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ABSTRACT OF DISSERTATION

UNVEILING NOVEL ASPECTS OF D-AMINO ACID METABOLISM IN THE
MODEL BACTERIUM PSEUDOMONAS PUTIDA KT2440

D-amino acids (D-AAs) are the a-carbon enantiomers of L-amino acids (L-
AAs), the building blocks of proteins in known organisms. It was largely believed
that D-AAs are unnatural and must be toxic to most organisms, as they would
compete with the L-counterparts for protein synthesis. Recently, new methods
have been developed that allow scientists to chromatographically separate the
two AA stereoisomers. Since that time, it has been discovered that b-AAs are
vital molecules and they have been detected in many organisms. The work of
this dissertation focuses on their place in bacterial metabolism. This specific area
was selected due to the abundance of D-AAs in bacteria-rich environments and
the knowledge of their part in several processes, such as peptidoglycan
synthesis, biofilm disassembly, and sporulation. We focused on the bacterium
Pseudomonas putida KT2440 which inhabits the densely populated plant
rhizosphere. Due to its versatility and cosmopolitan character, this bacterium has
provided an excellent system to study b-AA metabolism.

In the first chapter, we have developed a new approach to identify specific
genes encoding enzymes acting on D-AAs, collectively known as amino acid
racemases. Using this novel method, we identified three amino acid racemases
encoded by the genome of P. putida KT2440. All of the enzymes were
subsequently cloned and purified to homogeneity, followed by a complete
biochemical characterization. The aim of the second chapter was to understand
the specific role of the peculiar broad-spectrum amino acid racemase Alr
identified in chapter one. After constructing a markerless deletion of the cognate
gene, we conducted a variety of phenotypic assays that led to a model for a
novel catabolic pathway that involves D-ornithine as an intermediate. The work in
chapter three identifies for the first time numerous rhizosphere-dwelling bacteria
capable of catabolizing b-AAs. Overall, the work in this dissertation contributes a
novel understanding of D-AA catabolism in bacteria and aims to stimulate future
efforts in this research area.

KEYWORDS: p-amino acids, rhizosphere, Pseudomonas putida KT2440, catabolism
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Chapter One: Background and Introduction

Part One: Amino acids and Pseudomonas putida KT2440

Rhizosphere soil differs from bulk soil by the presence of plant roots. They
are responsible for the release of carbon rich root exudates, serving as an
energy source for rhizosphere-dwelling organisms. Further, these compounds
have roles in plant pathogen resistance, as well as plant competition (10). A
variety of soil-dwelling organisms are attracted by sugars, amino acids (AAS),
and phenolics, leading to diverse inhabitants and an intricate communication
network.

Pseudomonas putida KT2440 (Class y-Proteobacteria; Gram-negative) is
a model rhizosphere-dwelling bacterium and one of the most versatile
rhizosphere inhabitants — its genome has characteristics of terrestrial,
rhizosphere, and aquatic bacteria (83). Typical of generalist soil bacteria, the
genome of P. putida KT2440 contains 894 paralogous gene domain families,
suggesting a capability for diverse functions rather than niche specialization. P.
putida KT2440 is one of the best-studied representatives of the genus, partly
because of its potential as a biocontrol agent and for the production of fine
chemicals (90, 96). This organism is specifically known for its metabolic
versatility, being able to catabolize a large array of organic compounds, including
aliphatic and aromatic hydrocarbons (83). About 12% of the P. putida KT2440
genome (370 cytoplasmic membrane transport systems) is dedicated to nutrient
transport. Based on bioinformatic analysis, the largest family of transporters (94
paralogous members) is likely involved in AA uptake. This is also in accordance
with the finding that the genome portion dedicated to AA metabolism and
transport is much larger relative to that used for carbohydrates (83). Considering
the abundance of AAs in the plant rhizosphere, AA uptake and metabolism are
considered an advantageous trait for successful rhizosphere colonization (85). In
fact, in vivo expression technology (IVET) studies have identified DNA regulatory
elements involved in the transport and metabolism of L-pro and L-lys, as well as
chemotaxis in P. putida KT2440, activated upon exposure to maize root exudates
and contributed to colonizing the plant roots (81, 105, 128). Although the plant
rhizosphere is complex and the community structure, as well as the plant-
microbe symbioses, are not well understood, P. putida KT2440 has been
established as a model organism to study rhizobacteria, including root
colonization and plant-microbe communication (85, 90, 91).

The L-enantiomer of the 19 chiral AAs predominates in biological systems.
However, it has been established that many organisms have the ability to convert
an L-AA into its mirror image D-enantiomer, via a process known as racemization,
or epimerization when AAs contain more than one chiral center (e.g. ile) (102,
142). L- and D-AAs differ in the spatial orientation of the atoms attached to their
a-carbon. With the exception of glycine, the remaining 19 of 20 proteinogenic
AAs are chiral at the a-carbon. The inversion of the stereochemistry about the a-



carbon is normally accomplished by enzymes known as racemases or
epimerases (for epimerization), and aminotransferases.

Despite that D-AAs are not used for protein synthesis, bacteria are known
to synthesize them using the above mechanisms. b-AAs are mainly produced
due to their integral role in macromolecules (e.g. peptidoglycan) and a variety of
antibiotics (102, 130). In addition, the pathways for b-AA metabolism in bacteria
have evolved to serve not only a biosynthetic purpose but also a catabolic role. In
particular, P. putida KT2440 likely encodes racemase/epimerase enzymes
because it has been demonstrated to catabolize D-AAs, specifically D-lys (26,
109). L-Lys is catabolized via the aminovalerate pathway. However, the
pipecolate pathway has also been described in P. putida KT2440 in which a
putative racemase converts L-lys to D-lys, which in turn is transformed to an a-
ketoacid and can be used by the bacterium as a sole carbon and nitrogen source
(Fig. 1.1). The two pathways are interconnected and important for proper cell
development (108, 109). Furthermore, Molina-Henares et al. isolated P. putida
KT2440 auxotrophic mutants for 13 of the 20 proteinogenic AAs. The authors
demonstrated that arg, leu, pro, and cys auxotrophy was rescued when the
corresponding D-AAs were added to a minimal growth media (91). The study
demonstrates the racemization ability of P. putida KT2440 towards four AAs.
Lastly, it is important to note that the genome of P. putida KT2440 has been
sequenced and annotated (96).
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Figure 1.1 The established catabolic pathways for L- and D-lys in P. putida
KT2440. The L-lys pathway is named after the intermediate a-aminovaleric acid
(AMV), while the D-lys pathway — after the a-aminoadipic acid intermediate
(AMA).



Part Two: Presence and synthesis of D-AAs in bacteria

The appearance of D-AAs in alkali-treated proteins was realized in the first
decade of the 20" century. By the middle of the century, scientists began
studying D-AAs in the bacterial cell envelope (110). A few decades later, the
integrity of the peptidoglycan (PG) layer was shown to be maintained by peptide
cross-links, interconnected by D-AAs (132). PG is a well-studied macromolecule
due to its potential to serve as a target for numerous antibiotics (130). Recently it
has been established that a number of different b-AAs can be incorporated into
PG. In addition to the required D-glu at the second position and D-ala at the fourth
position of the peptide stem connecting the two glycan chains, b-enantiomers of
lys, ser, isoglutamine, gin, pro, phe, tyr, val, ile, leu, and met have been detected
at the third or fourth position (5, 12, 25, 130) (Fig. 1.2). Furthermore, some D-AAS
(ala, glu, ser, asp, asn, lys, ornithine) can be incorporated in the interpeptide
bridge found between the peptide stems (130).
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Figure 1.2 D-AAs in peptidoglycan (GIcNAc N-acetylglucosamine; MurNAc N-
acetylmuramic acid; A2pm 2,6-diaminopimelic acid). a Direct cross-linkage of PG
peptide stems. b Linkage of peptide stems through an interpeptide bridge.



