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ABSTRACT

Pseudomonas aeruginosa has a two-enzyme D-arginine conversion system that enables it
to utilize D-arginine as a nutrient. The coupled-enzyme system consists of D-arginine
dehydrogenase (PaDADH) and L-arginine dehydrogenase (PaLADH). PaDADH has been
characterized structurally and mechanistically and established as an FAD-dependent enzyme that
catalyzes the oxidation of D-arginine to iminoarginine, which can be non-enzymatically
hydrolyzed to ketoarginine and ammonia.

A tyrosine 249 to phenylalanine variant of PaDADH (PaDADH-Y249F) was expressed
and purified as a mixture of two cofactors, one protein population with regular FAD and one with
a green-colored modified FAD. The chemically modified green FAD was investigated through
various spectroscopic techniques. The yellow and green protein fractions were investigated

structurally to uncover any clues about the modification. Molecular Dynamics and QM/MM were



also performed with the wild-type and the variant enzymes to investigate the contribution of
protein dynamics and flavin electronics into making the 6-hydroxylation reaction possible in the
variant enzyme.

PaDADH-Y?249F was also expressed and crystallized in the presence of D-arginine. The
structure of this incubated enzyme was similar in overall topology to the wild-type enzyme, except
for ambiguous electron density around the N5 and C6 atoms of the isoalloxazine moiety. The FAD
modified at the N5 position was present in the variant enzyme and the green modified FAD. The
presence of two modified flavin cofactors in a single crystal structure is unusual. The second
modified FAD was characterized via accurate mass analysis and investigated spectroscopically.

While a lot is known about PaDADH, PaLADH has yet to be characterized kinetically.
PaLADH is the second enzyme in the coupled-enzyme D-arginine conversion system and
catalyzes the reaction of ketoarginine and ammonia to L-arginine using NAD(P)H. PaLADH can
also catalyze the reverse reaction converting L-arginine to ketoarginine and ammonia using
NAD(P)" and was characterized using a stopped-flow spectrophotometer. The forward reaction of
PaLADH was investigated as the product of the coupled-enzyme reaction by providing the
nicotinamide substrate and D-arginine for PaDADH, with PaLADH also being present in the same
reaction mix. We also hypothesize that PaLADH and PaDADH might form a protein complex for
converting D-arginine to L-arginine, and the complex was probed using analytical

ultracentrifugation and size-exclusion chromatography.

INDEX WORDS: D-amino acids, Pseudomonas aeruginosa, Flavins, Modified flavins, D-
arginine dehydrogenase, L-arginine dehydrogenase.
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1 INTRODUCTION
1.1 Role of D-amino acids

1.1.1 A brief history of chirality

Louis Pasteur's investigation of alcoholic fermentation led him to discover molecular
chirality and enantiomers.*® A century after, numerous studies have investigated D-amino acids
and the unassuming role they play in nature.™ ° Pasteur was studying fermentation-based alcohol
productions and would investigate issues that local manufacturers would bring forth. * During one
of his investigations of fermented grape juice, he extracted (+) tartaric acid or dextro-tartaric acid
from tartar obtained from the fermentation containers.! Pasteur also extracted a racemic mixture
from tartar the (-) tartaric acid, referred to as "left tartaric acid".! On crystallizing the racemic acid
mixture, he observed an enantiomorphous sodium ammonium crystal, which did not display
optical rotation and had different crystal morphology and dubbed it () tartaric acid.® The
difference in optical properties, when not much was known about the molecular structure or atomic
bonding, led Pasteur to recognize the existence of molecular chirality and postulate that chirality
was a result of the tetrahedral arrangement of atoms in a molecule.X® After his pioneering
discovery of enantioselective fermentation of () tartaric acid by microorganisms, he decided to
switch fields to study fermentation and microbiology, ultimately leading him to make significant
developments like vaccinations and pasteurization.

During the 1800s, Jacobus van't Hoff and J.A. Le Bel independently developed the concept
of the asymmetric carbon atom as Emil Fischer was finishing his doctorate.'® Fischer would apply
the asymmetrical carbon concept to work out the correct configuration of aldohexoses using a two-
dimensional representation called Fischer projections.!® The D- and L- assignments for amino

acids were based on a proposal in 1906 by a Russian-American chemist Rosanoff based on the



location of the a-amino group relative to D-glyceraldehyde using Fischer projections commonly

used for optical isomers (Figure 1.1). 1

H o) H 0
N NoF
H ——%——H
CH,OH CH,OH
-Glyceraldehyde -Glyceraldehyde

Figure 1.1 Enantiomers of glyceraldehyde.
1.1.2 D-amino acids in nature

Amino acids are a fundamental component of enzymes, antibodies, hormones, receptors,
signaling peptides, and other essential molecules in living organisms.*® 1214 All standard amino
acids except one have at least one asymmetric carbon and can exist as D- and L-amino acid forms
(Figure 1.2). 2 While L-amino acids are more prevalent and are known as proteinogenic as they
are susceptible to being translated into peptides and proteins, D-amino acids also play important
roles. >° 1214 The role of D-amino acids was mainly thought of as non-functional and an unnatural
occurrence. However, studies confirmed the presence of D-amino acids in soil, bacterial cell walls,

and even human tissue.

CcOO COO
+ +
H H; H;i H
R R
-Amino acid -Amino acid

Figure 1.2. D- and L-Amino acids.



D-amino acids are found in free form in various food products, soil, plants, higher
organism, as well as microorganisms like bacteria.*® %1% Various factors like temperature,
treatments with alkali or acids, ionizing radiation have propelled the presence of D-amino acids in
free-form or as part of peptides or proteins found in food products, soil and water.5 2 14

D-amino acids have been found in peptides or proteins isolated from various tissues like the
aorta, brain, and even eye lens in humans. ° Studies on aA-crystallin isolated from human eye lens
from aged subjects revealed the presence of D-aspartate residues.>2° The conversion from the L-
to D- form of aspartate was believed to be a result of racemization during the aging process,
evidenced by the lack of the D- form in the aA-crystallin isolated from younger subjects.> 2° D-
aspartate was also found in human teeth enamel, and the presence was thought to occur due to the
aging process as well, as the older tooth enamel samples showed an increase in the presence of D-
aspartate.?! D-aspartate also plays an active role in endocrine functions in higher mammals by
regulating the secretion of several hormones like testosterone, oxytocin, and melanin. 46818

Apart from D-aspartate, a range of D-amino acids like D-serine, D-alanine and D-cysteine
are also found in humans and other mammals.® 1 18 D-serine also functions as a neuromodulator
and co-agonist in the central nervous system, along with D-aspartate and D-alanine to regulate the
function of N-Methyl-D-aspartate (NMDA) receptors.> & 17 D-serine also can be found in
endocrine organs, albeit with an elusive functional relevance.l’ D-alanine, apart from being
localized to the brain, is also found in pituitary glands, adrenal glands, and pancreas in mammals.*”
18 D-leucine, D-proline, and D-glutamate are other D-amino acids that are also localized to rodent
brains, with evidence of D-leucine and D-proline also being found in pituitary and pineal glands.>
8 17 Aberrant levels of these D-amino acids can have a strong association with diseases like

Schizophrenia, Parkinson's, Huntington’s, chronic pain, epilepsy and amyotrophic lateral



sclerosis.* & 1 Determination of the concentrations of D-amino acids in various tissues will be
helpful as a diagnostic tool, as well as a form of therapy for relevant diseases. The advent of
enantiomeric separation techniques has been advantageous to new biochemical studies of D-amino
acids and has propelled applications of D-amino acids in medicine and the biotechnology industry.
22
Different plant species also harbor free D-amino acids, and the abundance of D-amino acids
in plants is indicative of their role in plant physiology.® " 1 1% 23 Plants can uptake D-amino acids
directly through the soil, as established in Arabidopsis thaliana.'® Some D-amino acids have been
shown to act as toxins for plants and growth inhibitors.*® By contrast, D-isoleucine and D-valine
were also demonstrated to promote seedling growth.?* D-alanine has been reported not only to act
as a stress signal in duckweed seedlings but also as a building block of moss chloroplasts.” 2
One of the major sources of D-amino acids are microorganisms and their products.*” 14
The peptidoglycan cell wall layers in bacteria commonly utilize D-amino acids like D-alanine and
D-glutamate, which can enhance or decrease their resistance to certain antibiotics.*? 4 18 The
amino sugar components of the cell wall are cross-linked by branched polypeptide chains that
contain D-amino acids.*?, Penicillin, amongst other antibiotics, inhibits this cross-linking reaction
between an L-glycine residue and a D-alanine residue, thereby preventing the incorporation of D-
alanine into the cell wall.®> A large number of synthetic peptide antibiotics and the natural
gramicidin contain D-amino acids and have found these peptides effective against Clostridium

botulinum. 12

1.1.3 D-amino acid metabolism
Bacterial enzymes can synthesize D-amino acids like D-alanine and D-glutamate by amino

acid racemases (PLP-dependent or independent) or enzymes that catalyze the amination of specific



o-ketoacids.’® However, the diversity of D-amino acids extracted from bacteria and their
surrounding soil is indicative that bacteria have more mechanisms to synthesize or racemize the
other D-amino acids. * *° Plants take up D-amino acids by roots from the soil utilizing various
transporter proteins like Lysine-Histidine Transporter (LHT1) or the broad-range Amino acid
permease (AAP1). The enzyme D-Ala-D-Ala ligase was functionally characterized only in
Physcomitrella patens, even though the dipeptide D-Ala-D-Ala has been detected in a wide variety
of grasses and tobacco.” Alanine racemase is another enzyme whose function has only been
characterized in Chlamydomonasreinhardtii and alfalfa, but orthologs have been identified in a
wide variety of plant life.”

D-amino acid dehydrogenases were first identified in Pseudomonas fluorescens
and are catabolic enzymes that oxidize D-amino acids. 26 The D-amino acid dehydrogenases are
flavin-dependent dehydrogenases as they do not use molecular oxygen and were reoxidized using
methylene blue and dichloroindophenol as artificial electron acceptors.?® 2’ The most well
established and characterized enzyme that facilitates the catabolism of D-amino acids are D-amino
acid oxidases (DAAQ).8 23272 DAAQ was first reported by Krebs in 1935 as a flavin-dependent
enzyme that catalyzed the oxidative deamination of D-amino acids in pig kidney, and liver
samples.®°Almost all eukaryotes including fungi, fish, amphibians and higher mammals depend on
DAAO to regulate D-amino acid levels. 2" Perhaps the most critical function of the peroxisomal
DAAO is to maintain appropriate levels of D-serine in humans to maintain the activation of
NMDA receptors.* & 17-27 All DAAO enzymes share some standard structural features, although
with some key differences in their catalytic efficiency and kinetic mechanisms. All DAAOs exist
as a homodimer, with two domains: an FAD binding domain and a substrate binding domain. The

FAD binding domain is buried deep inside the protein and adopts an elongated conformation



(Figure 1.3).  ?’In Pseudomonas aeruginosa, a D-glutamate dehydrogenase, with a high

sequence homology to D-alanine dehydrogenase was established in Pseudomonas aeruginosa.

Figure 1.3. The 3-D structure of DAAO monomer with iminotryptophan.
DAAO from pig kidney(Teal ribbon) is shown here in complex with the non-covalently bound
FAD (yellow sticks) and Iminotryptophan (grey sticks) (PDB: 1DDO).

1.1.4 Arginine metabolism in P. aeruginosa
Arginine is one of the most versatile amino acids in terms of function, like acting as a

precursor for synthesizing nitric oxide, creatine, urea, proline, glutamate, and other polyamines,



functioning as a precursor protein building block. 3132 Pseudomonas aeruginosa PA01 has at least
four catabolic pathways for arginine.®® The first pathway is called the arginine deiminase pathway
and utilizes ATP to convert L-arginine to L-ornithine and can be induced by L-arginine (Figure
1.4). Aerobic L-arginine degradation is accomplished by the arginine succinyltransferase pathway,
where succinylated L-arginine is converted to L-glutamate and succinate (Figure 1.4). The arginine
decarboxylase pathway produces putrescine, a precursor for spermidine, and permits the bacteria
to grow on agmatine and putrescine (Figure 1.4). The arginine transaminase pathway kicks in when

the arginine succinyltransferase pathway is blocked and allows for bacterial growth on L-arginine.

34

1.1.5 D-amino acid and metabolism in Pseudomonas

Pseudomonas aeruginosa PAO1 can utilize D-alanine, D-glutamate, D-glutamine, and D-
arginine as the sole carbon and nitrogen sources.®*¢ The dadRAX operon in P. aeruginosa codes
for DadR, a transcriptional regulator, DadA, a D-alanine dehydrogenase, and DadX, an amino acid
racemase, is responsible for D-alanine metabolism and regulation.®® The dadRAX was discovered
in P. aeruginosa during an investigation of the bacteria's utilization of arginine and putrescine and
was found to be highly conserved in Pseudomonas.®® DadX, a product of dadRAX, is an alanine
racemase that catalyzes the racemization of L-alanine to D-alanine, and the DadA catalyzes the
oxidative deamination of D-alanine to pyruvate using FAD as a cofactor and an unknown electron
acceptor.®® DadA not only catalyzes the oxidation of D-alanine but has broad substrate specificity

and can also oxidize all other D-amino acids, except D-glutamate and D-glutamine. %
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Figure 1.4.Three of the four arginine catabolic pathways in P.aeruginosa. | Arginine deiminase
pathway, 11 arginine succinyltransferase pathway and 111 Arginine decarboxylase pathway.*

The dguR-dguABC operon discovered in P. aeruginosa by DNA microarray experiments was
established to be essential for D-glutamate catabolism.*® DguA is another member of the FAD-
dependent amino acid dehydrogenase family in PAO1.%® DguA was proposed to be a D-glutamate

dehydrogenase based on the sequence homology to the DadA, an alanine dehydrogenase.®® The

activity of DguA was tested against a lot of D-amino acids, and it displayed the highest activity

! Image reproduced from Reference 24 with permission from the Copyright Clearance Center.



with D-glutamate, D-proline, and D-glutamine, with no activity towards D-aspartate and D-

asparagine amongst others. 3

1.1.6 Role of the coupled-enzyme system in PAO1 (PaDADH and PaLADH)

Multiple catabolic pathways for arginine add to the redundancies of arginine metabolism in P.
aeruginosa and ensure arginine utilization. dauBAR is another operon, similar to the dadXAR, and
dguR-dguABC operons have been reported to be essential for D-arginine utilization in P.
aeruginosa.®* ¥ The expression of the dauBAR operon is regulated by two transcriptional
regulators, DauR, which acts as a repressor, and ArgR, which functions as an activator.®*

The other products of the dauBAR operon are DauA, an FAD-dependent D-arginine
dehydrogenase (PaDADH), and DauB or L-arginine dehydrogenase (PaLADH), both of which
function as a coupled-enzyme D-arginine conversion system.3* 3’ From previous studies, it was
known that PAO1 could utilize D-alanine, D-glutamate, D-glutamine and D-arginine as the sole
carbon and nitrogen sources.*-% Mutants with dauA and dauB knocked out lost the ability to utilize
D-arginine as a source of carbon, and nitrogen.®* 3" PaDADH or DauA is a true dehydrogenase
with broad substrate specificity with the highest activity displayed with D-arginine and D-lysine
and no activity for D-glutamate and D-aspartate, highlighting its preference for cationic side
chains.3* % PaDADH catalyzes the oxidation of D-arginine into iminoarginine, which could be
hydrolyzed to form 2-ketoarginine and ammonia using) using an artificial electron acceptor like
phenazine methosulfate (PMS). DauB or PaLADH is the second enzyme in this cascade and can
catalyze a NAD(P)H-dependent reaction to convert 2-ketoarginine and ammonia to L-arginine.®’

The PaDADH-PaLADH system is essential for converting D-arginine to L-arginine, as L-

arginine is the only form that the other metabolic pathways can further metabolize in PAO1.%” The
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coupled-enzyme system enables the bacteria to survive on D-arginine and prevents any potential

adverse side-effects that free D-arginine might have in the bacteria.

1.2 FLAVINS AND FLAVIN-DEPENDENT ENZYMES

Flavins are a class of yellow-colored cofactors with the basic structure of 7,8-dimethyl-10-
alkylisoalloxazine. Riboflavin or vitamin B2 acts as a precursor and can be modified to form the
versatile enzyme cofactors flavin  mononucleotide (FMN) and flavin adenine

dinucleotide(FAD)(Figure 1.5).

_ I I
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Figure 1.5.Structure of FMN and FAD.

The two cofactors, FMN and FAD, form an essential component of many flavin-dependent
enzymes and can be bound in a non-covalent manner or covalently via the 6- or 8- positions on the
isoalloxazine. **The "Old yellow enzyme" was the first flavin-dependent enzyme discovered by
Warburg and during studies of biological oxidations in yeast, and since then, multiple
flavoenzymes have been purified and characterized. 4> 4* Flavoenzymes perform a wide range of
functions in the cell, like DNA repair, apoptosis, cell growth, and detoxification, amongst many

others (Figure 1.6).4% 43
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The versatility of the flavin cofactor is due to the reactive center, the isoalloxazine ring. The
isoalloxazine ring is formed by the fusion of xylene, pyrazine, and pyrimidine rings.*® The
aromatic conjugated system confers chemical versatility to the flavin to carry out transfers of one
or two electrons, nucleophilic or electrophilic reactions, and acid/base catalysis.*> * In free
solution (pH 7.0), the redox potential for oxidized flavin/two-electron reduced flavin pair is -207
mV, 314 mV for the oxidized flavin/one-electron reduced flavin pair, and -124 mV for the one-
electron reduced flavin/two-electron reduced flavin pair, making the flavin cofactors a good
candidate for redox reactions.® The spectroscopic properties and reactivity of flavins are greatly
affected when functional groups like methyl, hydroxyl, cyano, thiol, or amino, or halogens like
bromide or chloride, are introduced onto the isoalloxazine ring, i.e., 9-OH-flavin and 6-OH-flavins
appear green in their unprotonated form.*>°” Synthetic, modified flavins have been long used to
probe chemical mechanisms and investigate protein environments surrounding the flavin cofactor
in flavoenzymes.*® 2 The 6-OH group is the most common naturally occurring modification for
flavins. However, this modified flavin has mainly been ignored due to its lack of activity in
glycolate oxidase and electron-transferring flavoprotein.*” 51 5860 The surrounding amino acid

residues can significantly modulate the versatility of the flavin in the active site of an enzyme.*



Figure 1.6. The versatility of flavin-dependent enzymes.

12
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1.3 SPECIFIC AIMS

e Investigation of the mechanism of formation of 6-OH-FAD in Y249F variant of
PaDADH
PaDADH is a true dehydrogenase, as it does not react with molecular oxygen
during turnover to reoxidize the reduced flavin, and an artificial electron acceptor was used to
characterize PaDADH kinetically.®! In the crystal structure of the wild-type PaDADH (PDB code:
3NYE, 1.30 A resolution), the hydroxyl O atom of Tyr249 was observed to be 3.0 A from the
carboxylate group of the iminoarginine product of the reaction bound, and 4.6 A and 3.6 A from
the N5 and C6 atoms of the Isoalloxazine cofactor, respectively in the active site of the enzyme.
At the time, tyrosine 249 seemed to be a viable candidate to serve as a catalytic base, which had
not yet been identified for PaDADH.* Purification of the Y249F variant of PaDADH in which
tyrosine 249 is replaced with phenylalanine yielded two distinct protein fractions: one with
enzymatically active FAD and a green fraction with an unreactive modified FAD. The green
fraction contained a modified form of flavin with significantly different spectroscopic properties.
A previous graduate student established the green flavin as an FAD cofactor hydroxylated at the 6
positions by analysis using NMR, mass spectrometry, and UV—visible absorption spectroscopy.*2
The current study aims to investigate the origin of the oxygen in the 6-OH-FAD found in
the Y249F variant of PaDADH by *80 isotope incorporation and investigate the effect of the
mutation on the microenvironment surrounding the flavin using X-ray crystallography and
Molecular Dynamics (MD). The conversion of FAD to 6-OH-FAD in the active site of Y249F
PaDADH seems to be substrate-assisted, like what was seen for the C30A variant of
Trimethylamine Dehydrogenase (TMADH) from Methylophilus methylotrophus. TMADH was

incubated with the substrate in 0, and H»'®0, and MS-ESI experiments determined the

incorporation of '20. 62 Similarly, for the Y249F variant of PaDADH, the enzyme fraction with
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FAD would be incubated with D-alanine in the presence of 80, and then analyzed via MS-ESI to
investigate the incorporation of 20 from molecular oxygen rather than water, owing to the rich
oxidative chemistry of molecular oxygen. This study will provide further insights into the
unconventional roles of residues in modulating the reactivity of versatile cofactors like flavins.
e Kinetic Characterization of PaLADH

PaDADH is part of a two-enzyme system with P. aeruginosa L-arginine dehydrogenase
(PaLADH). Together, they catalyze the conversion of D-arginine to L-arginine.®* ®3 PaLADH
catalyzes the conversion of 2-ketoarginine and ammonia into D-arginine, oxidizing NAD(P)H in
the process. PaLADH can also generate L-arginine from 2-ketoarginine and ammonia driven by
NADH or NADPH, as shown in Scheme 1.1. This two-enzyme D-arginine conversion system has
enabled Pseudomonas aeruginosa to gain an edge over other bacteria, enabling it to survive solely

on D-arginine as a nitrogen and carbon source. 3364

unkown electron acceptor

1 - R Ccoo R CHOO +
R, FAD  FADH ¥ . NADH  NAD H, *
., A H,0 + U “,
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al. ?

d-arginine ni
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NH
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Scheme 1.1. Scheme for the two-enzyme system for D-arginine conversion in P. aeruginosa.
Adapted from Reference 38

PaLADH activity will be assayed by testing the enzyme against one of the products of
PaDADH; 2-ketoarginine and NAD(P)H by observing the NAD(P)H consumption at 340 nm
using a stopped-flow spectrophotometer. The reverse reaction for PaLADH would lead to

oxidation of L-arginine to ketoarginine and ammonia, generating NAD(P)H in the process, and

will be monitored with varying concentrations of NADP+ and L-arginine. The Kkinetic
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characterization of PaLADH will provide insights into its role in the novel two-enzyme D-arginine
conversion system.
e Determine if PaLADH and PaDADH form an active complex.

