain Transfer) polymerization to
synthesize co-polymer mimetics containing guanadinopropyl methacrylamide (GPMA) to play the

same role as the guanidine moiety found in arginine and aminopropyl methacrylamide (APMA) to

mimic lysine (Figure 1-7).%!
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Figure 1-7. Random copolymer arginine and lysine mimetics synthesized by Exley et al.

Surprisingly, the highest antimicrobial activity was observed for a homopolymer of APMA
mimicking lysine. Adding GPMA as a copolymer component reduced the activity and increased
toxicity towards mammalian cells. Higher salt concentrations also had a more detrimental effect
on arginine mimics. Salt inhibition can be a serious problem; for instance, in patients with cystic
fibrosis, bronchopulmonary fluid has a high concentration of salt.*** In an effort to develop novel
antimicrobial agents, Baldassare et al. used arginine mimetics to balance the charge and
lipophilicity.** They synthesized peptides containing either 1-(4-(aminomethyl)benzyl)

guanidine,3,5-diguanidino benzoic acid, and aromatic a-guanidino amino acids (Figure 1-8).
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Figure 1-8. Short linear peptides incorporating guanidine motif and bulky hydrophobic side chains

synthesized by Baldassare et al.

Compounds 1,2 and 5,6 showed high antimicrobial activity against Gram-positive and modest

activity against Gram-negative bacteria.
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1.4 Vancomycin: A New Trick for an Old Antibiotic

Vancomycin was approved by the Food And Drug Administration (FDA) in 1958, making it the
first approved glycopeptide antibiotic.*> Due to its severe side effects, it is typically used in patients
allergic to B-lactams and as a last line of treatment for drug-resistant bacteria. Vancomycin is a 7-
residue, tricyclic glycopeptide (Figure 1-10). Vancomycin shows activity only against Gram-

positive bacteria.* Its mechanism of action involves binding to terminal D-Ala-D-Ala of the lipid

o

s o ﬁ
L-Ala :
D-isoGIu\”/\o i Z:V&I
L-Lys o NH
D-Ala \"/
D-Ala o
Lipid I

Figure 1-9. Structure of lipid I, a peptidoglycan precursor.

IT intermediate of peptidoglycan biosynthesis (Figure 1-9), thus stopping the cell wall synthesis.
Its inability to kill Gram-negative bacteria is a result of its inability to penetrate the outer membrane

and target D-Ala-D-Ala.
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Antonoplis et al. attempted to solve this problem by synthesizing conjugates of vancomycin with

arginine in which they varied the number of arginine residues attached (Figure 1-10).46

1Arg -8 Arg

Vancomycin-arginine conjugate

Figure 1-10. Structure of vancomycin conjugated with a varying number of arginine residues.

It was thought that, presence of positive charge on arginine would allow vancomycin to cross the
membrane of Gram negative bacteria via self-promoted uptake. This phenomenon has been
described before in polymyxin B and several other cationic antibiotics.*”* Polymyxin B’s charged
amino groups allow it to directly compete with divalent cations for binding to lipopolysaccharide
sites (LPS) and displace them. The displacement of cations and subsequent change in the chemical
environment destabilizes the membrane allowing the uptake. [b]. It turned out that the highest
activity against carbapanem-resistant E. coli was achieved with a conjugate having a single

arginine residue as opposed to those with 2-8 eight arginine residue chains. This could indicate
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that an excess of positive charge could prevent the antibiotic from crossing the outer membrane.
It is possible that such highly charged conjugates could still cause membrane leakage and cell

death, but not effectively enough to make them viable antibiotics.

1.5 Peptide-Based Natural Products

Many antibacterial depsipeptides contain arginine or one of its derivatives. Depsipeptides are
a class of naturally, usually non-ribosomally, produced peptides in which one or more peptide
bonds have been replaced with ester bonds resulting in a circular peptide.**- This section will
examine the roles of arginine (or arginine derivatives) in several therapeutically important natural
products. The studies detailed below show that arginine and its derivatives range from being
crucial for activity to not even being a part of the pharmacophore. Such variable results mean that,
without elaborate SAR studies, it is difficult to predict the role of an arginine or arginine-derived

residue in any particular compound.

1.5.1 Teixobactin

In 2015, as a part of their effort to discover novel antibiotics in soil bacteria, Lewis et al. designed
a device called isolation chip (iChip).> The purpose of iChip was to overcome the inability to
successfully grow the majority of soil bacteria under laboratory conditions. Using iChip, a sample
of soil can be diluted using molten agar and nutrients so that on average only a single cell can be
grown in one of the device’s compartments. The iChip device is then covered with semi-permeable
membranes and placed back in the soil. This method allows nutrients from the soil to enter the

device and provide an optimum growth environment which cannot be achieved in the laboratory.
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This work led to the discovery and characterization of a novel cyclic depsipeptide antibiotic that

they named teixobactin (Figure 1-11).3
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Teixobactin

Figure 1-11. Structure of teixobactin, a novel antibiotic featuring enduracididine.

Teixobactin showed potent activity against MRSA and no resistance occurring up to a 27-day
administration of sub-lethal doses. While highly active against Gram-positive bacteria, it is mostly
inactive against Gram-negative bacteria. This novel antibiotic works by disrupting the synthesis
of peptidoglycan, which is not an unusual mechanism of action. Teixobactin, however, does it in
a novel fashion by forming a complex with both the lipid II iintermediate and the teichoic acid
moiety of the Gram-positive cell wall. **The structure of teixobactin contains L-allo-
enduracididine (L-allo-End), a rare, non-proteinogenic amino that poses a roadblock on the path
towards a facile total synthesis of teixobactin.>> L-allo-enduracididine is a cyclic analogue of L-
arginine, produced from L-arginine via a series of enzymatic steps.’®>® Given the potential value
of this unique antibiotic, many research groups sought to decipher the role of L-allo-End in the
antibacterial activity of teixobactin. In 2015, Jad et al. synthesized an analogue of teixobactin in
which L-allo-enduracididine was replaced with L-arginine. The authors obtained minimum

inhibitory concentration (MIC) values and compared them to teixobactin. The MIC assay values
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for Gram-positive bacteria such as S. aureus and B. subtilis were 8- and 25-times higher for the L-

arginine containing analogue, respectively. >

Independently, Parmar et al. have also synthesized the same analogue of teixobactin, alongside
with an enantiomerically different teixobactin analogue produced by changing select D-amino

acids to L-amino acids (Phe, Gln and Ile).*

Their MIC assay results agreed with the results
published by Jad et al. showing the MIC for Argl0O-teixobactin to be 8-times higher for S.aureus
and 2.5-times higher for E. coli. This shows that even though the guanidine moiety remains
present, slight differences in the physicochemical properties of the teixobactin analogues yields
differences in the MIC values. In 2016, as a part of their work on the total synthesis of teixobactin,
Jin et al. synthesized an analogue with L-allo-enduracididine replaced by ornithine.’! This
analogue had reduced activity against MRSA, leading to the conclusion that L-allo-enduracididine
plays an essential role in the antibacterial activity. In a highlight published in 2015, Von Nussbaum
and Sussmuth hypothesized that just like in other lipid II-binding depsipeptides, the key binding
interaction of teixobactin is that of the iminoimidazolidine moiety and the phosphate group of lipid
11.>* This implies that the high pKa on the iminimidazolidine group is essential for a successful
interaction. It would be expected that replacing L-allo-End with lysine would be detrimental
compared to replacement with arginine since lysine would end up getting deprotonated in the
membrane.®? Wu et al. investigated the importance of the iminoimidazolidine group by making
Argl0, Lys10, and His10, analogues. Their results showed that Lys10 has similar activity to
Argl0, while use of histidine led to a dramatic reduction in activity. ® The Argl0 analogue had
lower activity than teixobactin, indicating that the shorter stature of allo-End10 could play a role
in the activity. This appeared to support the hypothesis that a highly basic cationic group is required

for the potent antimicrobial activity of teixobactin. Nowick et al. independently tested whether the
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guanidinium group itself was required and compared the activity of Lys10 and Argl0.%
Surprisingly, Lys-10-teixobactin had a higher antimicrobial activity than Arg-10-teixobactin. Still,
the activity of both was lower than the activity of teixobactin with L-allo-enduracididine present.
However, all these results did not put the question of L-allo-enduracididine’s role in teixobactin to
rest. In 2017, Nowick et al. performed an alanine scan on Lys10-teixobactin, by sequentially
changing each peptide residue except D-Thr8 (to avoid perturbation of the 13-membered
macrolactone ring), in order to identify modifiable residues. The result was quite surprising, as
replacing lysine with alanine resulted in only moderate reduction in antimicrobial activity.®> Given
the role of cationic residues in the majority of antimicrobial peptides, a major decrease or
abolishment of activity was expected. Encouraged by this unprecedented discovery, Jin et al.
synthesized analogues of teixobactin incorporating 32 different non-isosteres of L-allo-
enduracididine at position 10.°® They subsequently reported that having cyclohexylglycine,
norvaline or methionine (Figure 1-12) in position 10 led to lower MIC values compared to the
naturally occurring teixobactin. At the time of this writing, it remains unclear why the removal of

cationic amino acids from this peptide does not seem to impact its antimicrobial activity.
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L-cyclohexyl glycine L-norvaline L-methionine

Figure 1-12. Non-isosteres of enduracididine incorporated in teixobactin which led to the highest
antibacterial activity.
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1.5.2 Enduracylinones

Despite the apparent lack of importance in the teixobactin pharmacophore, enduracididine remains
an intriguing molecule. So far, the only antibiotics incorporating enduracididine were peptides,

which are the focus of this review. However, in 2019, Monciardini et al. isolated two novel
antibacterial aromatic polyketides that contain N-methyl enduracididine (NmEnd) (Figure 1-13).%

+

+
NH, NH,

\
N_*QHO ?iifikt

OH O 0O O

Enduracyclinone A Enduracyclinone B

Figure 1-13. Structures of newly discovered aromatic polyketides containing N-methyl enduracididine.

This is the first time that enduracididine has been found in a polyketide and the methylated variant
of enduracididine has not been observed in nature prior to this discovery. It remains to be seen
what role it plays in these novel antibiotics. Gaining a full understanding of the mechanistic details
of enduracididine biosynthesis has significant value given its presence in multiple antibiotics

where it may play different roles.
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1.5.3 Ramoplanin and Enduracidin

Ramoplanin, a cyclic lipoglycodepsipeptide is an antibiotic that targets the synthesis of
peptidoglycan by binding to the lipid I or lipid II precursors. It shows activity against drug-
resistant Gram-positive bacteria like vancomycin-resistant Enterococcus faecium (VRE) and
methicillin-resistant S. aureus (MRSA), making it an important target for structure-activity

studies.®® It was the first glycodepsipeptide to enter advanced clinical trials for the treatment of
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Ramoplanin A2

Figure 1-14. Structure of ramoplanin A2. Ornithine residues are highlighted in yellow.
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Clostridium difficile infections, however, as of 2020 clinical trials involving ramoplanin have been
discontinued. The positive charge of ramoplanin comes solely from its ornithine residues (Figure

1-14).

In order to test whether ornithine sidechains are necessary for activity, Cudic et al. probed the role
of the ornithine residues by synthesizing analogues of ramoplanin where the primary amine of
ornithine was replaced with guanidine (arginine), a secondary amine, or acetamide.®® The resulting
analogues all had lower activity, and the activity decreased going from guanidine to the secondary
amine, showing the importance of positive charge at positions 4 and 10 of the peptide. However,
when Helm et al. performed an alanine scan of ramoplanin they found that only Ornl0 plays an
essential role in binding.®” In 2009, Hamburger et al. solved crystal structure of ramoplanin dimer
which revealed its positioning with respect to the membrane and showed that ornithine-10 is

positioned to interact with pyrophosphate of lipid 1.7
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The enduracidins (Figure 1-15) are lipodepsipeptides similar in structure to ramoplanin.

Enduracidins A and B differ by a single carbon on the unsaturated fatty acid chain.
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Figure 1-15. Structures of enduracidins A and B.

55,71

Both consist of a 17-residue depsipeptide where residue 17, 3-chloro-e-hydroxy-L-phenylglycine

(L-Chp), forms a lactone with residue 2, B-hydroxy-L-asparagine. A variable unsaturated fatty acid

chain is attached through an amide linkage to residue 1, L-aspartic acid. The source of the positive

charge on enduracidin differs from that of ramoplanin. Enduracidin contains just one ornithine,

but additional positive charge is provided by two enduracididine residues. Given that enduracidin

is likely to have the same mechanism of binding to Lipid II, it is expected that at least one of these

three charged residues should play a key role in binding. However, due to their low solubility and

consequently limited clinical potential, detailed structure-activity relationship studies (SAR) have
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not been conducted for the enduracidins. So far, antibiotic resistance has not been observed toward
these antimicrobial peptides. Theoretically bacteria could become resistant by lowering the net
negative charge on their membranes via introduction of positively charged groups on the surface.
It has been hypothesized that the lipophilic character of lipodepsipeptides can perhaps override
unfavorable electrostatic interactions and still cause them to bind to the hydrophobic parts of the

bacterial membranes.”?
1.5.4 Mannopeptimycins

The mannopeptimycins are glycopeptide antibiotics that show activity against VRE and MRSA."?
3 Five mannopeptymins (a-&) have been discovered, all sharing the same hexapeptide core and

differing in structure of disaccharide moieties (or lack thereof; Figure 1-16).
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Figure 1-16. Structures of mannopeptimycins.
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The importance of the disaccharide moiety for the biological activity is obvious since
mannopeptimycin 3, which lacks any sugar moiety on D-Tyr4, has very low antibacterial activity.
Mannopeptimycin o, which lacks the isovaleryl group on the terminal mannose, has considerably
lower activity than mannopeptimycin v,5, and &.”* Like enduracidin and teixobactin, the
mannopeptycins also contain L-End. In the case of the mannopeptimycins, however, both of these
residues are hydroxylated at CB to give B-hydroxyenduracididine (BhEnd). This oxidation is
catalyzed by the Fe(Il)- and a-ketoglutarate-dependent oxygenase MppO in a tailoring step after
formation of the peptide core of mannopeptimycin.”> One of these residues, phEnd6, is N-
glycosylated with mannopyranose on the iminoimidazolidine ring. In 2004, Ruzin et al. used a
radioactive mannopeptimycin derivative to gain insight into its antibacterial mechanism. They
found out that mannopeptimycin binds to the peptidoglycan synthesis intermediate lipid I, but in
a different manner than vancomycin.”® It also nonspecifically binds to lipoteichoic acid, thus

accumulating near the cell membrane to interact with lipid II. Structure-activity relationship (SAR)
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studies on the mannopeptimycins have mostly been focused on altering the saccharide portions of

the molecule since these parts have been proven to play a role in biological activity.

x4
0
(0] (6] X0~ OH
1 M 5 ?&to OH .
P OH NH HO ‘OH
0 0 X'0 . o JL HO, 0
2 S
6 "OH L{_ N OH
+ 0" "0
0 HN

Figure 1-17. Ester and carbonate analogues of mannopeptimycin a.

It is possible that the reason why isovaleryl group on terminal mannose found in several
mannopeptimycins plays a role in activity is that the hydrophobicity might help anchor the
antibiotic in the membrane, analogous to the hydrophobic tails of lipodepsipepsides. Using
acylation of terminal mannose, He et al. introduced additional hydrophobicity in derivatives
(Figure 1-17).”* It was observed that the location of the acylation played a key role in the biological
activity of the derivatives. Functionalizing Serl or the N-linked mannose diminished activity,
while adding a hydrophobic chain to the terminal mannose of the disaccharide enhanced it.
Compounds with hydrophic acyl groups 1,2, and 3 on terminal mannose (X*) exhibited higher
activity against MRSA and VRE than any of the naturally occurring mannopeptimycins. Sum et
al. have also tested introduction of bulky hydrophobic moieties to terminal mannose but with ether

linkages instead (Figure 1-18).7
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Figure 1-18. Ether analogues of mannopeptimycin.

Sum et al. also tested the effect of changing the character of the tyrosine core residue. They
synthesized benzoxazole analogues that lacked the O-linked disaccharide on D-tyrosine, and in
one analogue, also removed the N-linked mannose from -hydroxy enduracididine to test whether

the aglycone would have antibiotic activity (Figure 1-19).”’
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The removal of the BhEnd6 N-linked mannose drastically diminished the activity. However, the
Tyr4 O-linked disaccharide was found not to be essential for activity. In fact, several
benzoxazoline derivatives yielded better antimicrobial activity than the parent compound (10b,
10d, 10m and 11b) It is unclear whether the aromatic character of the phenyl rings of the
benzoxazoline substituents interacted via ion-Pi stacking with anions of the membrane, or it was
the result of fluorionation/chlorination increasing the cell membrane penetration by the
compounds. Interestingly, Sum et al. also halogenated the phenyl ring, which led to diminished
activity. The importance of lipophilicity in these compounds was verified by studying analogues
where lipophilic ether moieties were added to the terminal mannose of the disaccharide. All of the
derivatives in this study led to increased activity. Despite such extensive SAR, no modifications
have been done to either of the BhEnd residues. It would be interesting if future studies were to
test different arginine analogs, including L-End (rather than the hydroxylated BhEnd) in that

position.
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1.5.5 The tuberactinomycins

Analogs of arginine are also present in the peptide-based antibiotics known as tuberactinomycins,
due to their potent anti-tuberculosis activity. The first two tuberactinomycins to be characterized

were viomycin and capreomycin.Both incorporate 2S,3R-capreomycidine, which is, like L-End, a

OH
Q
NHZ
HNf
+
fiH,
H I:j\/\/:\)‘l\
3 N“

NHZ

Viomycin (Tuberactinomycin B, R = OH)
Tuberactinomycin O (R=H)

Capreomycin IA

Figure 1-20. Structures of capreomycin IA, viomycin and tuberactinomycin O

cyclic arginine derivative (Figure 1-20).The 2S,3R-capreomycidine synthesis in Streptomyces
begins with oxidation of L-arginine by VioC, non-heme iron, a-ketoglutarate-dependent
oxygenase. The resulting product (3S-hydroxy-L-arginine) is then cyclized by VioD, an enzyme

possessing sequence similarity with PLP-dependent aminotransferases (Scheme 1-2).7

NHz OH o
VioC i
H, NJJ\ /\/\l)J\ — = H, NJJ\ o
iy
L-arginine (3S)-Hydroxy-L-arginine (2S, 3R)-capreomycidine

Scheme 1-2. Biosynthetic pathway of 2S,3R-capreomycidine.

The inhibitory mechanism of viomycin is based on its competition with elongation factor G for
binding to the pre-translation ribosome. Binding of viomycin to the ribosome in place of elongation

factor G prevents translocation of the mRNA, thus stalling protein synthesis.”” A study by Nomoto
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et al. has shown that the simple presence of a cationic charge in tuberactinomycin O is not
sufficient for antibiotic activity. When capreomycidine was replaced by L-Arg, or 3-
guanidinoalanine, activity greatly decreased.®” Interestingly, the L-Arg analogue had much lower
activity than 3-guanidinoalanine one, leading to a conclusion that the shorter chain allows for better
interaction with a bacterial target. Additionally both of them had inferior activity to
capreomycidine most likely because the linear chains have too much flexibility which negatively
affects binding ability. In this case, the manner in which capreomycidine promotes antibacterial
activity was clearly determined when the crystal structures of viomycin and capreomycin in
complexes with the 70s ribosome were solved by Stanley et al.3! The structure showed that the
iminoimidazolidine group on capreomycidine helps properly position the antibiotic by forming an
electrostatic interaction with A1493 of the 16S rRNA. Capreomycin is currently used as a second-

line treatment for drug resistant tuberculosis.

1.5.6 Pentaminomycins

In 2020, Kaweewan et al. isolated group of novel cyclic pentapeptides, pentaminomycins, from

Streptomyces cacaoi subsp. cacaoi NBRC 12748T (Figure 1-21).3
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Figure 1-21. Structures of newly discovered pentaminomycins.

Pentaminomycins A,B, and C all contain a rare arginine analogue, SN-hydroxy-arginine. . The
activity of pentaminomycins was compared with that of BE-18257A, a cylclopeptide that has no
cationic residues and no antimicrobial activity as a control. Surprisingly, pentaminomycins A and
B don’t have antibacterial activity, while pentaminomycin C does, despite all having SN-OH-Arg.
However, this is not sufficient to dismiss the role that SN-OH-Arg may play in the antibacterial
activity. Pentaminomycins A and B also lack D-Phe, which makes them have a less lipophilic
character. Considering how delicate interplay between lipophilicity and activity is, perhaps both
D-Phe and 5N-OH-Arg are key parts of the pharmacophore, which warrants future SAR studies of

these compounds.
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1.5.7 Streptothricin F

Although not a peptide based antibiotic, Streptothricin F has been included in this review to
showcase exceptional role of arginine and its analogues as pharmacophore components in
antibiotics. This aminoglycoside antibiotic possessing activity against both Gram-positive and
Gram-negative bacteria, has an arginine analogue, streptolidine, incorporated in its structure
(Figure 1-22).3%3* The streptolidine bicyclic moiety appears essential for the activity which was
determined by Hamano et al. In their study, hydrolysis of the lactam bond of steptolidine resulted

in the loss of activity. The synthesis of streptolidin begins with dihydroxylation of L-Arg by OrfP,

Streptothricin F

Figure 1-22. Structure of Streptothricin F, an aminoglycoside antibiotic containing streptolidine.

non-heme iron, a-ketoglutarate-dependent oxygenase, followed by cyclization to 4R-OH-

capreomycidine, catalyzed by OrfR. This is followed by a rearrangement to streptolidine and

subsequent lactam formation (Scheme 1-3).%3
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This review has put on the display a variety of roles arginine and its analogues have in the
antimicrobial peptides and also emphasized the heterogeneity in the ways they influence activity.
It is therefore of crucial importance to investigate biosynthetic pathways of cryptic arginine

analogues, in a quest to design more effective antibiotics.

The following chapters focus on characterizing the L-End biosynthetic enzymes MppP/R/Q from
the mannopeptimycin-producing bacteria Streptomyces hygroscopicus and S. wadayamensis. This
work should serve as a stepping stone toward combinatorial biosynthetic studies to produce novel

mannopeptimycin derivatives.
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Chapter 2

Structural and Preliminary Biochemical Characterization
of MppQ, a PLP-Dependent Aminotransferase from
Streptomyces hygroscopicus

2.1 Introduction

Antibiotic-resistant pathogens are a continuing threat to public health. Mannopeptimycin from
Streptomyces hygroscopicus and enduracidin from S. fungicidicus are non-ribosomally produced
peptide antibiotics with activity against a number of Gram-positive pathogens, including drug-
resistant strains like methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-
resistant enterococci (VRE) 2. Both these agents were discovered decades ago?, but despite their
promising potency against problem pathogens, they have proved too cytotoxic to be viable

therapeutic agents.

The search for less toxic analogues, has been hampered by the difficulty of altering the core
peptides of mannopeptimycin and enduracidin since they both contain the unusual non-
proteinogenic amino acid L-enduracididine (L-End, 1 in Scheme 2-1), or its hydroxylated
derivative B-hydroxy enduracididine (BhEnd, 2). This amino acid is not commercially available
and, while synthetic routes have been developed®, they are multi-step processes starting from an

advanced intermediate. The limited availability of this key building block has hampered efforts to
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Scheme 2-1. Compounds discussed in this chapter. 1, L-enduracididine (L-End); 2, 8-
hydroxyenduracididine (BhEnd); 3, L-arginine (L-Arg); 4, L-capreomycidine (L-Cap),; 5, 2-oxo-4-
hydroxy-5-guanidinovaleric acid (i.e. 4-hydroxy-ketoarginine, 4HKA); 6, 2-ketoenduracididine (2KE); 7,
2-oxo -5-guanidinovaleric acid (i.e. 2-ketoarginine, 2KA).

make large groups of mannopeptimycin or enduracidin analogs. As a result, we have only a limited
understanding of the structure-activity relationships in these compounds. A relatively inexpensive
and facile route to L-End would facilitate the search for mannopeptimycin and enduracidin analogs

with improved therapeutic properties.