In addition to PG, other macromolecules from bacterial origin that contain
high amounts of D-AAs are poly-y-glutamate (PGA) and teichoic acids (TAS)
(102). PGA is a viscous polymeric extracellular molecule that is found primarily in
Gram-positive bacteria and imparts on the cell an ability to evade the immune
system (23). Depending on the species, PGA could be comprised of only L-glu,
only D-glu, or a combination of the two. The pathogen Bacillus anthracis, for
example, has a PGA layer that consists solely of D-glu residues (23). In addition
to PGA, Gram-positive bacteria are also known to contain TAs, the extracellular
anionic molecules comprised of polymeric glycerol phosphate moieties. D-Ala is
abundant in TAs but the degree of pD-alanylation varies from species to species
(97). The degree of pb-alanylation is known to regulate physiological responses in
bacteria such as autolytic activity and cellular defense (106, 129). In addition, the
lack of p-ala in TAs could render cells more susceptible to antimicrobials as well
as an attack by the host immune system (30, 68). Lastly, D-AAs are commonly
found in peptide antibiotics produced not only by bacteria but other organisms
(22). The most common mechanism for the synthesis of such antibiotics is
through non-ribosomal peptide synthetase enzymes. After searching the
NORINE non-ribosomal peptide database (includes 1164 curated peptides of
prokaryotic as well as eukaryaotic origin) using individual b-AAs as the query term,
it was found that the D-enantiomers of ala, ser, leu, and glu are the most
prevalent, each present in over 100 curated peptides (22).

Most D-AAs used in the synthesis of PG, TAs, and PGA are produced as
free AAs and are subsequently incorporated into these macromolecules. Bacteria
synthesize D-AAs using two separate, but related, mechanisms. The first
mechanism relies on a proton exchange reaction, leading to the inversion of
stereochemistry about the a-carbon of a particular chiral L-AA (Fig. 1.3). Thisis a
reversible reaction that involves a single substrate and it is accomplished by
racemase or epimerase enzymes. Although racemization and epimerization are
very similar, the former is reserved for reactions that involve compounds with
only one chiral center (ala racemization), while the latter — compounds with more
than one chiral center (ile epimerization). Racemase/epimerase enzymes are
subdivided into two classes based on their use of a cofactor-dependent or
cofactor-independent reaction. Cofactor-dependent enzymes use a pyridoxal-5’-
phosphate (PLP) cofactor. The PLP cofactor aids the enzyme by stabilizing the
planar carbanion intermediate via an external aldimine, thus lowering the pKa of
the a-proton. In addition to the PLP cofactor, it is proposed that there are two
active site bases involved in deprotonation and reprotonation of the a-carbon as
part of the stereochemistry inversion (124). The cofactor-independent
racemase/epimerase enzymes also use a two-base mechanism which, however,
lacks the stabilization effect of the PLP cofactor. Two cys residues function as
the active site residues among enzymes for which these residues have been
determined (21, 43, 76, 123).

The second known mechanism is also reversible and involves a
stereospecific amination of a particular a-ketoacid (Fig. 1.3). The major difference
with the first mechanism is that a second amino group-donor molecule is



required. The amino group is transferred stereospecifically to the a-ketoacid by
an aminotransferase enzyme. This mechanism is common among bacteria for L-
AA synthesis (84, 127). b-AA aminotransferases follow the same biosynthetic
pathway whereby an amino-group donor (typically p-ala) and an a-ketoacid are
used for the production of a new a-ketoacid (pyruvate from D-ala) and a D-AA
product (e.g. b-glu from a-ketoglutarate). Although this mechanism is similar to
the one described for racemase/epimerase enzymes in that they both employ a
PLP cofactor, the specific underlying steps vary considerably. Lastly, D-AA
aminotransferases show high specificity for the amino group acceptor (typically
a-ketoglutarate) (133). Interestingly, there are also characterized such enzymes
that can donate an amino group to a wide range of a-ketoacid acceptors, leading
to the synthesis of a large variety of D-AAs (66).



pyruvate

a-ketoglutarate
O

Figure 1.3 AA racemization mechanisms. a Reaction that proceeds via
deprotonation and reprotonation conducted by AA racemase and epimerase
enzymes. b Reaction that involves two substrates and two products conducted
by AA aminotransferase enzymes. Amino group is transferred from a donor
molecule (D-ala or D-glu) to an a-ketoacid (pyruvate or a-ketoglutarate).



In contrast to the synthesis mechanisms already described for free D-AAs,
most D-AAs incorporated into peptide antibiotics are produced concurrently with
antibiotic synthesis (116). In the case of the algal toxin microcystin-LR (99), the
non-ribosomal peptide synthetase operon contains an ORF encoding a
Glutamate racemase. The racemase produces D-glu which is directly loaded onto
the non-ribosomal peptide synthetase enzyme and incorporated into the
antibiotic. Generally, however, non-ribosomal peptide synthetases include an
epimerization domain (E domain) responsible for the change in AA
stereochemistry (116). An example here is the well-known cyclodecapeptide
Gramicidin S. During its synthesis, the GrsA enzyme adenylates L-phe using ATP
which is followed by formation of a covalent phosphopantetheinylated L-phe
thioester adduct. The L-phe moiety is epimerized by the E domain and the p-phe
thioester adduct is subsequently processed by the GrsB enzyme to produce
Gramicidin S. Although E domains are considered the most common method for
D-AA incorporation by non-ribosomal peptide synthetase enzymes, it should be
noted that certain enzymes directly load free D-AAs rather relying on E domains
(122).

Part Three: Physiological roles of D-AAs in bacteria

Recent advances in the field of D-AA metabolism and their effect on
bacterial physiology are relevant to the biochemistry of D-enantiomers in
rhizosphere bacteria. First, an AA racemase enzyme was identified using novel
functional soil metagenomics (27). The authors identified a Lysine racemase and
characterized the ability of the enzyme to interconvert the L and D sterecisomers
under different conditions and in the presence of inhibitory substances. Second,
a report by Hubert Lam and co-workers described the ability of b-AAs to control
bacterial cell morphology during different growth phases (70). The authors were
able to show that D-AAs regulate PG synthesis during stationary phase, are
directly incorporated into the PG, and could act on Penicillin-binding proteins,
involved in PG remodeling and synthesis. Furthermore, it was demonstrated that
D-AAs may act on several bacterial strains, including Vibrio cholera and Bacillus
subtilis as well as other strains that do not synthesize pD-AAs themselves. The
significance of these results is that D-AAs may serve as an interspecies signal to
modify cell morphology and metabolism in the face of harsh environmental
conditions. In addition to molding PG structure, D-AAs are also known to affect
bacterial biofilms. Kolodkin-Gal et al. found that a mixture of b-AAs, namely D-
met, D-leu, D-tyr, and D-trp, found in Bacillus subtilis culture supernatant can act
on biofilms and trigger their disassembly. Additionally, Staphylococcus aureus as
well as Pseudomonas aeruginosa were two other species shown to lose their
ability to aggregate in a biofilm in the presence of D-AAs (67). In a later study,
Leiman et al. found that b-AAs may inhibit protein synthesis in B. subtilis, and
consequently they would act as an antibiotic rather than a signal to disassemble
biofilms (72). Sporulation is a complex physiological process that involves the
regulation and integration of multiple metabolic pathways (35). It has been
discovered that D-ala and D-his can prevent spore germination in many Bacillus



species (51, 52). Specifically, bD-ala has been demonstrated to antagonize the
spore germination response, normally initiated by L-ala. Consequently, D-ala may
function as an auto-inhibitory molecule, prohibiting spore germination under low
nutrient availability and high population density (25). Finally, it should be noted
that even though an enhancement of the knowledge of D-AA metabolism in
bacteria has been achieved, little information is based on rhizosphere research.