PaDADH and PaLADH are part of a two-enzyme system in P. aeruginosa and catalyze
the conversion of D-arginine to L-arginine. * ® PaDADH and PaLADH may interact to form a
protein-protein complex to streamline the D-arginine conversion reaction. The other advantage of
this two-enzyme arginine conversion process in P. aeruginosa is that D-arginine can be converted
to L-arginine to prevent the utilization during translation and incorporation into newly translated
proteins. Crystallization trials will be carried out to co-crystallize purified PaLADH and PaDADH
and subject to X-ray diffraction. Other techniques like sedimentation velocity analytical
ultracentrifugation (AUC) will also be used to elucidate the protein-protein interaction between
PaLADH and PaDADH.

This two-enzyme D-arginine conversion system has enabled P. aeruginosa to gain an edge
over other bacteria, enabling it to survive solely on D-arginine as a nitrogen and carbon source.3
%4 P, aeruginosa is an opportunistic pathogen that colonizes the lungs of almost 80% of cystic
fibrosis (CF) patients. ® It has been found that the lungs of CF patients have an excess of free
amino acids.%® The excess of free amino acids in CF lungs provides conditions for this bacterium
to mutate and develop auxotrophic strains, which have a selective advantage over other bacteria
and other strains of P. aeruginosa.®® The investigation of these unique systems will expand the
knowledge on P. aeruginosa colonization mechanisms in CF, which are crucial to developing new
therapeutics. This study will provide insights into a novel D-arginine conversion system that

utilizes two enzymes instead of the conventional one-enzyme racemase system.
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2 AMINE OXIDATION BY D-ARGININE DEHYDROGENASE IN PSEUDOMONAS
AERUGINOSA

(This chapter has been published verbatim in Ouedraogo D., Ball J., lyer A., Reis R.A.G.,

Vodovoz M., and Gadda G. (2017) Arch Biochem Biophys, 632, 192-201; the author contributed

to the introduction, D-amino acids, and their metabolism, open questions sections, all schemes,
some figures in addition, to help with editing the final manuscript.)

21 ABSTRACT

D-Arginine dehydrogenase from Pseudomonas aeruginosa (PaDADH) is a flavin-
dependent oxidoreductase, which is part of a novel two-enzyme racemization system that functions
to convert D-arginine to L- arginine. PaDADH contains a noncovalently linked FAD that shows
the highest activity with D-arginine. The enzyme exhibits broad substrate specificity towards D-
amino acids, particularly with cationic and hydrophobic D-amino acids. Biochemical studies have
established the structure and the mechanistic properties of the enzyme. The enzyme is a true
dehydrogenase because it displays no reactivity towards molecular oxygen. As established through
solvent and multiple Kinetic isotope studies, PaDADH catalyzes an asynchronous CH and NH
bond cleavage via a hydride transfer mechanism. Steady-state kinetic studies with D-arginine and
D-histidine are consistent with the enzyme following a ping-pong bi-bi mechanism. As shown by
a combination of crystallography, kinetic and computational data, the shape and flexibility of loop

L1 in the active site of PaDADH are important for substrate capture and broad substrate specificity

2.2 INTRODUCTION

In 1848 Louis Pasteur made the groundbreaking discovery of molecular chirality®. Pasteur
was also among the first to observe enantioselectivity in a biochemical process, which is now a
well-established concept!. Numerous investigations were launched concerning D-amino acids

and their roles in nature* °. Later in 1935, Hans Krebs discovered D-amino acid oxidase (DAAO)
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through the observation that D-amino acids undergo selective deamination by homogenates
derived from pig kidney®.

D-amino acid oxidase is a ubiquitous flavin-dependent enzyme found in various species of
bacteria, fungi, and mammals, and remains the most extensively studied enzyme that oxidizes D-
amino acids, with more than 30 structures deposited in the Protein Data Bank’. D-amino acid
oxidase from pig kidney (pDAAO) remains the most studied orthologue of the D-amino acid
oxidase structural family, which also contains D-amino acid oxidases from other organisms,
sarcosine oxidases, glycine oxidase and dimethylglycine oxidase®*. The enzyme has become a
model for stereospecific flavin-dependent oxidoreductases that oxidize D-amino acids into their
corresponding iminoacids. Flavin-dependent enzymes that oxidize D-amino acids also include D-
glutamate oxidase, D-amino acid dehydrogenase, and D-arginine dehydrogenase, among others'?
16_

The function of DAAO in microorganisms is to utilize D-amino acids as a nutrient source,
although the functions of the enzyme in eukaryotes is still under investigation® /. Mammalian
DAAO has been reported to function in maintaining critical concentrations of D-serine that acts as
a neuromodulator in mammals'®2. To gain an in-depth understanding of D-amino acid oxidizing
enzymes, the readers are referred to recent reviews on DAAO and D-aspartate oxidase” 1% 2122,

PaDADH is emerging as a paradigm for flavin-containing enzymes that oxidize positively
charged D-amino acids and is an important complement to the D-amino acid oxidase, which
catalyzes the oxidative deamination of small and hydrophobic substrates. The present review
highlights the mechanistic and structural findings published over the past seven years on D-
arginine dehydrogenase from Pseudomonas aeruginosa which is a member of the DAAO

structural family. D-arginine dehydrogenase is an FAD-dependent enzyme that catalyzes the
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oxidative deamination of D-amino acids to their respective iminoacids, which nonenzymatically
hydrolyze to a-keto acids and ammonia® 24, The enzyme plays a pivotal role in utilizing D-
arginine as a primary source of carbon and nitrogen'®. PaDADH oxidizes the CN bond between
the Co atom and the amino group of the D-amino acid converting it to an iminoacid?. The enzyme
does not display any reactivity towards molecular oxygen, which could potentially be a

preventative mechanism to avoid production of harmful reactive oxygen species in host cells.

2.3 D-AMINO ACIDS AND THEIR METABOLISM

D-amino acids occur in free-form naturally in soil, plants, and are utilized by
microorganisms commonly found in soil i.e., P. aeruginosa®®. Racemization of amino acids
depends on various abiotic factors like temperature, ionizing radiation, metal ions and pH,
including several biotic factors like enzymes®*. Environmental pressures and increased D-amino
acid content in soil and waterways have forced bacteria to evolve in order to not only metabolize,
but utilize and synthesize D-amino acids®.

Higher organisms lack an extensive machinery in place to degrade D-amino acids. Indeed,
high levels of D-isomers are not tolerated and have a toxic effect on plants and fungi growth?” %8,
In humans, D-amino acids have specialized roles such as D-serine and D-aspartate which are
agonists for N-methyl-D-aspartate receptors and D-aspartate is also associated with ageing in
tissues'® 2932, D-amino acids in most eukaryotes are racemized via a one-enzyme racemase, most

of which are pyridoxal 5'-phosphate (PLP)-dependent!® 3233,

In bacteria, however, several cases of the utilization of D-amino acids in peptidoglycan
layers have been reported®. Bacteria, in most cases, have the required machinery in place to
metabolize and utilize D-amino acids3*. D-alanine and D-glutamate are among the D-amino acids

that are most prevalent in bacteria, making alanine and glutamate racemases essential in
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microorganisms®. Tsukada in 1966 demonstrated that Pseudomonas fluorescens had two distinct
D-amino acid dehydrogenases expressed in cells treated with D-tryptophan®®. Both enzymes use
FAD as a cofactor and do not use molecular oxygen as an electron acceptor. One of the D-amino
acid dehydrogenases specifically reacted with dichlorophenolindophenol as an electron acceptor,
while the other with methylene blue and were named D-amino acid:2,6-dichloroindophenol
oxidoreductase and D-amino acid :methylene blue oxidoreductase, respectively®®.

Haas and associates in 1988 provided evidence for an arginine racemase in P. aeruginosa
by demonstrating utilization of D-arginine by arginine auxotrophs, yet they were not able to
demonstrate arginine racemase activity in vitro®*. Li and Lu in 2009 discovered a novel two-
enzyme system that functions to convert D-arginine to L-arginine in P. aeruginosa. Further
analysis of the two gene products revealed that the two-enzyme system is composed of an FAD-
dependent D-arginine dehydrogenase and an NAD(P)H-dependent L-arginine dehydrogenase as
described in Scheme 2.12%. The two enzymes are products of the dauBAR operon, which can be
induced by D-arginine and D-lysine. The gene products DauA and DauB provide a unigque coupled
anabolic and catabolic system that enables Pseudomonas aeruginosa strain PAO1 to utilize D-
arginine as the only source of carbon and nitrogen. Li and Lu also reported that the DauBAR

operon is conserved among several other bacterial species?® 23 36,

Unknown € acceptor
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Scheme 2.1 D-Arginine racemization with the two-enzyme racemic system in Pseudomonas

aeruginosa. PaLADH is Pseudomonas aeruginosa L-arginine dehydrogenase.
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24 STRUCTURAL FEATURES OF PaDADH

2.4.1 Overall fold of PaDADH

The three-dimensional structure of PaDADH was determined by X-ray crystallography at
high resolution without added D-amino acids (~ 1.06 A, PDB ID: 3NYC)%¢. However, extra density
for a low occupancy iminoarginine was found in the active site. Ligand-free and bound forms were
obtained, the latter of which was probably due to the product of the enzymatic reaction being
trapped during the expression of the enzyme by Escherichia. coli.*® The PaDADH crystal
structures were also determined for crystals grown in presence of D-arginine and D-histidine
thereby yielding a PaDADH/iminoarginine (PDB 1D 3NYE)*¢ and PaDADH/iminohistidine (PDB
ID 3NYF)® complexes. Additionally, a covalent N5 flavin adduct was obtained at atomic-
resolution in the enzyme co-crystallized with D-leucine instead of the expected iminoleucine (PDB
ID 3SM8)%. Table 1 summarizes the crystal structures of PaDADH available in the PDB. The
four structures of hexahistidine-tagged PaDADH are highly similar, with RMS deviations of less
than 0.14 A for 381 Ca atoms, and display a non-covalently bound FAD as the cofactor®®. All 375
residues of PaDADH were well defined in the electron density map and organized in two domains.
The FAD-binding site is formed by a central six-stranded p-sheet surrounded by a three-stranded
antiparallel B-sheet with two a-helices on one side and five a-helices on the other side (Figure
2.1A). The substrate binding site is composed of an eight-stranded P-sheet and two short
antiparallel B-strands that constitute a sandwich surrounded by four a-helices and four loops (L1

to L4)% (Figure 2.1A).

2.4.2 FAD-binding site
The crystal structures of PaDADH show a noncovalently bound FAD as the cofactor®.

The flavin adopts an elongated conformation with the isoalloxazine moiety located at the interface
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of the substrate-binding site and the FAD-binding site. The adenosine portion of the FAD moiety
is buried deep within the FAD-binding site® (Figure 2.1A). The ribose ring moiety has hydrogen
bond interactions with the main-chain of R33 and A171, water molecules and the side chain of
E32. The pyrimidine portion of the isoalloxazine moiety interacts through hydrogen bonds with
backbone atoms of the 1335, Q336, H48 and a water molecule while the benzene portion forms
van der Waals contacts with R44, R222, W301, G303 and R305 *¢. Crystallographic data of
PaDADH demonstrate that the isoalloxazine moiety of the FAD is in a non-planar conformation
with a ring puckering angle of 15° along the N5 — N10 axis, defining two planes containing the
benzene and pyrimidine moieties®®. The bent conformation agrees with other flavin-dependent
38,39

enzymes structures containing flavin in the reduced state

244 248 261 276 329 336 375

Figure 2.1 Overall structure and active site of PaDADH in complex with iminoarginine.

(A) The PaDADH structure is shown in cartoon diagram. C atoms are colored in gray for the FAD-
binding site and in blue for the substrate-binding site. Iminoarginine and FAD stick representations
are illustrated in green and yellow, respectively. Loops (L1 to L4) that contribute to the active site
are highlighted in magenta. (B) Close-up view of the active site showing the substrate interactions
of the active site residues and FAD with the iminoarginine product. Protein side chains are
displayed in sticks.
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2.4.3 Substrate binding-domain

The substrate-binding site of PaDADH is formed by a small entrance that becomes wider
at the bottom of the active site pocket and is about 10 A deep when measured from the Co atom
of G54 to the FAD 02 atom®. The carboxylate group of the iminoarginine product occupies the
same plane as the isoalloxazine moiety of the FAD, while its side chain is almost perpendicular to
the FAD (Figure 2.1B)%. The side chain atoms of Y53, R222, Y249, R305, and the main-chain
carbonyl of G332 form polar interactions with the iminoproduct carboxylate group (Figure 2.1B)%.
The side chain of the iminoarginine product has van der Waals interactions with the side chain of
V242, hydrogen bond interaction with T50 and Y53, and ionic interaction with E87 side chain®
(Figure 2.1B). Two water molecules are located near the imino group of the product and form a
hydrogen bond network extending to the side chain of H48%. The entrance of the active site is
controlled by a flexible loop L1, which is formed by residues 33-56. The loop L1 has two different
peptidyl regions including residues 45-47 and residues 50-56 adopting two conformations

depending on whether the substrate is present or not in the active site.

2.4.4 Structural comparison of PaDADH with pDAAO

Previous crystallographic analysis showed that PaDADH has a high three-dimensional
structural similarity compared to pDAAO®. The crystal structures of PaDADH (PDB ID 3NYE)
and pDAAO (PDB ID 1DDO) were used for an in-depth comparison of the overall structure and
the active site of the two enzymes®® 4% 4!, pDAAO and PaDADH share 17.2 % sequence identity
with a RMS deviation value of 2.4 A for 270 Ca atoms *¢. PaDADH and pDAAO were chosen
since both enzymes catalyze the same chemical reaction except that DAAO utilizes molecular
oxygen as its electron acceptor. As shown in Figure 2.2A, the overall structure of PaDADH is

similar to pDAAO. The isoalloxazine moiety of the FAD is located at the interface between the
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FAD-binding site and the substrate-binding site in both enzymes®®. The main difference between
the two structures is observed in the FAD-binding site as indicated in Figure 2.2A where three
antiparallel B-sheets in PaADADH are replaced by an a-helix in pDAAQO?®. The substrate binding-
domain in both PaDADH and pDAAO is characterized by the presence of a large B-sheet®® (Figure

2.2A).

Y224 g

a-helix in DAAO
B-sheet in PaDADH

Figure 2.2 Comparison of the three-dimensional structures of pDAAO (light-blue, PDB 1D
1DDO) with PaDADH (gray, PDB ID 3NYE). Panel A represents the overall structure of the two
enzymes and Panel B represents the active sites of the enzymes. For clarity, Y53 from PaDADH
was omitted. Iminoacid C atoms in PaDADH are in green, iminotryptophan C atoms in pDAAO
are in magenta and FAD moiety C atoms are in yellow and orange in PaDADH and pDAAO,
respectively.

The active site of PaDADH in complex with iminoarginine and pDAAO in complex with
imonotryptophan showed that the ligands in both enzymes bind at the re face of the isoalloxazine
ring of the FAD moiety3® “° (Figure 2.2B). The carboxylate groups of the iminoproducts in both

enzymes lie in planes that are parallel to the isoalloxazine moiety (Figure 2.2B). On the contrary,

the side chains of the iminoproducts are quasi-perpendicular to the isoalloxazine moiety of the
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FAD (Figure 2.2B). In pDAAO only the side chain of an arginine, R283, interacts with the
iminoproduct carboxylate group whereas in PaDADH two arginine residues, R222 and R305,
participate in the interaction (Figure 2.2B)*. pDAAO has polar interactions with the
iminotryptophan product formed by the side chain residues of Y224, Y228, and the main chain O
atom of G313, which are similar to the interaction in PaDADH formed by the side chains of Y53,
Y249 and the main chain O atom of G332 (Figure 2.2B). The side chains of A49, L51, 1215, 1230
and Y224 in pDAAO form a hydrophobic cage that interacts with the iminotryptophan product.
PaDADH has a similar hydrophobic cage, but a key difference is the presence of E87 and T50 in

PaDADH in place of 1230 and L51 in pDAAO, respectively®® 4 (Figure 2.2B).

2.5 SUBSTRATE SPECIFICITY OF PaDADH

PaDADH exhibits broad substrate scope, being most active with large basic and
hydrophobic substrates, and demonstrates the highest activity with D-arginine and D-lysine*?
(Table 2). PaDADH is strictly stereospecific and L-amino acids are not substrates*®. PaDADH
cannot oxidize the anionic amino acids aspartate and glutamate. The anionic amino acids are
oxidized by specific D-aspartate and D-glutamate oxidases'? 2. The portion of the PaDADH
active site that binds the main chain follows intuition for the most part by providing a protein
positive charge(s) from R222 and R305 to bind the carboxylate of the substrate, and hydrogen-
bonds from Y53 and the main chain O atom of G332 to bind the amino group. The portion of the
active site that binds the side chain of the substrate is fine-tuned to bind arginine with E87
positioned to form an electrostatic interaction at a distance of 2.5 A with the guanidinium head-
group of arginine (Figure 2.1B)%. The relatively large active site volume and the presence of a
hydrophobic cage comprised of residues Y53, Y254, M240, and V242 grants PaDADH the ability

to oxidize large hydrophobic amino acids as well*3. The large active site of PaDADH and the lack
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of a handle on glycine is likely the reason glycine cannot find an optimal configuration to be
oxidized and smaller hydrophobic substrates are oxidized slowly by PaDADH?®®. Based on
crystallographic and computational evidence PaDADH is proposed to be further modulated by a

flexible loop to enhance the substrate scope by providing active site plasticity®.

2.5.1 EB87 dictates substrate specificity

D-Arginine and D-lysine are the best substrates for PaDADH as determined by their large
Keat/Km Values in the 10° Ms™ range®. The kinetic parameter kea/Km defines the ability of the
enzyme for capturing the substrate to form the enzyme-substrate complex that proceeds to
catalysis*. D-Arginine exhibits the largest kea/Km value at pH 8.7 of 3.4 x 10° M!s?, about 7-fold
higher than the next closest keai/Km value with D-lysine®. The bi-dentate electrostatic interaction
that arginine engages with E87 is likely more energetically favorable than the mono-dentate
interaction involved with D-lysine and may account for the differences in kinetic parameters.
Replacement of E87 with leucine resulted in a 20-fold decrease in the kea/Km value with D-
arginine, yet the value is still in the 10° M1s? range, hence the contributions of the hydrophobic
cage and other H-bonds to bind the D-arginine side-chain, such as T50 shown in Figure 2.3, is
substantial®,

The keat/Km value with D-histidine as a substrate is considerably lower than with D-arginine
and D-lysine simply because D-histidine cannot interact with E872. In the crystal structure of the
iminohistidine complex as shown in Figure 2.3, the iminohistidine product is present in two
distinct conformations, one of which does not point towards E87 and may partially explain the
1000-fold lower keai/Km values with D-histidine as compared to D-arginine®®. Further evidence of
a distinct binding behavior for D-histidine comes from the inverse solvent viscosity effect on the

keat/Km Value. Such a solvent effect is not seen with D-arginine as a substrate®.
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Active site _
entrance

Figure 2.3 Overlay of the crystal structures of PaDADH in complex with iminoarginine and
iminohistidine. PaDADH residues line the interior of the substrate binding pocket. (Some residues
were omitted for clarity). Iminoarginine and iminohistidine bind in two distinct conformations.
The surface of the substrate-binding pocket is in blue and the surface of the FAD-binding site is in
white. Iminoarginine C atoms are in green, iminohistidine C atoms are in blue, FAD C atoms are
in yellow, and side chain C atoms are in grey. The arrow indicates the entrance to the active site.

2.5.2 A hydrophobic cage and a flexible loop extends substrate scope

In addition to large kcat/Km values for amino acids substrates bearing positively charged
side chains, PaDADH can efficiently oxidize the bulky aromatic substrates tyrosine and
phenylalanine, and the sulfur-containing methionine (Table 2.2)%. The ability of PaDADH to
accommaodate hydrophobic amino acid substrates is rooted in the presence of a hydrophobic cage
as mentioned above. The D-phenylalanine and D-tyrosine substrates most likely form 7-m stacking
interactions with either or both of Y53 and Y249%¢. D-Tyrosine can also potentially form hydrogen
bonds with one or both Y53 and Y249 residues. D-Methionine is also a good substrate, making it
likely that the sulfur of methionine engages in favorable sulfur-w interactions with the aromatic
rings of Y53 and Y249%> % The flexible loop L1 of PaDADH is present in two alternate

conformations and is proposed to act as a gate to control substrate entry/exit and substrate
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accommodation®®. A similar loop is found in pPDAAO composed of residues 216-228. Loop L1
in PaDADH may help lock small substrates in place by closing tightly, whereas in the case of large

substrates like D-tyrosine and D-tryptophan the loop may protrude outward?.