Feeding experiments with radio-labelled amino acids* showed that L-End biosynthesis
originates with L-Arg (3). The biosynthetic clusters for both mannopeptimycin and enduracidin
have been characterized" 2, and they share only 3 genes in common: mpp/endP, Q, and R.
Disruption of any of these genes in S. fungicidicus abrogates enduracidin production. This defect
can be rescued by addition of exogenous L-End to the growth medium.’ Thus, the Mpp/EndPQR

gene products appear to convert L-Arg to L-End in the biosynthesis of mannopeptimycin and
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enduracidin, respectively. The mystery of how these three gene products produce L-End was only
deepened by comparison to the biosynthetic pathway of a related, L-Arg-derived amino acid, L-

capreomycidine (4).

Capreomycidine, a component of the antibiotic viomycin, is structurally similar to L-End and
is produced by a two-enzyme system. VioC is a non-heme iron- and a-ketoglutarate-dependent
oxygenase that hydroxylates L-Arg at the B-carbon atom.® VioD is a fold type I PLP-dependent
aminotransferase that catalyzes a unique intramolecular aminotransfer reaction to create the
pyrimidinyl ring of 4.° This system uses one enzyme to activate the B-carbon for cyclization and a
second enzyme to create the ring. L-End biosynthesis, by contrast, requires three enzymes. Two
of these are PLP-dependent enzymes that could be capable of catalyzing the cyclization step
(MppP and MppQ), and none of the three was expected, on the basis of amino acid sequence

analysis, to have the catalytic power to activate the y-carbon atom for cyclization.

The sequence of chemical steps leading from L-Arg to L-End and the intermediates involved
became clearer when it was found that MppP from S. wadayamensis (SwWMppP, a close homolog
of the S. hygroscopicus enzyme and also in a mannopeptimycin biosynthetic cluster) is a novel
type of PLP-dependent oxidase that catalyzes the oxidation of L-Arg to 2-oxo-4-hydroxy-5-
guanidinovaleric acid (5).”® This observation fit in well with previous work on MppR from .
hygroscopicus (ShMppR) that indicated this enzyme may operate on an oxidized arginine
derivative like 5 to produce the ketone form of L-End (6).” The PLP-dependent enzymes are a
large group of proteins that catalyze a wide range of reactions, including racemization,
decarboxylation, B- and y-substitution/elimination, and transamination.!” This latter reaction
accounts for a majority of PLP-dependent enzyme activities. Herein we report the X-ray crystal

structure of S. hygroscopicus MppQ (ShMppQ), which shows that this enzyme is a fold type |
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aminotransferase, matching both the tertiary structure and active site architecture of well
characterized aminotransferases like aspartate aminotransferase from E. coli (EcAAT) and human

kynurenine aminotransferase I1 (1X0M).!!

The steady state kinetic analysis of the transamination reaction between the possible substrate
analog 2-oxo0-5-guanidinovaleric acid (7) and L-alanine showed that the structural similarities are
not surreptitious; ShMppQ catalyzes the aminotransfer reaction. Preliminary kinetic studies
involving its physiological substrate, 6, and L-alanine confirm the role of MppQ as a bona fide
aminotransferase in the L-End pathway (Scheme 2-2). Based on the results of mass spectrometry
based end-point assays, we have identified L-ornithine as the optimal amino group donor. These

studies suggest a likely function for ShMppQ, completing our understanding of L-End

biosynthesis.
H2N>= HN
NH, NH
HN HN>= 2 H H
+ +
MppP MppR  H.N H  mppa H
—» HOmn — 2 =<N ﬂ:— HoN =<N
+ H H
H;N o] o HaN
o o o o
0 0 0 o
3 5 6 1

Scheme 2-2. The proposed roles of MppP/R/Q in the biosynthetic pathway of L-End.
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2.2 Materials and Methods

Protein expression and purification. The gene encoding S. hygroscopicus MppQ (UniProt
accession code Q643B9) was synthesized by GenScript, Inc and subcloned into the pE-SUMOkan
vector for expression in E. coli BL21 Star cells. Transformed cells were grown at 37 °C in 2-4 L
of Lauria-Bertani medium containing 50 pg ml! kanamycin to an ODgoonm of ~1.0. Expression of
MppQ was induced with 0.4 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) and the
temperature was reduced to 25 °C. After 18 hours, the cells were harvested by centrifugation at
6,000 rpm for 30 minutes. The pellets, approximately 10 g L™! of culture, were resuspended in Sml
of buffer A (25 mM TRIS pH 8.0, 300 mM NaCl, 10 mM imidazole, 200 uM PLP) per gram of
cell pellet. The cells were lysed in a circulating ice bath using a Fisher Scientific Model 500 sonic
dismembrator at 70% amplitude, for a total of 10 minutes (20 pulses of 30 seconds each, separated
by 1-minute rest periods). The resulting lysate was clarified by centrifugation at 39,000 x g (18,000
rpm) for 1 hour. The clarified lysate was passed through a 0.45 pm syringe filter and loaded in 30
ml aliquots onto a 5 ml HisTrap FF column (GE LifeSciences) that had been pre-equilibrated with
buffer A (without PLP). After washing with 10 column volumes of buffer A, the protein was
washed further and ultimately eluted using a step gradient at 10%, 50%, and 100% buffer B (25
mM TRIS pH 8.0, 300 mM NaCl, 250 mM imidazole). Fractions containing significant amounts
of SUMO-MppQ, as judged by a Coomassie-stained SDS-PAGE gel, were pooled and Hiss-Ulp1
protease was added to a final concentration of 2.0 uM. The pooled HisTrap fractions were dialyzed
overnight at 4 °C against 3.5 L of buffer C (50 mM TRIS pH 8.0, 150 mM NaCl, 0.5 mM DTT).
The following day, the cleaved Hise-SUMO tag and protease were removed by passing the
dialysate over the HisTrap FF column a second time. The flow-through fractions were collected

and judged to be > 95% pure by SDS-PAGE. The protein concentration was quantified by A280nm
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using the calculated extinction coefficient of 37150 M™! cm™'. The protein was dialyzed against 3.5
L of storage buffer (20 mM TRIS pH 8.0, 200 uM PLP) overnight at 4 °C, then concentrated to

11-15 mg ml"! and used directly or snap-frozen in liquid nitrogen.

Crystallization. Crystals of ShMppQ-PLP (internal aldimine) were grown by the hanging-drop
vapor diffusion method over wells containing 15-25 % PEG 3350, and 0.1-0.2 M ammonium
citrate trihydrate, trilithium citrate, or ammonium sulfate. Crystals appeared as clusters of thin
needles after 3-7 days. The size and morphology of the crystals were improved by microseeding.
The crystal used for the MppQ-PMP structure (external aldimine) was grown as above, except that
the well solution contained 100mM L-arginine pH 8.0. Crystals were cryo-protected for data
collection by soaking briefly in a sequence of solutions containing 30 % PEG 3350, 0.2 M

ammonium citrate trihydrate, and 5, 10, or 20 % glycerol.

Data collection and processing. An initial data set was collected from an unliganded MppQ
crystal at 100 K on beamline 21-ID-D of the Advanced Photon Source (Life Science Collaborative
Access Team, LS-CAT) equipped with a MAR 300 CCD detector, using an oscillation angle of
1.0 ° over a total of 180 ° with an exposure time of 1 second, a crystal-to-detector distance of 250
mm, and wavelength of 0.97625 A. Diffraction images were processed using iMOSFLM,
POINTLESS, and SCALA as implemented in the CCP4 suite v7.0. This MppQ crystal diffracted
to 2.1 A-resolution. A higher-resolution data set was collected from a different crystal, also at LS-
CAT beamline 21-ID-D, using an oscillation angle of 0.5 © over a total of 140 ° at a distance of
220 mm. The exposure time and wavelength were the same as for the first data set. This crystal
was essentially identical to the initial one but was larger and diffracted to 1.8 A-resolution. These
data were also processed using iMOSFLM,'? POINTLESS,!* and SCALA."® The final data set

reported here was collected at LS-CAT beamline 21-ID-G equipped with a MAR 300 CCD
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detector from an MppQ-L-Arg co-crystal. The X-ray wavelength was fixed at 0.97856, the
oscillation range was 0.5 © over a total of 120 °, the distance was 220 mm, and the exposure time
was | second. This co-crystal diffracted to 1.5 A-resolution. These data were processed with the

HKIL.2000 package.'* Data processing statistics are given in Table 2-1.

Structure determination and model refinement. Initial phases were obtained by molecular
replacement using PHASER (as implemented in the CCP4 suite v7.0)'> with the 2.1 A-resolution
unliganded data set and the structure of Pyrococcus horikoshii OT3 kynurenine aminotransferase
II (PDB ID 1XOM!'!; 31 % identical) with the 50 N-terminal residues, waters, and PLP-Lysine
removed. The lower-resolution data set was used for structure determination, because the “a” cell
edge of the crystal used to collect the 1.8 A unliganded data set was oriented parallel to the spindle
axis, resulting in poor sampling of the corresponding region of reciprocal space. The Matthews
coefficient VM of 2.21 A3 Da! (41 % solvent) suggested that there were two molecules of MppQ
(415 residues, 44.0 kDa) per asymmetric unit. While PHASER was able to find a viable solution
(LLG=33, TFZ=9.5), it did not refine well. This poor molecular replacement model was subjected
to density modification and automated rebuilding in PHENIX.AutoBuild'¢ to remove bias and
improve the model. PHENIX.AutoBuild resulted in a model with 761 residues (740 with side
chains placed; ~90 % complete) in 2 chains with Reryst and Reee values of 20.0 % and 24.0 %,
respectively. This model was used without refinement as the molecular replacement search model
to obtain phases for the 1.8 A-resolution data set (LLG=22,318; TFZ=135). After iterative rounds
of restrained refinement in PHENIX.Refine!” and manual model building in COOT!® ? the final
model of the PLP-bound, internal aldimine form of ShMppQ contained two molecules of MppQ
(774 total residues), 816 water molecules, and one molecule of PLP per chain covalently bound at

Lys250. The final Reryst and Reree values were 14.0 and 17.2 %, respectively.
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Synthesis of 6. The starting material for 6, 4(S)HKA, was produced enzymatically from L-Arg
using the arginine oxidase MppP. A reaction containing 100 mM L-Arg and 200 uM MppP was
carried out in 20 mM ammonium acetate, pH 7.0. Bovine catalase (40 mg) was desalted in the
reaction buffer (to remove the trehalose stabilizer that would complicate downstream NMR
analysis) and added to the reaction mixture to prevent non-enzymatic decarboxylation of 4HKA
by the hydrogen peroxide produced by the MppP reaction. The reaction was allowed to proceed
overnight at 25 °C while shaking at 150 rpm. The reaction was quenched with 1 volume of
methanol and centrifuged at 4,000 rpm for 5 minutes in order to remove the precipitated enzyme.
The supernatant was collected and evaporated to dryness at 50 °C in a Centrifan PE Rotary
Evaporator. Approximately 1 mg of dried material was resuspended in approximately 1 mL of
water, centrifuged at 13 000 rpm for 5 minutes to remove any particulates and analyzed using a
ZIC-HILIC column (3.5 um, 100 A, 50 x 2.1 mm) paired with Shimadzu LC-MS/MS 8040. Mobile
phases used were 20 mM ammonium formate pH 4.0 (designated as “A”) and acetonitrile with
0.1% formic acid (designated as “B”). The analytes were eluted via gradient method at 0.5 mL/min
and 35 °C. 15 pL of sample was injected. The following time program was used: hold at 90% B
(3.0 min), decrease to 40% B (10 min), hold at 40% B (12 min), increase to 90% B (13 min), hold
at 90% B (15). The sample was run in positive ESI mode with a sprayer positioned at 4 mm. The
dwell times for products of 190 m/z precursor were set to 80 ms, while dwell time for products of
190 m/z was set to 247 ms. The mass chromatogram (Figure 2-1) shows the amount of 4HKA and
2KA produced. Note that the peak splitting and distortion has occurred because of column
overloading as well as solvent mismatch making the integration less accurate. Based on this data,

the sample contains approximately 78% 4(S)HKA and 22% 2KA.
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Figure 2-1. Chromatogram of enzymatically produced mixture of 4(S)HKA and 2KA in 20 mM
ammonium acetate, pH 7.0.

The residue containing a mixture of 4HKA and 2KA (20 mg) was dissolved in a solution
containing 180 uM MppR stored in 20 mM sodium phosphate, pH 7.5. The reaction was allowed
to proceed for 2 hours at 22 °C on a stir plate set at 100 rpm. The reaction was quenched with 1
volume of methanol and centrifuged at 4,000 rpm for 5 minutes to remove the precipitated enzyme.
The supernatant was collected and evaporated to dryness at 50 °C in a Centrifan PE Rotary
Evaporator. The reaction products were analyzed using a ZIC-HILIC column (3.5 um, 100 A, 50

x 2.1 mm) on a Shimadzu LC-MS/MS 8040. Mobile phases used were 20 mM ammonium formate
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pH 4.0 (designated as “A”) and acetonitrile with 0.1% formic acid (designated as “B”). The
analytes were eluted via gradient method at 0.5 mL/min and 35 C. Injection volume was 0.5 pL.
The following time program was used in each run: hold at 90% B (3.0 min), decrease to 40% B
(4.5 min), hold at 40% B (6.5 min), increase to 90% B (7.0 min), hold at 90% B (9.0). The sample
was run in positive ESI mode with a sprayer positioned at 4 mm. The dwell time for products of
172, 162, and 144 m/z precursors was set to 100 ms. The mass chromatogram (Figure 2-2) shows

that most of 2KE is decarboxylated which most likely occurred during the heating stage at elevated

temperature.
H HaN -
£ NSy >=NH: Dpecarboxylated 4HKA
H,N=( HN
N 162 miz TIC (+)
H HOW. 162 m/z > 84.1 m/z CE -19 eV
o 162 m/z > 102.0 miz CE -17eV
o] 162 m/z > 56.0 m/z CE -29 eV
O o= _
o)
2KE
H Decarboxylated 2KE
172 miz TIC (+) + N
172 m/z > 83.9 miz CE -17 eV H2N=< H 124mizTIC +)
172 miz > 57.0 miz CE -31eV N 144 mi/z > 84.0 m/z CE -18 eV
172 miz > 42.0 miz CE -42 eV H 144 m/z > 57.0 m/z CE -31eV
o 144 mi/z > 42.0 m/z CE -42 eV

25 30 35 40 45 50 55 60 65 70 15
min

Figure 2-2. Chromatogram of enzymatically produced 2KE along with reaction by-products. The
majority of 2KE appears to have been decarboxylated during the drying process, significantly
decreasing product yield.
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Assay of MppQ activity against 6. Snap-frozen MppQ stored in 50% glycerol, 25 mM TRIS pH
8.5, 200 uM PLP, was thawed and glycerol was removed by buffer exchange with 20 mM TRIS,
pH 8.5, 200 uM PLP using a 10 kDa MWCO concentrator. The assay contained a nominal
concentration of 50 uM 6 (approximately 10% purity), 40 uM MppQ and 100 mM L-Ala in 20
mM TRIS pH 8.5, 200 uM PLP. The samples were manually quenched at 5, 10, 25, and 50 seconds
using 1 volume of 0.1 M HCI. Measurements were conducted in triplicate. The reaction products
were analyzed using a ZIC-HILIC column (3.5 pum, 100 A, 50 x 2.1 mm) on a Shimadzu LC-
MS/MS 8040 using the 9 minute gradient described previously. Injection volume was 25 pL for

each sample. Dwell time of product ions 172 m/z and 173 m/z was 100 ms.

Synthesis of 7. The a-keto acid form of arginine was synthesized by enzymatic oxidation of

L-arginine using a modified procedure developed by Meister,?’

and a purification method
developed by Stalon et al.?! L-Arg (2 g, free base) was dissolved in 50 mL of water and the pH
was adjusted using hydrochloric acid to 7.10-7.30. Lyophilized bovine catalase (50 mg) was
dissolved in 3 mL of 5 mM sodium phosphate, pH 7.5, followed by buffer exchange using a 10
kDa MWCO concentrator. The sample was concentrated back down to 3 mL. L-Amino acid
oxidase (LAAO) from Crotalus atrox (60 mg of dried venom) was dissolved in 10 mL water. One
half of the catalase solution was added to the LAAO solution. The other half of the catalase solution
was added to the L-Arg solution. The LAAO/catalase solution was then combined with the L-
Arg/catalase solution, diluted to 100 mL with mqH2O and placed in a 1000 mL Erlenmeyer flask
and covered loosely with foil. The reaction flask was placed in a shaking incubator at 25 °C, 100

rpm, in the dark for 16 hr. The following day, the reaction was quenched with 100 mL of methanol

and centrifuged at 4 °C, 3500 rpm for 10 min. The supernatant was collected. A 30 x 1 cm glass
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column was packed with 20 g of Dowex 50WX8 200-400 mesh in hydrogen form. A peristaltic
pump set to a flow rate of 8 mL/min was used to pass 300 mL of 0.5 M NaOH over the Dowex
resin, followed by 300 mL 0.5 M HCI, 300 mL of 0.5 M NaCl, and finally 300 mL of water. The
pH of the water issuing from the column must be 7.0 before loading the sample. The supernatant
of the LAAO reaction was transferred to the column and the flow-through was collected in a round
bottom flask. The column was then washed with 500 mL of water and the flow-through was
collected in the same round bottom flask. The flow-through was evaporated to dryness using a
rotavap at 40° C. Approximately 1 mg of sample was dissolved in 1 mL of deuterium oxide and
centrifuged at 13 000 rpm for 5 minutes. The supernatant was collected and 700 pL of it was loaded
into NMR tube. The sample was analyzed by 'H, *C and HSQC NMR. In aqueous solution, there
are two forms of 7: linear and cyclic (Appendix A). In the cyclic form the formation of a chiral
center at C2 induces diastereotopic properties in the adjacent protons not seen in the linear form.
In order to accurately integrate the spectrum, no standard such as acetonitrile was added, as it
would overlap with the peaks of interest. The shift alignment was therefore done using the water
solvent peak as a reference. This practice is not routinely used, since the shift of exchangeable
water protons is dependent on factors such as temperature and pH value. . The solution should not
be exposed to pH higher than 8.0 during purification, as this will lead to aldol condensation

between two 2-ketoarginine molecules, yielding a conjugated product with a purple color.

ShMppQ spectrophotometric steady state assay. The steady state kinetics of ShMppQ-
catalyzed transamination of L-Ala and 7 was studied by coupling the reaction to E. coli lactate
dehydrogenase (EcLDH, EC 1.1.1.27). Pyruvate produced in the transamination reaction was
reduced by EcLDH resulting in a loss of absorbance at 340 nm due to the oxidation of NADH

(£340nm = 6220 M"'em™). The reactions contained 2 uM ShMppQ, 100 mM L-Ala, 20 U/ml EcLDH,
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400 uM NADH, and concentrations of 7 in ranging from 2.5 — 320 pM. The reaction was carried
out in 50 mM BICINE pH 7.8, 100 mM NaCl, 50 uM PLP. The absorbance at 340 nm was
monitored using an Evolution 300 UV-Vis spectrophotometer (Thermo Scientific). The kear and
Kwm values were determined from the initial velocity data using Equation 1, where S is the
concentration of 7, vo is the initial velocity, Vu is the maximum velocity, and K is the Michaelis

constant. Nonlinear regression analysis was performed in GraphPad Prism.

_ VMmS
T (KM +S)

Equation 1 Vo

MppQ Amino Donor Screening. All reactions were carried out in 1 mL volumes of 20 pM
ShMppQ, 50 mM bicine, pH 7.8, 150 mM NacCl, and 50 pM PLP. Three identical reactions with
1 mM 3 and 1 mM glyoxylate were manually quenched at 0.5, 1, 2, 5, 10, 15, and 20 minutes by
mixing it with 1 volume of pure methanol. Two reactions with 1 mM glycine and 1 mM 7 were
quenched in the same manner at 0.5, 10, and 20 minutes. The reactions with glycine and 7 were
done in duplicate due to the limited amount of enzyme. The reaction products were analyzed using
a ZIC-HILIC column on a Shimadzu LC-MS/MS 8040 using the 9 minute gradient elution method
mentioned earlier. Injection volume was 15 pL for each sample. Dwell time for product ion of 174

m/z precursor was 247 ms.

Similar reactions with different amino donor substrates were carried out as end-point assays
and contained 10 uM MppQ, 1 mM 7, 1 mM L-His, L-GIn, L-Orn, L-Ala, L-Phe, L-Ile, or L-Thr,
50 mM bicine, pH 7.8, 10 mM NaCl, and 50 uM PLP. Samples of these reactions were quenched

at 5 and 10 minutes with an equal volume of methanol. The reaction products were analyzed using
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a ZIC-HILIC column (3.5 um, 100 A, 50 x 2.1 mm) on a Shimadzu LC-MS/MS 8040 using the 9
minute gradient method mentioned earlier. Dwell time was 100 ms for every product ion resulting

from 175 m/z precursor.

2.3 Results and discussion

Overall structure of S. hygroscopicus MppQ. The crystal structure of ShMppQ with the
pyridoxal-5’-phosphate (PLP) cofactor covalently bound (internal aldimine) was determined by
molecular replacement to a resolution of 1.7 A (Table 1-1). ShMppQ-PLP crystallized in space
group P21212; with unit cell dimensions a=47.7, b=114.3, and ¢ = 133.4 A. The asymmetric unit
contains two molecules. There are 14 residues at the N-terminus and 12 from the C-terminus of
chain A that are not visible in the electron density. Chain B is similar, with 12 residues at each
terminus missing from the model. Chain B also has a break between residues 325 and 329.
Superposition of the two chains using Secondary Structure Matching (SSM)?? as implemented in
COOT, gives a root mean square deviation (RMSD) of 0.32 A for 382 matched Co atoms. The
two chains in the asymmetric unit form a homodimer (Figure 2-3; 2,974 A? buried surface area)

that matches the quaternary structures observed for known fold type I aminotransferases.?* 2*
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Superposition of the ShMppQ dimer onto the E. coli aspartate aminotransferase dimer (PDB ID

1ARS?) gives and RMSD of 2.85 A for 620 of the 775 Co atoms in the ShMppQ-PLP model.

The tertiary structure of ShMppQ, like its quaternary structure, matches that of typical fold
type I aminotransferases like L-aspartate aminotransferase.!®?* The fold consists of an N-terminal
extension (Metl to Gly35) as well as a large domain (Leu49 to Ala324) and a small domain (Val36
to Leud8 and Met325 to Ser415). The large domain is comprised of a 7-stranded mixed -sheet
flanked by 10 a-helices (a-p-a sandwich), while the small domain has a mixed a-§ topology. The
large and small domains are linked by a 25-residue-long (~40 A) helix that serves as the

“backbone” of the enzyme. The active site is located at the interface between the large domains of

Figure 2-3. ShMppQ homodimer, with one monomer shown as ribbon representation and other
shown as surface representation.

each protomer. As in all known fold type I aminotransferases, the cofactor is held in a cleft between
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the central B-sheet, and helices 03 and a4 of one subunit, and helix a8 from the other subunit of

the dimer (Figure 2-3).

d?* 26 search using chain A of

In addition to the E. coli aspartate aminotransferase, a PDBeFol
the ShMppQ-PLP model returned 388 unique structures having Q scores of at least 0.14, the
threshold value that implies significant structural similarity.?® Of these, several had Q scores well
above 0.4, implying very strong structural similarity.?® These included the human kynurenine
aminotransferase II homolog from Pyrococcus horikoshii OT3 (PhKAT-II; PDB ID 1X0M'!; 31
% identical, 2.1 A RMSD) and the glutamine-phenylpyruvate aminotransferase from Thermus
thermophilus HB8 (TtGInAT; PDB ID 1V2D?’; 29 % identical, 2.2 A RMSD). The former
catalyzes the production of kynurenic acid and glutamate from kynurenine and a-ketoglutarate,

while the latter has been shown to catalyze aminotransfer between a number of aromatic amino

acids and o-ketoglutarate.?’