Aims of dissertation

The goal of the dissertation is to further our understanding of D-AA
metabolism in bacteria. Taken together, the experiments help unravel a putative
L-ornithine catabolic pathway that proceeds through D-ornithine and leads to L-
pro synthesis in our model organism P. putida KT2440. Additionally, more
information is contributed on the abundance and identity of rhizosphere-dwelling
bacteria able to catabolize D-AAs.

In chapter one, the aim was to identify and characterize enzymes acting
on D-AAs in P. putida KT2440. Our approach involved the use of E. coli AA
auxotrophic strains incapable of surviving in the absence of a particular L-AA.
Leu, lys, pro, and phe auxotrophs were used to construct P. putida KT2440
genomic libraries. These libraries were subsequently screened on minimal media
containing the corresponding D-enantiomer in place of the necessary L-AA. The
rationale was that if a particular clone contained a gene encoding an enzyme that
can act on a D-AA and produce the corresponding L-counterpart, the auxotrophic
strain would survive and grow. Our focus was on AA racemase enzymes.
Several clones were identified that contained open reading frames (ORFs)
encoding three such enzymes, annotated as DadX alanine racemase, Alr alanine
racemase, and Proline racemase. The enzymes were biochemically
characterized to determine their substrate specificities and elucidate the
Michaelis-Menten kinetics for the best substrate. Interestingly, DadX was the only
true Alanine racemase, while the Alr enzyme displayed broad substrate
specificity with the highest activity on both sterecisomers of lys and arg.
Furthermore, the annotated Proline racemase did not have any activity with
either enantiomer of pro or most other tested AAs. However, it showed activity
only towards the four epimers of hypro. Lastly, phylogenetic analysis was
conducted to emphasize the unique nature of the Alr enzyme, suggestive of an
interesting and complex role in AA metabolism by P. putida KT2440.

The Alr enzyme and its specific part in the physiology of P. putida KT2440
is the topic of the second chapter. A markerless deletion mutant of the alr gene
was constructed via homologous recombination using an established method. A
number of phenotypic assays, including enzyme assays, AA catabolism and
synthesis, as well as biofilm assays, were conducted in order to understand the
effect of the mutation. Our conclusion was that the enzyme is involved in the
catabolism of L-lys, L-arg, and L-ornithine as the sole source of carbon and
nitrogen. We further explored the inability of the alr mutant to catabolize L-
ornithine as well as the wild-type. After conducting a growth assay in minimal
media, we noticed that the alr mutant displayed bradytrophic growth, its growth
lagged far behind that of the wild-type but eventually the mutant reached similar
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levels. The same growth experiment was repeated as before only this time a
collection of L- and D-AAs were added individually to pinpoint the specific AAs
able to alleviate the bradytrophic phenotype. Interestingly, several L-AAs,
including L-pro, as well as D-ornithine, rescued the mutant phenotype. Our results
led us to propose a model whereby the Alr broad-spectrum AA racemase is
involved in the synthesis of D-ornithine from the L-enantiomer, which
subsequently leads to the production of L-pro, an essential AA for proper cell
growth. This set of experiments uncovers for the first time a potential central
place of D-ornithine in AA metabolism of P. putida KT2440.

The third chapter aims to enhance our general knowledge of D-AA
catabolism by bacteria. A culture-dependent approach was taken in order to
identify novel b-AA catabolizing bacteria inhabiting the plant rhizosphere. Each
stereoisomer from a collection of 21 L- and 21 D-AAs was added to a minimal
medium agar as the sole source of carbon and nitrogen, after which sweet corn
rhizosphere soil was plated at different dilutions. Bacterial isolates were observed
on every tested D-AA. A collection of these bacteria were preserved as glycerol
stocks and were classified down to the species level after conducting 16S rRNA
amplicon sequencing. Most of our environmental isolates were part of three
major phylogenetic Classes, Actinobacteria, a-Proteobacteria, and -
Proteobacteria. An intriguing finding was the presence of several Arthrobacter
species (class Actinobacteria) that were isolated from 18 of the 21 tested D-AAs.
The message here is that there is an abundance of bacteria having the ability to
utilize pb-AAs for growth. We hope that our research will incite scientific interest to
study D-AAs and further understand their place in biology.

Copyright statement: Portions of this chapter were published in Applied
Microbiology and Biotechnology published by Springer International Publishing
AG (Radkov, A D and Moe, L A. 2014. Bacterial synthesis of b-amino acids.
Appl. Microbiol. Biotechnol. vol. 98 no. 12 p. 5363-74).
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Chapter Two: Amino acid racemization in Pseudomonas putida KT2440

Background and Introduction

Of the 20 canonical proteinogenic amino acids (AAs), 19 are chiral about
their a-carbon and therefore exist in one of two spatial arrangements, referred to
as the L- and D-stereoisomers. Nature has effectively selected for L-AAs to serve
as the building blocks of ribosomally synthesized peptides and as important
metabolic intermediaries in the cell. Their corresponding D-enantiomers are far
less prevalent in most biological systems. Nonetheless the D-enantiomer of each
of the 19 proteinogenic AAs has been detected in biological systems (11, 17, 19,
67, 70, 98), and in certain environments D-amino acids are abundant. This
includes microbe-rich environments such as topsoil (16), fermented foods (41)
and the rumen (113). Where free D-AA content was measured in bacterial culture
supernatant or ethanolic extracts of freeze-dried bacterial samples, the most
abundant free D-AA was typically D-ala, but high concentrations of b-asp, D-glu,
D-leu and bD-met were also noted in some species (70, 113). The D-stereoisomer
of ala comprises up to 65% of the free ala in some samples (113), and millimolar
D-ala concentrations have been measured in culture supernatant (70).
Consequently, when D-AAs are detected in environmental samples their
presence is typically attributed to bacteria.

Because certain D-AAs are essential components in bacterial
peptidoglycan (PG) (e.g. D-ala and D-glu) their abundance in bacterial culture is
not surprising (130). Nonetheless, the D-AA distribution in culture does not
necessarily match that expected simply for synthesis of PG (70). Recent work
has shown that complex physiological processes such as biofilm formation, PG
remodeling, and sporulation are influenced by the presence of certain D-AAs (67,
70, 114). For example, the D-stereoisomers of leu, met, trp, and tyr were shown
to disassemble mature biofilms of B. subtilis at concentrations as low as 10nM
(67). The corresponding L-enantiomer did not have the same effect. In this case,
the bacterium is shown to synthesize the specific b-AA of note, but little is known
about how this is accomplished. Further, bacterial catabolism of D-AAs has been
noted and may be important for colonization of D-AA rich environments (95, 109).
Bacterial synthesis of D-AAs proceeds via enzymatic racemization of the
corresponding L-enantiomer. Amino acid racemases catalyze the interconversion
of the L- and D-enantiomers using either a PLP-dependent or -independent
mechanism. The PLP-dependent alanine racemase enzyme class has been
studied extensively, owing to its potential as a target for antimicrobials (32).
These enzymes are known to be necessary for D-ala synthesis for PG, as
targeted disruption results in D-ala auxotrophy (135). However, many bacteria
encode more than one annotated alanine racemase in their genome. Catabolism
of D-AAs can also be initiated through enzymatic racemization to form the
corresponding L-AA, although racemase-independent catabolic mechanisms also
exist.

Pseudomonads are noted as models in ecological genomics (83, 138),
pathogenesis (7, 31), and host-microbe interactions (79, 86). They may also be
considered as models in D-AA biology. Recent work in Pseudomonas
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aeruginosa PAOl1l and Pseudomonas putida KT2440 has revealed unique
mechanisms by which D-AAs are catabolized (73, 95, 109). Here we build on this
work by assessing the D- and L-AA catabolic capacity of P. putida KT2440,
employing a functional screen to identify genes involved in D-AA metabolism,
characterizing enzymes involved in AA racemization, and identifying key
differences in the genomics of b-AA metabolism between related pseudomonads.