2.5.3 Substrate specificity comparison to D-amino acid oxidases

The specificity of PaDADH for large and positively charged substrates is opposite to that
of the pDAAO and human DAAO enzymes, which show a preference for smaller hydrophobic
substrates i.e., D-alanine, and likewise possess small active site volumes of 160 and 220 A3,
respectively’. The substrate specificity of the yeast enzymes, RgDAAO and TvDAAO,
demonstrate a preference for amino acids bearing large and bulky hydrophobic side-chains such
as valine, phenylalanine and tryptophan*’. Naturally, the key factors that determine the specificity
of each of the enzymes seem to lie within the interactions of the substrate side-chain with the active

site residues and the relative sizes of the active site pockets.

2.6 STEADY-STATE KINETIC MECHANISM OF PaDADH

The steady-state kinetic mechanism of PaDADH is consistent with the minimal ping-pong
bi-bi kinetic mechanism depicted in Scheme 2%°. Evidence for a ping-pong mechanism stems from
the occurrence of parallel lines in the double reciprocal plots of the enzymatic rates versus varied
concentrations of D-arginine or D-histidine at different fixed concentrations of PMS as electron
acceptor. The artificial electron acceptor PMS was utilized because the physiological oxidizing
substrate has not been established. As shown in Scheme 2.2, the irreversible release of the
iminoacid product (ks) must occur before the second substrate, PMS, binds to enzyme (k7)*. In
agreement with a ping-pong mechanism, the binding of PMS was not significantly altered when
either D-arginine or D-histidine was used as the reducing substrate, yielding a Ky of around 10 uM

in both cases. Flavin reduction (ks) was demonstrated to be irreversible with D-histidine as
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substrate using rapid kinetics approaches*. The reoxidation of the flavin (ko) is also presumed to
be irreversible after examination of the reduction potentials of PMS/PMSH, > FAD/FADH>, with
values of +80 and -200 mV respectively*®. However, it is worth noting that the reduction potentials

could potentially be considerably different when buried within the enzyme environment.

2.6.1 Product release

The release of the iminoacid product (ks) is partially rate determining for the overall
turnover of the enzyme with D-arginine as substrate. Evidence for this conclusion comes from the
effect of increasing solvent viscosity on the normalized rate constant for overall turnover when the
enzyme is saturated with substrates? Product release is the only diffusion-controlled step present
in the proposed steady-state kinetic mechanism of PaDADH®. The ke value for D-arginine
exhibits a linear dependence on increasing viscosity yielding a positive slope of 0.14, consistent
with product release being partially rate-determining®. Furthermore, the kreq value for D-arginine
is not measurable using stopped-flow reaction techniques due to the reduction occurring within the
dead-time of the instrument, consistent with an estimated value for flavin reduction >800 s 4°,
Thus, another step other than product release may also be contributing to the overall rate of
turnover with D-arginine but has yet to be elucidated. In the case of D-histidine, increasing solvent
viscosity elicited no effect on ke, indicating product release was not limiting for turnover®.
Comparison of the kreq value of 60 s with D-histidine and its corresponding kcat of 35 s implies
that flavin reduction is at least partially rate-limiting with D-histidine as substrate*. Yet this also
implies there is another step that occurs during the overall catalytic turnover, such as an internal

isomerization of the enzyme, that contributes to kcat with D-histidine as well.


https://docs.google.com/document/d/1n6uLHwb-1WjMul6gMHXzVSpAkS3cv8K3RUmJVkgwyuw/edit#heading=h.4i7ojhp
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2.6.2 Substrate inhibition via a dead-end complex

At sufficiently high concentrations of D-arginine (> 0.5 mM) during steady-state turnover,
substrate inhibition of PaDADH occurs®. D-Arginine binds to the free reduced enzyme to form a
dead-end complex PaDADH:eq-D-Arg as shown in Scheme 2.2. The accumulation of the dead-end
complex leads to a lower overall rate of turnover. Substrate inhibition due to the formation of dead-
end complexes between the reduced enzyme and substrate has been observed in other flavoproteins
such as nitroalkane oxidase, flavocytochrome b2, thymidylate synthase, aldehyde oxidase, and

cellobiose dehydrogenase®®->4,
2.7 CATALYTIC MECHANISM

2.7.1 Mechanism CN bond cleavage

The reductive-half reaction of PaDADH was investigated to gain insight on the mechanism
of CN bond cleavage. During flavin reduction with either D-leucine or D-histidine, C4a or flavin
N5 adducts were not observed, which is consistent with a hydride transfer mechanism (Scheme
2.3). pH-Profiles and computational studies showed that the hydride transfer in PaDADH is
triggered by the abstraction of the substrate a-NHs* group proton (Scheme 2.3). Moreover,
substrate, solvent and multiple kinetic isotope effects studies on wild-type PaDADH were
consistent with the NH and CH bond cleavage of the substrate occurring asynchronously with
irreversible flavin reduction. In order to investigate on the status of the base that abstracts the
substrate a-NHs™ group proton (Scheme 2.3), Y53F and Y249F variant enzymes were generated
through site-directed mutagenesis. Indeed, the crystal structure of PaDADH shows that the
hydroxyl groups of Y53 and Y249 residues are at a distance <4 A from the substrate amino group
consistent with the Y53 and Y249 residues to act as a base®> . The pH-profile studies on the

reductive-half reaction of the Y53F and Y249F variant enzymes, and subsequent steady-state
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kinetic studies on E87L and H48F enzymes, established that Y53, Y249, E87 or H48 residues were
not the catalytic base that triggers the hydride transfer reaction to the enzyme-bound flavin®: 42,
Thus, it was proposed that the a-NHs™ group of the substrate loses its proton to the solvent to

trigger amine oxidation in PaDADH? 424,

PaDADH,,-S
kS ks
ky ks
PaDADH, PaDADH,,-P
PMSHz\I ky ks i\ P
kysD-Arg
PaDADH, -PMSH, PaDADH, PaDADH, 4-D-Arg
14
\ V
ky k,PMS
PaDADH, ;-PMS

Scheme 2.2 Steady-State Kinetic Mechanism of PaDADH. PaDADH.x, oxidized D-arginine
dehydrogenase; S, amino acid substrate; PaDADH:eq, reduced D-arginine dehydrogenase; P,
iminoacid product; PMS, phenazine methosulfate. ks and ki1 are shown as irreversible because
products are assumed to be close to zero during the determination of the initial rates of reaction;

ks is shown although it is close to zero based on stopped-flow data.*®
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Scheme 2.3 Hydride transfer mechanism in PaDADH. B is a catalytic base, currently presumed
to be a solvent molecule.

Similar to the wild-type PaDADH, no flavin intermediates were observed in the Y53F and
Y249F variants consistent with a hydride transfer mechanism. On the contrary, flavin reduction
was reversible in both the Y53F and Y249F variants. Moreover, the solvent and multiple kinetic
isotope effect studies on the Y53F and Y?249F variants demonstrated a synchronous CH and NH
bond cleavage, consistent with a hydride transfer, and an alteration in the relative timing of the
two bond cleavages as compared to the wild-type enzyme?. Based on this observation, it was
concluded that the two tyrosine residues are involved in the stabilization of the transition state in
PaDADH to facilitate the hydride transfer from the substrate Ca to the N5 atom of the

isoalloxazine moiety of the FAD®,

2.7.2 Restricted proton transfer

The pH-profile studies on Kg value and computational studies indicate that PaDADH
prefers to bind the protonated form of the substrate (i.e., a-NH3")*. As shown in Scheme 2.4, after
formation of the ESH" complex the substrate then loses a proton to form the ES complex that
proceeds to catalysis. A prominent hollow observed in the ket pH-profiles with D-lysine as a

substrate with the wild-type PaDADH provides evidence that the equilibration of the proton within
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the enzyme-substrate complex (i.e., kie/kis in Scheme 2.4) is slower than other relevant kinetic
steps (Scheme 2.4). *? A hollowed pH-profile is usually observed with sticky substrates, which
have a very high capacity to proceed to catalysis (i.e., k) after the formation of the enzyme-

substrate complex.>®’

k3
PaDADH,, + SH* PaDADH,,-SH*
14
H+k15 le
P
k’l k3 kS
PuDADH,, + S = PaDADH,,-S ——» PaDADH,4-P —APaDADHred

2

Scheme 2.4 Reductive half-reaction of PaDADH accounting for a slow proton equilibrium in the
Michaelis complex. S is the D-amino acid substrate. P is the iminoacid product.

The pH-profiles on the variant enzymes H48F and E87L provide further evidence that the
hollow is related to a sub-optimal binding of the substrate in the active site of the enzyme*. The
E87 residue stabilizes D-arginine by engaging in an ionic interaction with the substrate guanido
group, thereby replacement of the E87 side chain to leucine impaired the optimal binding of the
substrate, resulting in a slow proton release to the solvent*. It was shown that the hollowed pH-
profile of the H48F variant, which is not in direct contact with the substrate, is possibly due to the
disruption of the hydrogen-bond network between the water molecules, H48 residue and the amino
group of the substrate (Figure 2.4)% %2, The hydrogen-bond network is important to optimize
substrate binding and to prevent a slow proton release from the enzyme-substrate complex*?
(Figure 2.4). As shown in the crystal structure, E87 has an ionic interaction with the substrate
guanido group, while H48 interacts indirectly with the substrate via two water molecules (Figure

2.4).%8 Thus, it was concluded that both H48 and E87 residues participate in the optimal orientation
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of the substrate to prevent a slow proton exchange between the ESH* complex and the solvent*?

(Figure 2.4).

Figure 2.4 PaDADH loop L1 with the S45, A46 and H48 residues. The isoalloxazine moiety of
the FAD is in yellow, and the iminoarginine product is in green. Loop L1 is in magenta with H48

interacting with the iminoarginine product through two water molecules.

2.8 ROLE OF LOOP L1 DYNAMICS IN PaDADH

The crystallographic data showed that PaDADH has an active site loop L1 with two
flexible segments that span the FAD-binding site and the substrate-binding site.*® Loop L1 was
also shown to occupy two distinct conformations corresponding to an open, competent substrate
binding conformation, and a catalytically relevant, ligand-bound closed conformation®® (Figure
2.5). Y53 in loop L1, located at the entrance of active site, was proposed to act as a gate to control

the access to the active site.® In the FAD-binding site the side chains of S45 and A46 in loop L1,
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which do not interact directly with the substrate, adopt two alternate conformations depending on
whether the ligand is present in the active site or not (Figure 2.5).2¢ Thus, the alternating
conformations of S45 and A46, dubbed the S45/A46 switch, was also considered to participate in

the catalytic function of PaDADH.%

Figure 2.5 Open-closed conformations of loop L1.
The open conformation is shown in blue and the closed conformation in magenta. The C atoms in
the isoalloxazine ring of the FAD are shown in yellow.

2.8.1 S45/A46 switch and the Y53 gate

In the open conformation, as shown by the crystal structure, both the side chains of S45
and A46 located at the FAD-binding site point away from the isoalloxazine moiety, while the side
chain of Y53 points away from the active site pocket toward the bulk solvent (Figure 2.5).¢ In the

closed conformation, the side chains of S45 and A46 move closer to the isoalloxazine moiety and
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the side chain of Y53 gate swings back into the active site pocket to interact with the carboxylate
group of the iminoarginine product.® The S45 and A46 were mutated individually to alanine and
glycine, respectively, to investigate the dynamics of loop L1.%® The molecular dynamics data
indicate that in both S45A and A46G variants the Y53 gate has a higher probability to be in the
open conformation as compared to the wild-type enzyme, where the gate has almost equal
probability to be in the open and closed conformations during the simulation time.>® Thus, it was
concluded that the conformations of the S45/A46 switch and the Y53 gate are coupled.®®
Moreover, the intensity of the fluorescence spectroscopy showed a ~2-fold increase in the S45A
and A46G variant enzymes compared to the wild-type when the flavin was excited at its lower
energy peak in the enzyme bound-flavin.®® The emission peak of the flavin fluorescence of the
enzyme-bound flavin was red-shifted from 513 nm in the wild-type to 522 nm in both the variant
enzymes (Figure 2.6). It was concluded that the active site in the S45A and the A46G variants is
more exposed to the solvent due to the higher probability of the Y53 gate to stay in the open

conformation with respect to wild-type PaDADH (Figure 2.6).%®

2.8.2 Dynamics of loop L1 in substrate capture and catalysis

The dynamics of loop L1 participate in the optimal orientation of the enzyme-substrate
complex, as evidenced by molecular dynamics simulations and steady-state kinetic approaches.*®
The pH-independent kcat/Km values were lowered by 12-fold in the S45A and A46G variants
compared to the wild-type.*? 58 Based on the decreased Kcat/Km values observed in the S45A and
A46G variants, it was proposed that the likelihood of substrate capture in the variants is impaired
due to the higher probability of the Y53 gate to be in the open conformation as compared to the
wild-type enzyme.®® A hollow was observed in the ket pH-profiles for both the S45A and A46G

variants, consistent with a restricted proton transfer from the enzyme-substrate complex to the
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solvent.®® To gain insights on the effect of loop L1 dynamics on the rate of flavin reduction, the
reductive half-reaction of both variants was investigated. No conclusions could be drawn on the
impact of the mutations on the rate of flavin reduction because both variants could not be saturated
with the slow substrate D-leucine, preventing a direct measurement of the rate constant for flavin

reduction.®®
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Figure 2.6. Probability distribution of the S45A, A46G variant enzymes and the wild-type.All-
atoms molecular dynamics simulations were carried out over 1.1 us with 0.1 ps as equilibration
time>®. S45A variant is colored in blue, A46G variant in read and the wild-type in black. The inset
represents the flavin fluorescence of the variants and the wild-type enzyme.

The movement of side chain residues in mobile loops has been shown to participate in the
catalytic function of several enzymes. In RgDAAO, Y238 was proposed to act as a gate that may
control substrate entrance and product exit from the active site, and the corresponding residue in
pDAAO, Y224, was proposed to contribute to the active site plasticity responsible for the binding
of various substrates.*® % Y215 in lactate oxidase and E89 in phosphoenolpyruvate carboxykinase,
which are not in direct contact with the substrate, help to optimize substrate binding.®* %2 Residues

on flexible loop portions located at the entrance of enzymes not only act as gates but have been

shown to shield the active site from the solvent upon binding of the substrate.>® 6365
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2.9 OPEN QUESTIONS

The mechanistic and structural features of PaDADH have been established. However,
several open questions remain. The physiological electron acceptor of the enzyme has yet to be
identified. In vitro, PMS has been used as an artificial electron acceptor. Based on the abundance
of quinones in nature and their participation in many electron transport systems, quinones could
possibly act as potential physiological electron acceptors of the enzyme. Engineering a PaDADH
that is capable or reacting with oxygen could be useful in exploiting the enzyme function in
industrial use to separate racemic mixtures. Engineering flavoprotein dehydrogenases to react with
molecular oxygen to this day remains a challenging endeavor. PaDADH is part of a two-enzyme
racemic system involved in the racemization of D- to L-arginine. The presence of two enzymes
instead of a typical single racemase could potentially serve as a regulatory mechanism. Further
investigation of PaDADH and engineering variants that display oxygen reactivity can be utilized
for enzymatic synthesis of various a-keto acids and the separation of racemic amino acid mixtures

which are of potential interest to the industry.



Table 2.1 Crystal structures of PaDADH deposited in PDB.
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PDB ID Resolution (A)  Redox state of flavin Ligand
3NYC 1.06 Mixed* Iminoarginine
3NYE 1.30 Reduced Iminoarginine
3NYF 1.30 Reduced Iminohistidine
3SM8 1.07 Reduced D-leucine N5 flavin adduct

*Ligand-free and product-bound conformations for PaDADH.

The crystal structures of PaDADH exhibit the same space group P21212;.
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Table 2.2 Steady-State Kinetic Parameters for PaDADH.

Substrate Keat/Km, M s Keat, 5 Km, MM
D-arginine (3.4+£0.3)x 10° 204 +3 0.06 £ 0.01
D-lysine (5.3 +0.2) x 10° 141+3 0.26 +0.01
D-tyrosine 27600 + 3800 23+1 0.8+0.1
D-methionine 14800 + 600 154 +3 10+1
D-phenylalanine 6900 £ 300 753 11+1
D-histidine 3140 + 30 3B5+1 11+1
D-leucine 515 + 60 6.4+0.3 12+1
D-proline 420 £ 10 -a -
D-tryptophan 245+ 3 - -
D-isoleucine 195+3 - -
D-glutamine 186 +3 - -
D-valine 471 - -
D-alanine 41+1 - -
D-asparagine 161 - -
D-serine 3.8x0.1 - -
D-threonine 0.75+0.01 - -
D-glutamate - - -

D-aspartate - - -
L-arginine - - -
glycine - - .

D-cysteine nd® nd nd

Enzyme activity was measured varying concentrations of the desired amino acid and 1 mM PMS
in 20 mM Tris-HCI, pH 8.7, at 25 °C. 2Cannot be saturated with substrate thereby kca: and Km values

are not reported. °Not determined. PMS was reduced nonenzymatically by cysteine.
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3 A SINGLE POINT MUTATION IN D-ARGININE DEHYDROGENASE UNLOCKS
A TRANSIENT CONFORMATIONAL STATE RESULTING IN ALTERED

COFACTOR REACTIVITY

(This chapter has been published verbatim in A. lyer, R.A.G. Reis, S. Gannavaram, M.
Momin, A. M. Spring-Connell, Y. Orozco-Gonzalvez, J. Agniswamy, D. Hamelberg, 1.T. Weber,
S. Gozem, S. Wang, M.W. Germann, and G. Gadda (2021), Biochemistry, 60, 9, 711-724; The
author contributed to study design, protein expression, purification, crystallization, and data
collection and refinement, 6-OH-FAD characterization, and mechanism, writing of the manuscript

and editing)

3.1 ABSTRACT

Proteins are inherently dynamic, and proper enzyme function relies on conformational
flexibility. In this study, we demonstrated how an active site residue changes an enzyme’s
reactivity by modulating fluctuations between conformational states. Replacement of tyrosine 249
('Y249) with phenylalanine in the active site of the flavin-dependent D-arginine dehydrogenase
yielded an enzyme with both an active yellow FAD (Y249F-y) and an inactive chemically
modified green FAD, identified as 6-OH-FAD (Y249F-g) through various spectroscopic
techniques. Structural investigation of Y249F-g and Y 249F-y variants by comparison to the wild-
type enzyme showed no differences in the overall protein structure and fold. A closer observation
of the active site of the Y249F-y enzyme revealed an alternative conformation for some active site
residues and the flavin cofactor. Molecular dynamics simulations probed the alternate
conformations observed in the Y249F-y enzyme structure and showed that the enzyme variant

with FAD samples a metastable conformational state, not available to the wild-type enzyme.
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Hybrid quantum/molecular mechanical calculations identified differences in flavin electronics
between the wild-type and the alternate conformation of the Y249F-y enzyme. The computational
studies further indicated that the alternate conformation in the Y249F-y enzyme is responsible for
higher spin density at the C6 atom of flavin, which is consistent with the formation of 6-OH-FAD
in the variant enzyme. The observations in this study are consistent with an alternate
conformational space that results in fine-tuning the microenvironment around a versatile cofactor

playing a critical role in enzyme function.

3.2 INTRODUCTION

Enzymes catalyze chemical reactions in biological processes.” Understanding how enzymes
perform otherwise inaccessible reactions under physiological conditions has been of interest for
both fundamental and applied purposes. The majority of biochemical and structural studies have
focused on the electrostatic contribution to enzyme catalysis.” While the inherent flexibility
observed in enzymes is widely accepted to play a role in substrate capture and product release, the
contribution of dynamic processes to enzyme catalysis is still not entirely accepted and well
understood.* ¢ All proteins are inherently dynamic and exist in solution as ensembles of
conformations.’”” Protein motions span a wide range of timescales, from ultrafast atom vibrations
occurring in sub-picosecond timescales and fast side-chain motions occurring in sub-nanosecond
timescales to slow domain movements ranging from microseconds to seconds.” * * Conformational
changes in enzymes facilitate many events like substrate capture, stabilization of transition states,
and product release, which are essential for enzyme function.’’ The role of dynamics in catalysis
has been investigated in many enzymes.”" /? Different stages of catalysis, such as the binding of

substrate and cis/trans isomerization, often require conformational changes in enzymes.” /¥ 4
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Protein conformations can be pooled into conformational “substates” based on structural and
energetic similarities.”””” Methods like NMR relaxation dispersion have previously demonstrated
the existence of such transient and sparsely populated conformational substates.® /% ¥ Early
studies on myoglobin by Frauenfelder et al. in 1982 revealed multiple conformational substates
that are coupled to function.’? /3 77-20-22 The population and sampling of protein conformational
substates can be modulated by site-specific mutations, as demonstrated in bacterial
phosphotriesterase, Escherichia coli dihydrofolate reductase (EcDHFR), and cyclophilin
Al/proline isomerase.’" 2%’ Studies on EcDHFR variants established that while the wild-type and
mutant enzymes are similar in structure, they vary significantly in their ability to access specific

conformational substates.’’