Comparison of PLP- and PMP-bound MppQ. The Structure of ShMppQ-PLP shows clear
electron density for the covalent attachment of PLP to the catalytic Lys250. The side chains
surrounding the cofactor are typical of aspartate aminotransferase (Figure 2-4). The residues N187
and Y218 are hydrogen bonded to the oxygen atom attached to the pyridinium ring of PLP. D215
forms a salt bridge with the nitrogen of the pyridinium, thus stabilizing it and allowing PLP to act
as an electron sink in the reaction with the substrate. The phosphate group of the PLP is within
hydrogen bonding distances of S109, R257, S249, S247, as well as Y72 of the other monomer
chain (Figure 2-4C). Most side chains lining the active site in ECAAT active site are identical
(Y225, N194, D222, R266, S257, S255), except for subtle differences (PDB Entry: 1ARS).?* In

EcAAT, it is Trp140 which forms interactions with the PLP aromatic ring via pi-pi stacking, while
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in MppQ, Y133 if found in this location. ECAAT also has T109 interacting with the phosphate

moiety instead of S109.
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Figure 2-4. The 2|F,|-|F.| (magenta mesh) and simulated annealing composite omit (green mesh)
electron density maps are shown for the K250-PLP adduct at 1.2 o (map radius 2.5 A) in a stereoview
of the ShMppQ active site (A). A second stereoview of the active site (B) is shown without electron
density and in a different orientation (rotated ~60 ° in the horizontal) to give a clearer picture of the
linkage between K250 and the cofactor. A schematic representation of the active site (C) shows the
interactions of active site functional groups with the cofactor and each other (associated distances

are given in A).



Figure 2-5. The 2|F,|-|F.| (magenta mesh) and simulated annealing composite omit (green mesh)
electron density maps are shown for the PMP at 1.2 o (map radius 2.5 A) in a stereoview of the
ShMppQ active site (A). A second stereoview of the active site (B) is shown without electron density
and in a different orientation (rotated ~60 ° in the horizontal) to give a clearer picture of the PMP and
catalytic lysine. A schematic representation of the active site (C) shows the interactions of active site
functional groups with the cofactor and each other (associated distances are given in A).
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Co-crystallization of the PLP-bound enzyme with 10 mM L-Arg resulted in trapping of the
noncovalent complex between ShMppQ and pyradoxamine-5’-phosphate (PMP). The PMP-bound
form of the enzyme was isomorphous with the ShMppQ-PLP complex. These crystals diffracted
to 1.6 A resolution and contained two molecules in the asymmetric unit, arranged in the same
quaternary structure observed for the PLP-bound form of the enzyme (0.295 A RMSD). The

disordered regions in each chain are identical to those seen in the ShMppQ-PLP model.

The active site clearly contains PMP, as evidenced by the lack of continuous electron density
to Lys250 (Figure 2-5). Aside from the presence of PMP in the active site, there is virtually no
difference between the active sites of the PLP- and PMP-bound forms of ShMppQ. It will be
interesting to find out if the change to a “closed” conformation (rotation of the small domain
relative to the large domain) observed in some ATases does not happen in MppQ, or if the crystal

simply captured an “open” conformation in each case.

Preliminary analysis of MppQ catalytic activity. The typical transamination reaction begins
with the attack of the deprotonated amine of an amino acid on the C4’ imine of PLP to form the
external aldimine. Hydrolysis of this adduct releases the keto-acid and leaves PMP in the enzyme
active site. A different a-keto acid, often a-ketoglutarate, binds and reacts with PMP, forming a
second external aldimine. Given the structural evidence that ShMppQ is an aminotransferase, and
that it operates in the biosynthesis of L-End from L-Arg, we used steady state kinetics to assess

the reaction of the enzyme with a number of amino group donor and acceptor.
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Scheme 2-3. An assay of MppQ reaction with 7 and L-Ala, coupled with LDH reaction with pyruvate
produced by MppQ.
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Figure 2-6. Michaelis-Menten curve for the reaction of ShMppQ with 7 and L-Ala.
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In order to observe the aminotransferase activity of MppP, a coupled assay with lactate
dehydrogenase (LDH) was designed. This assay relied on L-alanine as an amino group donor being
converted to pyruvate, which is then reduced to lactate, while oxidizing NADH in the process
(Scheme 2-3). Through following the decay of NADH at 340 nm, preliminary steady state kinetics
data was collected. It was shown that MppQ catalyzes transamination of 7 and L-alanine (Figure
2-6), as well as its proposed physiological substrate, 6, and L-alanine. The low Kwm values indicates
that MppQ has a high affinity for 7. It is plausible that this serves a physiological role, as it would
allow MppQ to recycle the “shunt product” 7, back to L-arginine, thus providing MppP with more
substrate and increasing the yield of L-End produced. The reactions of MppQ with 2KE and L-
Ala manually quenched and analyzed using MS, have confirmed the substrate turnover (Figure 2-

7, Figure 2-8).
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Figure 2-7. MS chromatograms of MppQ reaction with 5 and L-Ala at 10 (A) and 50 seconds (B).
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However, L-Ala is a very poor substrate (Kyv > 50 mM, data not shown), leading to difficulty in
obtaining accurate kinetic parameters. Previous HPLC-based end-point assays have indicated that
MppQ reacts with L-Arg and glyoxylate, and that this reaction proceeds more rapidly than the
analogous reaction with pyruvate as the amino group acceptor. However, it appears that this

reaction is irreversible, as the reaction of ShMppQ with 7 and glycine produced no L-Arg (Figure

2-9).
3x108-
2x108-
O
=]
< rergs -o- 174 m/z (MppQ + Glx + L-Arg)
x —
- 175 m/z (MppQ + Gly + 2KA)
0 - 1 % I + !
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Figure 2-9. Production of 2KA (174 m/z) and lack of produced L-Arg (175 m/z) in reactions of MppQ
with glyoxylate and glycine, respectively. The coupling partner in each reaction was 7.
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This is most likely due to glycine’s lack of a side chain which makes it more difficult to be
properly oriented for catalysis. Using MS-based end-point assays, different amino group donors

were tested, and the best donor substrate was shown to be L-ornithine (Figure 2-10).

The fact that the sidechain of L-ornithine possesses a charged amine may explain its exceptional
activity with MppQ as an amino group donor since MppQ’s physiological substrate, 6, possesses

a positively charged iminoimidazolidine moiety.
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Figure 2-10. Reactivity of MppQ and 7 with various amino donor substrates.
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Table 2-1. Crystallographic data collection and refinement statistics of MppQ-PLP and MppQ-PMP

| MppQ-PLP | MppQ-PMP
Data collection
Space group P 212121 P 212121
Unit cell dimensions (A) 47.7,114.4,133.3 47.7,114.6,133.4
Resolution (A)? 44.08 - 1.74 (1.80-1.74) 38.82 - 1.64 (1.70-1.64)
Reymm” 0.093 (0.822) 0.058 (0.590)
Rmeas 0.102 (0.899) 0.064 (0.672)
Rpim 0.041 (0.360) 0.029 (0.317)
CCip 0.998 (0.729) 0.999 (0.798)
<I/o(1)> 14.0 (2.1) 17.7 (2.2)
Completeness (%) 99.0(97.2) 99.9 (99.0)
Multiplicity 5.8 (5.9) 4.9(4.2)
No. of reflections 75,373 (3,677) 90,523 (4,415)
Wilson B-factor (A2) 17.0 16.9
Model Refinement

Rwork / Riree® 0.140/0.172 0.141/0.166
Ave. B factors (non-H atoms; A2)¢ 22.0 22.7

Protein 20.7 (5,902) 21.6 (5844)

PLP/PMP 15.4 (30) 16.8 (32)

Solvent 31.2(816) 32.1(698)
R.M.S. deviations

Bond lengths (A) 0.011 0.010

Bond angles (°) 1.41 1.42
Coordinate error (A) 0.17 0.14
Ramachandran statistics

Favored/allowed/outliers (%) 97.8/2.2/0.0 97.3/2.7/0.0
Rotamer outliers (%) 0.34 0.00
Clashscore 2.96 3.48
Number of TLS groups 8 7

2Values in parenthesis relate to the highest-resolution shell.

®Rsymm =3 | I-(I) | /2 |, where | is the observed intensity and (l) is the average intensity from multiple

measurements.

“Rwork =2 | Fo| - | Fc | /2 | Fo |, for reflections contained in the working set. Ree is calculated in the

same manner using data from the test set (2,000 reflections, 2.7% of the MppQ-PLP data set and 2.2% of

the MppQ-PMP data set).

4The average B factors reported are those calculated by phenix.model_vs_data and contain contributions

from both local isotropic atomic vibrations and TLS motions.
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Chapter 3

Engineering a more specific E. coli glyoxylate/
hydroxypyruvate reductase for coupled steady state
kinetics assays

3.1 Introduction

The non-proteinogenic amino acid L-enduracididine (Figure 3-1, 5) is a component of several non-
ribosomally produced peptide natural products, including the antibiotic mannopeptimycin.! As a
part of our work on L-enduracididine biosynthesis,?* it became necessary to develop a coupled
assay to measure the kinetics of the putative 2-ketoenduracididine aminotransferase MppQ. In
addition to its proposed role in the last step of L-enduracididine biosynthesis, MppQ is also capable
of returning the dead-end product 2-ketoarginine (Figure 3-1, 3) back to the starting material, L-
Arg. Preliminary experiments showed that, in reactions with L-Arg and a selection of amino
acceptor substrates (e.g. glyoxylate, pyruvate, oxaloacetate and a-ketoglutarate, Scheme 1), MppQ
was most efficient using glyoxylate as the acceptor substrate (manuscript in preparation). This led
to the idea that, in the more biosynthetically relevant transamination of 2-ketoenduracididine or 2-
ketoarginine to the corresponding amino acids, glycine would be an efficient amino donor
substrate. Since these reactions would result in the production of glyoxylate, we selected GhrA
from E. coli (EcGhrA) as a potential coupling enzyme in a spectrophotometric assay for the

transamination of 2-ketoarginine or 2-ketoenduracididine and glycine. This particular enzyme was
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chosen over other enzymes previously used in assays of glyoxylate-producing reactions, such as
porcine L-lactate dehydrogenase or the glyoxylate reductase from Spinacea oleracea,’ because it
could be produced very efficiently and inexpensively in house.

The D-2-hydroxyacid dehydrogenases (2HAD) family contains enzymes with diverse
substrate affinities that show significant potential for use in the industrial synthesis of chiral D-2-
hydroxy acids.® Members of the 2HAD family are known to be promiscuous, and EcGhrA also
catalyzes the reduction of 2-hydroxypyruvate.” Surprisingly, the promiscuity of EcGhrA extended
to the much larger and positively charged 2-ketoarginine, which would, of course, preclude its use

in monitoring the reaction we wished to study.

+ 1
NH,
Ay _
H NH
Pl
MppQ
%ﬁ HZN
+
X=0  X-NH,

Figure 3-1. The L-enduracididine biosynthetic pathway begins with L-arginine (1), which is oxidized by the
unusual PLP-dependent L-Arg oxidase, MppP, to 4(R)-hydroxy-2-ketoarginine (2). MppP, at least in vitro,
releases the partially oxidized dead-end product 2-ketoarginine (3) in about 40% of catalytic cycles. The
oxidized arginine derivative 2 is cyclized by MppR to create the iminoimidazolidine ring of the intermediate
4 (i.e. 2-ketoenduracididine). MppQ is thought to catalyze the transamination of 4 with an as-yet-
unidentified amino donor substrate to yield the finished amino acid L-enduracididine (5). MppQ also
catalyzes the transamination of the dead-end product 3 to regenerate L-Arg, though it has not been
ascertained if this is a physiologically relevant catalytic activity or an adventitious in vitro phenomenon.
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Scheme 3-1. EcGhrA substrates investigated in this work.

This observation led us to wonder what other a-keto acids are substrates for EcGhrA. The
substrate specificities of other GhrA homologs have been examined and it was found that
oxaloacetate is a substrate for the Euglena gracilis® and Saccharomyces cerevisiae’ enzymes,
succinic semialdehyde is a substrate for the Arabidopsis thaliana homolog'®, Neurospora crassa
GhrA reacts with phenylpyruvate!! and o-ketoglutarate is a slow substrate for the E. gracilis
GhrA®. To extend the knowledge of EcGhrA promiscuity, we investigated additional a-keto acids
(Scheme 3-1, 7-12) that, to our knowledge, have not been tested previously. The results of these
studies (vide infra) together with the structural work described herein suggested that it might be
possible engineer an EcGhrA variant with increased specificity for glyoxylate in order to develop
a suitable coupling enzyme for use in future steady state kinetics work.

Rational engineering of 2HAD enzymes to alter substrate specificity has been described in the
literature. In 2007, Shinoda et al. transformed formate dehydrogenase into a glyoxylate reductase
by mutating two catalytic residues'”>. In 2013, Zhen et al. rationally engineered D-lactate
dehydrogenase to reduce phenylpyruvic acid, o-ketobutyric acid, a-ketovaleric acid, and o-

hydroxypyruvic acid via a single Y52L mutation.!'® At the time of this writing, rational engineering

of a GhrA homolog to make it more specific for glyoxylate has not been attempted.
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Herein we describe the crystal structures of wild-type EcGhrA in ternary complexes with
NADP" and either glyoxylate or 3 that were the basis of our (ir)rational design of a more specific
glyoxylate reductase. These structures suggested that making a limited number of mutations near
the outer edge of the active site could reduce the affinity of EcGhrA for 3. Steady state kinetics of
the wild-type and variant EcGhrA enzymes shows that a single mutation, W45F, leads to a 10-fold
decrease in the specificity constant (kca/Kwm) for 3. This new variant of EcGhrA may be useful for
studying the kinetics of glyoxylate-producing enzymes where the promiscuity of the wild-type

EcGhrA is problematic.

3.2 Materials and Methods

Cloning, expression and purification of wild-type and mutant EcGhrA

The EcGhrA gene was amplified from E. coli genomic DNA using primers containing Ndel and
BamHI restriction sites (underlined; forward, 5’-
GGATTCCATATGGAAAACCTGTATTTTCAGGGTATGGATATCATCTTTTATCACCCAA-

3’; reverse, 5’-CGGGATCCTTAGTAGCCGCGTGCGC-3’). The forward primer also encoded a
tobacco etch virus (TEV) protease cleavage site (italic, MENLYFQG). The PCR reaction was
carried out using Phusion PCR High Fidelity PCR Master Mix (Thermo Scientific) and the
genomic DNA was extracted from E. coli BL21 Star (DE3) (Invitrogen) using genomic the Blood
and Cell Culture DNA mini kit (Qiagen). The amplified PCR product was digested in one step
using Ndel and BamHI HF (New England Biolabs) and ligated into similarly treated pET-15b to
create plasmid pET15b-EcGhrA. Site-directed mutagenesis to create the EcGhrAY#F variant was

performed using the QS5 Site-Directed Mutagenesis Kit (New England Biolabs) using the
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mutagenic  primers  5’-TGCTTTAGTCITTCATCCTCCTG-3>  (forward) and  5’-

TAATCAGCAGAGTCATTATC-3’ (reverse).

The Hise-tagged wild-type EcGhrA was expressed from E. coli BL21 Star (DE3) cells carrying
the pET15b-EcGhrA plasmid grown at 37 °C in Luria-Bertani broth with 100 pg/mL ampicillin.
Protein expression was induced with 0.4 mM IPTG when the ODsoonm reached 0.6. The
temperature was reduced to 25 °C and the cells were grown overnight with shaking at 250 rpm.
Cells were harvested via centrifugation and resuspended in 5 mL of buffer A [25 mM TRIS (pH
8.0), 300 mM NacCl, 10 mM imidazole] containing 0.1 mg/mL Dnase I (Worthington Biochemical
Corp.) per gram of wet cell paste. Cells were lysed using a Branson Sonifier S-450 cell disruptor
(Branson Ultrasonics Corp.) at 60% amplitude with 30 s pulses separated by 50 s rest periods for
a total of 10 min of sonication. The temperature of the lysate was maintained below 4 °C by keeping
the steel beaker suspended in an ice bath over a stir bar. The lysate was clarified via centrifugation
at 39,000 x g for 45 min before loading it onto a 5 mL HisTrap column (GE Lifesciences) and the
Hise-tagged protein was purified using a 4-step gradient of increasing concentrations of Buffer B
[25 mM TRIS (pH 8.0), 300 mM NaCl, and 250 mM imidazole; 5 column volumes each at 5, 15,
50, and 100% B]. The elution was monitored spectroscopically at 280 nm. His¢-EcGhrA eluted at
50% Buffer B, and these fractions were collected and analysed using Coomassie-stained SDS-
PAGE. In order to remove the Hise tag, the pooled fractions were dialyzed overnight against 10
uM TEVpM2 (an optimized TEV protease variant)'* in 50 mM TRIS (pH 8.0), 100 mM NaCl, 1
mM DTT, and 0.25 mM EDTA at 4 °C. The dialysate was passed through the same HisTrap
column, but less than 10% of the protein had the Hise¢ tag removed. The protein was desalted into
10 mM HEPES pH 7.5, 1 mM DTT, by dialyzing overnight at 4 °C. EcGhrAV*F was expressed

and purified in the same manner as the wild type EcGhrA.
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EcGhrA Steady state enzyme kinetics

The initial velocities of wild-type and mutant EcGhrA-catalyzed reduction of varied
concentrations of glyoxylate, and concomitant oxidation of NADPH, under steady state conditions
were monitored at 340 nm (€340nm = 6220 M lem™) using a Shimadzu UV-2600 double beam UV-
visible spectrophotometer. Aall the reactions were carried out in triplicate under identical
conditions. The enzyme (0.5 uM) was incubated with NADPH (200 uM) for 30 seconds in 50 mM
HEPES, pH 7.5 at 22 °C before initiating the reaction by the addition of substrate. The substrate

concentrations ranged from 0.2 to 40 mM for 6 and 3, 0.6 to 40 mM for 7 and 8.

The steady state kinetic constants for the reactions with evidence of substrate inhibition (e.g.
wild-type EcGhrA with 6) were estimated by fitting the initial velocity vs substrate concentration

data to Equation 1:

. VimaxS
Equation 1 v, = — =
KM+S(1+E)
1

where v, is the initial velocity, Vmax 1s the maximum velocity, S is the substrate concentration, Ku
is the Michaelis constant, and K; is the inhibition constant for reversible substrate inhibition.
Reactions showing no evidence of substrate inhibition were analyzed using the standard Michaelis-

Menten equation (Equation 2):

_ Vmax$S

Equation 2 Vo = 1 s
M

Crystallization of the EcGhrA-NADP" binary complex and EcGhrA-NADP"-6 ternary complex

Diffraction quality crystals were obtained after screening 16.6 mg/mL EcGhrA against the Index
HT screen (Hampton Research). The optimized crystallization buffer consisted of 1.26 M sodium
phosphate monobasic monohydrate, 0.14 M potassium phosphate dibasic, pH 5.6, and 1.8 mM
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NADP". Hanging drop vapor diffusion experiments were initiated by mixing 1 uL of ~16 mg/mL
wild-type EcGhrA in 10 mM HEPES pH 7.5, 1 mM DTT with 1 uL of the crystallization solution on
a siliconized glass cover slip and sealing this above a well containing 500 pL of the crystallization
solution in a 24-well VDX plate (Hampton Research). Hexagonal prisms of approximate
dimensions 200 x 50 x 50 um formed after 1 day. For the binary complex, crystals were cryo-
protected by a brief soak in the crystallization buffer supplemented with 20 % glycerol. For the
ternary complex, crystals were soaked overnight in 10 uL of crystallization solution containing
100 mM sodium glyoxylate and 5 mM NADP". Substrate-soaked crystals were prepared for flash-
cooling by soaking them briefly in the same solution supplemented with 20 % glycerol before
being plunged into liquid nitrogen.

Crystallization of the ternary complexes of EcGhrA with NADP" and 3 or 8

Since we have determined that phosphate significantly inhibits EcGhrA activity at the
concentrations used for crystallization (data not shown), and is therefore likely to compete with
the substrate in binding to the active site, we identified an alternative, phosphate-free
crystallization condition. After optimization of another condition from the initial Index HT screen,
diffraction quality crystals were obtained from hanging drop vapor diffusion experiments where
the well solution consisted of 17% PEG 3350, 0.2 lithium sulfate, 0.1 M BIS-TRIS, pH 5.5, and
1.8 mM NADP". The crystals were soaked overnight in 10 uL of a solution containing 50 mM 3,
5 mM NADP", 30% PEG 3350, 0.2 M lithium sulfate, and 0.1 M BIS-TRIS, pH 5.5. Paratone N
(Hampton Research) was used to cryo-protect the crystals before being flash-cooled plunging in

liquid nitrogen.

Crystallization of EcGhrA"*with NADP*
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Diffraction quality crystals were obtained from the initial LMB screen at 295 K, in a sitting drop
vapor diffusion experiment where the well solution consisted of 16% PEG 4000, 0.1 ammonium
sulfate, 0.1 M sodium citrate, pH 5.8, 20% glycerol and 1 mM NADP". The crystals were taken
directly out a drop and flash-cooled by plunging in liquid nitrogen, without further cryo-

protection since glycerol was present in the crystallization mixture.

Data collection and structure solution

X-Ray diffraction data for the EcGhrA-NADP"6 ternary complex and EcGhrA-NADP"8 ternary
complex were collected at the Life Sciences Collaborative Access Team (LS-CAT) beamline 21-
ID-F at the Advanced Photon Source (APS). The crystal-to-detector distances for the
EcGhrA-NADP"-6 ternary complex and EcGhrA-NADP"-8 ternary complex were 215 and 300
mm, respectively. Diffraction data for the EcGhrA-NADP™3 ternary complex and the
EcGhrA-NADP" binary complex were collected using LS-CAT beamline 21-ID-G. Both
beamlines were equipped with MAR 300 CCD detectors and 50 x 50 pm beams at wavelengths of
0.97872 A and 0.97856 A, respectively. In all cases, data were collected for full 180 ° oscillations
of the crystals in 0.5° increments exposed for 1.0 s each. The crystal-to-detector distances for the
EcGhrA-NADP"-3 ternary complex and the EcGhrA-NADP" binary complex were 250 and 260
mm, respectively. The data for EcGhrAY***-NADP" binary complex was collected on LS-CAT
beamline 21-ID-D. This beamline was equipped with Dectris Eiger 9M detector and 50 x 50 pm
beam at wavelength of 1.12723 A.. A total of 900 frames were collected from ¢ = 0 to 180 °, 5
°/sec, 5 images collected per degree, at detector distance of 200 mm. All X-ray diffraction data

sets were indexed, integrated and scaled using HKL.2000"°.
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Initial phase estimates for all five structures were determined by molecular replacement in
PHASER'® as implemented in the CCP4!7 suite. The structure of the binary complex of EcGhrA
with NADP" was determined using the coordinates of chain A of GhrA from Salmonella
typhimurium (PDB ID 3KBO, unpublished) as the search model, with all non-protein atoms
removed and all isotropic B-factors set to 20 A2, After refinement of this model (see below), it was
used as the search model for phasing the three ternary complex structures and the EcGhrAW+F
structure. The EcGhrA-NADP" structure was prepared for molecular replacement by removing all
hydrogen atoms, solvent molecules, and NADP* and setting all isotropic B-factors to 20.0 A2

1819 and model

Model refinement was performed using phenix.refine from the PHENIX suite
building was done with COOT?% 2!, Iterative rounds of model building and refinement were done
until the R-factors converged, at which point the substrates were modeled into the ternary complex
structures. The optimal number of translation-libration-screw (TLS) groups was determined using
phenix.find tls groups (P. V. Afonine, unpublished). The final models were validated using
MolProbity*?, as implemented in the PHENIX suite. Residues lacking defined electron density for
the sidechain were modeled without the sidechains in order to avoid interpretational bias. The
geometric restraints for 3 were calculated using phenix.elbow?. The restraints for NADP+, 6, and
8 distributed with the CCP4 package were used in their respective refinements. The model
refinement statistics as well as data collection parameters are listed in Table 3-1. Coordinates have

been deposited in the Protein Data Bank, and the accession codes for each structure are also given

in Table 3-1.