Results

Growth profile: AAs as the sole carbon and nitrogen source

Other studies have described the catabolic versatility of P. putida KT2440,
yet a comprehensive analysis of growth on D- and L-AAs as a sole carbon and
nitrogen source has not been reported (91, 109, 136). To assess the potential for
racemization of D-AAs, we performed a series of growth studies on P. putida
KT2440 in which p- and L-AAs were provided as the sole carbon and nitrogen
source (Fig. 2.1). No growth was recorded on either stereoisomer of met, thr, leu,
or trp. In instances where only the L-sterecisomer was catabolized, asp, asn, his,
gin, glu, and pro were the most rapidly catabolized. Among those AAs where
both enantiomers were catabolized the two enantiomers of 4-hydroxyproline, cis-
D- and trans-L-hydroxyproline (hereafter cis-D-hypro and trans-L-hypro), as well
as those of ala conferred the most rapid growth, while the lys and arg
enantiomers were catabolized more slowly. Marginal growth was recorded on D-
and L-phe after 24 hours. However, after 72 hours, these cultures reached
growth levels similar to those of the other AA enantiomer pairs that were more
rapidly catabolized. While previous growth experiments have established that P.
putida KT2440 catabolizes both p- and L-lys (95, 108), P. putida KT2440 has not
been shown previously to catabolize as sole carbon and nitrogen sources b-phe,
the epimers of hypro (cis-D- and trans-L-), or D-arg. Nonetheless, P. putida
KT2440 can use both enantiomers of phe, of arg, and of hypro as a sole nitrogen
source (91, 136).
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Figure 2.1 Ability of Pseudomonas putida KT2440 to use D- and L-AAs as the
sole source of carbon and nitrogen. Each color bar represents the net increase in
growth during the designated time period. The absence of a particular color bar
signifies lack of growth during the corresponding time period. Cultures were
grown in PG liquid minimal medium. Average values are the result of three
replicates. SD included on graph.
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Recovered genes with a potential role in AA racemization

Screens were conducted in E. coli auxotrophs to identify mechanisms for
racemization of lys, pro, phe, and leu. Lys and phe auxotrophs were chosen due
to the p-AA growth profiles of P. putida KT2440 (Fig. 2.1). The pro auxotroph
was chosen due to the presence of an annotated proline racemase in the P.
putida KT2440 genome. The leu auxotroph was chosen for two reasons. First,
no ala auxotroph was available from the CGSC and leu exhibits reasonable
structural similarity to ala, suggesting that a racemase that uses ala as a
substrate may also use leu. Second, it is possible that P. putida KT2440 may
also racemize AAs that it cannot use as a sole carbon and nitrogen source.
Figure 2.1 shows the four AAs from this table that are not catabolized as a sole
carbon and nitrogen source by P. putida KT2440, leu is a representative from this
group. A screen on D-arg was not conducted because of the high activity of the
recovered Alr enzyme in conversion of D-arg to L-arg.

From the recovered positive clones, DNA sequences were compared
against the P. putida KT2440 genome using the Pseudomonas genome
database (137) to identify ORFs encoded within each region. Because of the
magnitude of the screen, identified genomic regions were typically recovered
more than once, allowing us to estimate a minimal genomic region necessary for
recovering the phenotype. These regions (Table 2.1) vary in size and in many
cases include more than one gene that could be responsible for the observed
phenotype. The genes from each region are designated according to their
genomic locus tag, and the range of genes indicates the minimal unit identified
for each region. Genes of interest from these regions include those whose
predicted products belong to enzyme families known to catalyze reactions
characteristic of AA metabolism. The minimal genomic region does not imply that
more than one gene from this region is required for recovery of the phenotype.
Among genomic regions in which an annotated racemase was identified, a
subclone containing the racemase gene by itself conferred the same phenotype
as the insert from which it originated. We concluded that the racemase genes
were responsible for the observed phenotype in these cases and did not further
assess other genes from these regions. In some cases, the same genes were
recovered in different screens. A subset of genes from genomic region 3
identified in the D-pro screen also enabled growth in the b-leu screen, and the alr
gene enabled growth in both the D-lys and D-leu screens. Metabolism of AAs is
known to involve enzymes such as dehydrogenases, oxidoreductases, and
aminotransferases (73, 95, 140), and genes annotated as such were recovered
in a number of cases. The current study focuses on mechanisms for AA
racemization, further work beyond the scope of this article will be necessary to
establish a role for these genes in D-AA metabolism in P. putida KT2440. Only
one recombinant clone recovered growth in screens performed on D-phe, the
insert encodes a FAD-dependent oxidoreductase (PP2246) that was not
recovered in any of the other screens. Interestingly, the Pseudomonas Genome
Database reports this gene to be an ortholog of the dauA gene (catabolic D-
arginine dehydrogenase) of P. aeruginosa PAO1, yet P. putida KT2440 does not
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encode the other genes from the dauBAR operon previously shown to be
involved in a two-step conversion of D-arg to L-arg in P. aeruginosa PAO1 (14).
The genomic regions do not share any apparent similarity otherwise.
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Table 2.1 Screening results from P. putida KT2440 genomic libraries

Supplemented | Genome | Gene Annotated function of genes of interest
amino acid region range
PP1251- _ .
1 PP1256 PP1255: FAD-dependent oxidoreductase
PP1257- _ .
b-Pro 2 PP1259 PP1258: proline racemase
pp35gg. | PP3590: aromatic amino acid aminotransferase
3 PP3597 PP3591: Al-piperideine-2-carboxylate reductase
PP3596: FAD-dependent oxidoreductase
PP1162- _ - .
e 1 PP1165 PP1163: FAD-binding oxidoreductase
y 5 PP3719- | PP3721: aspartate aminotransferase
PP3727 | PP3722: alanine racemase/Alr
1 PP3589- | PP3590: aromatic amino acid aminotransferase
PP3593 | PP3591: Al-piperideine-2-carboxylate reductase
2 Eggggg PP3596: FAD-dependent oxidoreductase
b-Leu 3 PP3717- | PP3721: aspartate aminotransferase
PP3724 | PP3722: alanine racemase/Alr
4 PP5264- | PP5269: alanine racemase/DadX
PP5271 | PP5270: b-amino acid dehydrogenase/DadA
b-Phe 1 PP2244- | PP2246: FAD-dependent oxidoreductase
PP2253

aThe coverage for the entire screening with each AA exceeded 500x genome coverage.
®ORFs in bold are the focus of the current study.
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Substrate specificity of Pseudomonas putida KT2440 amino acid racemases

Genes encoding putative racemase activity (proline racemase PP1258,
alanine racemase/Alr PP3722, alanine racemase/DadX PP5269) were subcloned
into pET28b for in vitro characterization. Each enzyme was purified to
homogeneity and analyzed for its relative activity on both stereocisomers of each
of the 19 chiral, proteinogenic AAs (Table 2.2). The protein product of the gene
annotated as alanine racemase/alr (Alr) demonstrated the broadest substrate
specificity of the recovered racemases. Despite its annotation as a putative
alanine racemase, substrates that conferred the highest activity (Table 2.2) were
lys (normalized to 100% for both D- and L-) and arg. The protein product of the
gene annotated as alanine racemase/dadX (DadX) demonstrated activity with
both ala stereoisomers, showed negligible activity with D-cys and L-ser, and
exhibited no activity with the remaining AAs. The putative proline racemase did
not exhibit measureable racemase activity with any of the 19 chiral proteinogenic
L-AAs or their corresponding D-enantiomers. Nonetheless, the gene did rescue
the phenotype of the E. coli pro auxotroph strain in the presence of D-pro, which
is indicative of at least minimal racemization in vivo. Because previous work
identified hydroxyproline epimerase activity in cell-free extract of the related
Pseudomonas putida KT2442 (32), we assessed the activity of the putative
proline racemase with four epimers of hypro. The different epimers arise from
chirality about the a-carbon and the y-carbon in the AA. Isomerization about the
a-carbon, typical of AA racemization, results in interconversion of the cis-D-hypro
and trans-L-hypro epimers. The conversion of either L-hypro epimer appears not
to be affected by the chirality about the y-carbon atom, described by the cis- and
trans- notations (Table 2.2). However, cis-D-hypro confers a much higher activity
compared to trans-D-hypro suggesting a potential influence of y-carbon chirality
in the racemization of the D-hypro epimers.
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Table 2.2 Percent normalized relative activity of racemases on D- and L-