D-Arginine dehydrogenase (EC 1.4.99.6; UniProtKB Q9HXE3; PaDADH) from
Pseudomonas aeruginosa PAO1 is an FAD-dependent enzyme that oxidizes D-arginine to 2-
imino-arginine.”’ The enzyme is part of a two-enzyme system with L-arginine dehydrogenase for
the irreversible conversion of D-arginine to L-arginine. ?” In nutrient-limiting conditions, the two-
enzyme system enables P. aeruginosa to utilize D-arginine as the sole carbon and nitrogen
source.”” The physiological substrate that oxidizes the enzyme-bound flavin in PaDADH is
unknown, but the enzyme is unreactive with molecular oxygen.”S In vitro kinetic studies have used
phenazine methosulfate (PMS) as an electron acceptor. PaDADH has a broad substrate specificity
with D-amino acids, with D-arginine being the best substrate, as shown by a kca/Km value of 10°
M-!s1.26 A direct hydride ion transfer from the ai-carbon atom of the deprotonated substrate to the
enzyme-bound flavin oxidizes the substrate,”® with a mechanism that is common to other flavin-
dependent enzymes that oxidize amino acids, such as L-amino acid oxidase, D-amino acid oxidase,

and monomeric sarcosine oxidase among others. 2 The atomic resolution crystal structures of
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PaDADH showed two conformations of the active site loop L1,%% with the side-chain of Y53
forming hydrogen bonds with either T137 in the ligand-free conformation or the product’s
carboxylate in the product-bound enzyme, demonstrating conformational flexibility of enzyme.?’
In the product-bound enzyme, the side-chain of Y249 forms a hydrogen bond with the product’s
carboxylate.”’’ Interestingly, upon replacing either Y53 or Y249 with phenylalanine, substrate
binding is minimally affected, but flavin reduction becomes reversible, suggesting modulation of
flavin reactivity by the tyrosine residues.?® Replacement of Y249 with phenylalanine also yielded
two enzyme populations, with an active enzyme variant containing yellow FAD (Y249F-y), which

was characterized in a previous study, and an inactive enzyme variant harboring a green modified

flavin cofactor (Y249F-g).?

This study has carried out a biochemical, structural, and computational characterization of the
yellow and green Y249F variant enzymes of PaDADH. Our results show that a modified flavin
cofactor, 6-OH-FAD, is responsible for the green-colored enzyme variant and establish that the
side-chain hydroxyl of Y249 plays a vital role in the wild-type enzyme preventing the formation
of the 6-OH-FAD. Indeed, removing the Y249 hydroxyl changed the protein conformational

landscape, altering the flavin electronic structure, thus modifying its reactivity.

3.3 EXPERIMENTAL PROCEDURES

3.3.1 Materials.

D-arginine, phenazine methosulfate, and PEG (3350, 5000, 6000) were purchased from
Sigma-Aldrich (St. Louis, MO). D-Alanine was obtained from Alfa Aesar (Wardhill, MA).
Synthesized 6-OH-FAD was a kind gift of Dr. Bruce A. Palfey at the University of Michigan, Ann

Arbor, MI. All other reagents used were obtained in their highest purity commercially available.
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3.3.2 Enzyme Preparation.

The Y249F enzyme was prepared by site-directed mutagenesis using the cloned wild-type
gene pET20b(+)/PA3863 as a template, as described in previous work.?® Expression and
purification of the Y249F enzyme were described previously.?® The purified Y249F-g and Y 249F-
y enzymes were stored in 20 mM Tris-HCI, pH 8.0, 10% glycerol, at a concentration of 10 mg/mL.
The expression, purification, and storage of the Y249F enzyme were also carried out in the absence
of glycerol to improve the quality of the spectra in the MS-ESI analysis. The enzyme concentration
was quantified using the Bradford method.3% 3! The UV-visible absorption spectrum of the Y 249F-
y and Y249F-g enzymes was recorded with an Agilent Technologies model HP8453 PC diode-

array spectrophotometer equipped with a thermostated water bath.

3.3.3 Flavin Extraction and MS-ESI Analysis.

The flavin cofactors were extracted from the Y249F-g and Y249F-y enzymes by treatment
with ice-cold 7% (v/v) TCA for 30 min on an ice-bath, followed by centrifugation at 10,000 g for
10 min to remove precipitated protein. The procedure was repeated on the supernatant to ensure
the complete absence of protein. The extracted flavins were purified with an SCL-10A VP
SHIMADZU HPLC equipped with diode array detection. The stationary phase was a pBondapak
Cie-column (15 cm x 4.6 mm), the mobile phase was H-O + 0.01% TFA as solvent A, and 5%
acetonitrile + 0.01% TFA as solvent B. The flavin cofactors were loaded onto the column at 5%
solvent B and eluted with a linear gradient from 5% to 100% of solvent B developed in 60 min at
a flow rate of 0.5 mL/min. FAD eluted at 21 min and 6-OH-FAD at 24 min. The flavin cofactors
extracted from the Y249F-y and Y249F-g enzymes were analyzed using mass spectrometry (MS)
in the negative electrospray ionization (ESI) mode at the Mass Spectrometry Laboratory of

Georgia State University. Accurate mass analysis was carried out using a Thermo Fisher Orbitrap



61

Elite mass spectrometer equipped with an ESI source in negative ion mode. The samples were
analyzed with an LC-MS profile without using a column and isocratic elution with 20%

acetonitrile and 0.1% formic acid at a flow rate of 8 pL/min.

3.3.4 6-OH-FAD pKa Determination.

After extraction and purification by HPLC, the 6-OH-FAD was vacuum concentrated for
~14 h and dissolved in 20 mM sodium phosphate, 20 mM sodium pyrophosphate, pH 6.0. The
concentration of 6-OH-FAD was calculated using e422 = 19.6 mM™cm™.3 The UV-visible
absorption spectra of the 6-OH-FAD solution were recorded after serial additions of 1 M NaOH
(1-10 pL) while the mixture was being stirred until the pH was incrementally changed. After each
careful and slow addition of the base, the solution could equilibrate until no changes in the pH
value or absorbance were observed, which typically required 2-3 min. The pH dependence of the
absorbance at 585 nm was fit to Eq 1, where C and Ch are the pH-independent limiting values for

the absorbance at 585 nm at low and high pH, respectively.

AbSSBS‘n‘m = 1+ 10pKa-pH

Equation 3.1
3.3.5 Lack of Reduction of the Y249F-g Enzyme with D-Arginine

A sample containing a mixture of the Y249F-y and Y249F-g enzymes (Y249F-yg) was prepared
by gel filtration through a PD-10 desalting column (General Electric, Fairfield, CT) in 20 mM
Tris-HCI, pH 8.7, and 25 oC. The Y249F-yg enzyme was incubated with 1.0 mM D-arginine in
50 mM Tris-HCI, pH 8.7 and 25 oC, and the UV-visible absorption spectrum was recorded before
and after incubation with the amino acid substrate to establish whether the latter could reduce the
Y249F-g enzyme. The Y249F-y enzyme present in the sample was used as an internal control

since it was immediately reduced with the addition of D-arginine.
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3.3.6 NMR Analysis.

NMR experiments were conducted on a Bruker Avance 600 MHz spectrometer equipped with
a5 mm QXI *H (3P, 3C, *N) probe (Bruker, Billerica, MA). 1D H spectra were collected using
the watergate W5 pulse sequence for water suppression.® Heteronuclear *H-3C HSQC spectra
were processed with a shifted squared sine bell multiplication in both dimensions (SSB=2). A 100
ms mixing time was used for TOCSY spectra. Samples were prepared in 10 mM sodium
phosphate, pH 7.0, and referenced to 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) at 25 °C.
Sample concentrations of HPLC-purified flavins ranged from 15 to 30 uM for 6-OH-FAD and
~100 uM for FAD; commercial FAD and synthesized 6-OH-FAD sample concentrations were 300

pM.

3.3.7 Conversion of FAD to 6-OH-FAD in the Y249F-y Enzyme.

The Y249F-y enzyme was incubated with 15 mM D-alanine in 20 mM Tris-HClI at pH 8.0
and 4 °C under aerobic conditions with constant stirring for 48 h. The flavin cofactors were
extracted by treating the enzyme with 50% acetonitrile, 0.1% TCA, and centrifugation at 10,000
g to remove precipitated protein. The centrifugation step was repeated on the supernatant until no
precipitation was observed. The resulting supernatant was vacuum concentrated for ~1h. Serial
additions of 1 M NaOH were made to the samples after recording the initial UV-visible absorption
spectrum at pH ~2.0 to incrementally raise the pH to ~10.0 and visualize the characteristic 540-

800 nm band of the 6-OH-FAD.3?

3.3.8 'O-Incorporation into 6-OH-FAD.
A Y249F-y enzyme solution (15 uM, 1 mL) in 50 mM Tris-HCI, pH 8.0, was placed in a
tonometer with a small stirring bar and a concentrated D-alanine solution in the side-arm. The

tonometer was made anaerobic by a 30-cycle treatment of flushing with oxygen-free argon and
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gas removal by applying vacuum. After the side-arm solution was mixed with the enzyme, the
resulting concentration of D-alanine was 15.0 mM. After mixing, the enzyme solution was
incubated with constant stirring at 4 °C in the presence of 80, gas by connecting a pressurized
cylinder with the 80, mixture to the tonometer. After 48 h, the protein was denatured with 50%
acetonitrile previously cooled down to -20 °C. The slurry was spun down at 10,000 g to remove
precipitated protein, and the step was repeated on the supernatant until no precipitation was
observed with centrifugation. The resulting supernatant was vacuum concentrated for ~4 h. The
MS analysis for the extracted flavins was carried out on a Waters QTof micro mass spectrometer
equipped with ESI source in negative ion mode through a direct infusion at 5 uL/min flow rate.
The ESI tuning settings were capillary voltage at 3000, sample cone voltage at 40, extraction

voltage at 1, desolvation temperature at 100 °C, and source temperature at 70 °C.

3.3.9 Enzyme Crystallization.

Crystals of the Y249F-g and Y249-y enzymes were grown by the hanging-drop vapor diffusion
method; 2 uL of protein solution and 2 uL of reservoir solution were mixed and equilibrated
against 500 uL reservoir solution. Crystals of the Y249F-g enzyme were grown at room
temperature using 50 mM Tris-HCI, pH 7.0, 10% glycerol, and 13% (w/v) PEG 3350, 6% (w/v)
PEG 5000, as the well solution. Green pyramidal crystals were observed within one week and
grew to a size of 0.2-0.3 mm?® in 2 weeks. Crystals of the Y249F-y enzyme were grown at room
temperature in 50 mM Tris-HCI, pH 7.0, 10% glycerol, and 13% (w/v) PEG 3350, 6% PEG 6000.

Yellow crystals were observed within one week.
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3.3.10 X-Ray Data Collection and Processing.

A single crystal of either the Y249F-g or Y249F-y enzyme was soaked for 2 seconds in the
reservoir solution with 25% glycerol as a cryoprotectant and flash-frozen immediately in liquid
nitrogen. Diffraction data were collected at 100 K on beamline 22-1D with an MX300HS detector
of the Southeast Regional Collaborative Access Team (SER-CAT) at the Advanced Photon
Source, Argonne National Laboratory. One hundred eighty images were collected at 1°oscillation
per image with a crystal-to-detector distance of 190 mm, and exposure of 1.5 s per image. The data
for Y249F-g and Y249F-y were processed using iIMOSFLM and scaled with SCALA tools

included in CCP4i Suite.?4 %

3.3.11 Structure Solution and Refinement.

The coordinates of wild-type PaDADH (PDB ID: 3NYE) were used for the molecular
replacement step to obtain the initial phases for both the Y249F-y and Y249F-g enzymes.>® The
tool Phaser found a unique solution in the orthorhombic space group P2:212; with one molecule
in the asymmetric unit for both Y249F-y and Y 249F-g.3” The crystal structures were refined with
Phenix_refine.®® Manual fitting and rebuilding were performed using the molecular graphics
program Coot** The 6-OH-FAD cofactor (6FA) coordinates were constructed using
phenix_elbow and added during the refinement of the Y249F-g enzyme structure.*® FAD was
available in the PDB library and was added during refinement for the Y249F-y enzyme. Refined
atomic coordinates and experimental structure factors were deposited in the Protein Data Bank
(Y249-g-PDB ID: 6PLD and Y249-y-PDB ID: 6P9D). All structural figures were made using

UCSF Chimera.*!

3.3.12 Molecular Dynamics Simulations.
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Molecular Dynamics (MD) simulations were carried out using the Amber16 suite of programs
and the AMBER ff14SB, a modified version of the Cornell et al. force field.*> # Initial coordinates
of the systems were taken from the wild-type enzyme structure (PDB: 3NYE) and the Y249F-y
structure (PDB: 6P9D).’ The AmberTools xleap program was used to construct the appropriate
system required for each MD simulation. The parameters of the FAD cofactor was obtained from
the general AMBER force field (GAFF).? Each system was solvated in a periodic octahedron pre-
equilibrated TIP3P# 6 water box. The edges of the octahedron were at least 10 A away from the
protein. All crystallographic water molecules were maintained. The systems were then neutralized

using Na" or CI" counterions and equilibrated to 300 K and 1 bar.

A detailed equilibration protocol can be found in Momin et al.*” More specifically, the systems
were energy minimized for 5,000 steps with the positions of the protein atoms held by harmonic
constraints. Five rounds of energy minimization were performed, where the force constant of the
positional constraints was gradually reduced from 500 to 0 kcal-mol™- A2, The system was heated
from 100 K to 300 K for 500 ps using a 1 fs time step and positional constraints on the protein
atoms, and the temperature was maintained using the Langevin thermostat with a collision
frequency of 1.0 ps™ under the NVT ensemble. Five rounds of heating were performed, where the
force constant of restraint was set to 500, 300, 100, 50, and 5 (kcal-mol™!'-A2), respectively. A final
equilibration step was carried out for 1 ns with a time step of 2 fs and no positional constraints
under the NPT ensemble at a constant temperature of 300 K and constant pressure of 1 bar using
the Monte Carlo barostat with coupling constant of 1.0 ps. All production simulations were carried
out for 1.2 ps. The first 200 ns was considered to be an extension of the equilibration phase, and
the last 1.0 ps was used for analysis. The particle-mesh Ewald (PME) summation? was used to

evaluate long-range electrostatic interactions. A 9 A cutoff was used for all short-range nonbonded
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interactions. All bonds involving hydrogen atoms were constrained using the SHAKE algorithm.?”’

The snapshots of the trajectories were saved every 1 ps (500 steps).

3.3.13 Molecular Dynamics Simulations with O, Molecules.
Additional molecular dynamics simulations of the wild-type and mutant enzymes with O
molecules were carried out for 1.2 us, similar to the description above. In addition to the above,

four O2 molecules were added randomly to the solution around the protein molecule.

3.3.14 Principal Component Analysis.

Principal Component Analysis (PCA) was performed using the CPPTRAJ program’’ in
AMBER 16 suite of programs on the MD simulation trajectories. The backbone atoms for all the
snapshots were structurally superposed. The eigenvectors and eigenvalues were calculated from
the covariance matrix characterizing the internal motions of all the heavy atoms of the active site
residues. Each eigenvector represents a principal component (PC), and the associated eigenvalue
describes the structural variation captured by the PC. The top two PCs (PC1 and PC2) captured
the largest structural variance and were used to project back on the simulation trajectories to

represent the conformational dynamics for the active sites of the wild-type and mutant.

3.3.15 Hybrid Quantum Mechanical/Molecular Mechanical (QM/MM) Calculations.
Hybrid QM/MM calculations were carried out for the wild-type and for different
conformations of the Y249F-y enzymes to determine the spin densities on the atoms of the flavin
isoalloxazine moiety. Specifically, the protocol used is based on the Average Solvent Electrostatic
Environment - Free Energy Gradient (ASEC-FEG) approach used previously for rhodopsins,’’
which was extended here to flavoproteins. Briefly, the ASEC-FEG approach computes quantum

mechanical properties of the cofactor in a superposition of several protein conformations instead
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of using a single protein structure. ASEC-FEG, therefore, accounts for the effect of local protein
flexibility on the quantum mechanically computed properties. The ASEC-FEG QM/MM models

were constructed by dividing each enzyme into three subsystems, labeled QM, MM, and MMa.

The QM subsystem, shown in Figure 3.1 with shaded atoms, was described using quantum
mechanics and included all atoms of the reduced anionic lumiflavin moiety, up to the link atom
(LA). The LA lies at the frontier between the QM and the MM, subsystems and is a hydrogen
atom that caps the valency created by breaking a Com-Cwmmi bond.”” The position of the LA was
restrained according to the Morokuma scheme, such that it remains colinear with the Com-Cmmi1
bond.” The MM, subsystem, also shown in Figure 3.1, includes some of the FADH" ribityl atoms
near the LA. The MM, subsystem was treated using molecular mechanics with the AMBER99sb>*
> force field, and is optimized along with the QM subsystem during QM/MM optimization steps
of the protocol. The MM subsystem includes all other atoms of the FADH", the PaDADH protein,
and surrounding water molecules and ions, i.e., all atoms not shown in Figure 3.1. The MM>
subsystem was treated with molecular mechanics with the AMBER99sb,>* %5 and TIP3P%® force
fields for the protein and water molecules, respectively, and was sampled to generate the ASEC

configurations.
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Figure 3.1. The division of FADH™ into QM (shaded atoms) and MM atoms. The frontier valency
is saturated by a hydrogen link atom (LA).

QM/MM calculations were performed for wild-type PaDADH and for different
conformational substates of the Y249F-y enzyme obtained from the 1,000 ns MD simulations
discussed in the previous section using the following protocol. These proteins were re-solvated in

a 10 nm cubic water box with 17 Na* counterions to ensure a globally neutral system.

Periodic boundary conditions were used to avoid boundary effects. Short MD simulations were
then performed for the MM, subsystem while keeping the QM and MM subsystems frozen to
generate the ASEC configurations for the proteins while maintaining each system in the same sub-
state sampled by the long MD simulations. Specifically, the sampling MD simulations were run

for a total of 11.3 ns, just long enough to sample local side-chain rotations and flexibility within
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each protein substate. Those include a 0.3 ns heating simulation, where the temperature was slowly
increased from 0 K to 300 K, a 1 ns thermalization in the NPT ensemble to equilibrate the volume
of the system, a 5 ns NVT equilibration run, and a 5 ns production run. The GROMACS code®’
was used for these MD simulations. The MD simulations were used to select 100 statistically
uncorrelated snapshots to generate an “ASEC” configuration of the MM subsystem, which is a
superposition of the 100 protein configurations with scaled charges and van der Waals parameters
such that the QM-MM interaction energy is computed under conditions mimicking thermodynamic
equilibrium conditions.”” ¥ The QM and MM: subsystems were then optimized within the
resulting ASEC environment. The QM/MM calculations were performed using the
MOLCAS*/TINKER® QM/MM interface.’* QM/MM geometry optimizations were performed
using the CASSCF/ANO-L-VDZP® 8 |evel of theory with 14 orbitals and 18 electrons (for
FADH") or 17 electrons (for FADHe or FAD) included in the active space. The optimized
geometry was used to obtain updated charge parameters for the cofactor using the RESP protocol,®*
and another MD simulation was performed to obtain a new ASEC configuration based on the
QM/MM optimized geometry and charges. The iterative process described above was used to

obtain a self-consistent QM/MM1/MM2(ASEC) system.

The optimized QM/MM structures with the updated ASEC configurations were then used to
generate four models for the wild-type PaDADH and the different conformational substates
Y249F-y. The resulting four sets of data represent different sets of assumptions to accommodate
all possible mechanisms and timescales of proton movements in the oxidative reaction catalyzed

by the enzyme, which was not known; these were:

- FADH?- at equilibrium. This data set considers the possibility that the reduced FADH" state

is oxidized to a neutral FADHe- that is long-lived enough for the QM/MM environment to
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equilibrate around it. In this case, the MM2(ASEC) and QM/MM: optimizations and spin
densities are consistently generated for FADHe.

- FADH- not at equilibrium. This data set considers the possibility that the reduced FADH~
state is oxidized to a neutral FADH-, but that FADHe reacts instantaneously with O». In this
case, the MM2(ASEC) is generated for FADH™ but the QM/MM: optimizations and spin
densities are computed for FADHs, i.e., we assumed the protein environment would not have
time to equilibrate before FADHe reacts.

- FADe- at equilibrium. This data set considers the possibility that the reduced FADH" state is
oxidized to an anionic flavosemiquinone, i.e., FAD, that is long-lived enough for the
QM/MM environment to equilibrate around it. In this case, the MM2(ASEC) and QM/MM;
optimizations and spin densities are consistently computed for FAD .

- FADe not at equilibrium. This data set considers the possibility that the reduced FADH"
state is oxidized to a FAD -« that reacts instantaneously with O.. In this case, the MM2(ASEC)
is generated for FADH™ but the QM/MM; optimizations and spin densities are computed for
FAD -, i.e., we assumed the protein environment would not have time to equilibrate before
FAD - reacts.

The Mulliken spin densities were computed using the same CASSCF/ANO-L-

VDZP/AMBER99sb level of theory used for the optimization. The spin density calculations were

also repeated using unrestricted B3LYP%/ANO-L-VDZP calculations for comparison. UB3LYP

66.67 while

has been successfully used to model several properties of flavin in different redox states
the CASSCF/AMBER QM/MM approach is widely used to perform multi-configurational

electronic structure calculations of protein-bound molecules.” Both UB3LYP and CASSCF
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calculations showed the same trends in spin densities, so only the CASSCF values are reported in

the results.

3.4 RESULTS

3.4.1 UV-Visible Absorbance of the Y249F-y and Y249F-g Enzymes.
The Y249F variant of PaDADH was isolated in three fractions with yellow, light green, and green
colors (Figure 3.2A inset) that could be separated using a DEAE-Sepharose column. The yellow
enzyme, Y249F-y, was active, contained FAD, and was previously characterized.>* The Y249F-y
enzyme showed a UV-visible absorption spectrum at pH 8.7 with maximal absorbance at 370 nm

and 445 nm and no absorbance above 540 nm (Figure 3.2A).