3.3 Results and Discussion
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Structure determination of EcGhrA with NADP+ alone and in the presence of a-keto acid

substrates.

Since there were no crystal structures of the E. coli glyoxylate/hydroxypyruvate reductase
available, we began by determining the structure of the EcGhrA-NADP" complex. This form of
the enzyme crystallized with two molecules per asymmetric unit arranged as a homodimer (Figure
3-2A) as observed in the structures of homologous glyoxylate/hydroxypyruvate reductases>* 3.
GhrA homologs from other organisms are known to be active as homodimers?®2’. Both the overall
fold (Figure 3-2A) and active site architecture of EcGhrA are very similar to those of enzymes like
Sinorhizobium meliloti GhrA (PDB ID 5UO0G?*) and Pyrococcus furiosus GhrA (PDB ID

5A0V?). The main differences lie in the conformations of the dimerization loops (residues 111-

136, EcGhrA numbering) and the C-terminal section beginning at residue 296.

The question driving this work—can we generate an EcGhrA variant that does not accept a-
keto acids having large side chains (e.g. 8 and 3) without abrogating activity with glyoxylate (6)—
demanded that we determine how 6, 8, and 3 bind to the wild-type enzyme by determining
structures of the ternary complexes of EcGhrA with NADP* and 3 or 6. A challenge we
encountered in this effort was that the crystallization conditions identified via high-throughput
screening invariably contained high concentrations of phosphate, sulfate, or tartrate salts. We have
observed that, at high concentrations, phosphate significantly inhibits EcGhrA activity (data not
shown). Phosphate can be observed bound to R227 in the structure of the binary complex of
EcGhrA with NADP*, and thus these ions likely prevent binding of substrates. To solve this
problem, we sequentially soaked crystals in solutions containing increasing concentrations of PEG
3350% and decreasing concentrations of salt to back-soak salts from of the active site. These back-

soaked crystals were subsequently soaked with the substrates 6, 8, and 3. While the treatment did
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reduce the concentration of competing salts enough for us to determine the structures of several
ternary EcGhrA complexes, some salt remained. The partial occupancies of phosphate or sulfate
in these structures complicated the electron density for the a-keto acid moieties of 6, 8, and 3 which
was, in all three cases, not fully planar as would be expected for 2-keto acids (see below; Figure

3-3, Figure 3-4).

The EcGhrA-NADP"6 ternary complex structure (Figure 3-3A) was determined to elucidate
the binding mode of the preferred substrate, glyoxylate. The amides of A65 and G66 mainchain
form hydrogen bonds with the carboxylic moiety, properly positioning it in the active site. The
ketone is positioned 3.5 A above the nicotinamide ring of NADP*. When reacted with NADPH,
this allows for hydride transfer via nucleophilic attack on carbonyl carbon, followed by
deprotonation of H275. Carbonyl group of 6 also hydrogen bonds to R227, ensuring proper

substrate orientation (Figure 3-3C).

The structure of the ternary complex between EcGhrA, NADP", and a-ketoglutarate (8) shows
well defined electron density for 8 near the nicotinamide ring of NADP”, in the same position
occupied by glyoxylate in the structure of the EcGhrAsNADP*+6 complex (Figure 3-4). The o-
keto acid makes the same interactions observed in the complex with glyoxylate: the carboxylic
acid forms hydrogen bonding interactions with the mainchain amides of A65 and G66, the
guanidinium group of R227 bridges the carboxylate and ketone groups, and the imidazole group
of H275 forms a hydrogen bonding interaction with the ketone of 8. Interestingly, there is no clear
indication from the structure why the activity with 8 is so much lower than the activity against
glyoxylate. Likely this difference in reactivity has more to do with differences in the equilibrium

of the keto-enol tautomerization in these two substrates.
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The crystal structure of the EcGhrA-NADP -3 ternary complex was the most important with
respect to informing our efforts to engineer EcGhrA to not accept 3 as a substrate. The structure
shows that the keto acid moiety of 3 overlays quite well with glyoxylate from the
EcGhrA-NADP"-6 ternary complex. Surprisingly, the guanidinium group of 3 makes no clear
contacts with the enzyme. While the guanidinium group of 3 is well defined in the electron density,
there is little or no density for the methylene carbon atoms of the side chain. This suggests that
there is considerable mobility in the side chain and binding is mediated primarily by the
interactions of the a-keto acid moiety with the main chain amides of A65 and G66, and the side
chains of R227 and H275 (Figure 3-3B,D). It should be noted that even these ternary complex
structures appear to be “open” when compared to those of other EcGhrA homologs with substrates
bound. It is conceivable that the indole nitrogen atom of W45 and/or the imidazole group of H46
could make strong contacts with the side chain of 3 if the substrate-binding domain were fully
closed. The tryptophan would likely interact with the charged guanidinium group solely via cation-

7 interaction 2% %°

, while the histidine could accept a hydrogen bond from the protonated nitrogen
atoms of the guanidinium group of 3. Based mostly on the possibility that these two residues are

important for binding in a presumed “closed” conformation of EcGhrA, we set out to generate the

W45F and W45F/H46S variants of the enzyme.

Substrate specificity of EcGhrA.

The kinetics of glyoxylate reduction catalyzed by wild-type EcGhrA was studied first to
establish a basis of comparison with other, more thoroughly characterized, GhrA homologs.
EcGhrA exhibits a strong preference for NADPH over NADH (data not shown), so all kinetic

analyses were done in the presence of saturating (200 uM) NADPH. The kca: value for the reaction

82



of EcGhrA with glyoxylate (40.0 + 23.0; Table 3-2) is similar to the values reported for the reaction
of the Homo sapiens and A. thaliana homologs (27.0 and 25.5 s}, respectively)*®3!. The Ky value
for glyoxylate (2.2 £ 1.7 mM) was significantly different from those observed for the H. sapiens
and A. thaliana enzymes (0.24 mM and 34 uM, respectively)®® 3!, This difference may reflect
differences in the structures and activities of these enzymes, or it may result from the acute
substrate inhibition we observed (Figure 3-5; K;= 1.5 £ 1.1 mM). The simple modified Michaelis-
Menten equation (Equation 1) used to fit these data resulted in poor fits, as evidenced by the large
standard uncertainties on the kinetic parameters. However, more nuanced models with additional

parameters either failed to converge or resulted in absurdly large standard uncertainties.

Unlike glyoxylate (6), 2-ketoarginine (3) showed no sign of substrate inhibition. The turnover
number for the reaction of EcGhrA with 3 (6.6 £ 0.4 s-1) is only 6-fold lower than that for 6 and
the Kwm value for 3 is only 4-fold higher than that for 6. The ratio of the pseudo-second order rate
constants for 6 and 3 is 24 + 4, giving some quantitative idea of the relative preference of EcGhrA

for these two substrates.

We used this ratio as a “selectivity factor” to compare the other substrates tested here (Table
3-2). Of compounds 7 — 12, only oxaloacetate (7) and a-ketoglutarate (8) proved to be substrates
for the enzyme. Oxaloacetate is nearly as efficient a substrate as 6, and shows some evidence of
substrate inhibition, though it is very weak (Ki’ = 52 + 15). The turnover number for 7 (1.9 £ 0.1
s!) is approximately 20-fold lower than kea®; Kwm® is roughly half of the Ky for 6. The selectivity
factor for oxaloacetate is only 13 + 3, which underscores the similar catalytic efficiencies of
oxaloacetate and glyoxylate. Conversely, a-ketoglutarate is a much poorer substrate, having a
selectivity factor of 266 + 50. With a Ku value only twice that for 6, most of the difference between

8 and 6 comes in the turnover number. The value of kea® (0.3 £ 0.02) is approximately 130-fold
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lower than the turnover number for glyoxylate. The Km values for 8 and 3 are not significantly
different, which is consistent with the close agreement between the positioning of 6 and 8 in the

crystal structures.
The W45F variant of EcGhrA is more selective for glyoxylate.

The W45F and H46S mutations were chosen as the most conservative changes that would still
disrupt any potential interactions with substrate 3. The W45F and W45F/H46S variants both
expressed and purified similarly to the wild-type enzyme. There was no indication that mutation(s)
had any effect on the stability of the enzyme. Steady state kinetic studies of both variants showed
that the double mutant W45F/H46S did not behave differently from the single W45F variant.
Therefore, only the W45F variant will be discussed here. EcGhrA W+F exhibited a roughly 10-fold
decrease in kea/Kwm for 3, while the kea/Kwm for 6 turned out to be statistically within the range of
the values for the wild-type (Table 3-2). Thus, the W45F mutation somewhat decreased the
catalytic efficiency of the reaction with 3, while leaving the reaction with 6 essentially untouched.
The selectivity factor for 6 with respect to 3 increased 5-fold for the mutant (119 vs 24 for the
wild-type). It is also important to mention that the Km values for both 6 and 3 are likely
overestimates, since 6 exists predominantly in a hydrated gem-diol form®?, while 3 is in

equilibrium with the cyclic pyrrolidine-1-amidino-2-hydroxy-2-carboxylic acid®*.

The crystal structure of the single mutant showed no conformational changes of the mutated
residues, or the catalytic residues R227 and H275 (Figure 3-6), suggesting that the substrate
binding modes remain unchanged. We have also tested whether additional mutation of His46 to
Ser46 had any additional effect on substrate specificity, but this double mutant did not lead to any

enhancement over the EcGhrAW#¥, These site-directed mutations suggest that implementing
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minimal perturbations to the active site can lead to a significant improvement in substrate

specificity of EcGhrA.

Figure 3-2. EcGhrA is active as a dimer of 35 kDa protomers as shown in (A). One protomer is shown
in cartoon representation, and the other as a solvent-accessible surface. Each protomer is comprised
of two domains: a nucleotide binding domain (blue) and a substrate binding domain (green). In the
absence of NADP(H), the substrate binding domain is disordered (B). This figure was generated using
the POVSCRIPT+ modification of MOLSCRIPT 3% 35
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Figure 3-3. The view of EcGhrA active site with glyoxylate (A) and 2-ketoarginine (B) bound. The 2 [F,|
- |F| electron density map contoured at 1.00 is shown as blue mesh, and the 2[F,| - |F.|] composite
omit map, also contoured at 1.00, is shown as green mesh. The (A) and (B) were prepared using the
POVSCRIPT+ modification of MOLSCRIPT. The 3D views were displayed in 2D in (C) and (D) to clearly
show distances between ligands and the active site residues. All distances were calculated using tools
provided in COOT.
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Figure 3-4 The view of wild-type EcGhrA active site with a-ketoglutarate bound. The 2[F,[ - [Fc]
electron density map contoured at 1.00 is shown as blue mesh, and the 2|F,| - |F.| composite omit
map, also contoured at 1.00, is shown as green mesh. The image was generated using the
POVSCRIPT+ modification of MOLSCRIPT.
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Figure 3-5. Michaelis-Menten (with substrate inhibition) curve for reaction of wild-type EcGhrA with
glyoxylate.
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Figure 3-6. The view of EcGhrA"** gctive site. The image was generated using the POVSCRIPT+
modification of MOLSCRIPT.
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Table 3-1. Crystallographic tables for GR and ligand complexes

WT GR WT GR-2KA | WT GR-KG WT GR-GLX W45F GR
PDB Entry 7JQH 6P35 7JQI 60VL 7JQJ
Data collection
Resolution | 46.03 — | 4578 — 2.5|4587 — 2399 |36.73 - 2.1|3524-2.204
(A) (last | 1.999 (2.07 - | (2.589 —2.5) (2.485-2.399) | (2.175-2.1) (2.283 -
shell)* 1.999) 2.204)
Space P6522 P6522 P6522 P6522 P6522
group
a,b,c(A) | 158.768, 158.578, 158.887, 158.82, 158.82, | 159.177,
158.768, 158.578, 158.887, 96.71 159.77,
97.699 98.285 96.091 95.709
a, B,y (%) 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120
Rinerge” 0.1228 0.1459 0.1079 0.09166 0.116
(0.7386) (0.8655) (0.3597) (0.7968) (0.5544)
Rineas” 0.1257 0.1495 0.1148 (0.382) | 0.09453 0.1201
(0.7557) (0.8901) (0.8394) (0.5903)
Rpim® 0.02673 0.03261 0.03891 0.02256 0.03031
(0.1594) (0.2057) (0.1277) (0.2548) (0.1956)
CCi2* 0.998 0.998 (0.903) 0.995 (0.948) 0.999 (0.897) 0.998 (0.853)
(0.942)
No. of 49390 25704 (2516) 28341 (2727) 42222 (3925) 36363 (2919)
unique (4836)
reflections
Completen | 99.95 99.83 (99.88) 99.44 (97.77) 99.09 (94.62) 97.28 (81.59)
ess (%)? (99.77)
Multiplicit | 22.1 (22.3) 20.5 (18.4) 8.5(8.7) 16.2 (9.6) 15.1 (8.3)
ya
{ I/o(D))* 26.24 (4.65) | 24.37 (3.57) 22.70 (6.32) 29.83 (3.51) 16.11 (2.33)
Model Refinement
Reflection | 49371 25669 (2516) 28324 (2723) 41937 (3925) 35509 (2920)
s used in (4836)
refinement
Reflection | 2000 (196) 1992 (196) 1403 (157) 2121 (214) 1763 (148)
s used for
Rfreea
Reryst 0.1735 0.2057 0.1965 0.1835 (0.2451) | 0.1950
(Ree)? (0.2095) (0.2585) (0.2135) (0.2479)
Wilson B- | 24.25 36.50 34.92 27.74 32.44
factor (A?)
Average B | 28.46 41.52 39.56 32.67 37.77
factor (A?)
Protein 27.34 41.44 39.43 31.67 37.54
atoms
Ligand 23.00 49.19 33.27 29.78 26.23
atoms
Solvent 38.75 36.92 42.86 42.34 43.15

Root-mean-square (RMS) deviations
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Bond 0.014 0.012 0.011 0.004 0.005
lengths
A
Bond 1.15 1.33 1.13 0.99 1.01
angles (°)
0.14 0.26 0.20 0.19 0.20
Coordinate
error (A)°
Ramachandran statistics
Favored/al | 97.43/2.25/0 | 97.74/1.61/0.6 | 96.77/2.90/0.3 | 97.43/2.25/0.32 | 97.06/2.94/0.
lowed/outl | .32 5 2 00
iers (%)
Rotamer 0.00 2.64 0.00 0.38 0.00
outliers
(%)
1.00 2.94 1.60 0.20 1.02
Clashscore
TLS groups 7 3 10 1 4

*Values in parentheses apply to the high-resolution shell indicated in the resolution row

b Maximum-likelihood based estimates of coordinate error
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Table 3-2. Steady state parameters of EcGhrA and EcGhrAW#F with GLX, 2KA, OA, and aKG

EcGhrA EcGhrAW+F
Keal® (s 40.0£23.0 120.0 £ 63.0
Km® (mM) 22+1.7 10.8+6.1
Kea®/Knm® (M 1s71) 20+1.8)x10* (1.1£09)x 104
Ki® (mM) 1.5+1.1 43+29
Keat? (s 6.6+04 4.0+0.7
Kym? (mM) 8.8+0.8 432+84
Keal?/Kn? (M s (8.3+1.0)x 10? 92.5+£24.0
K (mM) NA NA
Selectivity factor® 24 +4 119+32
Keat” (s 1.9+0.1 1.8 £0.04
Ky’ (mM) 13+0.2 6.3+0.2
Keat /Km” (M 1s7) (1.5+03)x 10° 290 + 17
K/ (mM) 52+15 NA
Selectivity factor® 13£3 38+4
Keal® (s1) 0.30 + 0.02 0.26+0.01
Ky (mM) 4.0+04 11.5+£0.8
Keal¥/Kn® (M 1s71) 752 +12.5 22.6+£2.3
K® (mM) NA NA
Selectivity factor® 266 + 50 487 + 64

? The selectivity factor is taken as the ratio of the pseudo-second order rate constant for 6 to
those of the other substrates tested here.
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Chapter 4

A general quench-flow LC-MS/MS-based method for the
study of enzyme kinetics

4.1 Introduction

Many enzymatic reactions involving chromo- or fluorogenic substrates or products can be directly
monitored by UV-visible or fluorescence spectroscopy.! When this is not the case, the enzymatic
reactions can often be coupled with a spectrophotometrically active enzymatic reaction, allowing
for product formation or substrate consumption to be observed indirectly (a so-called “coupled
assay”).% 3 However, developing an elegant continuous assay is not always an achievable goal. The
only way to observe intermediates and gain information about enzyme kinetics in cases where it
is impossible to monitor the reaction in real time is to quench the reaction at various time points
and quantify the species present using analytical chemistry techniques.* To date, kinetic studies of
the enzymes in the biosynthetic pathway of L-enduracididine (L-End) have been limited to the
kinetic characterization of MppP,> ¢ the first enzyme in the biosynthesis of L-End, since it the
formation and decay of spectrophotometrically active intermediates can be monitored directly
using stopped-flow techniques and steady state kinetics can be measured by following oxygen
consumption using a Clark electrode. However, the two subsequent enzymes in the pathway,
MppR and MppQ, have remained elusive targets for kinetic studies due to a lack of adequate
coupled continuous assays. MppR is a putative cyclase, responsible for cyclization of 4S-hydroxy
2-ketoarginine (4HKA) forming 2-ketoenduracididine (2KE),” while MppQ is a fold type I PLP-

dependent aminotransferase forming L-End by transaminating 2KE in the presence of an amino
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group donor (i.e. an amino acid). In order to understand the kinetic parameters of these enzymes,
I'have developed a discontinuous quenched-flow LC/MS-MS method that can measure the kinetics
of MppR, MppQ, and likely many other enzymes that lack adequate spectrophotometric or

fluorescence assays.

4.1.1 Quench-Flow Methods in Enzymology

While it is possible to do discontinuous assays by manually quenching reactions, this method lacks
reproducibility and leaves sub-second times inaccessible. It is also difficult to trap intermediates
by manual quenching owing to the often-rapid timescales of their formation and decay. The
limitations inherent in manual-quench experiments motivated the development of rapid quench-
flow (QF) instruments. The first use of the rapid quench-flow technique was by Ferguson and
Roughton in 1934,% to estimate the concentrations of carbamino compounds resulting from the
reaction of CO> with hemoglobin. In 1960s, Barman and Gutfreund developed sophisticated
quench-flow methods to kinetically characterize enzymatic mechanisms of trypsin and

chemotrypsin.” Lynn and Taylor were able to kinetically study the hydrolysis of ATP by the
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myosin ATPase using quench-flow and *?P-labeled ATP, illustrating the great versatility of

quench-flow methods.!? Figure 4-1 shows the QF instrument design used by Lynn and Taylor.
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Figure 4-1. Schematic representation of quench-flow instrument adapted from Lymn and Taylor, 1970.

This instrument contained enzyme and substrate in two syringes, while the quencher was in the
third syringe. The quenching times could be varied either by changing the tubing length between
the two mixers or by changing the flow rate. All solutions would be mixed via push of the single
drive block. This design had limitations, most notably, the inability to obtain quench times beyond
the millisecond time scale. Lowering the flow rate beyond a certain point inevitably leads to
inaccuracies caused by poor mixing. This challenge led to the development of time-delay (pulse-
flow) QF instruments (Figure 4-2).!! This design uses two independent drives to mix the samples.

Substrate and enzyme are mixed using drive 1 and allowed to age in a delay loop until drive 2 is
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activated and mixes the reaction with a quencher. This type of instrument allows quenching at very

long timescales and is essentially the same as current QF instruments.
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Figure 4-2. Schematic representation of a time-delay quench flow apparatus (Adaptation from
Barman et al. 2006)

Quenched sample
colletion tube

The most laborious part of the early QF methods was analysis of each individual quenched sample,
but the development of autosamplers, in particular the ones coupled with HPLC systems, has

provided a relatively easy way to analyze large numbers of QF samples.

The great improvement in mass-spectrometry instrumentation over the past two decades has

spurred significant progress in developing rapid-mixing quench-flow/mass spectrometry-based
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methods to study enzyme kinetics. These methods, while often labor-intensive, do not rely on
chromophores, radiolabeled substrates, or substrate analogues. Pre-steady state kinetic data in the
millisecond range can be successfully obtained using quench-flow systems interfaced with a mass
spectrometer. While such time-resolved mass spectrometry (TRMS) methods involving custom-
built quench-flow devices directly connected to mass spectrometers represent a powerful tool, they
require significant effort in terms of building or modifying the necessary devices.!> Additionally,
the use of on-line quench-flow devices coupled with electrospray ionization (ESI) requires use of
volatile, mass spectrometry-friendly buffers. However, many enzymes require significant amounts
of salt for stability, which, when subjected to ESI, causes significant ion suppression. For
enzymologists who lack the expertise in development of these methods and are primarily interested
in collecting steady state kinetic data or screening different substrates for activity, this may pose a
major obstacle. An alternative is to combine flow injection analysis with ESI, as described by
Norris et al. In this method, tandem mass spectrometry eliminates the signal from contaminant

ions by relying on multiple reaction monitoring (MRM)."?

In this chapter, I report the development of a method using the qPod quench-flow module installed
on an SF-61DX2 stopped-flow instrument, both manufactured by TgK Scientific (Bradford-on-
Avon, UK). The quench-flow device is coupled off-line with LC/MS-MS to obtain quantitative
information about the kinetics of enzymes in the L-End biosynthetic pathway. Hydrophilic
interaction liquid chromatography (HILIC) was able to fully separate the analytes in the reaction
mixtures, provide enhanced peak reproducibility, and limit of quantitation compared to direct-

injection methods, all while minimizing matrix effects.

The advantages of using a qPod module over a dedicated quench-flow instrument are its low-cost

and easy installation on an existing stopped-flow instrument, which allows for convenient
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anaerobic experiments. To the best of our knowledge, there have been no reports in the literature
of this device being used for any quantitative mass spectrometry-based kinetic studies of enzymes,
though Conrad et al published a method using the qPod for quantifying intermediates in the
oxidative half-reaction of the FAD-dependent thymidylate synthase by HPLC analysis.'"* The
limitation of the qPod is that it does not offer exceptionally high temporal resolution, since the
dead-time of the quench-flow module is ~20 ms, making it unsuitable for very fast reactions.
Furthermore, the manual ejection of the reaction mixture from the mixing chamber is a potential
source of error. To account for this, [ used p-nitrophenol as an internal standard to determine exact
dilution factors. This standard was chosen because our efforts to find a mass spectrometry-
compatible internal standard did not yield satisfying results in terms of being chromatographically
separated from the analytes of interest. It is likely that different enzyme systems will require
identification of other suitable internal standards. Since mass spectrometry is not an inherently
quantitative technique, standard curves were prepared by analyzing standards of each analyte in
the same solution matrix as the enzymatic reaction products. The ability to obtain reproducible
quantitative data for a number of enzymatic products not measurable spectrophotometrically
showed that, if suitable standards are available, the qPod module can be a low-cost alternative to
a dedicated quench-flow apparatus or time-consuming and expensive fabrication of custom

devices.