AAs?
Purified Normalized Normalized
enzyme D-AASP percent L-AAsP percent
activity (£SD) activity (£SD)
Lys 100+6.6E-9 Lys 100+8.1E-7
Arg 87+1.64 Arg 11+0.79
Met 12+0.2 Met 6+0.22
alanine GIn 7+0.09 GlIn 310.1
racemase Ala 3+0.15 Ser 2+0.09
(AIN Ser 3+0.09 Ala 1+0.03
Leu 1+0.08 Asn 1+0.08
His 1+0.03 Leu 1+0.02
Asn 1+0.07 His 1+0.02
Others NDY Others ND¢
alanine Ala 100+2.2E-7 Ala 100+2.4E-6
racemase | Cys 8+0.2 Ser 1+0.04
(DadX) Others® ND¢ Others® ND¢
cis-D-HyPro 100£1.2E-6
proline trans-L-HyPro 32+0.82
racemase | cis-L-HyPro 32+1.82
trans-bD-HyPro 23+0.62
Others NDY

aPercent activity values were normalized for difference in derivatization
between each D- and L-enantiomer (44).
bFinal assay concentration for each AA was 50mM, except Tyr (2.21mM)
and Asp (25mM). Assays were performed in triplicate only for those AAs

that showed activity greater than zero.
¢Others category comprises all remaining chiral proteinogenic L-AAs.
IND — Not Detected.
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Kinetic parameters of amino acid racemases

The alanine racemase Alr demonstrated a Km in the yM range for D-lys
while the Km for L-lys was significantly higher (Table 2.3). However, the Vmax
values suggest a more rapid racemization in the direction of D-lys formation.
Nonetheless, the Vmax’Km values indicate a 4-fold higher overall enzymatic
efficiency in the b—>L direction.

Considering that both Alr and DadX catalyze racemization of ala (Table
2.2), we established the kinetic parameters of both enzymes with each ala
enantiomer (Table 2.3). For the conversion of D-ala to L-ala, the Ku value of Alr
was approximately twice that of DadX, while the Vmax value for the DadX reaction
was ~bx greater than Alr, contributing to a ~10x higher Vmax/Km value for the
DadX reaction for the conversion of D-ala to L-ala. In the direction of L-ala to D-
ala, Alr showed a ~2x lower Km value and a ~15x lower Vmax value, which
contributes to ~10x higher Vmax’Km values for DadX. There is significant
variability in reported enzyme parameters for racemases; this can likely be
attributed to differences in reaction conditions. Owing to the reversible nature of
the reaction, the lack of a depleting co-substrate, and the reasonably similar
catalytic efficiencies in either direction, it is necessary to limit the overall reaction
time and minimize substrate turnover or the reverse reaction will confound the
data. The assay conditions utilized in this work were optimized for an amino acid
racemase reaction, using low (below two uM) enzyme concentrations with one
minute reaction times, ensuring that less than 10% of the total substrate from
each reaction was turned over. The literature on ala racemization and the
responsible enzymes is fairly extensive, and the kinetic parameters have been
established for racemases from a number of bacterial species, including P.
aeruginosa PAO1 (118), two P. fluorescens strains (61), S. typhimurium (36,
134), E. coli (59), and Staphylococcus aureus (112). Recorded Km values in the
direction of D- to L-ala vary from 4.2 to 8.7mM while Vmax values in the same
direction range from 6.5 to 770 U mg?. Similar disparities exist for kinetic
analysis in the opposite direction: Km values from 4.1 to 18.4mM and Vmax values
from 11 to 1500 U mg* (60).

Consistent with previous reports of hydroxyproline epimerase activity in
Pseudomonas putida extracts (33, 39), the putative proline racemase only
exhibited activity with hypro as a substrate. Kinetic values for the isomerization of
of cis-D-hypro and trans-L-hypro (epimers about the a-carbon) are shown in
Table 2.3. The enzyme exhibited a lower Kwu value for cis-D-hypro as well as a
higher maximum velocity in the D—>L direction, resulting in a 27x greater Vmax/Km
value in the conversion of cis-D-hypro to trans-L-hypro than in the opposite
direction.
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Bioinformatic analysis of P. putida KT2440 racemase genes

The genome of P. putida KT2440 possesses 894 paralogous gene domain
families, which is the highest number known relative to other sequenced bacterial
genomes (117). Only the genome of P. aeruginosa PAOL1 approaches that
number with 809, while other genomes possess 50% of that or fewer (83).
Consequently, we assessed whether the genetic loci characterized in this study
demonstrate identity and genomic synteny to those found in the genomes of
other bacteria. We performed a BLASTp analysis using the deduced protein
sequence of alanine racemase/Alr (Fig. 2.2A). The displayed branches of the
constructed tree have high support values (20.8), suggesting a confirmation of
the tree topology. We found that the P. putida KT2440 Alr clusters only with
similar proteins from P. putida strains and is quite different from those found in
other Pseudomonas species and other bacteria (Fig. 2.2A).

Because of differences in substrate specificity between the Alr and DadX
enzymes, we considered the relationship between substrate specificity, gene
class, and genomic neighborhood among the alr and dadX gene families. Figure
2.2B shows a phylogenetic tree of all annotated alr and dadX gene entries in the
Pseudomonas genome database (accessed 6/20/2013). While this is not a
complete assessment of alanine racemase genes among pseudomonads, a clear
delineation, with strong branch support, can be made between alr genes from P.
putida entries and the remaining alr and dadX genes from these pseudomonads.
Figure 2.2B also indicates strong conservation among pseudomonad dadX
genes, but significant divergence among the remaining alr genes.

Analysis of alr genomic synteny among pseudomonads revealed a strong
conservation of the selected genetic loci between the two Pseudomonas putida
strains, KT2440 and GB-1 (Fig. 2.2C), as well as a similarly high synteny
between P. aeruginosa and P. protegens Pf-5 (formerly P. fluorescens Pf-5). The
notable difference is the lack of the alr gene in this region in the latter two
species. This difference was previously noted by Yang and Lu (141) when
describing the L-arginine transaminase pathway (initiated by the aruH and arul
genes from Fig. 2.2C) in P. aeruginosa PAO1l. The genomic synteny of the
regions surrounding dadX and the proline racemase (proR) was also explored
(Fig. 2.3A). We observed high synteny for the regions bordering dadX among
each of the tested pseudomonads (same species as for the alr analysis), similar
to that reported by He et al. (49). Some conservation was noted among these
species with regards to the proR gene (Fig. 2.3B). Conservation of genes
involved in hypro metabolism between P. putida and P. aeruginosa was
previously noted by Watanabe, et al. (136).
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Figure 2.2 Phylogenetic analysis of the alanine racemase/Alr. (A) Tree of the 50
non-redundant protein sequences most identical to alanine racemase/Alr. (B)
Tree of the annotated DadX and Alr from the sequenced genomes in the
Pseudomonas Genome Database. Distance bars represent expected proportion
of substitutions per amino acid site. (C) Genomic synteny analysis on regions
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bordering the alr gene from Pseudomonas putida KT2440 (included are three
additional genomic regions from P. aeruginosa PAO1, P. protegens Pf-5, and P.
putida GB-1). Gene annotations based on the Pseudomonas Genome Database.
The capped line represents actual DNA length. The gradient scale provides the
percent identity for the genomic loci.
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Figure 2.3 Genomic synteny analysis on the regions surrounding dadX (A) and
the proline racemase (proR) (B) from Pseudomonas putida KT2440 (included are
three additional genomic regions from P. aeruginosa PAOL1, P. protegens Pf-5,
and P. putida GB-1). Gene annotations based on the Pseudomonas Genome
Database. The capped line represents actual DNA length. The gradient scale
provides the percent identity for the genomic loci.
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Discussion