The green enzyme, Y249F-g, showed a broad band in the 540-800 nm region and maximal
absorbance at 350 nm and 429 nm (Figure 3.2A). The light green enzyme contained a mixture of

yellow and green enzymes (Y249F-yg).

3.4.2 MS-ESI Analysis of 6-OH-FAD.

To establish the atomic composition of the green modified flavin in the Y249F-g enzyme, the
enzyme was denatured, and the extracted flavin was subjected to mass spectrometry. An MS-ESI
analysis showed an m/z (-) value of 800.14 amu for the extracted green modified flavin (Figure
3.2B), consistent with an extra O atom being present on FAD. A control experiment of the yellow
flavin extracted from the Y249F-y enzyme yielded an m/z (-) value of 784.05 amu (data not
shown), in agreement with the expected value of 784.55 amu for FAD. These data are consistent
with the green flavin being a hydroxylated form of FAD,” but do not establish the site of

modification on the flavin cofactor.
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Figure 3.2. Spectroscopic characterization of the green flavin.

A) The UV-visible absorption spectra of the Y249F-y (solid curve) and Y249F-g (dashed curve)
enzymes were acquired at pH 8.7. The inset shows the enriched green inactive fraction Y249F-g,
a mixture of the Y249F-y and Y249F-g enzyme fractions (Y249F-yg), and the enriched Y249F-y
fraction after ion-exchange chromatography. B) MS-ESI spectrum of the green flavin extracted
from the Y249F-g enzyme in negative ion mode, showing an m/z (-) value at 800.14 amu and
naturally abundant isotopic pattern.

3.4.3 Determination of the pKa Value of 6-OH-FAD.
The pK. value of the extracted green modified flavin was determined in a pH titration of the
UV-visible absorption spectrum (Figure 3.3A). A plot of the absorbance at 585 nm vs. pH yielded
a pKa value of 7.1 + 0.1 (Figure 3.3A inset), which agrees with previous data on proton-

exchangeable equilibria of 6- or 9-OH-FAD in bulk solution.’* 7% 7/

3.5 Lack of Activity of Y249F-g Enzyme.

To establish whether the 6-OH-FAD could be reduced in the active site of PaDADH, the
enzyme containing a mixture of both 6-OH-FAD and FAD, i.e., Y249F-yg, was incubated with
1.0 mM D-arginine at pH 8.7, and the UV-visible absorption spectrum was acquired. The variant
enzyme containing both flavins was chosen because it provided an internal standard, i.e., the FAD.,

which was expected to be reduced in the substrate’s presence. The absorbance at 445 nm of the
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Y249F-yg enzyme immediately decreased upon incubation of the enzyme with the substrate
(Figure 3.3B), consistent with the enzyme with FAD being active. Instead, the long-wavelength
band in the 540-800 nm region of the spectrum persisted after incubation with D-arginine (Figure
3.3B), indicating that the amino acid substrate could not reduce the variant enzyme containing the
green modified flavin. Thus, the enzyme with the green modified flavin was not active, in
agreement with previous results in other systems showing that enzymes containing 6-hydroxylated

flavins retain low to no activity with their physiological substrates.’> 77>
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Figure 3.3. Spectroscopic characterization of the green flavin.

A) The UV-visible absorption spectra of the green flavin extracted from the Y249F-g enzyme as
a function of pH, with inset showing the determined pK. value; for clarity, only select spectra are
shown between pH 6.0 and 8.1. B) Functional assessment of the Y249F-yg enzyme containing a
mixture of FAD and 6-OH-FAD: oxidized enzyme before (solid curve) and after 60 min incubation
with 1 mM D-arginine (dotted curve).

3.5.1 NMR Analyses of 6-OH-FAD.
The green flavin extracted from the Y249F-g enzyme was subjected to NMR analysis to
establish whether the extra OH group was on the flavin C6 or C9 atom. A synthesized 6-OH-FAD

standard and commercially available FAD were also analyzed for reference. Three aromatic peaks
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are observed in the 'H NMR spectra of the extracted green flavin sample: 7.8 ppm, 8.35 ppm, and
a novel resonance at 6.75 ppm, and are identical to the synthesized 6-OH-FAD sample (Figure
3.4A). The adenosine resonances were identified via comparison to the FAD standard, leaving the
resonance at 6.75 ppm corresponding to a proton on the isoalloxazine ring (Figure 3.4B). Analysis
of TOCSY spectra obtained from the synthesized 6-OH-FAD and the green flavin extracted from
the Y249F-g sample reveal identical coupling between the aromatic peak at 6.75 ppm and the
isoalloxazine methyl proton at 2.4 ppm (Figure 3.4C& 3.D). Thus, by direct comparison with
standards, the 'H-NMR, TOCSY, and HSQC analyses established that the green flavin’s

modification was on the C6 atom and not the C9 atom.

3.5.1 Conversion of FAD to 6-OH-FAD in the Y249F-y Enzyme.

The 6-OH-FAD in PaDADH could be formed through an ionic mechanism in which the flavin
hydroquinone is a required intermediate, as previously proposed for trimethylamine
dehydrogenase.”d To determine whether the hydroquinone was required to convert FAD to 6-OH-
FAD in the active site of PaDADH, the Y249F-y enzyme was reduced aerobically with 15 mM
D-alanine at pH 8.0 and 4 °C, and the resulting UV-visible absorption spectrum was acquired. As
shown in Figure 3.5A, the aerobic treatment of the enzyme with the D-alanine resulted in FAD’s
conversion to 6-OH-FAD. An MS-ESI analysis of the modified flavin after extraction from the
enzyme confirmed the formation of the 6-OH-FAD, with an m/z (-) value of 800.19 amu in the
mass spectrometry spectrum (Figure 3.5B). In the absence of D-alanine, there were no changes in
the absorption maxima of the enzyme-bound FAD at 377 nm and 449 nm (Figure 3.5A). Thus, the
flavin hydroquinone produced in the substrate-driven reduction of the flavin with D-alanine could
be a possible intermediate that allows for the in vitro formation of 6-OH-FAD from FAD in the

active site of the Y249F-y enzyme.



75

The aerobic incubation of the Y249F-y enzyme with 15 mM D-alanine was repeated in an
atmosphere enriched with '*0» gas to establish whether the O atom incorporated in the 6-OH-FAD
originated from molecular O». In the MS-ESI spectrum of the extracted flavin reduced with D-
alanine in the presence of '*0, gas, the relative intensity of the peak with an m/z (-) value of 802.16
amu increased as compared to that treated with atmospheric O» gas, consistent with the
incorporation of an '®0 atom in the newly formed 6-OH-FAD. Thus, the O atom of the 6-OH-FAD

originated from molecular O».

3.5.1 Proposed Mechanism for the Formation of 6-OH-FAD.

Based on the requirement of a flavin hydroquinone and the observation that the O atom
incorporated in the 6-OH-FAD originated from O, a mechanism for the formation of 6-OH-FAD
could be proposed (Figure 3.5C). Briefly, the enzyme-bound FAD is initially reduced by D-alanine
before reacting with O via a single-electron transfer generating a neutral flavosemiquinone and
superoxide anion; the two radical species collapse with the formation of a C6-peroxo-FAD, which
after elimination of water yields 6-OH-FAD. If one assumes rapid equilibration of protons, an
anionic flavosemiquinone could also be considered before forming the 6-peroxo-FAD, as
illustrated by the species in brackets in Figure 3.5C. Irrespective of the ionization state of the
flavosemiquinone, the proposed mechanism suggests there is an increased tendency for O to react
at the C6 carbon of the flavin in the Y249F mutant relative to the wild-type system, where such a
reaction does not occur. One possibility is an enhanced reactivity at the C6 carbon of flavin in
Y249F, while another possibility is easier Oz access to the active site. We tested both hypotheses

using MD and QM/MM calculations (see below).
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Figure 3.4. 'H-NMR and HSQC spectra of the modified flavin.

A) Comparison of '"H-NMR spectra of the green flavin isolated from the Y249F-g enzyme (top),
synthesized 6-OH-FAD (middle), and FAD (bottom). 'H-NMR spectra of the extracted flavin
and a chemically synthesized 6-OH-FAD yielded identical chemical shifts, confirming the
modification was at the C6 position of the isoalloxazine moiety of FAD. B) HSQC spectra of
aromatic regions of synthesized 6-OH-FAD (left) and FAD (right). C) slices from TOCSY
spectra showing coupling between position 9 of the isoalloxazine ring and the adjacent methyl
protons (left synthesized, right HPLC purified). D) HSQC spectrum of 6-OH-FAD methyl
protons. The separation between methyl protons is 0.24 ppm.
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Figure 3.5. Conversion of FAD to 6-OH-FAD in the Y249F-y enzyme.

A) The Y249F-y enzyme was incubated for 48 h in the presence or absence of 15 mM D-alanine
at pH 8.0 and 4 °C (top); UV-visible absorption spectra of the isolated cofactors after the treatment
of the enzymes with acidified 50% acetonitrile and centrifugation to remove denatured protein at
pH 2.0 (middle) and alkalization with 0.6 M NaOH (bottom). B) MS-ESI spectra of the extracted
cofactors after aerobic incubation of the Y249F-y enzyme with 15 mM D-alanine in natural and
180, gas-enriched atmospheres after extraction with 50% acetonitrile. C) Proposed mechanism for
hydroxylation of FAD in the active site of the Y249F-y enzyme. The description is in the text.
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3.5.2 X-Ray Crystal Structures of the Y249F-g and Y249F-y Enzymes.

The high-resolution X-ray crystal structures of the Y249F enzymes with either 6-OH-FAD or
FAD were independently solved in space group P2:2:2:. The space group was the same as that
previously seen for the structure of wild-type PaDADH.?® The structure of the Y249F-g enzyme
with 6-OH-FAD (PDB: 6PLD) was refined to an R factor of 0.16 and a resolution of 1.55 A and
that of the yellow Y249F-y enzyme with FAD (PDB: 6P9D) to an R factor of 0.13 and a resolution

of 1.33 A. The crystallographic and refinement statistics are presented in Table 3.1.

Superposition of the backbone atoms of either the Y249F-g or the Y249F-y enzyme with
the structure of the wild-type enzyme previously determined (PDB: 3NYE) yielded RMSD values
<0.38 A over 375 polypeptide backbone atoms (Figure 3.6). The structure of the Y249F-g enzyme
lacked electron density on the C4 atom of F249, as expected due to the mutation of Y249 to
phenylalanine. Additional electron density was present on the flavin C6 atom (Figure 3.),
consistent with 6-OH-FAD in the Y249F-g enzyme. In contrast, the structure of the Y249F-y
enzyme lacked electron density on both the C4 atom of F249 and the flavin C6 atom, consistent

with the mutation of Y249 to phenylalanine and the presence of unmodified FAD.

The Y249F-g and wild-type enzymes shared identical conformations of all the active site
residues and flavin (Figure 3.7B). In the Y249F-y enzyme, instead, the conformations of both the
guanidino group of R222 and R305 could only be modeled between 60 and 80% occupancy (Figure
3.7C-D). This enzyme conformation was labeled conformation-A. The guanidino group of R222
was also present in an alternative conformation that could be modeled for 40% occupancy (Figure
3.7C-D), which was labeled conformation-B. Although residual electron density for the side chain

of R305 was observed at lower sigma levels, a unique alternative conformation of the guanidino
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group of R305 could not be modeled with confidence. Residual electron density for the FAD was
also observed in the Y249F-y enzyme, but again a unique alternative conformation could not be
modeled with confidence (Figure 3.7C). Thus, the FAD and the side chains of R222 and R305 in
the Y249F-y enzyme appeared to be mobile. A similar case of FAD being in multiple
conformations was previously observed in the crystal structure of an enzyme variant of p-

hydroxybenzoate hydroxylase, in which Y222 was replaced with phenylalanine.””

3.5.1 MD Simulations.

To probe whether replacement of Y249 with phenylalanine was responsible for the unique
conformational substate seen in the X-ray structure of the Y249F-y enzyme, i.e., conformation-B,
MD simulations were carried out on the wild-type and the two conformations of the Y249F-y
enzyme. Unrestrained MD simulations were carried out for 1.2 ps to generate an ensemble of
accessible conformations of the Y249F-y and wild-type enzymes.”® Principal component analysis
(PCA) showed that the Y249F-y and wild-type enzymes share most of the conformational
landscape, i.e., conformation-A (Figure 3.8). The Y249F-y enzyme had an extra conformational
substate in the PCA involving the guanidino groups of R222 and R305 and the FAD that was not
available to the wild-type enzyme (Figures 3.8 & 3.9). Thus, the replacement of Y249 with
phenylalanine permits a conformational substate in the mutant enzyme that is impeded in the wild-
type enzyme, i.e., conformation-B is available to the Y249F enzyme but not the wild-type

PaDADH.

3.5.2 02 localization in the active site.
To establish whether the effect of the single point mutation unlocking a transient
conformational state in the protein was due to altered localization of O to the flavin C6 atom,

additional MD simulations with Oz molecules were carried out. O; molecules were able to freely
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access the active site of the wild-type and mutant enzymes. There was no significant difference in
the localization of O; around the flavin C6 atom in the Y249F-y and wild-type enzymes. The
replacement of Y249 with phenylalanine yielded minimal, if any, steric control of the formation
of 6-OH-FAD in the active site of PaDADH, suggesting that the modification was due to the

change in the electronic configuration of the flavin.

3.5.3 Hybrid QM/MM Electron Spin Density Flavin Computations.

To determine whether the transient conformational substate unlocked in the Y249F-y enzyme
by the single point mutation yielded an altered chemical reactivity of the flavin, hybrid QM/MM
calculations were used to model the electron spin density of the flavin in conformation-A and
conformation-B of the Y249F-y enzyme and the wild-type enzyme. As described in the QM/MM
methodology section, multiple models were considered to allow for both the neutral
flavosemiquinones, anionic flavosemiquinones, and the protein equilibrated before and after
electron transfer. The latter requirements allowed for either rapid formation of 6-peroxo-FAD after
superoxide formation or slow enough reactivity to allow protein equilibration, since this was not
experimentally established and was beyond the scope of the present study. As shown in Table 3.2,
the QM/MM analysis showed that the flavin C6 atom in the Y249F-y enzyme’s conformation-B
had a higher spin density than in conformation-A, irrespective of protein equilibration or the
flavosemiquinone ionization’s state. The same result was obtained for UB3LYP spin-density
calculations. Thus, the replacement of Y249 with phenylalanine is associated with a change in
protein dynamics, unlocking a conformational substate with an altered FAD reactivity, which

likely results in the formation of 6-OH-FAD in the active site of PaDADH.
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Figure 3.6. The overall structure of the Y249F-g and Y249F-y enzymes.

A) Overlay of the Y249F-g (gray) and wild-type (purple) structures, showing similar overall folds,
with RMSD values of 0.36 A over 375 polypeptide backbone atoms. B) Overlay of the Y249F-y
(pink) and wild-type (purple) structures, showing similar overall folds, with RMSD values of 0.38

A over 375 polypeptide backbone atoms.
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Figure 3.7. The active sites of the Y249F-y and Y 249F-g enzymes.

A) Electron density map (2Fo-Fc contoured at 2c) of the Y249F-g enzyme, showing 6-OH-
FAD. B) Active site overlay of the Y249F-g (gray) and wild-type PaDADH (purple),
demonstrating no changes in the active site. C) Electron density map (2Fo-Fc contoured at
1.3, in gray, and Fo-Fc contoured at 3.0c, in green) of the flavin and electron density map
(2Fo-Fc contoured at 1.3c, in gray) of R305, R222, and F249 in the active site of the
Y249F-y enzyme. D) Active site overlay of the Y249F-y (pink) and wild-type PaDADH
(purple) demonstrating two major conformations for the side chain of R222.
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Figure 3.8. Conformational flexibility of active site in the Y249F-y variant.

A). Principal component analysis as a scatter plot for wild-type PaDADH (purple), Y249F-y
conformation-A (green), demonstrating significant overlap between the wild-type PaDADH and
Y249F-y conformation-A. The concentric circles in orange indicate the highest density areas for
the wild-type and in white for Y249F-y conformation-A. B) Principal component analysis as a
scatter plot for wild-type PaDADH (purple) and Y249F-y conformation-B (red) demonstrating
overlap between the Y249F-y conformation-B to a lower degree, compared to the Y249F-y
conformation-A and a novel conformational state in the conformation-B. The concentric circles in
orange indicate the highest density areas for the wild-type and purple for Y249F-y conformation-
B.
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Figure 3.9. Side-chain flexibility for R222 and R305.

Probability distribution plot for the side-chain dihedral angles for arginine 222 and 305. The plot
demonstrates the frequency of dihedral angle space accessed at chil and chi2 of R222 and R305 for
WT PaDADH, conformations A and B of Y249F-y, in the presence and absence of Oo.

3.6 DISCUSSION

The biochemical, structural, and computational investigation presented here demonstrates that
Y249 in PaDADH exerts a tight control on the reactivity of flavin by limiting the ensemble of
conformational substates that could be otherwise sampled by the protein in the absence of the Y249
hydroxyl group. The X-ray structures of the mutant enzyme before and after the formation of 6-
OH-FAD, i.e., the Y249F-y enzyme in conformation-A and the Y249F-g enzyme, are identical to
the wild-type enzyme. The crystal structure does, however, suggest an alternative conformation
for some flexible residues but does not entirely explain what features may alter the reactivity of
the flavin. However, MD simulations demonstrate that, upon removing the Y249 hydroxyl by
mutation to phenylalanine, the protein samples a new conformational landscape not available to
the wild-type enzyme, i.e., Y249F-y conformation-B. MD simulations also indicate no difference

in Oz localization in the mutant and wild-type enzymes, while hybrid QM/MM spin density
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calculations indicate that conformation-B has altered flavosemiquinone reactivity. This suggests
that Y249F-g is formed only in the transient conformation-B substate of Y249F, which is not

observed in the wild-type protein.

Proteins are dynamic and sample a wide range of conformations to stabilize transition states,
control substrate access to and product release from the active site, and provide proper electrostatic
interactions for catalysis and substrate binding.”” Any perturbation to the existing ensemble of
conformations can severely impact enzyme activity, as demonstrated in PaDADH, where a point
mutation removing an O atom from the side-chain of an active site residue modifies protein
dynamical pathways and leads to altered cofactor reactivity. This conclusion further expands
conclusions from previous studies on EcDHFR showing that mutations affect the enzyme’s ability
to sample specific conformations associated with the hydride transfer reaction catalyzed by the
enzyme.’” 7 The results presented in the current study suggest that the dynamics of enzymes
orchestrate their function due to the highly optimized interactions and coupled motions between

the different residues that can be altered with the slightest change in the amino acid sequence.

Apart from the side-chain conformations and protein motions, flavin dynamics also have an
essential role in substrate binding and catalysis.”” The ribityl moiety and the isoalloxazine ring are
the most mobile portions of flavins and can be stabilized by hydrogen bonding interactions.*’ p-
Hydroxybenzoate hydroxylase was one of the first enzymes for which structural evidence for a
mobile flavin existing in two conformations, namely “in’ and “out,” was established in a Y222 to
phenylalanine enzyme variant.®’ In contrast to the wild-type enzyme, the flavin in p-
hydroxybenzoate hydroxylase prefers the “out” conformation, with the isoalloxazine ring away
from the substrate-binding site in the Y222F enzyme, with R220 providing a significant stabilizing

interaction to maintain the “out” conformation.”” Interestingly, in both PaDADH and p-
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hydroxybenzoate hydroxylase protein dynamics is altered when an active site tyrosine is replaced
with phenylalanine, although a rationale is not immediately clear. Perhaps Nature has exploited
the ability of the tyrosine’s hydroxyl side chain to act concomitantly as both hydrogen bond donor
and acceptor to firmly limit the ensemble of conformational substates potentially available to the
protein. More recently, studies on enzymes like N-hydroxylases/monooxygenase, tetracycline
resistance enzymes amongst other flavin monooxygenases have focused on elucidating the role of

cofactor dynamics and how it can be coupled to substrate binding and catalysis.*”"%

Cofactor versatility and the fine-tuning of the cofactor reactivity are other aspects that dictate
enzyme activity.®s The effect of the protein microenvironment on the flavin cofactor is evident in
the Y249F-y variant conformation B, where a higher spin density on the C6 position of the
flavosemiquinone species was observed. Another flavin-dependent enzyme where the
microenvironment’s effect can be demonstrated on the flavin cofactor is trimethylamine
dehydrogenase (TMADH). A substrate-assisted mechanism proposed for the formation of 6-OH-
FAD in Y249F-y was also proposed for the C30 to alanine variant of TMADH.” The FMN
cofactor in wild-type TMADH is covalently attached to the protein through a 6-S-cysteinyl bond,
and on mutating the cysteine responsible for covalent attachment, the FMN undergoes a substrate-
assisted reduction and reacts with molecular oxygen to form 6-hydroxy-FMN.”® %7 Interestingly,
the wild-type and a W335 to leucine variant were isolated with differing quantities of 6-hydroxy-
FMN already present in the active site, thereby not necessarily requiring turnover with the
substrate.’” 8 A different mechanism involving a flavin imininoquinone methide intermediate
mechanism was proposed for the W335L variant of TMADH.®® The flavin cofactor in TMADH
does possess an intrinsic susceptibility to 6-hydroxylation or covalent attachment through a

cysteinyl bond; it is interesting to note that varying levels of 6-hydroxylation are present depending
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t.% Flavins are versatile cofactors, but their

on minor changes in the active site environmen
potential for catalytic versatility is primarily dictated by the dynamic interactions with the substrate

and the protein matrix.*’

Engineering enzyme by mutagenesis for new applications have necessarily focused on
structure-function relationships, often neglecting protein dynamics, which can have an essential
role in enzyme catalysis.’” 2% 2?0 Studies that include cofactor dynamics, as in the case of
tetracycline resistance enzymes, also showcase that inhibitors can be designed to lock the cofactor
flavin in an ‘inactive’ conformation.’? As our understanding of protein dynamics and the approach
for their study further advance, the tools to probe conformational dynamics could be directed
towards the rational design of enzymes with novel functions.” ¥ ** The current study and the
previous computational investigation of EcDHFR demonstrate in different fashions that mutations
can modulate the equilibrium between functional and non-functional conformational protein
ensembles.’” 7 The next challenge is how to apply what is learned about protein dynamics,
cofactor motions, and conformational space at the active site towards developing new enzyme
functions.”’ ** Studies that examine how enzymes have evolved to optimize protein and cofactor
motions and organize the active site by conformational transitions will be beneficial for

engineering new enzymes that catalyze novel reactions.’# %

3.7 CONCLUSION

In conclusion, our study demonstrates how a simple hydroxyl group can act as a
conformational switch. Replacement of a tyrosine with phenylalanine in the active site of
PaDADH changed the conformational landscape of the protein, altered the flavin electronic

structure, and led to the modification of the cofactor chemical reactivity, ultimately negatively
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impacting biological function by allowing the formation of an inactive modified flavin in the active

site of the enzyme.
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Table 3.1. Data collection and refinement statistics for X-ray crystal structures.