4.1.2 Hydrophilic Interaction Liquid Chromatography

HILIC is a normal phase chromatography technique employing a polar stationary phase and
typically used for separation of highly polar molecules that exhibit poor retention on reverse phase

C18 columns.'> Therefore, in HILIC, an organic solvent such as acetonitrile is the “weak” solvent,
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while the aqueous phase is the “strong” solvent, eluting the analytes from the column. A portion
of the aqueous mobile phase forms a layer over the stationary phase, allowing analytes to partition
between the stationary and mobile phase.'® ! For this reason, it is necessary to have at least some
aqueous phase at all times in order to ensure adequate hydration of the column. HILIC employs a
complex mechanism of separation compared to normal phase chromatography. Partitioning
between the stationary and mobile phases occurs through multiple modes of interactions including
dipole-dipole, and ionic interactions. This is possible due to a variety of stationary phases used in
HILIC ranging from plain silica to silica functionalized with amines, amides, saccharides,
peptides, or other functional groups that may contribute additional interactions with analytes

(Figure 4-3A, 3B).!> A HILIC column with sulfobetaine-type groups grafted on a silica support
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(Z1C HILIC, Figure 4-3C) proved most effective for HPLC separation and analysis of compounds

encountered while studying enzymes in the L-End biosynthetic pathway.

The zwitterionic character of the stationary phase provided by the sulfonic acid and quaternary
ammonium groups provides additional selectivity to the column. In cases when charged stationary
phases are used, it is necessary to have salts in the mobile phase in order to displace charged
analytes. For methods combining HPLC with MS, volatile buffers such as ammonium acetate or
ammonium formate are typically used. A typical LC/MS-MS chromatogram of the MppP reaction

products separated using ZIC-HILIC is shown in Figure 4-4. Note the presence of decarboxylated

A OH

mixed-mode HILIC
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Figure 4-3. A) HILIC “click” saccharide stationary phase. B) Mixed mode HILIC stationary phase. C)
Structure of the sulfobetaine functional group of the ZIC-HILIC stationary phase. Adapted from
Buszewski and Noga, 2011.

2KA and 4HKA due to generation of hydrogen peroxide during the reaction. Under the 5-minute
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gradient method, non-decarboxylated 2K A and 4HKA peaks are not resolved. For this reason, in
quench flow experiments where MppP products were quantified using LC/MS-MS, additional
hydrogen peroxide was added in order to ensure full decarboxylation and achieve full compound

separation.

Shimadzu LC/MS-MS 8040

NH, o
SeQuant ZIC-HILIC 3.5um, 100 A L B
50 X 2.1mm HoN ﬁ’\’\HLO
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B: Acetonitrile 0.1 % formic acid 175.00 m/z
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HNZN o
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Figure 4-4. Separation of MppP reactant and products using ZIC-HILIC.
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4.1.3 Mass Spectrometry

Mass spectrometry is one of the most commonly used and powerful methods to detect analytes at
very low concentrations. High-resolution mass spectrometers have provided chemists with novel
ways to study increasingly complex mixtures.'® These developments were particularly helpful for
studying biological systems where myriad solution components make analysis via techniques such
as NMR quite difficult. Mass spectrometry (MS) requires molecules to be ionized and mass
analyzers detect analytes based on their mass-to-charge ratios (m/z). The two most popular
ionization methods in MS are electrospray ionization (ESI) and atmospheric pressure chemical
ionization (APCI). . ESI is commonly used to study polar molecules, and this method ionizes
molecules by applying high voltage to the capillary through which charged droplets exit. Aided by

drying gas and high temperature, the droplets diminish in size until the point at which ions on the
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Figure 4-5. Graphical representation of ionization mechanism employed by electrospray ionization
(ESI) (adapted from Ho et al., 2003)

droplet surface transition into the gas phase and can be analyzed (Figure 4-5).!° APCI uses corona

discharge to form singly charged ions in the gas phase. Molecules prone to thermal degradation
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tend to fragment during APCI, making analysis more complex. It is commonly used to study non-
polar molecules and in cases where lack of ion suppression during APCI outweighs the higher m/z

range offered by ESIL.

ESI does not result in any fragmentation and is considered a “soft” ionization method, simplifying
analysis since only molecular ions are observed. Under ESI, however, a variety of adducts can
form that can complicate the resulting spectra. Protonation of the molecular ion, [M+H]", is
commonly seen, and all the precursor ions studied in this work are protonated adducts.?’ However,
ESI MS suffers when analyzing complex matrices with molecules that, after ionization, have very
similar m/z to the analyte(s) or isobaric molecules. Any isobaric ions (ions with identical masses

but with different atomic compositions) analyzed using ESI would appear indistinguishable. Triple
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Figure 4-6. Schematic representation of a triple quadrupole mass spectrometer (Shimadzu LCMS-
8040). Adapted from LCMS 8040 Brochure, Shimadzu Corporation, 2012.

quadrupole mass spectrometers were developed to combine the convenience of detecting
molecular ions and the specificity of molecular fragmentation. Triple quadrupole mass
spectrometry represents a powerful tool for identifying and quantifying reaction products. It
typically uses collision-induced dissociation (CID) to fragment precursor ions into product ions.
In cases where multiple precursor ions have similar m/z values, fragmentation aids in

distinguishing between them.
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Triple quadrupole instruments employ two quadrupole mass analyzers and a collision chamber to
analyze precursor and product ions. Figure 4-6 shows a schematic representation of the Shimadzu
LCMS 8040 used in this work. The ions formed by applying voltage to the tip of the capillary
needle (ESI) are sprayed orthogonally to a desolvation line (DL) at the atmospheric pressure. This
geometry minimizes the amount of molecules coating the desolvation line and potentially clogging
it.>! Under vacuum, ions go through a Qarray RF ion guide, to focus them on the skimmer. Two
multi-poles provide additional ion guidance before the ions enter the first quadrupole (Q1). Inert
gas, such as argon or nitrogen, is used for collision with precursor ions inside the collision cell.?
Product ions then go through another quadrupole (Q3) before reaching the detector. Each
quadrupole (Figure 4-7) consists of two pairs of parallel rods. RF (alternating) voltage and DC
voltage are applied to the rods; the rods in each pair have opposite polarity.?® This applied current
produces a fluctuating electric field, which plays a key role in selecting ions with certain mass-to-
charge ratios. By adjusting the current, only ions with certain m/z values can have a trajectory that
allows them to reach the detector successfully. Other ions will collide with the rods and will not
be detected. This selection of both fragments and precursor ions, referred to as mass transitions, is
the basis for single-reaction monitoring (SRM).2* The SRM involves selection a single precursor

ion using the 1% quadrupole and then monitoring a single product ion selected by 3™ quadrupole.

Multiple reaction monitoring (MRM) can be used in a similar manner to select a single precursor
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ion and monitor multiple product ions, or select multiple precursors and observe a single product.'8

In this work, all the quantitative MS experiments relied on multiple-reaction monitoring (MRM).

Detector

lon Source

Figure 4-7. Schematic representation of a quadrupole mass-analyzer. Adapted from El-Aneed et al.,
2009

The high selectivity and sensitivity of ESI-MS/MS may give the false impression that sample
purification and preparation is unnecessary, since impurities present in the sample matrix are not
visible on the MS chromatogram. This is not the case, because whenever ESI-MS is employed as
a method to quantify specific analytes, the user must be aware of the adverse effects of ion
suppression on the validity and reproducibility of the assay.?>2¢ In ESI, ion suppression is caused
by a competition between the analytes and matrix components at the ionization source, leading to
less efficient ionization of the analytes. Even without impurities being present in the sample

matrix, at high sample concentrations, analytes can suppress their own ionization. When running
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samples with the analyte increasing in concentration, there is threshold, specific to each analyte,
where the linearity of the detector response breaks down. There are multiple approaches to
eliminate or at least fully account for ion suppression. Running a sample through a column that
can separate analytes from other matrix components ensures that they do not enter the ionization
source simultaneously. If feasible, this is the best way to prevent ion suppression. Another option
is to lower the sample injection volume or dilute the sample. However, when working with trace
amounts of analytes, this method could lead problems with detection and quantification. In certain
cases, when it is impossible to chromatographically separate analytes and sample purification
techniques prove inadequate, careful design of calibration standards can be used to compensate for
ion suppression. The internal standards used in quantitative MS typically employ isotopically
labeled analytes with physicochemical properties identical to those of the analytes in the sample
matrix. This allows for accurate quantitation since both analytes and the standards are exposed to
the same level of ion suppression. The isotopically labeled analogues must be stable and at least 3
mass units heavier than the analyte.?’ It is not an absolute requirement to use an isotopically labeled
analogue as an internal standard. If a structurally similar analogue can be found that behaves
identically to the analyte in the chromatographic separation and has the same physicochemical
properties, it is suitable for use as an internal standard. When working with complex biological
matrices, such as blood, plasma, or urine, the use of isotopically labeled stable analogues is the
preferred method. However, when dealing with relatively simple matrices, such as samples
containing products of a single enzymatic reaction in buffer, external matrix-matched standards or
the standard addition method will suffice. The standard addition method involves spiking the
sample with multiple concentrations of the same analyte.?® Since the actual sample matrix is used

to make standards this method yields a very high degree of accuracy. The problem with this method
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is that a relatively large amount of sample is required.?’ The work described in this chapter used

external matrix-matched standards to generate calibration curves.

4.2 Materials and Methods
4.2.1 Cloning, Purification, and Expression of Streptomyces hygroscopicus MppR

The gene encoding Streptomyces hygroscopicus MppR was codon optimized and synthesized by
GenScript, Inc. The gene was subcloned into the pE-SUMO\an vector, expressed, and purified
according to the protocol described by Burroughs et al[REF]. Briefly, the Hiss-tagged SUMO-
MppR fusion protein was expressed from E. coli BL21 Star (DE3) cells (Invitrogen, Inc.) carrying
the pE-SUMO-MppR plasmid. Cultures were grown at 37 °C in 2 L of Luria-Bertani medium with
50 pg/mL kanamycin to an O.D.soonm 0f 0.8-1.0, at which point protein expression was induced
with 0.4 mM IPTG. The temperature was reduced to 25 °C and the cultures were grown overnight.
Cells were harvested by centrifugation, resuspended in 5 mL/g of buffer A (25 mM TRIS pH 8.0,
300 mM NaCl, 10 mM imidazole) and 0.1 mg/mL DNAse. Cells were lysed using a Branson
Sonifier S-450 cell disruptor (Branson Ultrasonics Corp.). The sonication program included 10
minutes total of sonication at 60% amplitude with 30s pulses separated by 30 s rest periods. The
lysate was clarified by centrifugation at 39,000 x g for 45 minutes and then applied to a 5 mL
HisTrap column (GE Lifesciences) at a flow rate of 5 mL/min to isolate the Hise-SUMO-MppR
fusion protein. The protein was eluted by a 4-step gradient of buffer B (25 mM TRIS pH 8.0, 300
mMNaCl, 250 mM imidazole; 5, 15, 50, and 100 % buffer B). The Hiss-SUMO-MppR fusion
protein eluted in the third and fourth steps. Peak fractions were pooled and dialyzed overnight

against 4 L of 25 mM TRIS pH 8.0, 150 mM NacCl in the presence of ~2 uM SUMO protease.
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MppR was desalted into 5 mM phosphate pH 7.5 and 75 mM NacCl using a 2 x 5 mL HiTrap

desalting column (GE Lifesciences), aliquoted, and flash-frozen in a dry ice/ethanol bath.

4.2.2 Cloning, Expression and purification of Arthropobacter protoformiae D-Amino Acid
Oxidase (D-AAO)

Characterizing the kinetic behavior of MppR requires a supply of pure 4S-hydroxy-2-ketoarginine.
The Schwabacher group at UWM has developed a route to 4-hydroxy-arginine that results in a
mixture of all four possible diastereomers of this compound. They also developed a separation
scheme that was able to separate the erythro diasterecomers from the threo diastereomers
(Hagemann et al., unpublished work). The threo-4(R/S)-hydroxy-D,L-arginine mixture (Scheme
4-1) was treated with the D-amino acid oxidase (DAAO) from Arthrobacter protophormiae
(Genbank accession code AY306197), which selectively oxidized the threo-4S-hydroxy-D-
arginine to the corresponding ketoacid. This preparation of the MppR substrate is contaminated

with ~50% of threo-4R-hydroxy-L-arginine, which may or may not inhibit MppR. The A4.
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Scheme 4-1. Reaction of Artropobacter protoformiae D-amino acid oxidase with the diastereomeric
mixture of threo-4(R/S)-hydroxy-D,L-arginine.
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protophormiae DAAO was chosen for to its very favorable substrate profile compared to

mammalian DAAOs, which had poor activity with arginine. *°

The A. protophormiae DAAO gene was synthesized and subcloned into the pET-28a vector by
GenScript Inc.(Piscataway, NJ). The glycerol stock of BL21 DE3 (Star) cells carrying the p28a-
DAAO plasmid was used to inoculate 20 mL starter cultures in Luria Bertani medium with 50
pg/mL kanamycin. These starter cultures were grown overnight at 37 °C with agitation at 250 rpm.
The following day, each 20 mL starter culture was used to inoculate 1 L of Luria-Bertani medium
with 50 pg/mL kanamycin. The large-scale cultures were allowed to grow until they reached
ODgoonm 0f 0.8-1.0. Protein expression from the pET-28a plasmid was induced with 0.4 mM IPTG
and the cultures were grown overnight at 22 °C with agitation at 250 rpm. The cells were then
harvested by centrifugation, resuspended in 5 mL of buffer A (25 mM TRIS pH 8.0, 300 mM
NaCl, 10 mM imidazole), 50 uM FAD disodium salt, 1 mg/mL lysozyme, and 0.1 mg/mL DNAse
per gram of wet cell paste. The cells were lysed using a Branson Sonifier S-450 cell disruptor
(Branson Ultrasonics Corp.). The sonication program consisted of 10 minutes total of sonication
at 60% amplitude in 30s pulses separated by 30 s rest periods. The resulting cell lysate was clarified
by centrifugation at 39,000 x g for 45 minutes and then applied to a 5 mL HisTrap column (GE
Lifesciences) at a flow rate of 5 mL/min to isolate the Hiss-tagged DAAO. The protein was eluted
by a 4-step gradient of buffer B (25 mM TRIS pH 8.0, 300 mMNacCl, 250 mM imidazole; 5, 15,
50, and 100 % buffer B). The Hise¢-tagged DAAO eluted in the third and fourth steps. The Hise tag
was not removed as it does not affect the enzymatic activity of DAAO (data not shown). The
enzyme was desalted in 50 mM ammonium bicarbonate pH 7.6 (pH was not adjusted via acid/base

titration) using 2 x 5 mL HiTrap desalting column (GE Lifesciences).
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4.2.3 Reaction of DAAO with threo-4(R/S)-hydroxy-D,L-arginine mixture

Bovine catalase (40 mg; Sigma Aldrich) was desalted into 50 mM ammonium bicarbonate, pH
7.6, to remove the trehalose stabilizer (20% w/w) added by the manufacturer. A pre-washed 10

kDA MWCO concentrator (washed 3 times with mqH>O) was used to wash catalase with an

|
sosoe]  Shimadzu LCMS 2020 2
1 50% MeOH 50% H:0 + o
Direct injection NH,
500000”7 Detection: ESI (+) H,N JLH /\I/\HJ\O_
400000+ OH EHa
300000 e Q Threo-4-Hydroxyarginine
s = - [M+H]" =191 m/z
200000 =
i
2
100000 2 =
—]
-ll'-‘l-' .'.|.-.'|...||.|.'....'. ] ||
145 150 155 180 165 170 175 180 185 190 miz

Figure 4-8. Mass spectrum of threo-4(R/S)-hydroxy-D.L-arginine mixture in the precursor ion scan mode.

additional 50 mL of ammonium bicarbonate buffer (to remove any residual trehalose) and
concentrate the enzyme. The purity of threo-4(R/S)-hydroxy-D,L-arginine mixture was verified
using Shimadzu LC-MS 2020 (direct injection, Figure 4-8). Since the threo-4(R/S)-hydroxy-D,L-
arginine mixture is extremely hygroscopic, it was not feasible to remove it from the round bottom
flask provided by the Schwabacher lab and weigh out an exact amount. The material turns into a
gel almost upon exposure to the air and adheres to both the spatula and the glassine weighing
paper. There was approximately 30-40 mg in the flask, and I decided to conduct the reaction

directly in the 100 mL round bottom flask above a stirring plate. The washed and concentrated
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catalase preparation (2 mL) was mixed with 6 mL of 490 uM DAAO. This enzyme mixture was

added to the substrate in the flask and used to dissolved it. Upon dissolution of the threo-4(R/S)-

hydroxy-D,L-arginine mixture, the color of the enzyme solution changed instantly from yellow to

a pale blueish gray transition occurs: from yellow to faint gray due to reduction of the FAD in

DAAQO. The enzyme-substrate mix was diluted to a final volume of 20 mL with 50 mM ammonium

bicarbonate. The reaction stood overnight at room temperature (23.5 C, 30% RH), uncovered with

stirring at 150 rpm to maintain oxygen saturation in the reaction mixture. The following day, an

aliquot of the reaction was taken and mixed with an equal volume of neat acetonitrile. This sample

A 190
Shimadzu LCMS 8040
2000000 50% Acetonitrile 0.1% formic acid
50% Ammonium formate pH 4.0
Direct injection
Detection: 1st Quadrupole ESI (+)
1000000
191
140 150 160 170 180 190 '
miz
190
Shimadzu LCMS 8040
30000007 5%, Acetonitrile 0.1% formic acid
50% Ammonium formate pH 4.0
Direct injection
Detection: 1st Quadrupole ESI (+)
2000000 D-AAO 2nd addition
1000000 191

140 150 160 170 180 190
m/z

Figure 4-9. MS precursor ion scan of DAAO after overnight reaction with
the threo-4(R/S)-hydroxy-D,L-arginine mixture (A). A similar MS precursor
ion scan after the second addition of DAAO (B).
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was centrifuged at 13,000
rpm  for 10 min and
analyzed by ESI-MS on a
Shimadzu 8040 LC/MS
(direct injection; Figure 4-
9A). An additional 6 mL of
DAAO was added to the
reaction  to  ascertain
whether the reaction had
reached completion. The
reaction ran for another 3
hours after the second
DAAO addition, at which
point a second sample was

taken for ESI-MS analysis



(Figure 4-9B). There was no increase in the amount of 4HKA produced after the second addition.
The entire solution was quenched with an equal volume of neat acetonitrile and dried overnight at

40 °C in a Centrifan PE Rotary Evaporator (KD Scientific).

4.2.4 Preparation of 4(S)-hydroxy-2-ketoarginine standards

A solution of 4(S)-hydroxy-2-ketoarginine (4(S)HKA) was prepared by dissolving threo mixture
in mqH>O. Insoluble particulates were removed by centrifugation at 4000 rpm for 10 min. A 100
uL aliquot was taken and mixed with 100 pL of acetonitrile to minimize solvent mismatch. The
sample was analyzed on a ZIC-HILIC column (Merck) connected to a Shimadzu LCMS-8040 for
MS/MS analysis. The exact concentration of 4(S)HKA was determined using a MS calibration
curve prepared using a decarboxylated 4HKA solution of known concentration produced

enzymatically as described below.
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SwMppP reacts with L-arginine to produce 4(S)HKA and the partially oxidized, abortive product
2KA. Having 2KA in the mixture is problematic when studying the kinetics of MppR, because
previous structural work has shown that MppR binds 2K A and reacts to form a Schiff base. 2KA

is potentially a competitive inhibitor of MppR. However, this mixture can still be used as a
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Figure 4-10. * H NMR spectrum of enzymatically produced 4(S)HKA doped with L-Trp in deuterium oxide.
4(S)HKA/2KA standard for quantitative MS studies. While it would be more straightforward to
simply quantify the DAAO-derived 4(S)HKA using 'H NMR, this could not be done owing to the

very limited quantity of this material available.

To avoid having nonvolatile salts in the samples, the SwWMppP reaction with L-arginine was carried
out in 50 mM ammonium bicarbonate, pH 9.0. Upon heating, this buffer rapidly decomposes into

ammonia and carbon dioxide. Typically, catalase would be added to the reaction to prevent
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decarboxylation of products by hydrogen peroxide. However, lyophilized bovine catalase from
Sigma Aldrich is stored with a significant amount of trehalose as a stabilizer. Despite buffer
exchanging catalase several times, our experiments have shown that traces of trehalose remained
in the 'H NMR samples, complicating analysis and preventing accurate quantification. To generate
material for quantitation, the reaction was carried out in an uncapped 50 mL conical tube holding
5 mL of 500 uM SwMppP, 22.8 mM of L-Arg hydrochloride, and 50 mM ammonium bicarbonate
pH 9.The reaction was shaken at 100 rpm overnight at 22 °C. The following day, hydrogen
peroxide (2%) was added to the reaction mixture and the reaction was left to incubate for 2 h at
room temperature. The enzyme was precipitated with 1 volume of acetonitrile and the precipitate
was removed via centrifugation at 4000 rpm for 10 minutes. The supernatant was collected and

evaporated to dryness using a Centrifan PE rotary evaporator at 40 °C overnight.

To determine the exact concentration of 4(S)HKA via '"H NMR, the sample was doped with L-Trp
as an internal standard. L-Trp was chosen as the internal standard due to presence of aromatic
protons that are lacking in the other compounds present in the reaction mixture. The L-Trp
concentration is also readily obtained by UV-Vis spectroscopy. This facilitates accurate
determination of peak integral ratios between the L-Trp protons and 4(S)HKA protons, as shown

in Figure 4-10.
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The solution of 4(S)HK A was prepared by dissolving 6.51 mg of the powder in 1000 pL deuterium
oxide. The solution was then doped with 2.04 mg L-Trp. The solution was then vortexed to
solubilize all the powder and centrifuged to remove any insoluble particles. The exact
concentration of L-Trp in the solution was determined using UV-Vis absorbance by mixing 10 pL
of the solution with 990 pL of mqH2O in a quartz cuvette. The UV-Vis absorbance at 280 nm was

measured and the concentration of L-Trp was determined to be 9.19 mM (&250nm = 5690 M cm’

4x108-
+ 3x10°- =1 08E7x+3.83E7
1) 2
= R%=0.9831
N 2x108-
£
N
© 1x108- -e- Standard
‘ 4 DAAO 4HKA 190 m/z TIC (+)
0 1 1 1 1 1
0 5 10 15 20 25

4HKA (mM)

Figure 4-11. Decarboxylated 4(S)HKA standard curve used to determine the concentration of DAAO-
derived 4(S)HKA.

1. The solution was then transferred to an NMR tube and the 'H NMR spectrum was collected on
a Bruker Avance III 500 MHz spectrometer equipped with a Prodigy Smm X-nuclei optimized
cryo probe. Data was processed with MestreNova, including manual phase correction and baseline
correction to a 3" degree Bernstein polynomial. The peak areas of the aromatic protons of L-Trp
were averaged to obtain the response of a single proton at 9.19 mM concentration. The
concentration of 4(S)HKA was determined by comparing the integral of the C4 peak of 4(S)HKA

to the average single-proton integral of L-Trp. It was found to be 11.7 mM 4(S)HKA.
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The enzymatically produced 4(S)HKA was serially diluted to obtain a set of accurate concentration
standards. The standard samples were dissolved in 50% mqH>0/50% LCMS-grade acetonitrile
and run through the ZIC-HILIC column on the LCMS-8040 for MS/MS analysis. The MS data
were collected in the MRM (multiple reaction monitoring) mode, and all the product ions produced
from 162 m/z parent ion were monitored. The method was optimized for detection of product ions.
The areas under peaks were manually integrated in the LabSolutions software package
(Shimadzu). Blank samples consisting of 50% mqH20/50% acetonitrile were run between each
standard sample. The summed responses of all fragments (total ion counts) for each concentration
of 4(S)HKA were used to build a standard curve. DAAO-derived 4(S)HKA samples were
dissolved in 50% mqH>0/50 % acetonitrile and analyzed in the same way as the standards. The
responses from the unknowns were used to estimate the concentration of 4(S)HKA from the

standard curve (Figure 4-11).
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4.2.5 Quench Fow and LC-MS/MS analysis of MppR kinetics with 4(S)HKA

The qPod attachment for the SF-61DX2 stopped-flow instrument was installed in place of the
spectrophotometer flow cell according to the manufacturer’s instructions. Enzyme and substrate
were loaded in syringes A and B, respectively, while the quencher was loaded in syringe C. Syringe
D was loaded with water to push the quencher and mix it with the aged reaction mixture. The stop

syringe volume was set to 240 plL, as

required for double-mixing mode on the SF-

Waste
Valve

Stop
Syringe

Stop
Block

61DX2. The maximum volume of a

quenched reaction solution that can be
Sample

recovered from the qPod chamber is 70 pL.