Few comparative statements can be made about D-AA utilization profiles
(as sole carbon and nitrogen sources), yet in observing the profiles of P.
aeruginosa PAO1 (74) and P. putida KT2440, some differences are noted. P.
aeruginosa PAO1 will not use either D-lys or D-phe as sole sources of carbon and
nitrogen while P. putida KT2440 will. Yet P. aeruginosa will use four other D-AAs
that are not catabolized by P. putida KT2440: p-asn, D-gIn, and D-glu, and D-val.
Incidentally, P. putida KT2440 will catabolize the L-stereocisomer of each of these.
In addition to elaborating on the extent of D-AA utilization by P. putida KT2440,
we reasoned that these growth profiles may give us information about AAs that
undergo racemization. For those AAs in which both enantiomers are catabolized,
it is plausible that our genomic screen will recover a mechanism by which the
enantiomers are directly interconverted. However, more than one mechanism
exists for recovering growth using this screen. This includes racemization of the
D-AA to produce its corresponding L-AA by amino acid racemases. Another
mechanism involves deamination of the D-AA, producing its corresponding
achiral a-keto acid, followed by stereospecific amination to produce the L-AA.
This two-enzyme process was shown to be involved in conversion of p-arg to L-
arg via coupled catabolic and anabolic dehydrogenases encoded by the dauBAR
operon in P. aeruginosa (73). While the dauBAR operon is not encoded by P.
putida KT2440, a genomic clone encoding an enzyme that catalyzes only the first
step of this two-step process may recover growth due to the presence of native
a-keto acid transamination activity (the second step of the above process) within
the E. coli screening host. The loci recovered from these genomic screens
indicate that both racemization and deamination clones were identified. The latter
includes putative FAD-dependent oxidoreductases, dehydrogenases and
aminotransferases. Members of these classes of enzymes are known to catalyze
deamination of AAs, but are not capable of direct enzymatic racemization (74,
95, 109, 136, 140). Multiple genomic loci were recovered from three of the four
screens, as indicated in Table 2.1. Only one genomic locus was recovered from
the phe screen. Based on the annotated function of the recovered genes, we
chose to further study the proline racemase (proR, PP1258), and the two alanine
racemases (alr, PP3722; dadX, PP5269). Future work will address the reactions
and specificities of the other recovered genes.

The gene annotated as a proline racemase from P. putida KT2440
exhibited no in vitro racemization of pro; rather, it appears to be a 4-
hydroxyproline epimerase based on its in vitro enzymatic activity. This enzymatic
activity is widespread among bacteria that colonize animals and plants (80, 115),
owing to the abundance of trans-L-hypro in both collagen and plant cell wall
proteins (8, 24). In the catabolic pathway described by Gryder and Adams for a
P. putida isolate (46), trans-L-hypro is first isomerized to cis-D-hypro by a (then
unknown) 4-hydroxyproline epimerase. The product is then further oxidatively
metabolized in several steps to produce a-ketoglutarate. We report here that the
P. putida KT2440 proline racemase encodes the enzyme necessary to initiate
this catabolic pathway via epimerization, and recommend that the current “proline
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racemase” designation be changed to “4-hydroxyproline epimerase”.
Interestingly, the in vitro reaction appears to be much more efficient in the
opposite direction—that is, in conversion of the D-hypro epimer to the L-hypro
epimer (Table 2.2). Despite the lack of in vitro proline racemase activity, the
enzyme must provide sufficient reactivity in vivo to account for the relatively small
amount of L-pro necessary to recover growth of the pro auxotroph. Nonetheless,
any proline racemase activity it exhibits in P. putida KT2440 would be minimal as
it is not sufficient to allow for growth on D-pro. Figure 2.1 shows that the
bacterium grows readily on L-pro. Watanabe, et al., describe differences in the
genes involved in L-hypro metabolism in P. putida and P. aeruginosa (136),
where they attribute convergent evolution to differences in a key gene involved in
this pathway. Nonetheless, each uses an orthologous 4-hydroxyproline
epimerase to initiate the process and some conservation is seen among genes
immediately surrounding this gene (Figure 2.3B and (136)).

Owing to the ubiquity of D-ala in PG, racemization of ala by bacteria is a
well-known phenomenon and numerous reports describe identification and
characterization of enzymes involved in ala racemization (61, 112, 118, 135).
Data from Table 2.2 shows that the DadX enzyme exhibits tight substrate
specificity, suggesting a single role in interconversion of ala stereoisomers. This
is consistent with the activity of those DadX orthologs that have been
characterized (61, 118). Often referred to as a “catabolic racemase” (134), DadX
enzymes are proposed to serve a role in catabolism of L-ala whereby L-ala is
converted to D-ala before catalytic dehydrogenation to form pyruvate (135). The
dadAX genomic locus, which also encodes the D-amino acid dehydrogenase
(dadA) used in this catabolic process in P. aeruginosa (49), exhibits significant
synteny among closely related pseudomonads (Figure 2.3 and (49)). The P.
putida KT2440 DadX enzyme shows overall similar Vmax/Km values for both the
L->D and D—>L conversions. Incidentally, the Vmax/Km values using L- and D-ala as
substrates are ~10-fold lower for the P. putida KT2440 Alr enzyme (Table 2.3),
largely stemming from lower Vmax values with both L- and D-ala. Nonetheless, in
instances where both alr and dadX genes exist in the same organism, the Alr
isozyme is considered as the “anabolic” alanine racemase and is attributed as
the source for periplasmic D-ala used in PG synthesis (36). Based on the
available sequences in GenBank, alr-encoded alanine racemases appear to be
more widespread than do dadX-encoded alanine racemases. However, the
presence of both annotated alanine racemases is not unusual, as this is seen in
a large number of Proteobacteria. Each of the 184 bacterial dadX alanine
racemase gene entries in GenBank is from a member of the a-, -, or y-
Proteobacteria, while the 1088 bacterial alr alanine racemase entries are more
widely distributed (accessed 6/13/13). No uniform racemase gene nomenclature
exists, however, and many genes are annotated as simply “alanine racemase”.
Interestingly, previous work has established that both the alr and dadX genes
from P. aeruginosa PAO1 can rescue a D-ala auxotroph in E. coli, indicating that
production of D-ala by either enzyme is sufficient for peptidoglycan synthesis
(118).
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Here we demonstrate that the P. putida KT2440 Alr exhibits relatively low