PaDADH Y249F-g (PDB PaDADH Y249F-y (PDB

ID 6PLD) ID 6P9D)

Data collection
Space group P212121 P212121
Cell dimensions

a, b, c(A) 59.78, 73.91, 76.98 60.10, 74.03, 77.19

a, B,y (°) 90.00, 90.00, 90.00 90.00, 90.00, 90.00
Resolution (A) 59.78-1.55 (1.58-1.55) *  59.74-1.34 (1.58-1.34) *
Rmerge 0.103 (0.488) 0.020 (0.200)
| /ol 10.6 (3.2) 17.2 (3.6)
Completeness (%) 96.1 (93.4) 99.4 (96.9)
Redundancy 7.0 (6.5) 2.0 (2.0)
Refinement
Resolution (A) 39.8-1.55 37.01-1.33 (1.38-1.33)
No. of reflections 53764 79364 (7694)
Rwork/ Rfree 016 / 020 013 / 017
No. atoms 3578 3770

Protein 3079 3286

Ligand/ion 109 95

Water 390 389
B-factors 17.0 16.62

Protein 16.20 14.50

Ligand/ion 21.60 23.44

Water 28.28 32.80
R.m.s. deviations

Bond lengths (A) 0.006 0.006

Bond angles (°) 1.178 1.23

89

*Number of crystals for each structure should be noted in the footnote. *Values in parentheses are

for the highest-resolution shell.
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Table 3.2. QM/MM spin density calculations for flavin C6 atom.

Flavin species WT Conformation-A  Conformation-B
FADHe, equilibrium? 0.017 0.014 0.035
FADH?e, non-equilibrium® 0.017 0.015 0.038
FAD- , equilibrium? 0.107 0.128 0.136
FAD-", non-equilibrium® 0.049 0.107 0.144

¥The equilibrium models assume that the species is long-lived enough to allow equilibration of the
protein environment and sampling the configuration space around the flavosemiquinone. °The
non-equilibrium models assume that the flavosemiquinone reacts instantaneously, i.c., with the
protein in a frozen state in the ASEC configuration corresponding to the fully reduced anionic
system.
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4 DISCOVERY OF ANEW FLAVIN N5-ADDUCT INATYROSINE TO

PHENYLALANINE VARIANT OF D-ARGININE DEHYDROGENASE

(This chapter will be published verbatim as A. lyer, R.A.G. Reis, J. Agniswamy, L.T.
Weber, and G. Gadda (2022) to Archives of Biochemistry and Biophysics Archives of Biochemistry
and Biophysics, Volume 715, 109100. The author contributed to study design, protein expression,
purification, crystallization, and data collection and refinement, 6-OH-FAD and N5-(4-guanidino-

oxobutyl)-FAD characterization with mechanism, writing of the manuscript and editing)

41 ABSTRACT

D-Arginine dehydrogenase from Pseudomonas aeruginosa (PaDADH) catalyzes the
flavin-dependent oxidation of D-arginine and other D-amino acids. Here, we report the crystal
structure at 1.29 A resolution for PaDADH-Y 249F expressed and co-crystallized with D-arginine.
The overall structure of PaDADH-Y249F resembled PaDADH-WT, but the electron density for
the flavin cofactor was ambiguous, suggesting the presence of modified flavins. Electron density
maps and mass spectrometric analysis confirmed the presence of both N5-(4-guanidino-oxobutyl)-
FAD and 6-OH-FAD in a single crystal of PaDADH-Y249F and helped with the further
refinement of the X-ray crystal structure. The versatility of the reduced flavin is apparent in the
PaDADH-Y249F structure and is evidenced by the multiple functions it can perform in the same

active site.
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4.2 INTRODUCTION

Flavins are among the most versatile enzyme cofactors, along with non-heme iron, pyridoxal
phosphate, and the heme group. ' Flavins participate in many redox reactions, such as
oxygenation, hydroxylation, epoxidation, oxidation, and reduction. / The spectroscopic properties
and reactivity of flavins change when functional groups like methyl, hydroxyl, cyano, thiol, amino,
bromide, formyl, or chloride are attached covalently to the 7,8-dimethyl-isoalloxazine moiety. >/
Modified flavins have also been synthesized and used as probes of chemical mechanisms in
flavoenzymes. / The 6-hydroxy-flavin is among the most abundant modified flavins in nature, with
6-OH flavin-containing enzymes usually existing as a mixture of FAD, or FMN, and 6-OH flavin.
71012 Most enzymes containing 6-OH modified flavins have a seemingly elusive functional
relevance and exhibit low to no enzymatic activity. 7 1% 3 74

While the reactivity of flavin cofactors has been studied for decades, recent advances have
established new reactivities like the functional prenylated flavins and flavin-N5-
iminium/peroxo/oxide adducts. ”° The flavin C4a and N5 atoms are the most reactive centers; they
participate in the redox chemistry by enabling the entry and exit of electrons and forming covalent
adducts. ”° For decades, the flavin C4a atom was a center for covalent catalysis, e.g., the short-
lived C4a-hydroperoxide intermediate often observed in flavin-dependent monooxygenases. / The
most common function of the flavin N5 atom was to accept a hydride to form the reduced flavin
during enzyme catalytic cycles. ° Recent studies on the functionalization of the N5 atom in flavins
have widened the possibilities of new reactions for the reduced flavin cofactor. /¢
D-Arginine dehydrogenase (PaDADH, EC 1.4.99.6) from Pseudomonas aeruginosa PAO1 uses

a tightly bound, non-covalent FAD to catalyze the oxidation of D-arginine to iminoarginine, which

can be non-enzymatically hydrolyzed to a-ketoarginine and ammonia. PaDADH and NAD(P)H-
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dependent L-arginine dehydrogenase form a novel two-enzyme system for converting D- to L-
arginine, enabling P. aeruginosa to survive using D-arginine as the sole carbon and nitrogen
source. %’ The enzyme has a broad substrate specificity, with D-arginine and D-lysine being the
best substrates, as shown by kcat/Km values ranging from 103 to 10® M!s™!. 7 Crystal structures of
the wild-type enzyme are available for the substrate-free form (1.06 A, PDB: 3NYC) and
complexes with either iminoarginine (1.30 A, PDB: 3NYE) or iminohistidine (1.30 A, PDB:
3NYF), providing insights on substrate binding. ’° The side chain of E87 interacts with the
guanidino group of D-arginine, explaining the enzyme specificity for D-amino acids with
positively charged side chains. A covalent N5-(4-methyl-2-pentanone)-FAD adduct (1.07 A, PDB:
3SMBS) was previously observed in the structure of the enzyme crystallized with D-leucine. ?/ In a
PaDADH enzyme variant in which Y249 was replaced with phenylalanine to evaluate the
residue’s role in substrate binding due to its proximity to substrate carboxylate, the formation of
6-OH-FAD was recently reported. / The structures of the PaDADH-Y249F with 6-OH-FAD (1.55
A, PDB: 6PLD) or FAD (1.34 A, PDB: 6P9D) bound at the active site were recently determined
4 demonstrating no differences in the overall fold of the enzyme with the native and the modified
flavin. Molecular dynamics and quantum mechanical/molecular mechanical calculations
suggested that the formation of the 6-OH-FAD ensued from altered protein dynamics through
sampling a conformational landscape unavailable to the wild-type enzyme, which changed the
reactivity of the flavin. 7 The same study also showed that 6-OH-FAD could be formed in vitro
from FAD in the active site of the PaDADH-Y249F. /*

In this study, PaDADH-Y249F was expressed and co-crystallized in the presence of D-arginine
to gain further insights into the enzyme. The resulting electron density map revealed that the

enzyme-bound FAD contained additional electron density at both the flavin N5 and C6 atoms,
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suggesting covalent adducts at both positions. Mass spectrometry was used on the flavin sample
extracted after solubilizing the crystals to establish that multiple modified FAD cofactors were
present in a single crystal as deduced from the electron density map. The study highlights the
enhanced versatility of the flavin cofactor in the active site of PaDADH-Y249F, where the reduced
flavin can perform at least three different functions, including exchanging a hydride ion during
conventional catalytic turnover with D-amino acids and radical and nucleophilic reactions that lead

to two different covalent flavins in the same active site.
43 MATERIALS AND METHODS

4.3.1 Materials.
D-arginine, phenazine methosulfate (PMS), and PEG (3350, 5000, 6000) were purchased
from Sigma-Aldrich (St. Louis, MO). D-Alanine was obtained from Alfa Aesar (Wardhill, MA).

All other reagents used were obtained in their highest purity commercially available.

4.3.2 Expression and purification
The expression and purification of PaDADH-Y249F was carried out as previously
described 22, except for the presence of 100 uM D-arginine during the 18 h induction at 4 °C with

100 uM IPTG.

4.3.3 Crystallization conditions
Crystals of PaDADH-Y 249F were grown by the hanging-drop vapor diffusion method; 2 uL of
a reservoir solution and 2 pL of the protein solution, which were mixed and equilibrated against
500 pL of a reservoir solution. The protein was stored in a solution of 20 mM TRIS-HCL pH 8.0,
10 % (v/v) glycerol, and the protein crystals were grown at room temperature with a reservoir

solution that contained 13% (w/v) PEG 3350, 6% (w/v) PEG 6000, 20 mM TRIS-HCI, pH 7.0,
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10% (v/v) glycerol, 5 mM D-arginine. Green-colored pyramidal crystals were observed within one

week, could grow to 0.2-0.3 mm? within two weeks.

4.3.4 MS-ESI (-) analysis conditions

Fifty protein crystals of PaDADH-Y?249F expressed and co-crystallized with D-arginine were
harvested from the hanging drops, washed by passing through 2 pL drops of Milli Q H20, and
collected in a 1.5 mL microcentrifuge tube containing 100 pL of Milli Q H20. The crystals were
crushed using a micro pestle and vortexing. The flavin was extracted by denaturing the protein
with chilled (-20 °C) 50% CHsCN. The slurry was spun down at 10,000 g to remove precipitated
protein, and the step was repeated on the supernatant until no precipitate was observed with
centrifugation. The supernatant was vacuum concentrated for ~4 h before MS-ESI (-) analysis.
The MS-ESI (-) analysis was carried out on a Waters Q-TOF micro-mass spectrometer equipped
with an electrospray ionization source in negative ion mode through a direct infusion at a 5 uL/min
flow rate. The ESI tuning settings were capillary voltage at 3000, sample cone voltage at 40,

extraction voltage at 1, desolvation temperature at 100 °C, and source temperature at 70 °C.

4.3.5 X-ray data collection and processing
A single crystal was cryocooled in the reservoir solution with 25% (w/v) glycerol. X-ray data
were collected at 100 K on beamline 22-1D of the Southeast Regional Collaborative Access Team
(SER-CAT) at the Advanced Photon Source, Argonne National Laboratory. One hundred and
eighty images were collected with 1° oscillation per image with a 190 mm crystal-to-detector
distance and 1.5 s exposure. The X-ray data were processed using iMOSFLM 2 and scaled with

SCALA. ?* Data collection and processing statistics are summarized in Table 4.1.
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4.3.6 Structure solution and refinement

The coordinates of the PaDADH-WT structure (PDB: 3NYE) were used to obtain the
initial phases for the PaDADH-Y 249F structure by molecular replacement using PHASER in the
CCP4i suite. %26 The crystal structure was refined using Phenix_refine. 2 Manual adjustments
and rebuilding were performed using the molecular graphics program COOT. 28 The cofactor
ligands 6-OH-FAD (PDB ID: 6FA) and N5-(4-guanidino-oxobutyl)-FAD (PDB ID: 4R2) were
constructed using Phenix_elbow. 2° The model quality was checked for steric clashes, incorrect
stereochemistry, and rotamer outliers using MolProbity. 3 All structural figures were made using
UCSF Chimera. 3! Refined atomic coordinates and experimental structure factors were deposited
in the Protein Data Bank (PDB: 7RDF). Refinement statistics and validation statistics are shown

in Table 4.1.

4.3.7 UV-Visible absorption spectra

A UV-Visible absorption spectrum of a solution containing PaDADH-Y?249F was
determined at 25 °C using an Agilent Technologies model HP8453 PC diode-array
spectrophotometer equipped with a thermostated water bath. The conditions in the solution were
50 mM Tris-HCI, pH 8.0, and 10 % (v/v) glycerol. The PaDADH-Y249F was then incubated with
15 mM D-arginine in 50 mM Tris-HCI, pH 8.0, and 10 % (v/v) glycerol at 25 °C with constant
stirring. The UV-Visible absorption spectrum was recorded right after the addition of D-arginine
and after an 8-day incubation with the amino acid substrate to generate spectra consistent with the

formation of an N5 acyl adduct as observed in the crystal structure.

44 RESULTS
PaDADH-Y249F was expressed in Escherichia coli in the presence of 0.1 mM D-arginine and

purified to a high level as judged by visual inspection of an SDS-PAGE, using the same protocol
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used for PaDADH-WT. % Three protein fractions with yellow (enriched with oxidized,
unmodified FAD) , light-green (unresolved mixture with FAD and 6-OH-FAD), and green
(enriched with 6-OH-FAD) colors were separated on a DEAE-Sepharose column, as recently
reported for PaDADH-Y249F expressed in the absence of D-arginine. * The three protein
fractions were crystallized in the conditions listed in the methods section, in the presence of 5 mM
D-arginine to investigate whether the PaDADH-Y249F with 6-OH-FAD could still bind D-
arginine in its active site or the modification precluded substrate binding. Green pyramidal crystals
were obtained with the largest crystals appearing in the drops with the light-green fraction of
PaDADH-Y249F. The high-resolution structure of the enzyme was determined in the
orthorhombic space group P21212; with one molecule per asymmetric unit up to a resolution of
1.29 A by molecular replacement using the structure of PaDADH-WT as the search model (PDB:
3NYE) (Table 1). 1° All 375 protein residues in the structure were clearly defined in the electron
density map. Additional electron density protruding from both the flavin N5 and C6 atoms was
also observed, consistent with a portion of the flavin occupancy being 6-OH-FAD, as recently
reported for PaDADH-Y 249F (PDB: 6PLD) #, and the rest being a flavin N5-acyl adduct (Figure
4. 1). Thus, PaDADH-Y249F expressed and crystallized in the presence of D-arginine yielded
either a doubly modified flavin or two distinctly modified cofactors in the protein crystals. After
cofactor extraction from the crystals, MS-ESI (-) analysis yielded two peaks, consistent with the
presence of two distinctly modified cofactors. A peak with m/z (-) value of 800.26 amu
corresponded to 6-OH-FAD, as shown in a recent study for PaDADH-Y 249F #: a peak with m/z
(-) value of 913.46 amu was attributed to an N5-(4-guanidino-oxobutyl)-FAD, based on a

calculated m/z value of 913.24 amu (Figure 4. 1).
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Figure 4.1. 2Fo-Fc¢ electron density map (contoured at 1.26) for the two modified cofactors in the
active site of PADADH-Y249F. The left panel shows the additional density on the flavin C6 atom,
i.e., 6-hydroxy-FAD (green). The right panel is in a different orientation and shows the protruding
density from the flavin N5 atom, i.e., N5-(4-guanidino-oxobutyl)-FAD (orange).

The PaDADH-Y249F structure was refined to an R-factor of 12.6% and an R-free of 15.7%
with the addition of two distinctly modified cofactors (Table 1). As previously reported for
PaDADH-WT, the protein folded into an FAD-binding domain that includes residues 1-82, 147-
217, and 309-375, and a substrate-binding domain comprised of residues 83-142 and 218-297. *°
Electron density for the C4 atom of F249 was consistent with mutation to phenylalanine. The
occupancy of the 6-OH-FAD (6FA) was 29%, and the occupancy of the N5-(4-guanidino-
oxobutyl)-FAD (FDE) was 71%. The overall structure of PaDADH-Y249F closely resembled that
of PaDADH-WT (PDB: 3NYE), PaDADH-WT with an N5 acyl adduct (PDB: 3SM8), and
PaDADH-Y249F with 6-OH-FAD (PDB: 6P9D) or FAD bound (PDB: 6PLD), with RMSD values
< 0.50 A for 375 Ca atoms (Figure 4. 2). ** 192! Thys, the overall fold of the enzyme was not

altered by the mutation of Y249 to phenylalanine or the covalent modification of the flavin N5 and

C6 atoms. In the PaDADH-Y249F structure, the major conformations of the carboxylate groups
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of E87 and E246 could be modeled only between ~65% and ~60% occupancy. An alternative
conformation of the carboxylate groups of E87 and E246 could not be modeled with confidence.

The FAD adopted an elongated conformation with the 7,8-dimethylisoalloxazine ring located at
the interface of the substrate- and FAD-binding domains (Figure 4. 2). The angle defined by the
flavin C4a-N5-C5a atoms was 179.5° for the 6-OH-FAD and 144.9° for the N5-(4-guanidino-
oxobutyl)-FAD, reflecting the different sp? and sp® hybridizations for the flavin N5 atom in the
two modified flavins (Figure 4. 2), similar to the ‘butterfly bend’ found in proline
dehydrogenase.®*-* Most of the hydrogen-bonds previously seen in the PaDADH-WT structure
linking the pyrimidine portion of the isoalloxazine and the backbone atoms of the protein were
conserved in the PaDADH-Y249F structure, e.g., the flavin O2 atom with the N atom of 1335 and
the flavin N3-H atom with the O atom of H48 and a water molecule. *° In contrast, the hydrogen
bonds between the flavin O2 atom and the N atom of Q336 and the flavin O4 atom with the N
atom of H48 were not observed in the PaDADH-Y249F structure with the two modified flavins.
19 No differences were observed in the van der Waals contacts between the xylene portion of the
flavin and R44, R222, W301, G303, and R305 upon comparing the PaDADH-Y249F and
PaDADH-WT structures. *° All the interactions of the adenosyl, diphosphatidyl, and ribityl
moieties of the modified flavins with the protein were identical to those previously described for
PaDADH-WT. 19

The N5-(4-guanidino-oxobutyl)-FAD established several interactions with active site residues
in PaDADH-Y249F. The carbonyl oxygen atom of the N5-(4-guanidino-oxobutyl)-FAD formed
a hydrogen bond with the guanidino group of R222, as previously observed in the structure of the
PaDADH-WT with N5-(4-methyl-2-pentanone) obtained by co-crystallization of the enzyme with

D-leucine (Figure 4. 3). 2* The guanidino group of the N5-(4-guanidino-oxobutyl)-FAD formed
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two ion pairs with two glutamate residues in the active site of the enzyme. The side chain of E87
formed a weak monodentate interaction (2.7 A) with the guanidino group of the N5-(4-guanidino-
oxobutyl) adduct (Figure 4. 3 & 4). In contrast, in the PaDADH-WT structure in complex with
iminoarginine non-covalently bound in the active site, E87 formed a strong bidentate ion pair (2.5
A, 2.5 A) with the guanidino group of the ligand (Figure 4.4). The weaker interactions of E87 with
the guanidino group of the N5-(4-guanidino-oxobutyl)-FAD in PaDADH-Y249F originated from
a different spatial localization of the ligand guanidino group dictated by the covalent attachment
to FAD. The side chain of E246 in PaDADH-Y 249F established a monodentate ion pair (3.2 A)
with the guanidino group of the N5-(4-guanidino-oxobutyl)-FAD (Figure 4. 3) in a slightly
different conformation than previously observed in the PaDADH-WT structure. *° In contrast to
the PaDADH-WT structure, showing an open and closed conformation for Loop L1 (residues 45-
56) at the active site entrance °, the PaDADH-Y249F structure reported here is in the closed
conformation, which is identical to that previously described in PaDADH-WT. The positions of
all the other residues in the enzyme active site were identical in the PaDADH-Y249F and

PaDADH-WT structures. 1221
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Figure 4.2. A) The overall structure of the PADADH-Y249F (blue). The 6-OH -FAD is shown
with green carbons, and the N5-(4-guanidino-oxobutyl)-FAD in orange carbons. B) The geometry
of the two modified flavin cofactors observed in the active site of PaADADH-Y 249F, showing the
angle defined by the flavin C4a-N5-C5a atoms being co-planar in the 6-OH-FAD and bent in the
N5-(4-guanidino-oxobutyl)-FAD.
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Figure 4.3. Structural overlay of the PaDADH-Y249F (blue) with ‘the N5-(4-guanidino-
oxobutyl)-FAD (orange) and the PaDADH-WT (gray) with the N5-(4-methyl-2-pentanone)-FAD
(yellow) and 6-OH-FAD shown (green).