Fill
Valves

(9 The first drive step pushes 150 pL (total)

from syringes A and B through the first

o £ s .
3 G g £ .. )
B E 3 | mixing chamber (M1), filling the age loop
while displacing the previous contents into
|
Drive 1 Drive 2 a waste container. The second drive step is

Figure 4-12. Schematic representation of a quenched-

flow gPOD double-mixing experiment. timed to give the desired age time of the

reaction mixture in the age loop and pushes
enough quencher into the second mixing chamber (M2) to immediately stop the reaction. Rather
than leaving the second mixer and entering the optical cell as in Figure 4-12, the quenched sample
is retained inside the qPod. The quenched sample must then be ejected from the qPod manually,

and consequently, variable volumes of the sample are recovered. This poses an issue when
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quantifying compounds in the quenched sample that can only be addressed by including an internal
standard in the quencher. The sample is recovered by injecting water using a luer lock syringe
(Figure 4-13A). During operation, the qPod collection valve is set to DRIVE (Figure 4-13B, left);
when recovering samples, it is set to COLLECT (Figure 4-13B, right). It is of crucial importance
that there is no air present anywhere in the system, as this will compress and prevent proper
displacement of the reactant and quench solutions. Prior to data collection the qPod is carefully

flushed with buffer or water and several dummy shots are executed.
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Figure 4-13. Side view of the gPod device showing the “pushing syringe” (grey) and the collection valve
in the DRIVE position (A). Schematic diagram of the qPod collection valve showing the sample path in
both the DRIVE and COLLECT positions (B). Diagram adapted from gqPOD manual (TgK Scientific, 2007)

The best way to tell whether there is air in the system is to monitor the flow rates for both drives
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in the qPod software module. If there is air in the system, the compression will result in very low
flow rates for the drives. In this case, it is necessary to keep flushing the system until the flow rates
are in the range of 5 - 10 mL/s for both drives. All quenched-flow experiments used a 10 mL luer
lock syringe for recovering samples. This “pushing syringe” should not be removed from the qPod
unless the syringe is empty. The removal of the syringe results in unavoidable introduction of air

in the system, and several test shots need to be done after replacing the pushing syringe.

MppR was thawed at room temperature and the storage buffer (5 mM sodium phosphate, pH 7.5,
75 mM NaCl) was replaced by 5 mM HEPES, pH 7.5 by cycles of dilution and concentration using
a 10 kDa MWCO concentrator. This was done in order to minimize the amount of non-volatile
salts that could decrease the sensitivity of the ESI-MS through ion suppression. Prior to buffer
exchange, the concentrator was washed with 50 mL of mqH>O to remove glycerol, which is used
as a stabilizer in concentrator membrane. Glycerol impurities could alter the reaction kinetics
(unpublished result) and, at sufficient concentrations, could affect mixing in the quenched-flow
instrument. Buffer exchange was performed by washing 1 mL of enzyme (160 uM) with 20 mL
of 5 mM HEPES pH 7.5. The concentration was determined by measuring absorbance at 280 nm
using a Shiumadzu 2600 UV-VIS spectrometer. After buffer exchange, the enzyme was diluted to
8 uM using 5 mM HEPES pH 7.5. The 4(S)HKA solutions were prepared in water. The quencher
consisted of 0.5 M hydrochloric acid, 33% NO, NO2

acetonitrile, and 2348.6 pM p-nitrophenol pKa=7.0
-f

(PNP). The concentration of p-nitrophenol was

determined by absorbance at 400 nm (&400nm = OH 0

Figure 4-14. Only the deprotonated form of p-

-Lng-1y 31 TR .
18330 em™ M™).”" This was done by mixing 10 nitrophenol absorbs UV light at 400 nm.

uL of the quench solution with 990 uL of 0.1 M
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sodium hydroxide in a quartz cuvette. This is necessary because PNP is spectrophotometrically
active only in its deprotonated form (Figure 4-14). Adding a strong base ensures that all the PNP
is deprotonated. The addition of acetonitrile to the quencher may seem redundant, but it is done to
prevent solvent mismatch in the LC separation, ensuring symmetrical peak shapes and
reproducible peak areas. While strong base would also be a highly effective quencher, it was not
chosen out of concern that running a large number of strongly basic samples would degrade the
ZIC-HILIC column, which is only stable from pH 3 - 8. The neutralization of basic samples was
not an option as the resulting increase in non-volatile salt concentration would also decrease the
MS sensitivity. The syringe in position D was filled with mqH>O. The chosen quench time points
were: 5, 15, 30, and 60 s. All solutions were equilibrated to room temperature prior to the
experiment to prevent outgassing. The temperature of the solutions in the syringes was maintained
at 25 °C with a circulating water bath. The quenched samples were recovered using a water-filled
syringe deliver a total volume of approximately 500 puL. The displaced samples were collected in
clean 1.5 mL centrifuge tubes. An additional 200 pL of neat acetonitrile was added to minimize
solvent mismatch during LC/MS-MS experiments. The concentration of p-nitrophenol in each
diluted sample was determined by UV-VIS, combining 100 puL of sample and 900 puL of 0.1 M
sodium hydroxide. Each sample was incubated for at least 30 seconds prior to measurement of

absorbance at 400 nm. All samples were auto-zeroed prior to measurements.

To maximize sensitivity for the particular mobile phase and samples used in these experiments,
several rounds of optimization of the MS instrument parameters were performed prior to data
collection. The collision energy (for collision-induced dissociation (CID)), the pre-rod voltage,
and the detector voltage were all optimized. To optimize the sprayer position for maximum

sensitivity, test samples were run in direct injection mode at different sprayer positions ranging
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from 0.5 - 5 mm). For the Shimadzu LCMS 8040,

the optimum sprayer position was determined

to be 4 mm. Separation of analytes was done using ZIC-HILIC column (3.5 pm, 100 A, 50 x 2.1

mm). Mobile phases used were 20 mM ammonium formate pH 4.0 (designated as “A”) and

acetonitrile with 0.1% formic acid (designated as “B”). The analytes were eluted via gradient

method at 0.5 mL/min and 35 °C. The following time program was used in each run: hold at 90%

B (0.5 min), decrease to 40% B (2.0 min), hold at 40% B (4.0 min), increase to 90% B (4.5 min),

hold at 90% B (5.0). Dwell time for all quantified fragments was 100 ms.

The MS chromatograms showed that MppR
reacts with 4(S)HKA to produce 2-
ketoenduracididine (2KA). Full separation of
2KA and 4(S)HKA was achieved using the ZIC-
HILIC column (Figure 4-15A,B). The major 2KE
fragment (83.9 m/z) was used to quantify the
amount of 2KE produced by MppR. The decrease
in the concentration of 4(S)HKA could not be
accurately monitored, because the acidic
condition used to quench the reactions promotes
formation of a beta-lactone from 4(S)HKA

(Scheme 4-2).
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The integrals of 2-KE major fragment were corrected for dilution and converted to concentration
using a standard curve generated by running decarboxylated 4(S)HKA standard produced as
described in Section X, which were run on the same day as the quench-flow samples. Due to
possibility of the instrument desolvation line getting clogged over time, and the subsequent loss of
sensitivity, it is of crucial importance that the standards are run at the same time as the samples.
The sample sequence was interspersed with blanks, which showed that there was no carry-over
between the runs. All measurements were collected as biological triplicates. The MS data analysis

yielded steady state parameters for MppR reaction with 4(S)HKA (Figure 4-16).
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Scheme 4-2. Both 1 and 2 lactonize under acidic
conditions.

126



H
A 2.5%107 B .. =<: w 172>83.9miz
2wt N s 6.37 uM 4(S)HKA
3 f = o = 25.5 uM 4(S)HKA
o 1.5%x107- NH, E.
5" I 5 e -+ 51 uM 4(S)HKA
S 1x1074 HaN H/m ¥ ~ 102 uM 4(S)HKA
8 162 miz> 841 my N -0~ 204 uM 4(S)HKA
- miz> Jdmiz
< 508 B 408 uM 4(S)HKA
0 T T T T 1 0
0 10 20 30 40 50 0 20 40 60 80
4(S)HKA (pM) Time (s)
C 157

¥ 1.0

=

=

2 . 4

% .54 Kear: 0.42 £ 0.20 s

o - Ky: 171.7 £ 1156 uM

Keat/Ky: (2.5 2.0)x 103 M7 571

0'cl 1 I I I 1
0 100 200 300 400 500

4HKA (pM)

Figure 4-16. Calibration curve used to determine concentrations of 2KE produced by MppR (A). Time-
dependent production of 2KE at various concentrations of 4(S)HKA (B). Michaelis-Menten curve for a
reaction of MppR with 4(S)HKA (C). For panels B and C, the weighted (1/Y?) non-linear regression fit with
outliers detected and removed was performed in GraphPad Prism. The 95% Cl (symmetric) of 2KE
concentration or initial rates is represented by error bars.

4.3 Discussion

The results of a steady state kinetic analysis of MppR with 4(S)HKA as a substrate are shown in
Figure 13. The calibration curve was designed to cover the entire possible range of 2KE
concentrations produced by MppR (Figure 4-16A). Regarding the rate dependence on 4(S)HKA

concentration, it can be seen that the rate at which 2KE is produced increases together with

127



4(S)HKA concentration (Figure 4-16B). At each concentration of 4(S)HKA, the increase in 2KE
concentration over a period was linear, indicating effective quenching of the reaction. The error
relating to the rate measured at 204 uM 4(S)HKA is higher than for other concentrations, and this
significantly increases uncertainty related to the Michaelis-Menten constant (Kwm) (Figure 4-16C).
The turnover number (kcat) value of MppR is comparable to the published keae of MppP, the enzyme
producing 4(S)HKA (0.2025+0.0061 s™).° From an evolutionary perspective, it seems reasonable
to assume that MppR did not need to become significantly faster at turning over 4(S)HKA

compared to MppP turnover of L-arginine.

In addition to observing turnover of 4(S)HKA by MppR, this discontinuous assay (Scheme 4-3)
has allowed us to investigate feasibility of using qPOD module coupled with LC-MS/MS. The use
of qPOD seem to be a viable option to study enzyme kinetics in cases where quenching times

below 20 ms are not necessary.
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Scheme 4-3. Graphical representation of the quench-flow method coupled with LC-MS/MS described in
this chapter.
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Chapter 5

On the mechanism of the L-arginine oxidase MppP from
Streptomyces wadayamensis

5.1 Introduction

Before this laboratory began working to learn the details of L-enduracididine biosynthesis, all that
was known was that the starting material was L-arginine and that the products of the mppP, mppQ,
and mppR genes were responsible for the chemical transformations. The exact natures of these
transformations—the biochemical activities of these three enzymes and the order in which they
act—were completely unknown. Sequence analysis suggested that MppP and MppQ were both
Fold Type I PLP-dependent aminotransferases, and that MppR was annotated as an acetoacetate

decarboxylase. If the sequence-based function assignments were correct, L-End biosynthesis

L-Arg 4HKA
HZN 0, HN
HZNEf SwMppP HZNJ/E':
0O H .
-0 N _NH,
o) KA NH2

Scheme 5-1. MppP produces 4HKA and a partially oxidized abortive product 2KA
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would indeed be a puzzling affair. How could two aminotransferases and a decarboxylase cyclize
the sidechain of L-Arg? The answer, of course, is that the sequence-based function assignments
are entirely fictitious. The first indication of this was our determination that MppR does not
catalyze the decarboxylation of any alpha- or beta-keto acid we tested, though an X-ray crystal
structure did show that the tertiary structures of MppR and acetoacetate decarboxylase are nearly
identical. When crystals of MppR were soaked in a solution containing 4(R/S)-hydroxy-2-
ketoarginine, the resulting crystal structure showed that the 4(R/S)-hydroxy-2-ketoarginine had
been cyclized and was bound as a Schiff base to the catalytic K156. This species would be 2-
ketoenduracididine upon hydrolysis of the Schiff base and release from the enzyme. Thus, at this
point it was clear that MppR forms the iminoimidazolidine ring of L-End from the highly oxidized
arginine derivative 4(R/S)-hydroxy-2-ketoarginine. Assuming that one of the putative
aminotransferases, MppP or MppQ, was a bona fide aminotransferase, that enzyme would likely
be responsible for converting the 2-ketoenduracididine to L-End. Events proved the fact and we
demonstrated that MppQ is a very typical Fold Type I PLP-dependent aminotransferase. The
answer to the obvious question of where the 4(R/S)-hydroxy-2-ketoarginine comes from seemed
equally obvious, but also puzzling, for how could an enzyme that looks so much like a typical

transaminase at the primary sequence level possibly catalyze a 4-electron oxidation of arginine?

The early functional and structural studies of MppP by Han et al. in 2015 quickly dispelled the
notion that MppP is an aminotransferase and revealed an enzyme with a rather unique activity. It
was observed that, in the presence of L-Arg, MppP consumes dioxygen at a rate that is proportional
to both the enzyme and L-Arg concentrations. Product analyses using NMR and mass spectrometry
determined that MppP oxidizes L-Arg to a mixture consisting of about 60% of the fully oxidized

4-hydroxy-2-ketoarginine and about 40% of the partially-oxidized, abortive product 2-

133



Figure 5-1. Structure of MppP active site with 4(S)HKA bound. (Han et al., 2018)

ketoarginine. A crystal structure of the enzyme with product bound showed that MppP installs the
4-hydroxyl group in the S configuration (Figure 5-1). On the basis of these findings, MppP was
designated as a PLP-dependent hydroxylase (Scheme 5-1).! Further investigation by Han et al. in
2018, used 80, and H>'®0 to determine that both oxygen atoms incorporated into 4HKA derive
from water and not from dioxygen.? This result refined the function assignment from hydroxylase

(which implies oxygenase activity) to L-arginine oxidase.

5.1.1 Preliminary MppP mechanism

Like most PLP-dependent enzymes, MppP progresses through a number of intermediates with
distinct spectral properties. In both the apoenzyme and the enzyme-substrate complex, the PLP

cofactor is covalently attached at C4’ to the e-amino group of the catalytic K221. This “internal
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aldimine” species absorbs UV light at 415 nm. Upon attack of the substrate amino group on C4’
of the cofactor, K221 is displaced and the substrate becomes covalently linked to PLP, forming
the “external aldimine”, which absorbs light at 425-430 nm. Finally, there are two quinonoid
intermediates, Q1 and Q2, which absorb light at 510 and 560 nm, respectively (Scheme 5-2). The
accumulation and decay of these intermediates, and the dependencies on the L-Arg and dioxygen
concentrations were investigated in pre-steady state kinetics experiments. A preliminary

mechanism of MppP was proposed on the basis of these data (Scheme 5-3).

B

wu gLy
wu oevy

Scheme 5-2. Spectroscopically active intermediates in the MppP reaction with L-arginine. A) Internal
aldimine. B) External aldimine. C) First quinonoid intermediate. D) Second quinonoid intermediate

Many PLP-dependent enzymes form quinonoid intermediates like QI, but these species are
generally short-lived. What sets MppP apart is that the active seems designed to stabilize this form
of the cofactor to the point that, in the absence of dioxygen, it will persist for several hours. The
preliminary MppP mechanism had the external aldimine progress to the first quinonoid. The

electron-rich quinonoid then transfers an electron to dioxygen, presumably forming superoxide
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and a substrate-centered radical (IV). Abstraction of a proton from C3 of arginine generates peroxy
anion and the 2,3-unsaturated species (V), followed by release of hydrogen peroxide. Intermediate
V represents the bifurcation point in the mechanism: If a proton is abstracted from C4 of arginine,
then the second quinonoid intermediate (Q2) is formed and turnover will result in the fully oxidized
product 4HKA. If, on the other hand, K221 attacks at C4’ of the cofactor, then the 2-electron
oxidized enamine would be released and rapidly deaminated in solution to give 2-ketoarginine.
Once Q2 is formed, it can transfer an electron to dioxygen, generating a second substrate-centered
radical (VII) and a second equivalent of superoxide. It was envisioned that this molecule of
superoxide would abstract a proton from C5 of the substrate to give the 4,5-unsatured intermediate
(VII). The catalytic K221 would then complete the cycle by attack at C4” of PLP to release the
2,3,4,5-unsaturated enamine. The timing of the installation of the hydroxyl group was conjectural
at this stage and remains so. While it is not definitive, the observation of 4(S)-hydroxy-2-
ketoarginine in the product-bound crystal structure with no evidence of the 4(R) enantiomer
suggests that the hydroxylation is stereospecific and thus occurs on the enzyme. It may even occur
before the release of intermediate VIII from the cofactor. It should also be noted that the steps
depicted at IV/V and VII/VIII could also be explained as peroxo intermediates at C2 of the
substrate. The outstanding questions at this stage were (1) what structural features of the MppP
active site are responsible for the extreme stability of the first quinonoid intermediate and (2) how

1s dioxygen activated for catalysis?
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5.1.2 Determination of microscopic rate constants

Assigning rate constants to particular steps in a complex mechanism like the one proposed for
MppP using traditional non-linear least squares fitting would be exceedingly difficult. Indeed, the
early attempts to extract mechanistic information from the early pre-steady state kinetic
experiments resulted in very limited conclusions. The data for the accumulation and decay of Q2
were impossible to fit at all using standard exponentials. For this reason, we turned to the KinTek
Explorer software to simultaneously fit all of the pre-steady state data by simulation® ¢. Upon
entering the kinetic model and rough estimates of the various rate constants involved, the software
generates and solves the entire set of differential equations in order to calculate the concentrations
of species involved in the model and, thus, to estimate the rate constants of each individual step.
Of course, entering a very complex model and fitting parameters without any constraint could lead
to an excellent fit, but it would represent a non-unique mathematical solution, insufficient for
validating the mechanism. In other words, the range of parameter values that could give the same
“excellent” fit would be very large. The FitSpace algorithm provides a measure of the reliability
of the kinetic parameters for each step in the model.’ FitSpace does this by calculating “confidence
contours” that provide a range of parameter values that would lead to the same fit. The narrower

the range of parameter values, the better the quality of the model.
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The preliminary model used to fit the stopped flow data in KinTek Explorer is shown in Scheme
5-4. The numbers associated with each step are the rate constant ranges determined by FitSpace.

Those with narrow parameter constraints (< ~25% difference) are colored green, those with much
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Scheme 5-4. The Kintek Explorer model with rate constants for the first proposed MppP mechanism.

wider ranges are not as well constrained and are colored orange. The numbers in red represent
either lower limits or parameters that were fixed and not refined during the fitting. The fully
oxidized product 4HKA is denoted by a “P” and the partially oxidized 2KA product by a “K”. In
this scheme it is obvious that the steps leading up to Q2 are reasonably well constrained, but the

rate constants for the later steps are not well defined. Obtaining narrow parameter constraints for
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every step in the model is challenging, because of a combination of the complexity of the MppP

mechanism and a lack for measurable signals for steps following the breakdown of Q2.

5.1.3 Outstanding questions regarding the MppP mechanism

Given that only four intermediates in the model have been experimentally observed and studied,
the steps between the quinonoid intermediates and those following breakdown of the second
quinonoid remain speculative. The involvement of superoxide has not been experimentally
confirmed, and neither has the nature of the proposed substrate radical(s). The involvement of the
4,5-unsatured intermediate (VIII in Scheme 5-3) is based on chemical intuition and not on any
empirical observation. The factors controlling the partitioning down the 4HKA and 2K A branches
of the mechanism also remain to be identified. Finally, obtaining additional data regarding the
appearance and decay of species proposed in the second half of the mechanism would likely
improve the parameter constraints and increase confidence in the proposed model. The work
presented in this chapter is aimed at answering these questions and providing a better

understanding of the MppP mechanism.

5.1.4 Superoxide oxide detection using electron paramagnetic resonance (EPR)

Electron paramagnetic resonance (EPR) is a spectroscopic technique analogous to nuclear
magnetic resonance (NMR) that relies on the interaction of an external magnetic field with
unpaired electrons in the sample. When an unpaired electron is subjected to an external magnetic
field, the degeneracy of its two spin states is affected and two energetically different spin states

form. The lower energy spin state is aligned with the magnetic field, while the higher energy spin
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state is oriented against it. An unpaired electron in an external magnetic can absorb
electromagnetic radiation of the associated energy corresponding to the energy between the two

spin states. This phenomenon is known as the Zeeman Effect and is described by Equation 1:
AE = gBB (1)

In this equation, B represents the strength of the external magnetic field, B is the Bohr magneton
and g is a constant which depends on the environment of the unpaired electron.® This constant is
analogous to the chemical shift observed in NMR. The interaction of unpaired electrons with
neighboring nuclei leads to hyperfine coupling and additional lines in the spectrum. The number
of lines resulting from this coupling is given by Equation 2, where n represents the number of

neighboring nuclei and / represents their nuclear spins.®
Number of lines = 2nl + 1 (2)

The fact that EPR can detect and characterize unpaired electrons, while detecting no signal from
diamagnetic species, makes it the method of choice for studying free radicals. However, most free
radicals are transient, which leads to very weak EPR signals. The “spin trapping” method was
developed to circumvent this issue. Most commonly used spin traps are nitrones (Figure 5-2) which
can form stable radical adducts with free radicals.® 7 If the newly formed adduct is long-lived, it

can accumulate in solution, making characterization possible.

Z
|\||+
o

Figure 5-2. The structure of DMPO, a nitrone
compound commonly used in spin trapping.
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The adducts formed with different radicals can be easily distinguished by their characteristic
hyperfine lines in the EPR spectra. However, one disadvantage of this technique is that it may
complicate characterization of the original free radical, as the signals from coupling with nuclei of

the spin trap may obscure the signals from the nuclei on the original free radical.®

Due to its roles in biology and disease, a variety of spin traps have been developed to detect and
quantify superoxide both in vivo and in vitro. Superoxide reacts very rapidly with water to form
EPR-silent diamagnetic species, making its quantification somewhat challenging. It is less of a
problem for in vitro experiments, but spin-trapping superoxide can be difficult in vivo, since
nitrone traps do not have sufficient affinity for superoxide to out-compete other reactive species
in these complex samples. Additionally, radical adducts could be reduced to diamagnetic species

by ascorbate, transition metal ions, or flavoenzymes.®

This led to the development of cyclic hydroxylamine probes. Unlike spin traps, spin probes do not
trap a free radical. Hydroxylamine-based spin probes, for example, are oxidized by superoxide to
form very stable nitroxide radicals. A significant advantage of using cyclic hydroxylamines is that
their reactivity with hydrogen peroxide is negligible unless in the presence of transition metal
ions.” Given these advantages, a hydroxylamine, 1-Hydroxy-3-methoxycarbonyl-2,2,5,5-
tetramethylpyrrolidine (CMH) was used to detect the production of superoxide in the reaction of
MppP with L-arginine. Oxidation of CMH by superoxide yields the stable radical CM« (Figure 5-

3).
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Figure 5-3. Reaction of CMH with superoxide generates the stable nitrone radical CMe

5.1.5 Characterizing the carbon-centered radical intermediate

While I have confirmed the involvement of superoxide radical in the reaction via EPR spin-
probing, the identity of the free radical produced after proton abstraction by superoxide from the
first quinonoid intermediate (Q1) has remained hypothetical. It would be exceedingly difficult to
use EPR to identify the carbon-centered radical intermediate. To this end I have designed an
experiment relying on formation of a stable adduct that can be characterized using mass

spectroscopy.