activity with ala compared to other AAs, raising questions about its role in D-ala
synthesis for peptidoglycan in P. putida KT2440. The Vmax/Kwm with lys is nearly 3
orders of magnitude greater than that with ala in both reaction directions. Further,
in contrast to the dadX genomic locus, the alr genomic locus exhibits a distinct
variation between pseudomonad species (Figure 2.2C), and the P. aeruginosa
PAOL1 Alr enzyme appears to be more closely related to the P. aeruginosa DadX
enzyme than to the P. putida KT2440 Alr (Figure 2.2B). The Alr phylogenetic tree
generated from the top 50 BLASTp hits (Figure 2.2A) shows a clear grouping of
P. putida Alr proteins. Despite an abundance of alr and dadX genes in the
numerous sequenced genomes of P. aeruginosa and E. coli isolates, none of
these gene products show sufficient similarity to be included in the tree.
Among the ten P. aeruginosa genomes and six P. putida genomes currently
available at the Pseudomonas Genome Database (137) (accessed 6/12/13),
each of these strains carries both the alr gene and the dadX gene. The dadAX
locus is conserved among all of these, yet the alr locus differs according to
species. With the exception of P. putida W619, each of the P. putida strains
shares the same alr locus organization depicted for P. putida KT2440 in Figure
2.2C. The location of the P. putida KT2440 alr gene, between the arul and aruH
genes (Figure 2.2C, first noted by Yang, et al. (141)) is noteworthy. The aruHI
locus was previously shown to be necessary for the arginine transaminase
pathway (ATA pathway) for catabolism of L-arg in P. aeruginosa PAO1 (141).
Yang and Lu determined that expression of this locus in this organism was
upregulated in the presence of L-arg, and characterized these enzymes as an L-
arginine:pyruvate transaminase (AruH) and a 2-ketoarginine decarboxylase
(Arul).

In P. aeruginosa PAOL, catabolism of p-arg is initiated by conversion to L-
arg via the coupled dehydrogenases DauA and DauB of the dauBAR operon
(73). DauA and DauB are both required for P. aeruginosa PAOL1 to grow on D-arg
as a sole carbon and nitrogen source, implying that D-arg is only metabolized via
conversion to L-arg and that no other enzymatic arg racemization mechanism
exists in P. aeruginosa PAOL1. The DauA enzyme is a broad spectrum D-amino
acid dehydrogenase but it functions best on p-arg and D-lys (74). Previous work
demonstrated that D-lys cannot complement a L-lys auxotroph in P. aeruginosa
PAO1 (74). Taken together, this indicates that no direct arg or lys racemase
exists in P. aeruginosa PAO1, suggesting that the alr gene in P. aeruginosa
PAO1 does not have the same substrate specificity as its P. putida KT2440
ortholog. Further, while the dauBAR locus is conserved among P. aeruginosa
strains, it is not present in any of the P. putida strains from the Pseudomonas
Genome Database.

Based on the above observations, it appears plausible that the Alr enzyme
in P. putida KT2440 serves a role analogous to that of DauA and DauB in P.
aeruginosa PAO1, in conversion of D-arg to L-arg for further catabolism by the
ATA pathway. In the absence of the dauBAR operon, the P. putida KT2440 alr
gene may be responsible for conversion of D-arg into L-arg, which is then
catabolized by the products of the aruHI operon in which the alr gene is
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incorporated (Figure 2.2C). Moreover, Table 2.2 shows that D-arg is apparently
the preferred substrate of the two arg stereoisomers. The P. aeruginosa DauA
enzyme also oxidatively deaminates D-lys to produce 2-ketolysine, however, P.
aeruginosa cannot catabolize D-lys as a sole carbon and nitrogen source while P.
putida KT2440 can. Incidentally, both b-arg and D-lys induce the dauBAR operon
in P. aeruginosa but only L-arg induces the aruHI operon (AruH acts on L-arg but
not p-arg). In order for Alr to be functional in this proposed role, the aruH-alr-arul
locus in P. putida would likely be induced by D-arg. This has yet to be
determined.

Previous work on catabolism of D- and L-lys by P. putida KT2440 has
indicated that each proceeds through an independent pathway and that
racemization of D-lys to L-lys prior to degradation is not required (95). While it is
possible that the Alr enzyme is involved in degradation of lys, its potential for
synthesis of D-lys and any additional role that p-lys may play should be further
explored. Catabolic routes for certain L-AAs, such as ala (135) and hypro (46),
involve conversion from the L-sterecisomer into the D-stereoisomer. This clearly
prevents the AA from being incorporated into peptides and may minimize the
changes in gene regulation that accompany increased pools of free AAs in the
cell (15, 93).

In environments where D-AAs are abundant, their presence is typically
attributed to the associated microbial communities (48, 113), yet outside of a
relatively few AAs nothing is known regarding their synthesis. Indeed the D-
stereoisomer of each of the 19 chiral proteinogenic AAs has been identified in
some capacity from either microbial cultures (25) or from microbe-enriched
environments (70). The work here further establishes the pseudomonads as
good models for comparative genomic analysis of bacterial metabolism and
points to differences in D-AA metabolism between two of the most well studied
members of this clade. However, despite an increased awareness of the roles
that D-AAs play in bacterial ecophysiology, much remains to be discovered
concerning the synthetic mechanisms and reasons for deployment of these
compounds.

Methods

Growth studies using b- and L-AAs as the sole source of carbon and nitrogen

Sterile PG medium (119) was prepared without a carbon or nitrogen
source and was supplemented with a sterile AA stock to a final concentration of
25mM. Three 3ml growth tests were conducted of each AA enantiomer. An
overnight culture of Pseudomonas putida KT2440, incubated in liquid PG
containing the regular carbon and nitrogen source (0.5% glucose and 25mM
ammonium sulfate (119)), was washed with sterile water and 10ul was used to
inoculate each tube. Growth controls consisted of un-inoculated culture tubes.
The culture tubes were maintained at 28°C with shaking and ODeoo was
measured after 24, 48, and 72 hours (BioMate 3 Spectrophotometer, Thermo
Scientific). The respective growth control for each AA was used as blank.
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Genomic library construction and screening

Genomic DNA from Pseudomonas putida KT2440 was isolated using a
GenElute™ bacterial genomic DNA kit (Sigma-Aldrich) according to the
supplemented instructions. Genomic DNA was fragmented by hydrodynamic
shearing (GeneMachines hydroshear; speed: 19 cycles: 20). It was subsequently
end-repaired (DNATerminator® end-repair kit, Lucigen) and 8kb-15kb fragments
were gel extracted after performing agarose gel electrophoresis (Thermo
Scientific GeneJET gel extraction kit). The purified DNA was ligated into a blunt-
ended pUC19 vector using T4 DNA ligase (Thermo Scientific; 2 units) and the
entire volume of all reactions was transformed into electrocompetent Epi300 E.
coli cells (Epicentre). The library was prepared by incubating the recovery in LB
medium with carbenicillin selection (100ug mlt) overnight at 37°C with shaking,
harvesting the cells by centrifugation, and preparing a stock in 20% glycerol
maintained at -80°C (126). DNA was isolated from the recombinant genomic
library by miniprep (GeneJET plasmid miniprep kit, Thermo Scientific) and used
to construct three additional libraries in E. coli AA auxotrophic strains obtained
from the Coli Genetic Stock Center (www.cgsc.biology.yale.edu; leu (JW5807-2),
lys (JW2806-2), pro (JW0233-2), phe (JW2580-1)). Auxotrophs were in-frame,
single-gene knockouts from the Keio collection (6).