Figure 4.4. A) The active site of PaDADH-Y249F(blue), where residue E87 interacts with the
guanidium group of the N5-(4-guanidino-oxobutyl)-FAD (orange). B) The active site of
PaDADH-WT (green) shows residue E87 with the guanidinium group of the oxidized product
iminoarginine (pink). C) Overlay of the active sites of PaDADH-Y249F (blue) and PaDADH-WT

(green).
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The formation of a flavin N5-(4-guanidino-oxobutyl)-FAD adduct was independently validated
with UV-visible absorption spectroscopy of PaDADH-Y249F incubated aerobically with 15 mM
D-arginine at pH 8.0, 4 °C. As shown in Figure 4.5, the enzyme was immediately reduced upon
mixing with the substrate, as evidenced by the bleaching of absorption peaks at 345 nm and 445
nm. A slow increase in the absorbance at 445 nm occurred over the next 8 days at 4 °C, indicating
a slow oxidation of the reduced enzyme by molecular oxygen (Figure 4.5). Additionally, an
increase in absorbance in the 300-420 nm region was observed, yielding a final absorption
spectrum different from that of the initial oxidized enzyme (Figure 4. 5). The difference spectrum
of the final oxidized enzyme minus the initial oxidized enzyme showed a peak with maximal
absorbance at 360 nm, consistent with the formation of a covalent flavin N5 acyl adduct (Figure
4. 5-inset), as previously reported for other N5 adducts in lactate oxidase, monoamine oxidase,
nitroalkane oxidase, UDP-galactopyranose mutase and proline dehydrogenase. 34! A red-shift of
the absorption spectrum of the oxidized enzyme as compared to the initial oxidized enzyme was
also observed in the 420-540 nm region, suggesting the formation of a non-covalent complex of
the oxidized enzyme incubated in the presence of D-arginine that was devoid of the flavin N5
adduct with excess D-arginine, as previously reported for sarcosine oxidase in complex with

sarcosine analogs. 42
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Figure 4.5. UV-Visible absorption spectra of the PaDADH-Y 249F. Oxidized enzyme (black) was
treated with 15 mM D-arginine to obtain the spectra of the reduced enzyme (orange). Over 8 days
of incubation, the reduced enzyme was slowly reoxidized along with an extra feature appearing
around 360 nm (red). (Inset) The difference spectra of the enzyme incubated over 8 days and the
initial oxidized enzyme with 16% of the oxidized enzyme added back to the spectra (green) to
account for the incomplete formation of an N5-acyl adduct.

45 DISCUSSION

The versatility of the flavin is apparent in this study, with the reduced flavin in PaDADH-Y 249F
performing three different functions, e.g., a hydride transfer reaction, a radical, and a nucleophilic
reaction resulting in the formation of flavin N5 and C6 adducts (Scheme 4.1). The reduced flavin
is oxidized to FAD during regular turnover with a D-amino acid and an electron acceptor like
PMS. The reduced flavin forms 6-OH-FAD in the presence of D-alanine and molecular oxygen.

The reduced flavin forms a covalent N5-(4-guanidino-oxobutyl) FAD after prolonged incubation
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with D-arginine. Previous studies have established that PaDADH-Y249F could turnover with D-
arginine and PMS with steady-state Kinetic parameters Kcat, Kcat/Km, and Km <2.5-times lower than
those of PaDADH-WT 22, Moreover, the structure of PaDADH-Y 249F reported here contains 6-
OH-FAD and N5-(4-guanidino-oxobutyl)-FAD in the active site, both of which require the
reduced flavin for their formation (Scheme 1). Thus, the reduced flavin in PaDADH-Y249F can

perform at least three documented reactions in the same active site environment.

PMS ;‘"' ! \f

Scheme 4.1. The versatility of the reduced flavin in PaDADH-Y249F.

Previous studies using pH and multiple kinetic isotope effects established that PaDADH binds
preferentially the protonated form of the D-amino acid substrate, which is then deprotonated
through the release of the a-amino proton to bulk solvent, without the involvement of active site
residues “3. In this respect, the enzyme is like other enzymes that oxidize amino acid substrates,
such as L-amino acid oxidase, DAAO, and sarcosine oxidase, which have been shown to oxidize
their substrates without the involvement of an active site base “% ** 45, With PaDADH-Y249F
previous multiple kinetic isotope effects established that a hydride transfer reaction resulting in the

oxidation of D-amino acids occurs with the synchronous cleavage of the substrate NH and CH
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bonds ?2. In contrast, the hydride transfer mechanism previously determined with PaDADH-WT
demonstrated an asynchronous NH and CH bond cleavage 2% . These results are consistent with
the Y249F mutation having a minimal effect on the oxidation reaction catalyzed by the enzyme
and a proposed role of the hydroxyl group of Y249 in stabilizing the transition state for bond
cleavage 2% 6.

The mechanism for the formation of 6-OH-FAD with PaDADH-Y 249F was recently proposed
based on 80, isotope incorporation experiments 4. As shown in Scheme 4.2, it is proposed that
after D-alanine reduces the enzyme-bound FAD, it reacts with Oz via a single-electron transfer
reaction. The resulting flavosemiquinone and superoxide anion then form an unstable C6-

hydroperoxo intermediate, which decays to yield 6-OH-FAD.

R ) R o R
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Scheme 4.2. Proposed mechanism for the formation of 6-OH-FAD in PaDADH-Y249F.

The proposed mechanism for the formation of the N5-(4-guanidino-oxobutyl)-FAD in
PaDADH-Y249F is illustrated in Scheme 4.3. Briefly, after the oxidized enzyme reacts with D-
arginine, the reduced FAD and iminoarginine are formed in the active site of the enzyme. The lone
pair electrons of the flavin N5 atom in the reduced FAD then performs a nucleophilic reaction with
the carbonyl C atom of the bound iminoarginine forming an unstable (1-carboxyl-4-guanidino-1-
iminobutyl)-N5 adduct, which then is hydrolyzed to the N5-(4-guanidino-oxobutyl)-FAD with the
elimination of CO; and NHs. Due to a pKa value of >20 #7, at pH 8.0, only a tiny fraction of the
reduced flavin has the N5 atom unprotonated, which is required for the nucleophilic reaction,

thereby making the formation of the N5 acyl adduct extremely slow. The proposed mechanism for
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the formation of N5-(4-guanidino-oxobutyl) in PaDADH-Y 249F is similar to the N5-flavin adduct
formation reaction previously proposed for D-amino acid oxidase (DAAO), in which it was shown
that the reaction of the enzyme with a ketoacid lead to decarboxylation of the ketoacid after its

covalent linkage with the flavin N5 atom “®

NH H,N

Scheme 3. Proposed mechanism for the formation of N5-(4-guanidino-oxobutyl)-FAD in

PaDADH-Y?249F.

Multiple structures with covalent flavin adducts have been reported previously for many flavin-
dependent enzymes > 2L 39 4853 However, the presence of two covalently modified flavin
cofactors has never been reported in the same crystal structure. In this study, the PaDADH-Y 249F
structure was determined with 6-OH-FAD and N5-(4-guanidino-oxobutyl)-FAD. The propensity
of the enzyme active site to form covalent flavin N5 adducts is supported by a previous structure
for PaDADH-WT determined with an N5-(4-methyl-2-pentanone)-FAD in the active site 2.
Another enzyme in the same structural family as PaDADH, DAAO (PDB entry 1DAO, 3.20 A),
was also crystallized with a flavin N5 adduct with 3-methyl-2-oxobutyric acid “8, suggesting an
enhanced reactivity of the N5 atom in the reduced flavin in this class of enzymes. The only enzyme
other than PaDADH-Y249F that showed 6-OH-FAD in its crystal structures is cellobiose

dehydrogenase from Phanerochaete chrysosporium 254 a member of the GMC oxidoreductase
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superfamily. Most enzyme preparations with 6-OH-flavins have been reported to contain a mixture
of regular flavin and the hydroxylated flavin cofactor 1% 225 % The presence of two covalently
modified flavins in the PaDADH-Y 249F structure is evidence of the enhanced versatility of the
reduced flavin in PaDADH-Y 249F.

The mutation of tyrosine to phenylalanine and the modifications on the flavin do not affect the
overall structure or fold of the enzyme. Superposition of PaDADH-Y?249F structure with
PaDADH-WT gave an RMSD value of 0.45 for 375 a-carbons, indicating that the Y249F mutation
did not affect the overall effect fold of the enzyme. Similarly, when comparing the structure of the
PaDADH-Y249F to the previously published structures of PaDADH-Y 249F with FAD or 6-OH-
FAD, the calculated RMSD values were 0.25 and 0.32 respectively over 375 a-carbons, indicating
that the presence of two covalent FAD-adducts does not alter the overall structure of the enzyme.
However, altered protein or cofactor dynamics around the flavin can be a significant factor in
modulating the reactivity of the flavin cofactor, as recently demonstrated in a computational,
biochemical, and structural study of PaDADH-Y249F with FAD, leading it to form 6-OH-FAD
14_

The prevalence of flavin-N5 adducts in systems like PaDADH or DAAO that employ a hydride
transfer mechanism in catalysis indicates that the flavin N5 atom can also participate in covalent
catalysis leading to a dead-end adduct in these systems. Covalent catalysis has long been employed
by flavin-dependent enzymes, with more examples of uncommon covalent reactions in recent
literature % %% 57 While the flavin C4a atom was the most well-studied center for the covalent
catalysis in flavin-dependent enzymes, with more examples of catalytically relevant N5 adducts

like those found in nitroalkane oxidase, adenylylsulfate reductase, and UDP-galactopyranose
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mutase, the flavin N5 atom has now emerged as a new focal point for covalent catalysis 1° 18 38 40.
49, 50_

In conclusion, the study presented here used X-ray crystallography and mass spectrometry to
demonstrate that the structure of PaDADH-Y249F contained two flavin modifications, i.e., 6-OH-
FAD and N5-(4-guanidino-oxobutyl)-FAD. While it is commonly acknowledged that the primary
function of the protein in flavoproteins is to modulate flavin reactivity to the extent that
unproductive reactions are suppressed in favor of the specific reaction that needs to be catalyzed,
this study highlights that the extraordinary versatility of the flavin in flavoproteins could be
uncovered within the same active site through a single mutation. The replacement of a tyrosine
with phenylalanine yielded an enzyme that maintained the ability to catalyze a hydride transfer
reaction during turnover while also acquiring the ability to form two different flavin adducts
through radical and nucleophilic reactions. The study also emphasizes the importance of a
seemingly inconspicuous hydroxyl group harbored on the side chain of Y249, which, despite
playing no direct roles in catalysis and substrate binding, is important to fine-tuning the reactivity
of the flavin toward the hydride transfer reaction that oxidizes the D-amino acid substrate while
eliminating alternative flavin chemistries that would modify the flavin and inactivate the enzyme.
Insights from this and future studies of modified flavins will help steer the flavin cofactor reactivity

towards new directions in engineered enzymes in the future °’.
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Table 4.1. Data collection and refinement statistics.

PDB code TRDF
Space group P2:2,2,
a, b, c(A) 60.01, 76.33, 76.76
a, B,y (°) 90.00, 90.00, 90.00
Resolution range (A) 47.28-1.29 (1.36 - 1.29)
Total No. of reflections 610871 (61270)
No. of unique reflections 86350 (11210)
Redundancy 7.1 (5.5)
Completeness (%) 97.8 (88.5)
(I/o(D)) 16.3 (5.3)
R sym %) 8.6 (35.7)
CCl1/2 0.995 (0.905)
Wilson B-factor (A?) 11.94
Ryork (%) 12.6 (14.7)
Riree (%) 15.7 (18.4)
No. of non-H atoms 3816
Protein 3236
Ligand 148
Water 432
Average B factors (A?) 17.77
Protein 15.84
Ligand 17.69
Water 32.29
RMSD Bonds (A)/ Angles (°)

0.005/0.85
Ramachandran analyses
Favored regions (%) 98.12

Allowed regions (%) 1.88%
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5 CHARACTERIZATION OF A COUPLED-ENZYME D-ARGININE CONVERSION

SYSTEM FROM PSEUDOMONAS AERUGINOSA

5.1 ABSTRACT

L-arginine dehydrogenase (PaLADH) and D-arginine dehydrogenase (PaDADH) from
Pseudomonas aeruginosa are part of a two-enzyme system that catalyzes the irreversible
conversion of D-arginine to L-arginine. PaDADH is an FAD-dependent enzyme that catalyzes the
oxidation of D-arginine into 2-ketoarginine and ammonia. PaLADH catalyzes the conversion of
2-ketoarginine and ammonia to L-arginine using NADH as a substrate in the forward direction and
catalyzes the conversion of L-arginine using NAD" in the reverse direction to ketoarginine and
ammonia. The coupled-enzyme system enables P. aeruginosa to survive solely on D-arginine as a
nitrogen and carbon source. The formation of a protein-protein complex of PaLADH and
PaDADH was probed using analytical ultracentrifugation and size-exclusion chromatography.
The turnover number, kca, for PaLADH with L-arginine and NAD™ as substrates was measured
using a stopped-flow instrument and for the coupled-enzyme assay in which both enzymes were
mixed with the substrates D-arginine, benzoquinone, and NADH. The utilization of the coupled
enzyme system to metabolize D-arginine has given P. aeruginosa an edge over other bacteria to
survive in nutrient-limiting conditions, and further studies will help us further understand the role

of this novel system.
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52 INTRODUCTION
Pseudomonas aeruginosa is a persistent and opportunistic pathogen and is the leading
cause of mortality by infection in cystic fibrosis (CF) patients.’> While many other bacteria also
colonize the lungs of cystic fibrosis patients, P. aeruginosa remains the dominant pathogen.® ’ The
CF lung environment is very complex, and not a lot is known about the selection pressures for
certain strains of microbes over others.® P. aeruginosa is prone to grow biofilms and can be
resistant to antimicrobials in its mucoid form.>> 78 The tracts of CF patients are quite congested
with sputum are generally devoid of many high-value nutrients.” Gene expression profiles of
virulent P. aeruginosa strains cultured in minimal media reveal several amino acid transporter
genes, amino acid biosynthesis genes, and amino acid degradation genes along with alginate genes
are constitutively expressed. Experiments also confirmed the utilization of amino acids from
lyophilized sputum to establish the utilization of amino acids by P. aeruginosa as a carbon and
nitrogen source.®
P. aeruginosa PAOL is one of the few strains known to survive on just D-amino acids as
nutrients and can utilize D-alanine, D-glutamate, D-glutamine, and D-arginine as the sole carbon
and nitrogen sources.®*! DadA, a D-alanine dehydrogenase and a product of the dadRAX operon
in P. aeruginosa, is responsible for D-alanine metabolism and regulation.’? DadA was
characterized to have D-amino acid dehydrogenase activity with broad substrate specificity and is
overexpressed in virulent strains of P. aeruginosa, suggesting that D-amino acids play a significant
role in virulence.? PAO1 has multiple operons similar to the dadRAX operon to participate in D-
amino acid metabolism like dguR-dguABC operon established to be essential for D-glutamate

catabolism and the dauBAR operon reported to be essential for D-arginine utilization. % 12
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The expression of the dauBAR operon is regulated by two transcriptional regulators, ArgR,
which functions as an activator, and DauR, which acts as a repressor.** The dauBAR operon also
encodes DauA, an FAD-dependent D-arginine dehydrogenase (PaDADH), and DauB, L-arginine
dehydrogenase (PaLADH), both of which function as a coupled-enzyme D-arginine conversion
system in P. aeruginosa (Scheme 5.1).1% 2 P, aeruginosa strains with dauA and dauB knocked out
lost the ability to utilize D-arginine as a sole carbon and nitrogen source.'* 2

unkown electron acceptor

- F _ N .
COO+ FAEJFADH R COO™ R oo™ NA[wAD COO
-+
H+NH3 —_—— \"/ +*H,0 \"/ + NH, H3N+H
PaDADH NH, 0 Pal.ADH R
D-arginine ¥ L-arginine

ﬁH
R=/\/‘§ NH,

Scheme 5.1. Scheme for the conversion of D-arginine to L-arginine using the two-enzyme system
of PaDADH and PaLADH.

PaDADH has been characterized kinetically as a dehydrogenase with broad substrate
specificity.'® 1* The highest activity of PaDADH was shown to be with D-arginine and D-lysine
and no activity with D-glutamate and D-aspartate as substrates, highlighting the enzyme's
preference for substrates with cationic side chains. ' ¥* PaDADH catalyzes the oxidation of D-
arginine to iminoarginine, which is hydrolyzed to form 2-ketoarginine and ammonia. PaDADH is
a true dehydrogenase as it does not utilize molecular oxygen, and kinetic assays are determined
using an artificial electron acceptor like phenazine methosulfate (PMS) (Scheme 5.1). Multiple
structures have also been reported for PaDADH.'** DauB or PaLADH is the second enzyme in
the sequence and can catalyze an NADH-dependent conversion of 2-ketoarginine and ammonia to
L-arginine (Scheme 5.1).22 %12 pPalLADH can also catalyze the reverse reaction, which converts

L-arginine to ketoarginine and ammonia, generating NADH in the process (Scheme 5.1).%2
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Most racemases are commonly single PLP-dependent or PLP-independent enzymes that
catalyze the conversion of D- to L- forms, so the function of two enzymes to catalyze a D- to L-
conversion seems a little elusive.’® In this study, we characterize the steady-state kinetic
mechanism of PaLADH, investigate the coupled-enzyme D-arginine conversion system through

kinetics, and analyze the protein-protein interactions between PaDADH and PaLADH.
53 MATERIALS AND METHODS

5.3.1 Materials

The pET20b(+) plasmid harboring the PA3862 gene, which encodes PaLADH optimized
for E.coli expression, was purchased from GenScript (Piscataway, NJ). Escherichia coli strain
Rosetta (DE3) pLysS was from Novagen (Madison, WI). BSA was purchased from Promega
(Madison, WI1), chloramphenicol, IPTG, lysozyme, sodium hydrosulfite (dithionite), phenazine
methosulfate (PMS), and PMSF were obtained from Sigma-Aldrich (St. Louis, MO). Ampicillin
was purchased from ICN Biomedicals (Aurora, OH). NADH and NADPH disodium salts were
purchased from VWR (Radnor, PA). All other reagents used were of the highest purity

commercially available.

5.3.2 Expression and Purification

A permanently frozen stock containing Escherichia coli Rosetta (DE3) pLysS harboring
the plasmid pET20b (+)/PA3862 was used to inoculate 50 mL of Luria-Bertani broth medium
containing 100 pg/mL ampicillin and 34 pg/mL chloramphenicol, and cultures were grown at 37
°C for 16 h to be used as a preculture. The starting precultures (30 mL) were used to inoculate 3 L
of Terrific Broth medium containing 100 pg/mL ampicillin and 34 pg/mL chloramphenicol. The
cell cultures were incubated at 30 °C with shaking at 160 rpm and allowed to reach an optical

density of ~0.8 at 600 nm, IPTG was added to a final concentration of 200 uM, and the induced
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cultures were incubated for 3 hours at 30 °C. The cells were harvested by centrifugation at 5,000
g for 30 min. The resulting pellet was re-suspended in lysis buffer (10 mM imidazole, 300 mM
NaCl, 10% (v/v) glycerol, 1 mM phenylmethylsulphonyl fluoride, 5 mM MgCl,, 2 mg/mL of
lysozyme, 5 pg/mL of DNase, 5 ug/mL of RNase, and 20 mM sodium phosphate, pH 7.8 at a ratio
of 4 mL per 1 g of wet cell paste and subjected to several cycles of sonication. The resulting cell-
free extract obtained after centrifugation at 10,000 g for 25 min was loaded directly onto a HisTrap
5 mL affinity column equilibrated with buffer A (25 mM imidazole, 300 mM NaCl, 10% (v/v)
glycerol, and 20 mM potassium phosphate, pH 7.8). After washing with 5 column volumes of
buffer A at 5 mL/min, PaLADH was eluted with 35% B (500 mM imidazole, 300 mM NaCl, 10%
(v/v) glycerol, and 20 mM sodium phosphate, pH 7.8) and two fractions were collected. The two
fractions of the purified PaLADH were dialyzed against 20 mM sodium phosphate, pH 7.8, 10%

glycerol, and stored at -20 °C.

5.3.3 Enzymatic Assay

The activity of the two fractions of purified PaLADH was tested using the reverse reaction
for PaLADH, which would lead to oxidation of L-arginine to ketoarginine and ammonia,
generating NADH from NAD®. The experiment was conducted on an Agilent UV-Vis
spectrophotometer under the following conditions: 50 mM L-arginine, 8 mM NAD* in 50 mM
Tris-Cl pH 8.0 at 25°C. NADH generation was monitored at 340 nm by plotting the change in

absorbance against time (seconds) (£340 = 6220 Mt cm™).
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Table 5.1. Purification table for Ni-NTA purification of 6x His-tagged PaLADH.