Since the MppP active site allows molecular oxygen to enter and react with Q1, I hypothesized

that a highly reactive radical species such as nitric oxide would be small enough to enter the active
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site as well. The nitric oxide could potentially react with a short-lived carbon-centered radical to
form a stable adduct that could be detected by mass spectroscopy. The highly reactive nature of
NO, of course, presents certain challenges. For one, the reaction of nitric oxide with molecular
oxygen is a higher order process'® and would likely out-compete the desired reaction at high
reactant concentrations. However, keeping nitric oxide at sub-micromolar concentration could
slow the reaction with dioxygen enough to allow NO a chance to react with an organic radical as
well. We took advantage of the fact that catalase, which is usually added to the MppP assay
solution to prevent product decarboxylation, forms a complex with nitric oxide (Cat(Fe**)NO)
with a K, of 8.7 x 10° M™L.!! This complex would allow for NO to be released gradually into
solution. In order to keep the dioxygen concentration low, the reaction was carried out under an
inert atmosphere in a glove box. All solution components except for the MppP stock solution were
thoroughly degassed. Handling gaseous nitric oxide is impractical and dangerous, so we used a
nitric oxide generator, 2-(N,N-diethylamino)-diazenolate-2-oxide (DEANO; Figure 5-4), instead.
DEANO rapidly decomposes into 2 equivalents of nitric oxide under acidic conditions. Our
previous spin-probing EPR experiments did not confirm whether the superoxide generated during
the reaction leaves the MppP active site. If superoxide does leave the MppP active site (which

seems unlikely), it could also react with nitric oxide. To prevent this possibility, superoxide
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dismutase (SOD) was included in the reaction mixture as well. The metal center of SOD does not

bind nitric oxide so SOD does not affect the reaction.

o) o,
N4 . .
N—N\ + 2H" —> 2NO + Et,NH,

N
DEANO TN

Figure 5-4. Decomposition of DEANO under acidic conditions produces two molecules of nitric oxide
and one of diethylamine.

5.1.6 Mechanistic studies of MppP using nuclear magnetic resonance (NMR)

The previously proposed mechanism for the MppP-catalyzed conversion of L-arginine to 4-
hydroxy-2-ketoarginine involved a 4,5-unsaturated intermediate generated by proton abstraction
at C5 (VIIL, Scheme 5-3). However, there was no experimental data to prove the existence of this

intermediate and its inclusion in the mechanism was entirely speculative.

To determine whether such a 4,5-unsaturated intermediate is involved in the mechanism, I
designed a '"H NMR experiment in which the MppP reaction would be carried out in deuterium
oxide. In such an experiment, the signals from exchangeable protons would diminish or disappear
due to hydrogen-deuterium exchange during catalysis. If a proton at C5 were abstracted, this signal
would be expected to decrease if reaction were conducted in deuterium oxide. The diastereotopic
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protons at C3 would also be expected to diminish in signal since the proposed mechanism includes
a step in which superoxide abstracts a proton at C3. Proton abstraction at C3 can occur non-
enzymatically as well, since a-keto acids undergo keto-enol tautomerization in solution. In water
(or D20), the equilibrium lies far toward the ketone, because the carbonyl group is stabilized by
hydrogen bonding interactions with the solvent. However, once trifluoroacetic acid is added to the
NMR sample, the acidic condition will favor the enol form and one would certainly expect some

non-enzymatic hydrogen-deuterium exchange at C3.

5.1.7. Single turnover kinetic experiments with MppP

The preliminary model of the MppP mechanism was derived from a global fit of all available
stopped flow pre-steady state data in KinTek Explorer. All the stopped-flow measurements were
carried out under quasi-pseudo-first order conditions, where the substrate concentration was at

least 2-fold higher than the enzyme concentration. Since KinTek Explorer performs global fits by
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Figure 5-5. Pseudo first-order double-mixing reaction of MppP and L-Arg. Note the multiple phases
and broad range of parameters as indicated by gray area around every simulated fit.

simulation, as opposed to traditional non-linear least squares fitting of exponential equations, there
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is no need for true pseudo-first order conditions. However, fitting some of the pseudo-first order
data was particularly challenging. For example, the data from a double-mixing experiment in
which the dependence of the accumulation and decay of the second quinonoid species on the
dioxygen concentration was studied via absorbance at 560 nm (Figure 5-5). The presence of
multiple, perhaps overlapping, phases makes fitting these data globally with other experiments
difficult, which is indicated by significant uncertainty of the simulated fit lines (the gray areas
mark the FitSpace parameter boundaries). I hypothesized that the multiphasic behavior of the
pseudo-first order data was caused by the enzyme, with its bifurcated mechanism, going through

multiple turnover cycles.

To “simplify” the data and improve the signal to noise ratio, I carried out a series of single-turnover
experiments on the previously studied intermediates of the MppP catalytic cycle (ER, 415 nm; EA,
430 nm; Q1, 510 nm; Q2, 560 nm). In a single turnover experiment, a very large concentration of
enzyme relative to the substrate is used, such that every enzyme molecule undergoes just one
catalytic cycle. Single-turnover experiments could not be carried out to observe the decay of the
internal aldimine via fluorescence (excitation of the internal aldimine, EA, at 415 nm) due to the
fact that the large amount of the internal aldimine (i.e. the resting state of the enzyme) saturated

the fluorescence detector.

5.1.8. Single turnover experiments with 3,4-dehydro L-arginine

In order to be gain access to the second quinonoid intermediate (Q2) for in-depth kinetic
characterization, I carried out single turnover experiments with 3,4-dehydro-L-arginine (DHR)
synthesized by the Schwabacher Lab (Figure 5-6). When reacting with MppP, DHR will proceed

from the external aldimine directly to the second quinonoid (Scheme 5-5). The kinetic studies
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described here were aimed at estimating the rate constants for the accumulation and decay of Q2,

and to determine which products result for turnover by MppP.

+
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Figure 5-6. Structure of DHR

Scheme 5-5. Reaction of MppP with 3,4-dehydroarginine leads to the formation of external aldimine
and then proceeds directly to quinonoid 2 (Q2) intermediate.

5.1.9 Determining the extinction coefficient of the first quinonoid intermediate (Q1)

Herein I present a method for measuring the extinction coefficient of the first quinonoid
intermediate (Q1) in the MppP mechanism. Input of experimentally determined extinction
coefficient for Q1 can help improve the accuracy of fitting by simulation in KinTek Explorer by

removing a variable from the model.
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5.1.10 Inhibition of MppP by vinylglycine

Vinylglycine (VG) and its analogues are known to inhibit a number of PLP-dependent enzymes,
as the relatively small size of VG allows it to enter a variety of active sites.'> '3 VG is proposed to
inhibit PLP-dependent enzymes by Michael addition, forming an covalent adduct between the
catalytic lysine and the vinyl group of the inhibitor."* Given that the MppP active site is
significantly different from other PLP-dependent enzymes, this section investigates whether VG
can inhibit its activity. This was done by following the rate of formation of Q1 in the presence of

VG as monitored by the absorbance at 510 nm.
5.1.11 Solvent isotope effects on MppP catalysis

The measurement of solvent kinetic isotope effects (KIE) represents a powerful tool for studying
enzymatic reactions. When a reaction involves solvent-sensitive steps, such as nucleophilic attacks
by water molecules, or protonation, the rate constants for those steps will differ when the reaction
is conducted in deuterium oxide.'>!7 Solvent KIEs can be described by Equation 3. If the rate
constant is higher in water, that is considered a normal solvent KIE, while the opposite case is
called an inverse solvent KIE. Studies of solvent KIEs have helped support the mechanisms of

enzymes such as B-lactamases,!®

and helped improve our understanding of conformational
dynamics of ribonuclease A.!” However, when multiple steps involve solvent, or there are multiple

catalytic residues that could be affected by proton/deuterium exhchange, the deconvolution of the

effects becomes exceedingly difficult.

kHOH

Kinetic isotope ef fect = Equation (3)

kDOD
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Since the proposed mechanism of MppP involves protonation by a lysine residue which can
undergo rapid hydrogen-deuterium exchange of hydrogens on the amino group, solvent KIEs could
be used as a tool to gain more insight into the mechanism of MppP. This section presents
preliminary stopped flow experiments to verify the existence of solvent KIEs on the MppP
reaction. Future work will elaborate on these results and extend to the use of specifically labeled

L-Arg substrates to gain mechanistic insights.

5.1.11 Factors affecting the ratio of MppP products

Wild-type MppP always produces both the fully oxidized 4-hydroxy-2-ketoarginine (4HKA) and
the partially oxidized 2-ketoarginine (2KA). Since MppP is most active under basic conditions
(pH > 8.0), all NMR experiments were carried out in sodium phosphate, pH 8.4. Phosphate was
the chosen buffer, because it does not produce any signal in NMR spectra. The ratio of the two
products under this condition was approximately 60 % 4HKA and 40 % 2KA. However, in the
NMR analysis of reactions run in deuterium oxide and in water discussed earlier in this chapter
(see Section 5.3.4) it was observed that this ratio was perturbed in the reaction run in DO, which
contained more than 80 % 4HKA. This apparent influence of pH and/or ionic strength on the
partitioning of the reaction between the two branches of the mechanism led us to investigate further

into factors that affect the ratio of products produced by MppP.

5.1.12 Using quenched-flow LC-MS/MS to accurately determine the product ratio at early
times in the oxidation of L-arginine by SwMppP

Previously, our lab determined the ratio between the 4(S)HKA and 2K A produced by MppP in the
reaction with L-arginine indirectly by measuring the amount of oxygen consumed by the enzyme
in a Clark electrode-based assay. Using this assay, it was determined SwMppP catalyzes the
oxidation of L-Arg and O into 4HKA and 2K A with a ratio of approximately 1.7:1 when carried
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out in BTP pH 9.0. Direct analysis of the products was also performed using 'H NMR. Both these
methods are imperfect, because neither can provide direct product measurements on a timescale
of'seconds. The previously described quenched-flow LC-MS/MS method can solve these problems

and elucidate the kinetics of 4HKA and 2K A production at short reaction times.

5.2 Materials and Methods
5.2.1 CMH reaction with MppP.

The MppP reaction was conducted in 20 mM potassium phosphate, pH 8.4, 20 uM wild-type
MppP, 500 uM L-Arg and 10 mM freshly prepared CMH. The CMH solution was prepared in
MiliQ water. Out of concern that closure of the N-terminus over the active site could preclude
CMH from accessing the catalytic center, an identical reaction was set up using MppP*!??, an N-
terminal truncation mutant where the first 22 residues of the protein have been removed.
Immediately after mixing, the reaction contents were transferred to a glass capillary tube via
syringe. Data collection was initiated imediately upon placing the capillary tube into the sample
holder. Data were collected at room temperature using a Bruker EMX spectrometer. Data
acquisition was performed at 9.47 GHz, microwave power of 2.08 mW, attenuation of 20.0 dB,
field sweep of 140 G, amplitude modulation of 1 G at 100 kHz, time constant of 5.12 ms, and a

delay time of 3.0 s.
5.2.2 NMR of MppP reaction in the presence of CMH

The total volume of the reaction was 5 mL and it was carried out in a 50 mL polypropylene tube.
The reagent concentrations were 2.5 mM CMH, 20 uM wild type MppP, and 2 mM L-Arg in 20

mM phosphate, pH 8.4. A control reaction lacking CMH was also carried out. Both reactions were
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run overnight at 25 °C, while shaking at 220 rpm. Reactions were quenched using 5 mL of
methanol and evaporated to dryness in a Centrifan PE centrifugal evaporator (KD Scientific). The
dried residue was dissolved in 1 mL of deuterium oxide and centrifuged at 4000 rpm for 10 minutes
to remove insoluble material (e.g. precipitated enzyme). A 700 uL portion of the supernatant was

loaded into an NMR tube for analysis.
5.2.3 Reaction of MppP in the presence of nitric oxide

To ensure that all of generated nitric oxide was bound in the Cat(Fe*")NO complex, a 2.6-fold
molar excess of catalase was used. The exact concentration of catalase was determined using the
absorbance at 405 nm (&etramer = 420 mM™! cm™). The complex of catalase and nitric oxide absorbs
strongly at 570 nm (gcarno = 30 mM™! cm™!). Thus, by monitoring the absorbance at 570 nm, we
could ensure that catalase was not saturated. All solution preparation steps were carried out inside
a glovebox, under a nitrogen atmosphere. Lyophilized bovine catalase was dissolved in 100 mM
bis-tris propane, pH 7. A 20 mM DEANO stock was prepared in 0.1 M sodium hydroxide.
Lyophilized SOD (bovine, > 2500 U/mg) was dissolved in 10 mM potassium phosphate, pH 7.4,
at a concentration of 200 uM. The solutions were added to a quartz cuvette at the following
concentrations: 21 uM catalase, 8 uM DEANO, 500 nM SOD, 2 mM L-arginine, 20 uM MppP,
and 100 mM bis-tris propane, pH 7. The reaction mixture was allowed to stand under inert
atmosphere for 1 hour, and then quenched with 1 volume of methanol. The sample was centrifuged
for 5 minutes at 13,000 rpm and then analyzed by direct injection on an LCMS 8040 triple
quadrupole instrument (ESI (+) mode, 1st quadrupole scan). A control sample was prepared as

described above, save for the omission of MppP.

5.2.4 Reaction of MppP and L-Arg in deuterium oxide
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The wild-type SwWMppP used in these experiments was buffer exchanged into deuterium oxide
(99.8% atom D, Sigma Aldrich) using a 10 kDa MWCO centrifugal concentrator. The reaction
contained 20 pM enzyme and 2 mM L-arginine monohydrochloride. A 500 mM arginine stock
was prepared by dissolving the powder in deuterium oxide. The reaction (5 mL total volume) was
conducted in a 50 mL polypropylene tube placed in a shaking incubator set to 200 rpm overnight
at RT. The reaction was protected from light by draping the vessel in aluminum foil so that oxygen
exchange would not be restricted. A control reaction was conducted in mqH>O in exactly the same
manner as the deuterium oxide reaction. The next day, the reactions were quenched using 1 volume
of acetonitrile, centrifuged for 10 minutes at 4000 RPM and then evaporated to dryness using a
Centrifan PE centrifugal evapoprator (KD Scientific). The dried residue was dissolved in 700 pL
of deuterium oxide and 0.1% trifluoroacetic acid (TFA). In previous studies of MppP reaction
products using '"H NMR, I had observed that the diastereotopic protons at C3 appear as a doublet,
instead of appearing as a multiplet due to coupling with each other and the neighboring proton on
C4. In order to split the doublet of diastereotopic C3 protons into a multiplet, I tested various
methods of perturbing the environment. One attempt included introducing metal ions such as
calcium into the NMR sample in the hope that the salt formed with the carboxylic acid would
perturb the environment of the diastereotopic protons. This method proved ineffectual. However,
addition of 0.1% trifluoroacetic acid resolved the doublet into a multiplet, and 1 was able to
measure the coupling constants for the diasterotopic protons at C3. The NMR data were collected

using a Bruker DRX500 500 MHz spectrometer.
5.2.5 Wild-type MppP single turnover with L-Arg

Double-mixing single-turnover experiments monitoring absorbance at 510 nm and 560 nm were

carried out using an SF-61DX2 stopped-flow instrument manufactured by TgK Scientific
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(Bradford-on-Avon, UK) equipped with a photomultiplier tube detector. Single-mixing, single-
turnover experiments monitoring absorbance at 510 nm were carried out on the same instrument

equipped with a charge-coupled device (CCD) array detector.

Prior to all experiments, approximately 10 mL of anaerobic solution containing 20 mM HEPES,
pH 7.5, and 10 mM glucose were prepared and loaded into the body of a tonometer; 150 pl of 1000
U/mL glucose oxidase stock (4spergillus niger, prepared in 20 mM HEPES, pH 7.5) were placed
in the sidearm. Dioxygen was removed from the solutions by connecting the tonometer to a
Schlenk line and performing 45 purge-flush cycles (~5 s under vacuum and 30 s under argon).
Once the solution was anaerobic, the buffer in the body of the tonometer was allowed to mix with
the glucose oxidase stock in the sidearm. The stopped flow instrument was flushed with the
anaerobic solution and to stand overnight to “scrub” the residual oxygen from the Teflon
components. The following day, MppP solution was prepared in a similar way. The enzyme was
purified as described by Han et al.! and stored in 20 mM MES, pH 6.7, 20 uM PLP. The body of
the tonometer was filled with 5-10 mL of solution containing enzyme (in 20 mM MES, pH 6.7, 20
puM PLP) and 200 uM glucose. To one of the two sidearms were added 30 pL of glucose oxidase
(from the same 1000 U/mL stock). Since MppP is light sensitive, the tonometer was covered with
aluminum foil during preparation. In order to prevent outgassing and bubble formation during
stopped flow analysis, the tonometer was prepared at room temperature. After making the
tonometer anaerobic via 45 purge-flush cycles, the glucose oxidase solution in the side arm was
mixed with the enzyme solution in the body of the tonometer. The glucose/glucose oxidase
removed any remaining traces of dioxygen left after the purge-flush cycles.?’ Arginine solutions
in 200 mM bis-tris propane (BTP), pH 9.0, with 200 uM glucose were placed in a glass syringe,

sparged with argon for 5 minutes, and injected with 10 pL. of 1000 U/mL glucose oxidase. All the
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enzyme and L-Arg concentrations are diluted 2-fold after single-mixing, and 4-fold in the case of
double-mixing. Concentrations after mixing are inside the parentheses. All experiments were

carried out at room temperature (22 °C).

510 nm single-mixing experiment: 854 (427) uM of enzyme was anaerobically mixed with 3.12
— 50 uM (1.56 — 25 uM) L-Arg. The reaction was monitored for 25 seconds, determined by the

time necessary for the signal to plateau.

415 nm single-mixing experiment: 20 (10) uM of enzyme was anaerobically mixed with 40 (20)

— 1280 (640) uM L-Arg. The fluorescence signal was monitored for 10 seconds.

510 and 560 nm double mixing experiments: In order to study the dependence of the MppP
reaction rate on the concentration of dioxygen, an anaerobic solution containing enzyme and L-
Arg mixed in 1:1 was reacted with an oxygenated buffer containing a range of dioxygen
concentrations. The oxygenated buffer was prepared using a Maxtec Maxblend gas blender to mix
oxygen and nitrogen. The Clarke electrode was used to measure the oxygen levels in the buffer
and adjust the mixing valve to achieve the desired concentrations. In the first mixing step, 1360
(340) uM MppP was mixed with 40 (10) uM L-Arg and aged for 30 seconds to allow time for Q1
to accumulate fully. In the second mixing step, the MppP/L-Arg reaction from the first mixing step
was mixed with an equal volume of oxygenated 100 mM BTP, pH 9.0 (40 — 325 uM dioxygen
after mixing) with 100 uM glucose (to prevent viscosity mismatch between the various solutions
that could give artifacts (Schlieren lines) in the spectrophotometer cuvette). The buffer used to
push the dioxygen solution and the substrate/enzyme mix in the second mixing step was anaerobic

100 mM BTP, pH 9.0, 100 uM glucose. The reactions were monitored for 100 seconds.
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5.2.6 Wild-type MppP single turnover with DHR

A 1 mM stock solution of DHR in water was prepared from DHR powder (2.3 % purity). All

enzyme, substrate, and buffer concentrations mentioned are post single/double mixing.

560 nm single-mixing: 1170 (585) uM MppP in 10 mM MES, pH 6.7, 10 uM PLP, 100 pM
glucose was reacted with 6.24 (3.12) — 100 (50) uM DHR in 100 mM BTP, pH 9.0, 100 uM

glucose. Absorbance at 560 nm was monitored for 100 seconds.

560 nm double-mixing: 1148 (287) uM MppP in 5 mM MES, pH 6.7, 5 uM PLP, 100 uM glucose
was reacted with 40 (10) uM DHR for 0.2 seconds and then mixed with oxygenated buffer to yield
final dioxygen concentrations of 0 — 315 uM. The sample was not aged because it decays in the
absence of oxygen as well, and I wanted it to decay primarily due to added oxygen. The relative

rates of Absorbance at 560 nm was monitored for 100 seconds.

5.2.7 MppP and DHR product analysis

A 1 mL solution of MppP (295 uM) in 5 mM MES pH 6.7, 5uM PLP and 100 uM glucose was
added to a tonometer. A solution of 200 pL glucose oxidase (1000 U/mL in 20 mM HEPES pH
7.5) and 200 pL of 5 mM DHR (in 800 mM BTP pH 9) was then added to one of the tonometer
bulbs. A high concentration of bis-tris propane was used, so that after mixing, the concentration
of bis-tris propane, pH 9.0, would be 114 mM, more than 20 times concentration of the enzyme
storage buffer (5 mM MES, pH 6.7). After 45 purge-flush cycles with argon (See the MppP and
L-Arg single-turnover section above), the enzyme was mixed with the glucose oxidase and DHR
in the sidearms. The concentration of DHR in the resulting solution was 714 pM. This solution
was kept under positive argon flow during the reaction for a period of 10 minutes. The reaction

was quenched using 5 mL of pure methanol (previously sparged with argon for 10 min) which was
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injected through the septum (Figure 5-4B). The solution was then exposed to air and centrifuged
at 4000 rpm for 10 minutes to remove the denatured enzyme. The sample was placed in a MS vial.
Data were collected on a Shimadzu LC-MS 2020 via direct injection (mobile phase A: water,
mobile phase B: methanol, 0.1% formic acid). Injections consisted of 50 puL of sample. The scan

range was from 130-200 m/z.

5.2.8 Determination of Quinonoid 1 extinction coefficient

Enzyme and substrate solutions were prepared in two separate tonometers. The first tonometer
contained 2 mL of 500 uM MppP in 20mM MES, pH 6.7, 20 uM PLP, and 200 uM glucose; 30
pL of glucose oxidase (1000 U/mL) were placed in a sidearm. The second tonometer contained 5
mL of 12.5 uM L-Arginine in 200 mM BTP, pH 9.0, and 200 uM glucose, with 50 puL glucose
oxidase in a sidearm. Both tonometers were made anaerobic with 45 purge/flush cycles as
described earlier. After mixing, the MppP concentration was 100 pM and the L-arginine
concentration was 10 uM. The enzyme concentration was kept ten-fold higher than the substrate
concentration to ensure that most of the substrate would be bound to the enzyme. UV-VIS spectra
were collected on a Varian Cary 50 UV-VIS spectrometer inside a nitrogen glovebox (MBraun).
The spectrometer was blanked with L-arginine in BTP pH 9.0, prior to adding the enzyme to the
cuvette. Scans were collected at 30-second intervals. Once it was established that Q1 was stable,
the 3 scans were averaged and Beer’s Law (Equation 4), where 4 is absorbance, ¢ is extinction

coeffiction, b is path length and c is concentration, was used to calculate the extinction coefficient
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for Q1. The path length of the quartz cuvette was 1 cm. which was found to be 29173.63 + 470.46

M1 em
A =¢ebc (Equation4)
5.2.9 Wild-type MppP reaction with L-Arg in the presence of vinyl glycine

Two identical reactions of MppP and L-Arg in the presence of L-VG were set up in quartz
cuvettes. In one, the enzyme was preincubated with VG for 15 minutes prior to data collection,
while the other had no preincubation period. The reactions both contained 1 mM L-Arg, 1 mM
VG, 10 uM MppP, 100 mM BTP, pH 9.0. The control reaction contained 1 mM L-Arg, 10 uM
MppP and no VG. Data were collected at room temperature. The UV-VIS spectra were collected
on a Hewlett-Packard 845 diode array spectrophotometer. The volume of all three reactions was 1

mL.
5.2.10 Wild-type MppP single turnover of L-Arg in deuterium oxide

The bis-tris propane (BTP) and MES buffers used in these experiments were prepared by
dissolving the dry powders in deuterium oxide and adjusting the pD value using deuterium
chloride. The pD value was measured using a standard pH electrode and corrected for pD using

Equation 4.%!
pD = pH + 0.44 4

MppP was desalted in 20 mM MES, pD 6.3, 20 uM PLP by washing the enzyme with 20 volumes
of deuterated buffer in a 10 kDa MWCO concentrator. An L-Arg stock was prepared in deuterium

oxide and diluted using 200 mM BTP, pD 8.6, 200 uM glucose (prepared from a 1 M stock in
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deuterium oxide). An Aspergillus niger glucose oxidase (Millipore-Sigma) stock was prepared by

dissolving lyophilized enzyme in deuterium oxide to 1000 U/mL.