Sample Vol (mL) U/mL  Ugotay mg/mL mgutay U/mg  Yield
Cell-free extract 53 9.0 477 120.0 6360 0.01 1

Fraction A 15 9.7 145 5.3 80 1.8 0.31

Fraction B 50 3.1 155 1.2 60 2.6 0.33

Conditions: 50 mM Tris-Cl, 30°C, pH 8. Substrates- NAD™ and L-arginine.

Specific activity (U/mg) is calculated by dividing the total units of activity by the total protein.

5.3.4 Sedimentation velocity analytical ultracentrifugation

The sedimentation profiles of wild-type PaDADH, PaLADH, and the mixture of PaLADH
and PaDADH samples were compared using analytical ultracentrifugation (SVAUC) analysis.
AUC cells equipped with 12 mm double-sector Epon centerpieces and quartz windows were
equilibrated at 20 °C in an AN50 Ti rotor for 1 h and then loaded with the samples. For Experiment
1, the left and right sectors of each cell were loaded with 400 uL. of PaDADH (17uM and 66 uM
respectively), PaLADH (10 uM and 80 uM respectively) and the mixture of PaLADH and
PaDADH (8 uM:10 uM and 20 uM:20 uM respectively). Sedimentation velocity data were
collected using a Beckman Optima analytical ultracentrifuge at a rotor speed of 40,000 rpm
(128,794 g) at 20 °C. All the samples were buffered with 50 mM TRIS-CI, pH 8.0, 10% glycerol.
The buffer viscosity of 0.01391 Poise and 1.04 g/mL density were calculated using UltraScan

(www.ultrascan.uthscsa.edu). Sedimentation velocity data were analyzed using both SEDFIT

(www.analyticalultracentrifugation.com) and UltraScan. Continuous sedimentation coefficient

distribution (c(s)) analyses were restrained by maximum entropy regularization at P=0.95

confidence interval. The baseline, meniscus, frictional coefficient, systematic time-invariant, and


http://www.ultrascan.uthscsa.edu/
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radial invariant noise were fit. The resulting averaged distribution data were plotted using

KaleidaGraph.

5.3.5 Size-exclusion chromatography

The molecular weight of PaDADH, PaLADH, and the protein complex of PaDADH and
PaLADH under non-denaturing conditions as determined by size exclusion chromatography. A
Sephacryl S-200 HR column was connected to an Akta Start FPLC system and equilibrated with
50 mM sodium phosphate and 50 mM sodium pyrophosphate, pH 9.0, 100 mM NaCl, and 50 mM
L-arginine at a flow rate of 0.5 ml/min. The following proteins along with Dextran blue [2000
kDa] were used as standards: Ferritin [440 kDa], Aldolase [158 kDa], Conalbumin [75 kDa], and

Ovalbumin [44 kDa].

5.3.6 Kinetics

Time-resolved absorbance spectroscopy was used to measure the kinetics for the reverse
reaction of PaLADH using the generation of NADH from NAD*. NADH or NADPH generation
was monitored by following the absorbance at 340 nm (£340 = 6220 M ! cm™) using an SF-
61D X2 KinetAsyst high-performance stopped-flow spectrophotometer in 200 mM Tris-HCI (pH
8.0), 10% glycerol, and atmospheric oxygen at 25 °C. The range of concentrations were 0.5 mM
to 5.0 mM for NAD" and 0.5 mM to 15.0 mM for L-arginine. The enzyme concentration was 0.4

puM.

5.3.7 Coupled-enzyme assay

Time-resolved absorbance spectroscopy was used to measure the kinetics for the coupled-
enzyme reaction (Scheme 5.2). D-arginine was provided for D-arginine dehydrogenase along with
benzoquinone as an artificial electron acceptor. Syringe A contained a mixture of both the enzymes

PaDADH and PaLADH at 0.4 uM each and 10 uM benzoquinone. Syringe B contained D-arginine
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[10 uM-300 pM] and NADH or NADPH [8-160 uM]. The SF- 61DX2 KinetAsyst high-
performance stopped-flow spectrophotometer was used in single mixing mode to mix the contents
of both syringes and monitor the reaction catalyzed by PaLADH using the consumption of NADH
at 340 nm. NADH or NADPH oxidation was monitored by following the absorbance at 340 nm
(e320 = 6220 Mt cm™) in 100 mM Tris-HCI (pH 8.0), 10% glycerol, and atmospheric oxygen at
25 °C. The instrument dead time was 2.2 ms. The ranges for D-arginine and NADH were [10 uM-

300 uM] and [8-160 uM] respectively, and benzoquinone was kept constant at 10 pM.

5.3.8 Data analysis

Kinetic data were fit using the Kaleidagraph software. The apparent steady-state Kinetic
parameters were determined by fitting the initial reaction rates derived from the stopped-flow
traces (points fit a straight line) to the Michaelis-Menten equation (Equation 1). The steady-state
kinetics parameter for the reverse reaction of PaLADH was fit to the ternary-complex equation
(Equation 5.2). In these equations, e denotes the concentration of enzyme. Kea is the turnover
number for the reverse reaction of PaLADH (at saturating concentrations of L-arginine and NAD")
and the coupled-enzyme assay (at saturating concentrations of D-arginine and NADH). K, and Kp
represent the Michaelis constants for the L-arginine and NAD™, respectively, and Ki, is the
substrate inhibition constants for L-arginine.

Vo — kcat[A]

e Km+[A]
Equation 5.1

e  KpA+AB+KigKp

Equation 5.2

v kcatAB

5.3.9 Homology Modeling
A homology model for PaLADH was developed using Robetta, a relatively accurate

protein structure prediction service based on deep learning methods: Rose TTAFold and TrRosetta,
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and allows for custom sequence alignments for homology modeling.'®*° Since an experimentally
determined model for alanine dehydrogenase (PDB: 1omo) with a high sequence similarity of 70
% to PaLADH existed, comparative modeling was then used to determine the homology model

for PaLADH using the structure for alanine dehydrogenase as a template.?% 2*

5.4 RESULTS

The recombinant protein PaLADH was overexpressed in E. coli strain Rosetta (DE3) pLysS
and purified with a NiNTA as determined by SDS-PAGE (data not shown). The purified enzyme's
activity was tested by monitoring the generation of NADH (Scheme 5.1), as shown in Table 5.1.

As a first step toward characterizing PaLADH Kkinetically, the steady-state Kinetic

mechanism was investigated by varying concentrations of NAD* and L-arginine at pH 8.0 and 25
°C. The keat, Knap®, Ki-arg, Keat/Knap®, and Keat/K-arg are reported in Table 5.2. A keat value of 8.0
+0.5 s, with Kn values obtained for NAD* (3.2 + 0.5 mM) and L-arginine (4.1 + 0.8 mM), yielded
a keat/ Knap® value of (2.5 + 0.5) x 10° M s and a kea/ Ki-arg Value of (2.0 £ 0.5) x 10° M 12,

Table 5.2. Steady-State kinetic parameters for PaLADH.

Keat, S 8.0+05
Knap*, mM 32+05
Keat/ Knap*, Ms™ (2.5 +0.5) x 10°
Ki-arg, MM 41+08
Keatl Ki-arg, M1s2 (2.0 £0.5) x 10°
Kia 2.1+0.8

Conditions: 100 mM Tris-Cl, 25°C, pH 8.0. Substrates- NAD" [0.5 mM-5.0 mM] and L-arginine
[0.5 mM-15.0 mM]. Concentration of enzyme was constant at 0.4 uM.
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PaLADH follows a ternary-complex mechanism, as evidenced by the double-reciprocal plots
(Figure 5.1) as a function of the substrates NAD" and L-arg. A ternary-complex mechanism is as
expected for an enzyme mechanism that involves a hydride transfer between NAD* and L-arginine
in the absence of any other associated cofactors (Figure 5.1). PaLADH was also tested against L-
lysine in the reverse direction with NAD* and pyruvate with NH4Cl and NADH in the forward
direction, and no activity was observed spectroscopically, which demonstrates the strict specificity

of PaLADH for arginine and its keto analog.

50 . 50 :
*— 0.5mM L-arg ¢ 0.5mM NAD+
®— 1.0mM L-arg = 1.0mM NAD+
A — 1.5mM L-arg A — 1.5mM NAD+
40 ¢ -3.0mM L-arg 40 ¢ 2.5mM NAD+
N éOm LL-arrg » 5mM NAD+
.0mM L-arg
] 15mM L-arg
30 [ ] 30
w @
o 20 % 20
10 A ' 10 o
* L]
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RS = i , S N &8 ¢
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Figure 5.1. Lineweaver—Burk plot for the reverse reaction of PaLADH with NAD" and L-
arginine as substrates. Data were fit to eq 5.2.

To validate the D-arginine conversion system from P. aeruginosa functionally, the kinetics
were evaluated with both enzymes as part of the coupled-enzyme reaction. PaDADH is the first
enzyme in the D-arginine conversion system. As substrates are provided to the first enzyme
PaDADH, the enzyme turns over, generating substrates for the second enzyme PaLADH (Scheme
5.2). D-arginine and benzoquinone as an artificial electron acceptor were used as substrates for

PaDADH, present in the reaction mixture with PaLADH and NADH. The oxidation of NADH is
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monitored with the stopped-flow spectrophotometer, and the concentration dependence of the
coupled-enzyme reaction on D-arginine and NADH is also tested to yield a Kear 0f 1.3 + 0.1 s
along with other kinetic parameters listed in Table 5.3. The Kn value determined for D-arginine
for the coupled-enzyme assay was 50 + 5 pM, while a K, for NADH could not be established due
to the lower limit of the instrument being used to monitor NADH consumption, it is estimated to
be below 5 UM. A Kea/ Kp-arg Value of (26 * 3) x 10° Ms was determined, and no Keat/ Knabh
could be established but is estimated to be in the range of 10°-10° Ms™. The lower ket value
obtained for the coupled-enzyme reaction probing the forward direction for PaLADH could be
due to the formation of the protein-complex between PaDADH and PaLADH being slow, or the

kinetics of the transfer of substrates from one enzyme to the other being rate-limiting.

Benzoquinone Product(s) from PaDADH
- f-\ _ + -
H NH; N A \"/ *H,0 \"/ H,N* H
: — + NH, Pl A :
PaDADH NH, 0 aLADH R
D-arginine * L-arginine
Substrate for PaLADH

}ILH
R=N§ NHQ

Scheme 5.2. Schematics for the coupled-enzyme assay.

Table 5.3. Kinetic parameters for the coupled-enzyme assay.

Kcat, S 1.3+£0.1
KnapH, UM <5

Keat/ KnapH, M s N.D.

Kb-arg, UM 50%5

Keat/ Kp-arg, M5 (26 + 3) X 103

Conditions: 100 mM Tris-Cl, 25°C, pH 8.0. Substrates- D-arginine [10 uM-300 puM], NADH [8-
160 puM] and benzoquinone was kept constant at 10 uM. The concentration of the two enzymes
PaDADH and PaLADH were kept constant at 0.4 uM.
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As the coupled-enzyme D-arginine conversion system was determined to be functional by the
coupled-enzyme assays using stopped-flow kinetics. Multiple techniques were used to test the
hypothesis that the two enzymes PaDADH and PaLADH form a protein complex to carry out the
D- to L- conversion of D-arginine. Sedimentation velocity analytical ultracentrifugation (SVAUC)
analysis was used to establish the oligomeric state of PaDADH, PaLADH, and a possible complex
of PaDADH and PaLADH. Data for the PaLADH was inconclusive, as there was significant
agglomeration observed in the conditions used. The SVAUC data for PaDADH revealed a sharp
peak at 2.8 S (Figure 5.2), estimated to a mass of 42 kDa, which corresponds to a monomer of
PaDADH as a standalone unit. The data for the mixture of PaDADH and PaLADH vyielded a
relatively sharp peak at 3.6 S, estimated to a mass of 75 kDa, which roughly corresponds to a 1:1
protein complex of PaDADH(42 kDa) and PaLADH (35 kDa), theoretically estimated to have a
molecular mass of 77 kDa (Figure 5.2). The disappearance of the single peak for PaDADH at 2.8
S and the appearance of the relatively sharp peak at 3.6 S corresponds to a molecular mass of 75
kDa, which is similar to the theoretical mass of the PaDADH: PaLADH complex (77 kDa). While
the data for PaLADH on its own was inconclusive due to the protein not being stable, the data for
the mixture of PaDADH and PaLADH suggest a protein-complex formation consisting of a
heterodimer of PaDADH and PaLADH in a 1:1 stoichiometry.

The oligomerization state of PaLADH, PaLADH, and the mixture of PaDADH and PaLADH
were determined by size exclusion chromatography (SEC) onto a Sephacryl S-200 HR column
under non-denaturing conditions. The results indicated PaDADH has a molecular weight of 41
kDa, the expected molecular weight for a monomer. The SEC data for PaLADH showed an
apparent molecular weight of 69 kDa, which is roughly the expected molecular weight for a

homodimer of PaLADH. The apparent molecular weight was calculated for the sample containing
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the mixture of PaLADH and PaDADH to be 73 kDa, which is the expected molecular weight for

a heterodimer with a 1:1 stoichiometry of PaDADH and PaLADH.

14 T T T T
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Figure 5.2. Sedimentation velocity analytical ultracentrifugation velocity data for PaLADH and
the complex of PaDADH and PaLADH.

Crystallization trials were performed to determine the structure of PaLADH and gain structural
insight for the protein-protein complex of PaLADH and PaDADH. However, the crystallization
trials were unsuccessful, and a homology model for PaLADH using the Robetta program was
determined. The homology model for PaLADH was based on the template structure of alanine
dehydrogenase (PDB: 1omo) with a sequence similarity of 70 % and is part of the mu-crystallin
protein family.?’ The homology model for PaLADH presented as a dimer, similar to the template

alanine dehydrogenase. The homology model for PaLADH displays a typical Rossmann-type
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NAD-binding domain in the active site, which is in the cleft of the overall enzyme structure (Figure

5.3)

Figure 5.3. Homology model of PaLADH generated by the comparative modeling module of
Robetta server using the experimentally determined structure of alanine dehydrogenase (PDB:
1lomo).

5.5 DISCUSSION

This study kinetically characterized PaLADH and determined the protein-complex
formation of PaDADH and PaLADH in a 1:1 stoichiometry by SVAUC and SEC. A coupled-
enzyme assay was also developed to demonstrate that the products from PaDADH-catalyzed
oxidation of D-arginine can be taken up by PaLADH and converted to L-arginine, as evidenced
by the consumption of NADH/NADPH spectroscopically. PaDADH catalyzes the production of
the iminoarginine, which is hydrolyzed to ketoarginine and ammonia. Ammonia would be a tricky

molecule to sequester from free solution after it is released from the active site of PaDADH, as it
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is a gaseous molecule in its unprotonated form. Hence, forming a protein-protein complex between
PaDADH and PaLADH is probably a way to overcome the escape of substrates and maintain the
overall metabolic health of P. aeruginosa as ammonia is known to be toxic for certain strains of
bacteria.?> A possible channel between PaDADH and PaLADH is likely responsible for
transporting ammonia and the oxidized arginine substrate from the active site of PaDADH to
PaLADH. Ammonia channels have been determined in Ammonia-transporter (Amt) proteins,
Rhesus (Rh) protein family, and the Methylammonium/Ammonium permeases (MEP), all of
which are membrane-associated proteins found across various species that facilitate the transport
of ammonia, ammonium, and methylated ammonia.?®?’

While the reaction of PaDADH is irreversible and only proceeds in one direction, the
reaction for PaLADH is reversible. The limited substrate specificity and the reversible reaction of
PaLADH, compared to that of PaDADH, points to a possible regulatory role of PaLADH in the
two-enzyme D-arginine conversion system can catalyze reactions in either direction based on
availability and the cytosolic concentrations of L-arginine and ketoarginine. The combined
function of PaDADH and PaDADH to convert D-arginine to L-arginine is very important for
downstream arginine succinyltranferase (AST) and the arginine transaminase pathways (ATA),
which can only utilize L-arginine as a precursor in order to survive in nutrient limiting conditions
(Figure 5.4).12 28

It was also validated that PaLADH is specific for arginine as a substrate since it displayed
no visible activity with L-lysine or pyruvate, the keto analog of alanine. PaDADH, on the other
hand, has a broad substrate specificity and can catalyze the oxidative deamination of most D-amino
acids.* Similar broad substrate specificity is also observed with another dehydrogenase from P.

aeruginosa, D-alanine dehydrogenase.’® While there are no other D-amino acid conversion
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systems in P. aeruginosa that perhaps form a protein-protein complex in solution to perform their
function, there are similar systems that work on the catabolism of other D-amino acids. DadX, an
amino acid racemase, and DadA, an alanine dehydrogenase function cooperatively as products of
the dadRAX operon.’® DadX catalyzes the reversible conversion of L-ala to D-ala, which can then
be taken up by DadA, an FAD-dependent enzyme that catalyzes the oxidative deamination of L-
ala to pyruvate and ammonia using an unknown electron acceptor.'® DadX, DadA, and DadR
together are required to maintain reasonable D-ala and L-ala concentrations.'® The broad substrate
specificity of DadA ensures there are multiple redundancies in D-amino acid metabolic pathways
in P. aeruginosa, ensuring that any free D-amino acids can be metabolized through those
pathways. The multiple enzymes with broad substrate specificity in P. aeruginosa participating in
D-amino acid catabolism highlight the critical role D-amino acids play in PAO1 physiology and

pathology.t: 3578
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6 GENERAL DISCUSSION AND CONCLUSIONS

Pseudomonas aeruginosa (PAO1) can utilize D-arginine as a sole carbon and nitrogen
source and survive. The coupled-enzyme system consists of D-arginine dehydrogenase
(PaDADH) and L-arginine dehydrogenase (PaLADH). PaDADH catalyzes the oxidation of D-
arginine into 2-ketoarginine and ammonia, and PaLADH uses NADH as a co-substrate to convert
2-ketoarginine and ammonia to L-arginine. The conversion of D-arginine to L-arginine by the
coupled enzyme system enables P. aeruginosa to survive solely on D-arginine as a nitrogen and
carbon source.

A tyrosine 249 to phenylalanine variant (PaDADH-Y249F) of PaDADH was purified as a
mixture of populations containing two cofactors, one protein population with the unmodified,
yellow-colored FAD(Y249F-y) and one with a green-colored modified FAD (Y249F-g). Through
various spectroscopic techniques, the green modified FAD was identified as 6-OH-FAD (Y249F-
g). Crystal structures of Y249F-g and Y249F-y enzymes were determined at 1.55 A and 1.33 A
resolutions, respectively. A closer look at the structures of Y249F-g and Y249F-y showed no
significant differences compared with the wild-type enzyme's overall fold and structure. Alternate
conformations for some active site residues and the flavin cofactor were observed in Y249F-y.
Molecular Dynamics simulations revealed that Y249F-y exists in two conformational substates: A
and B. There was an increase in the spin density at the C6 position of the flavin, as evidenced by
the QM/MM in conformation B with an alternate conformation of some residues, unlike that seen
in the wild-type enzyme. The study shows the vital role of the active site residues in modulating
fluctuations between different conformational substates, fine-tuning cofactor versatility, the
absence of which can ultimately lead to a deleterious cofactor modification as observed in

PaDADH-Y249F.
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The structure of PaDADH-Y 249F expressed and crystallized in the presence of D-arginine
was determined at a resolution of 1.29 A. Upon analysis of the structure of PaDADH-Y 249F,
ambiguous electron density was noticed around the C6 and the N5 positions of the isoalloxazine.
Accurate mass analysis revealed that the two modified flavins were both N5-(4-guanidino-
oxobutyl)-FAD and 6-OH-FAD. The presence of two modified flavin cofactors in a single crystal
is highly unusual and speaks to the versatility of the reduced flavin, which is a precursor to the

modification reactions for both the N5-(4-guanidino-oxobutyl)-FAD and 6-OH-FAD.

PaLADH was purified and was characterized kinetically to follow a ternary-complex
mechanism, as expected for an enzyme that does not use bound cofactors to catalyze a hydride
transfer reaction. A coupled-enzyme assay was established and determined that the products from
PaDADH can be channeled into PaLADH, as evidenced by NADH consumption in the coupled-
enzyme assay. We had hypothesized that PaLADH and PaDADH might form a protein complex
for converting D-arginine to L-arginine. The protein complex formation was probed using
analytical ultracentrifugation and size-exclusion chromatography, suggesting that PaLADH and
PaDADH form a complex in a 1:1 stoichiometry. Forming a protein complex is beneficial since
one of the products from the hydrolysis of iminoarginine is ammonia, which is hard to sequester

from the free solution once it leaves the enzyme's active site.

In conclusion, these studies have provided insight into the kinetic mechanism of PaLADH,
which plays a role in the coupled-enzyme D-arginine conversion system that helps P. aeruginosa
to survive in nutrient limiting conditions. The insight gained from this unusual two-enzyme D-
amino acid metabolic systems among similar systems from P. aeruginosa will help identify and

isolate virulence and survival factors for this opportunistic pathogen. These studies have also
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provided insight into how seemingly benign modifications to the active site by site-directed
mutagenesis can significantly affect protein dynamics and cofactor reactivity. Proteins function
through concerted movements to achieve catalytically relevant conformational ensembles by
optimal placement of critical residues. While most of the focus is on active site residues that
participate directly in catalysis, attention must also be diverted towards residues that do not have
a discernible function but can function as conformational switches and enhance or diminish

enzyme activity.
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