Single-turnover double-mixing at 510 and 560 nm: 920 (230) uM MppP and 40 (10) uM L-Arg
were reacted with 38 (19) — 366 (183) uM dioxygen in deuterium oxide. Anaerobic 100 mM BTP,
pH 9.0, 100 uM glucose was used to push solutions into the second mixer (syringe D). Prior to the
second mixing step, the sample was aged for 50 seconds. The absorbance at 510 or 560 nm was

monitored for 500 seconds.

Single-turnover single-mixing at 510 nm: 606 (303) uM MppP was mixed anaerobically with
3.0 (1.5) — 50 (25) uM L-Arg in 100 mM BTP, pD 8.6, 100 uM glucose (post-mixing

concentrations). The absorbance at 510 nm was monitored for 50 seconds.

Pseudo first-order single-mixing fluorescence: 20 (10) uM MppP and 40 (20) — 640 (320) uM L-
Arg in 100 mM BTP, pD 8.6, 100 uM glucose (post-mixing concentrations) were mixed
anaerobically. The internal aldimine was excited at 415 nm and the total emission was monitored

for 50 seconds.

5.2.11 Wild-MppP reactions with L-Arg at different pH and temperature values

Reactions comparing different pH values were carried out in water (pH = 7.0), 20 mM phosphate,
pH 8.4, and 10 mM 2-[(2-amino-2-oxoethyl)-(carboxymethyl)amino]acetic acid (ADA), pH 6.4.
Each reaction contained 20 uM MppP and 2 mM L-Arg. Reactions were incubated overnight at 22
°C with shaking at 220 rpm. Reactions were quenched with 1 volume of neat methanol, centrifuged
at 4,000 rpm for 10 minutes to remove the precipitated protein, and evaporated to dryness in a
Centrifan™ PE centrifugal evaporator (KD Scientific).To test the effect of temperature on the

product ratio, two identical reactions containing 20 uM MppP, 2 mM L-Arg in 10 mM phosphate,
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pH 8.4, were carried out at 37 °C and 4 °C. In order to minimize the effect of the storage buffer on
activity, the protein was desalted in 10 mM phosphate, pH 8.4, using a 10 kDa MWCO
concentrator. The reactions (5 mL) were carried out in 50 mL polypropylene tubes while shaking
at 220 rpm overnight. Reactions were quenched, centrifuged, and evaporated to dryness as

described above.
5.2.12 Quench-flow LC-MS/MS of wild-type MppP reaction with L-Arg

The quenched-flow experiments and sample preparation was done as described in Chapter 4.
Separation of analytes was done using ZIC-HILIC column (3.5 pm, 100 A, 50 x 2.1 mm) and MS
analysis was carried out on Shimadzu LC-MS/MS 8060. Mobile phases used were 20 mM
ammonium formate pH 4.0 (designated as “A”) and acetonitrile with 0.1% formic acid (designated
as “B”). The analytes were eluted via gradient method at 0.5 mL/min and 40 °C. Injection volume
was 0.7 pL. The following time program was used in each run: hold at 90% B (0.5 min), decrease
to 40% B (2.0 min), hold at 40% B (4.0 min), increase to 90% B (4.5 min), hold at 90% B (5.0).
The highest sensitivity for the mobile phases used was determined to be at a sprayer position of
0.5 mm. The concentrations listed are after single-mixing (2-fold dilution). 20 uM of MppP (in 2.5
mM MES,pH 6.7, 10 uM PLP) and 480 uM L-Arg (10 mM BTP, pH 9.0) were quenched using
0.5 M hydrochloric acid, 33% acetonitrile, and 2348.6 uM p-nitrophenol (PNP). The samples were
quenched at 0.94, 1.87, 3.75, 7.5, and 15 seconds in triplicate. Elution from the qPOD attachment
was done using pure acetonitrile. The samples were fully decarboxylated using the method
described in Chapter 4. The 4HKA and 2KA used to make the standard curves were prepared in
the same matrix as the samples. Decarboxylated 4HKA and 2K A obtained from the MppP reaction
were used as standards (Figure X). The concentrations of standards were roughly approximated by

NMR (Figure 5-), using the relative ratio of the two products.
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5.3 Results

5.3.1 MppP reaction with L-Arg generates superoxide

As shown in Figure 5-7, as the reaction of wild type MppP with L-arginine proceeds, there is a
linear increase in superoxide concentration as indicated by an increase in the EPR signal with
hyperfine splitting characteristic of a stable nitroxide radical. The reaction of the truncated
MppP2!? followed the same pattern (data not shown). This result confirms that the Mpp-catalyzed
reaction proceeds through a free radical mechanism involving superoxide. However, this

experiment was not quantitative, so it provided no information about the kinetics of the reaction.
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Figure 5-7. First-derivative plots of the time-dependent EPR spectra of the MppP reaction with L-Arg
in the presence of CMH (selected time points chosen for clarity).
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A question that was not addressed by this experiment was whether the spin probe CMH enters the
MppP active site to react with superoxide or reacts only with superoxide that has left the active
site. The best way to test this would be to repeat the experiment in the presence of superoxide
dismutase. Superoxide dismutase converts two molecules of superoxide into one molecule each of
dioxygen and hydrogen peroxide. Therefore, CMH should be EPR silent if it only reacts with
superoxide that has left the MppP active site. However, due to limited access to EPR

instrumentation, I instead attempted to determine whether CMH enters the active site using NMR.

The rationale behind the NMR experiment was that if CMH does enter the active site, it could
perturb the rate of the MppP reaction as well as the ratio of products ratio by consuming
superoxide. Since it is not a highly selective spin probe, it could perhaps react with carbon-centered

radical as well, thus poisoning the reaction, and preventing it from going to completion.

5.3.2. NMR analysis of MppP reaction in the presence of CMH

The 'H NMR spectrum in Figure 5-8A shows the ratio of products of the control reaction
containing MppP and L-arginine in the absence of CMH. There is approximately 60% 4-hydroxy-
2-ketoarginine and 40% 2-ketoarginine, consistent with previous measurement of MppP reaction
products from reactions in the same buffer at room temperature. The NMR spectrum in Figure 5-
3b shows that in the presence of CMH the ratio of products shifts in favor of the fully oxidized
product 4HKA (73% vs 60% in the control). Since the factors governing the ratio between these

two products are currently under investigation, it is not clear that this shift was the result of CMH
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interaction. For instance, it is possible that a modest difference in ionic strength when CMH is
added could have altered the ratio. However, our preliminary studies have shown that conditions
that slow down enzyme turnover, such as lowering the pH or the temperature, shift the ratio in
favor of 4-hydroxy-2-ketoarginine. Thus, it is plausible that CMH has entered the active site and

slowed the reaction by reacting with superoxide.
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Figure 5-8. 'H NMR spectra from reaction mixtures containing MppP and L-arginine in the absence of
CMH (a) and in the presence of CMH (b).
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5.3.3 Capturing nitric oxide adduct

Given the high reactivity of nitric oxide, numerous adducts could possibly form with the reaction
components. A potential adduct with a hypothetical arginine-derived, carbon-centered radical is
shown in Figure 5-9. Since nitrogen dioxide is also a product of the reaction of nitric oxide with
dioxygen, formation of an adduct involving this species is also a possibility. The results of the ESI-
MS analysis of the reaction and control samples are displayed in Figure 5-10. The peak at 205 m/z,
which is missing in the control reaction, could indicate an adduct forming at C2 (Figure 5-10B).
Further studies will include optimization of reagent concentrations as well fragment analysis using

MS/MS to confirm the identity of the adduct.
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Figure 5-9. Potential adduct formed by MppP reaction intermediate and nitric oxide
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5.3.4 MppP mechanism does not involve 4,5 unsaturated intermediate

The resulting integrated spectra show that hydrogen/deuterium exchange occurs for the protons on
C3 (Note that this referrers to C3 of amino acid, which corresponds to C2 on the decarboxylated
acid seen in NMR spectra) as reflected by the diminished integrals and collapsing of the multiplet
caused by the negligible coupling with deuterium atoms (Figure 5-11A). The C4 multiplet also

became “simplified” in deuterium oxide, due to reduced coupling constants with the C3 deuterium
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Figure 5-11. *H NMR spectra of MppP reaction with L-arginine carried out in deuterium oxide (bottom)
and water (top) (A). Zoomed in H NMR spectra of MppP and L-Arg reactions in deuterium oxide and
water, showing only the diastereotopic protons on alpha carbon. (B) Measured J-constants for anti and
gauche protons. (C) “Simplified” peaks due to smaller J-constants of deuterium exchanged protons.
atoms. However, the signal from the C5 diastereotopic protons did not diminish at all, leading to
the conclusion that proton abstraction did not occur at this site. In addition to ruling out the

involvement of a 4,5-unsaturated intermediate in the mechanism, this experiment provided

information about the stereoselectivity of proton abstraction at C3.
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Figure 5-11B shows the NMR spectrum zoomed in on the signal from the C3 diastereotopic
protons for the MppP reaction in water. The protons in gauche conformation relative to the
hydroxyl group on C4 exhibit smaller coupling constants (J constant) than protons in the anti
conformation. As seen in Figure 5-11B, the C3 diastereotopic protons do not show evidence of
non-enzymatic hydrogen-deuterium exchange (D20 was used as the solvent for all NMR
measurements to reduce the signal from water), indicating that even in the acidic environment due
to the 0.1% TFA in the NMR sample, the ketone form is favored over the enol. Therefore, any
hydrogen-deuterium exchange observed at C3 for the reaction run in deuterium oxide can be

attributed to the enzymatic activity of MppP.

In deuterium oxide (Figure 5-11C) exchange of the gauche proton has been approximately two-
fold higher than the exchange of proton in anti conformation. This unequal extent of hydrogen-
deuterium exchange for the diastereotopic protons on C3 indicates that stereoselective proton
abstraction of the gauche proton is occurring. The identity of the species abstracting the C3 proton
remains speculative at this point, although the reactive nucleophiles such as superoxide or

hydroperoxide anion generated from its reaction with water, are plausible candidates.
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5.3.5 Revised MppP mechanism

Since the results of the NMR experiment carried out in deuterium oxide showed that no proton
abstraction occurs at C5, the MppP mechanism needed to be revised to remove the 4,5-unsaturated
intermediate (Scheme 5-3, VIII). In the revised mechanism (Scheme 5-6), the steps originally
envisioned as involving the direct abstraction of a proton from the substrate have been reworked
as a series of peroxo intermediates resulting from the attack of hydroperoxide anion at C2 of the
substrate (Scheme 5-6, PI1 and PI2). In P12, the C3-C4 bond has been oxidized and the hydroxide
ion generated from the reaction of superoxide with water to generate the hydroperoxide anion
could then perform a Michael addition at C4. This would lead to the release of hydrogen peroxide
and creation of a 2,3-unsaturated enamine (now hydroxylated at C4; e.g. EP in Scheme 5-6) that
is subsequently deaminated after release from the enzyme to give 4-hydroxy-2-ketoarginine. It is
not clear at this point whether the keto acid (4HKA) or the enamine is the favored substrate for the
next enzyme in the pathway, MppR. Given the rapidity of the non-enzymatic deamination, it would

be difficult, but perhaps not impossible, to answer this question.
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Scheme 5-6. Revised MppP mechanism without 4,5-unsaturated intermediate
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5.3.6 Single turnover experiments improved Kintek Explorer fit

The single-turnover, double-mixing data at 560 nm show a “simpler” curve, with just one peak
(Figure 5-12), that provided a fit with better-constrained parameters compared to the pseudo first-
order experiment. The revised model with the rate constants calculated by KinTek Explorer is
shown in Scheme 5-7. As seen from the FitSpace plots (Figure 5-13), the first half of the model is
well constrained, while the second half contains several steps with few, if any constraints. Despite
this shortcoming, the revised model has an improved global fit, particularly for quinonoid 2, and
is in agreement with the NMR experiments that indicate that a 4-5 unsaturated intermediate is not

involved in the mechanism.
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Figure 5-12. (A,B,D) Single-turnover experiments of MppP and L-Arg. The double-mixing experiment
monitoring absorbance at 560 nm shows just one peak, unlike when carried out under pseudo first-
order conditions. (C) Pseudo first-order experiment monitoring fluorescence produced by excitation at
415 nm.
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(PI1 and PI2) were included based on the NMR experiments that eliminated any 4-5 unsaturated
species from the mechanism as described earlier. The green rate constants are relatively well
constrained based on the FitSpace results (see Figure 5-11). Orange constants have broader parameter
ranges, while red ones are poorly constrained. The black constants have been fixed during global fitting
as they were assumed to involve rapid equilibrium.
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Figure 5-13. Two-dimensional FitSpace plots showing the range of values for each rate constant in the
kinetic model that are consistent with the data. Single, sharp peaks indicate well constrained estimates.
A sharp rise followed by a plateau signifies that the lower limit is well defined, while the opposite
pattern, a plateau followed by a sharp drop, defines an upper limit on the rate constant. Flat lines (e.g.
k+8) show that the rate constant is completely unconstrained by the data. No plots are calculated for
rate constants that were fixed in the model (e.g. the irreversible steps for the reactions with dioxygen).

5.3.7. Product analysis of MppP reaction with DHR

Upon mixing the enzyme and the substrate, the solution turned purple for approximate 10 seconds
(Figure 5-14), after which it became dark yellow. The mass spectroscopic product analysis of the

reaction of anaerobic MppP with DHR showed that the Q2 decays to 2-ketoarginine (Figure 5-15).
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Figure 5-14. (A) upon mixing with enzyme, DHR solution briefly turns purple, confirming formation of
a highly conjugated quinonoid 2. (B) The tonomer used for anaerobic reaction of MppP and DHR. The
side arm on the right has a septum in order to allow for injection of methanol to quench the reaction,
while maintaining anaerobic environment.
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Figure 5-15. MS scan of reaction of MppP and DHR. The most intense peak corresponds to
decarboxylated 2-ketoarginine
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The single-turnover experiments with DHR show that, even under anaerobic conditions, the
second quinonoid intermediate will decay (Figure 5-16A). This was a surprising observation, as
we had expected Q2 to require oxygen to proceed to 4HKA and would thus be stable in the absence

of oxygen. The biphasic decay in Figure 5-16A is convincing, however; there is no plateau at 560
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Figure 5-16. (A) The single-turnover single-mixing reaction of MppP and DHR monitored via
absorbance at 560 nm. Under anaerobic condition, the quinonoid 2 accumulates followed by rapid
decay phase. (B) Single-turnover double-mixing reaction of MppP and DHR with a range of added
dioxygen concentrations.

nm. Mass spectrometric analysis of reaction products revealed that Q2 decayed to give 2-
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ketoarginine. This confirms the placement of the bifurcation point before Q2, as suggested by
modelling the mechanism in KinTek Explorer. Thus far, we have been unable to satisfactorily fit
the DHR data by simulation in KinTek Explorer. A number of different models have been tested,

but none result in a robust fit to these complicated, multiphasic data.
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5.3.8 Determination of Q1 extinction coefficient

As seen in Figure 5-17, there is no decay at 510 nm, indicating that there is no oxygen present in
the reaction. Using the method described in Section 5.2.8, the extinction coefficient of quinonoid

1 was determined to be which was found to be 29173.63 = 470.46 M! cm! (at 95 % confidence

interval)
1.0
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Figure 5-17. UV-VIS scans of MppP reaction with L-Arg under anaerobic conditions leading to
accumulation of quinonoid 1 intermediate. The subsequent scans show that the absorbance at 510

nm is stable meaning that all arginine is bound, and no oxygen is present to allow decay of quinonoid
1
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5.3.9 Vinyl glycine inhibits MppP activity

The inhibition of MppP by VG is seen in Figure 5-18. In the control reaction, the accumulation of
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Figure 5-18. Inhibition curves for MppP reaction in the presence of vinylglycine. The green curve
represents the reaction of MppP and L-Arg without vinylglycine. The blue curve represents the reaction
of MppP and L-Arg in the presence of vinylglycine without first incubating enzyme and vinylglycine.
Red curve was obtained for the experiment incubating enzyme and vinylglycine for 15 minutes prior to
adding L-Arg.

the Q1 peak at 510 nm begins at approximately 200 s. This is the time required for 10 pM SwMppP
to consume all of the dioxygen in the cuvette. Without preincubation with VG, there is no
significant inhibition, since L-Arg can likely out-compete VG due to its higher binding affinity.
However, when MppP is preincubated with VG, the enzyme takes longer to consume the available
dioxygen, presumably because the active enzyme concentration has been reduced by the inhibitor.
The peak at 510 nm in the presence of VG with preincubation is also only 40% of that observed in

the control reaction.
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5.3.10 Analysis of solvent isotope effects

There are several significant differences in the spectra obtained from the single-turnover reactions
that appear to be caused by solvent isotope effects. The pseudo-first order fluorescence experiment
shows a muted first phase compared to the experiment in H O (Figure 5-19A) which is not the
case in the absence of deuterium oxide (Figure 5-12C). In the single-mixing experiment monitored
at 510 nm, where MppP reacts with L-Arg in the absence of dioxygen, one typically sees Q1
accumulate and then plateau as the enzyme is “stuck” waiting for dioxygen. When there are traces
of oxygen (i.e. the system is not completely anaerobic) the plateau will not be perfectly horizontal
and the absorbance at 510 nm will decrease slightly after the peak. However, even though oxygen
was absent in this experiment, a marked decay of Q1 was observed. It is currently difficult to
explain how deuterium oxide apparently destabilizes Q1, but it could be that the energetics of
proton/deuteron transfers favor the decay of QI, presumably back to the external aldimine.
Overall, these preliminary experiments confirm the presence of significant normal solvent KIEs in

MppP catalysis, which can helpful in future mechanistic studies.
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Figure 5-19. (A) Single-mixing 415 nm excitation fluorescence experiment of MppP and L-Arg in the
presence of deuterium oxide. (B) Double-mixing experiments at 510 and 560 nm of MppP and L-Arg in
the presence of deuterium oxide. (C) Single-mixing experiment at 510 nm of MppP and L-Arg in the
presence of deuterium oxide.

5.3.11 Ratio of 4HKA/2KA varies with pH and temperature

The NMR spectra in Figure 5-20 show that lowering the pH increases the amount of 4HKA
produced, despite reducing the reaction rate (as measured by dioxygen consumption, see Han,
Lanlan, "Structure-Function Relationships in Bacterial Regulatory Proteins and an Enzyme
Involved in Antibiotic Biosynthesis" (2017). Theses and Dissertations). However, it appears that
even in phosphate at pH 8.4, the ratio can fluctuate, as in this experiment, the amount of 4HKA
was 14 % higher than expected. This may not be a direct result of any influence on MppP catalysis,
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but rather a consequence of the non-linear NMR baseline leading to less accurate integrals. The
reason for the consistently increased preference for 4HKA production at lower pH values is
currently unknown. It could be that pH has an influence on the dynamics of the enzyme. Since the
N-terminus is known to transition from disordered to ordered upon substrate binding, and to make
key contacts with the substrate,? it is tempting to speculate that pH can affect the conformational
dynamics in this part of the protein. The effect might also be due to alterations in the dynamics of
the catalytic lysine, since attack of the Lys221 at C4’ of the PLP in the EX intermediate (Scheme
5-6) could lead to premature release of the oxidized imine (Scheme 5-6, EK). Partitioning down
the two branches of the mechanism may be a function of keeping the catalytic lysine away from
the cofactor until the second oxidation step has occurred. It could also be that the enzyme is running
unnaturally fast at alkaline pH, since irn vivo it would presumably function closer to pH 7.0. Perhaps
the increased rate deranges the relative timings of events in the active site, creating opportunities
for the enzyme to release the partially oxidized product. The NMR experiments also show that
lowering the temperature increases the amount of 4HKA produced (Figure 5-21), even at pH 8.4
where the enzyme reaches it maximum turnover number. Temperature could also clearly affect the
conformational dynamics of the protein, and if the N-terminus is more mobile at higher
temperatures, one could imagine that premature “opening” of the active site by disordering of the
N-terminus might allow water to enter the active site and prematurely hydrolyze a post-Q1 reaction
intermediate to 2KA. Presumably, at lower temperatures, the active site is better able to shield

itself from water.
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Figure 5-20. (A) H NMR spectrum of MppP reaction with L-Arg carried out in
phosphate pH 8.4. (B) *H NMR spectrum of MppP reaction with L-Arg carried out
in water. (C) *H NMR spectrum of MppP reaction with L-Arg carried out in ADA pH
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5.3.12 The ratio of 4HKA/2KA
determined using quench-flow
based method

The quenched-flow LC-MS/MS
experiments provided direct insight
into the production of 4HKA and 2KA
at early reaction times, as opposed to
the end-point measurements done by
NMR (Figure 5-25A). The average
ratio of 4HKA to 2KA at 7s and 15s is
1.48 (Figure 5-25B), compared to
approximately 1.45 determined using
'H NMR (Figure 5-22). However,
below 5 seconds, the ratio is closer to
1:1. Such behavior was not expected

and future studies will be aimed at

gaining better understanding of it.
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Figure 5-22. H NMR spectrum of reaction of MppP and L-Arg. The relative ratio between 4HKA and
2KA was used to quantify standards used in LC-MS/MS experiments.

187



146 m/zTIC (+)

146 m/z > 86.1m/z CE-16 eV
146 m/z > 43.0 m/z CE-22 eV

Max. Intensity: 2,023,653

162m/zTIC (+)
162 m/z>84.1 m/zCE-19 eV

N 162 m/z>102.1 m/zCE-16 eV
NH,

i
ey

1 2 3 4 min

Figure 5-23. Separation of decarboxylated 4HKA and 2KA using ZIC HILIC on Shimadzu LCMS 8060 for
a reaction of 20 uM MppP and 480 uM L-Arg quenched after 15 seconds
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5.4 Conclusions

The work shown in this chapter led to a revised mechanism of MppP, since NMR experiments in
deuterium oxide showed that a 4,5-unsaturated intermediate is not involved in the mechanism.
Involvement of superoxide has been confirming using EPR, and preliminary MS data indicates a
possibility of trapping the carbon-centered radical intermediate. In addition to answering existing
questions, some of the experiments discussed in this chapter have raised new ones, such as
questions regarding a shift in product ratios observed in quenched-flow experiments. Looking
forward, the future work on the MppP mechanism will focus on the attempt to capture the proposed

peroxo intermediate as well as finding a way to exclusively produce 4HKA.
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APPENDIX

NMR spectra of enzymatically produced 2-ketoarginine

(A) *H NMR spectrum of 2KA in D,0 (B) 3C NMR spectrum of 2KA in D,0; (C) HSQC-multiplicity

edited spectrum of 2KA in D0
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oxoglutarate aldolase or isocitrate lyase.
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