Recombinant auxotrophic genomic libraries were screened for recovery of
growth on minimal medium supplemented with b-pro (10mM), D-lys (1mM), D-leu
(10mM), or p-phe (10pM) (Sigma-Aldrich) in lieu of the corresponding L-AA.
Briefly, portions of the glycerol stock were grown in LB overnight at 37°C with
shaking, after which the cultures were washed with sterile water and 50pul of
1/100 dilutions were plated on minimal PG medium containing the respective D-
AA. The screens were developed at 28°C. Positive clones, defined as those
recombinant genomic clones that conferred growth of the auxotroph in the
presence of the tested D-AA but not in its absence, were restreaked for isolation
on PG+D-AA medium and cultures were started for plasmid DNA isolation
(GeneJET plasmid miniprep kit, Thermo Scientific). Positive clones were
retransformed into a fresh auxotrophic background and verified as above.
Additionally, open reading frames of interest from recovered clones (alanine
racemase/DadX, PP5269, NP_747370; alanine racemase/Alr, PP3722,
NP_745855; proline racemase, PP1258, NP_743418) were cloned into pUC19
(dadX F: 5-ATATGGATCCTATGCGTCCCGCCCGCGCCCTGATC-3’ (BamHIl),
dadX R 5-CCGCGAGCTCTCATTCGCCGATGTAGTCCCGTGGT-3’ (Sacl); alr
F: 5-ATATGGATCCTATGCCCTTTCGCCGTACCCTTCTG-3 (BamH]I), alr R: 5’-
CCGCGAATTCTCAGTCGACGAGTATCTTCGGGTTG-3’ (EcoRl); proR F: 5-
CGCCGGATCCTATGAAACAGATTCACGTCATCGAC-3 (BamHI), proR R: 5-
TAACGAATTCTCAGATGCCCCAGGCGAAAGGGTCT-3’ (EcoRl)). The
constructs were transformed via electroporation into pro, leu, or lys auxotrophic
cells to verify that the identified open reading frame itself confers the growth on
the D-AA substrate.

DNA was sequenced on an ABI 3730 instrument (Applied Biosystems) at
the University of Kentucky Advanced Genetic Technology Center using a cycle
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sequencing kit (BigDye® Terminator v3.1 cycle sequencing kit, Applied
Biosystems) to elucidate the insert DNA from each positive clone. The genomic
region harboring the DNA insert from positive clones was identified using the
bioinformatics resources provided by the Pseudomonas Genome Database
(237).

Preparation of constructs and protein purification

Open reading frames encoding the three putative amino acid racemases
described above were cloned into pET28b using the same PCR primers. The
constructs were employed for the production of N-terminal Histidine-tagged
protein using E. coli Rosetta2 (DE3) (EMD4Biosciences, EMD Millipore). For
gene overexpression, an overnight culture of Rosetta2 (DE3) cells containing the
appropriate construct was used to inoculate 500ml LB culture, grown at 37°C
with shaking until ODsoo was approximately 0.6-0.7. The culture was induced with
0.5mM IPTG and shaken vigorously (270 rpm) for three hours at 28°C. Induced
cells were harvested by centrifugation and stored at -80°C.

For protein purification, the cells were resuspended in 2ml buffer A2X
(50mM HEPES pH7.4, 200mM NacCl, 1.95mM TCEP, 10% glycerol) and lysed via
sonication (ten 20s pulses at 60V with two minute breaks on ice) and the cell
lysate was subjected to immobilized metal affinity column chromatography using
HIS-Select® Nickel affinity gel (Sigma-Aldrich). Following loading, the column
was washed with buffer A (50mM HEPES pH7.4, 100mM NacCl, 0.97mM TCEP,
5% glycerol) supplemented with 20mM imidazole, then eluted with buffer A
containing 250 mM imidazole. Fractions containing the purified protein were
identified by SDS-PAGE and were concentrated and buffer exchanged into buffer
A2X using centrifugal concentration (Pierce® Concentrators, 7ml/9K MWCO,
Thermo Scientific). Protein concentrations were determined via the Protein Assay
Dye Reagent from Bio-Rad. Purified samples were analyzed by SDS-PAGE
(Precise Tris-HEPES Gels, Thermo Scientific) to assess apparent protein purity.
The concentration of the purified protein was determined as above and 50ul
aliquots were snap frozen in liquid nitrogen and stored at -80°C until use.

In vitro enzyme assays

AA racemization assays were performed in 2ml Eppendorf tubes for the
duration of one minute at 37°C. The total volume for each assay was 200pl and
comprised the following final concentrations: 50mM HEPES (pH 7.4), 20uM
Pyridoxal-5’-phosphate (PLP) (PLP was added only in the characterization of the
annotated alanine racemases but was not included for the proline racemase).
Reactions were initiated by the addition of purified enzyme (alanine racemase/Alr
- 1uM; alanine racemase/DadX — 0.7uM; proline racemase — 1.9uM; final
concentrations). To quench the enzyme reaction, 40ul of 2M HCI| was added. The
molar concentration of enzyme used in each reaction was 10% or less of the
initial substrate concentration, and we chose a reaction duration that allowed for
the conversion of 10% or less of the initial substrate to minimize the reverse
reaction.
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Marfey’s reagent (1-fluoro-2,4-dinitrophenyl-5-L-alanine amide, FDAA;
Sigma-Aldrich) was used for the derivatization of AAs and reverse-phase HPLC
(Dionex Ultimate 3000; Waters Nova Pak® C18, 3.9mm x 150mm column) was
employed to determine the concentration of each enantiomer (82). To avoid
hydrolysis of Marfey’'s reagent, 40ul of 2M NaOH was added to neutralize the
guenched enzyme reaction prior to derivatization, followed by 100ul Marfey’s
reagent (0.5% solution in acetone) and 20ul 1M NaHCOs. The derivatization was
incubated at 40°C for one hour, after which it was allowed to cool to room
temperature, and diluted tenfold in 80%:20% 0.05M Triethylamine-phosphate
buffer pH 3.0 (TEAP):acetonitrile (concentrated phosphoric acid was used to
adjust the pH of the triethylamine solution to prepare the TEAP buffer). The
resulting solution was passed through a 0.22um filter (nonsterile hydrophobic
polytetrafluoroethylene PTFE syringe filters, Tisch Scientific) and placed into an
amber glass vial prior to HPLC analysis. A gradient method was used for HPLC
separation of most AAs: starting at 80%:20% TEAP buffer (pH3.0):acetonitrile,
ramping to 70%:30% buffer:acetonitrile over 5 minutes, followed by a ramp to
50%:50% buffer:acetonitrile over 15 minutes (see Table 2.4 for additional HPLC
gradients). The injection volume was 10ul and the flow rate was 0.5ml min™,
Products of the derivatization were detected at 340nm. Authentic standards of
each D- and L-AA were used to establish retention time, and a standard curve
was generated from known AA concentrations in the reaction buffer in the
absence of enzyme.
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Table 2.4 Gradients used in AA enantiomer HPLC analysis

AA Gradient

(Dand L)

Thr, Pro, Lys, Start at 80%:20% TEAP buffer (pH3.0):acetonitrile; ramp to

Phe, Cys, Leu, | 70%:30% buffer:acetonitrile over 5 minutes; ramp to 50%:50%

Tyr, lle, Ala, buffer:acetonitrile over 15 minutes; ramp to 80%:20%

Trp buffer:acetonitrile over 10 minutes; (injection volume: 10ul; flow
rate: 0.5ml; detection wavelength: 340nm)

Ser, Asp, Glu, | Start at 80%:20% TEAP buffer (pH3.0):acetonitrile; ramp to

Val, HyPro 70%:30% buffer:acetonitrile over 15 minutes; ramp to
50%:50% buffer:acetonitrile over 5 minutes; ramp to 80%:20%
buffer:acetonitrile over 10 minutes; (injection volume: 10ul; flow
rate: 0.5ml; detection wavelength: 340nm)

Arg Start at 90%:10% TEAP buffer (pH3.0):acetonitrile; ramp to
80%:20% buffer:acetonitrile over 15 minutes; ramp to
50%:50% buffer:acetonitrile over 5 minutes; ramp to 90%:10%
buffer:acetonitrile over 10 minutes; (injection volume: 10ul; flow
rate: 0.5ml; detection wavelength: 340nm)

Met Start at 80%:20% TEAP buffer (pH3.0):acetonitrile; ramp to
70%:30% buffer:acetonitrile over 5 minutes; ramp to 60%:40%
buffer:acetonitrile over 15 minutes; ramp to 80%:20%
buffer:acetonitrile over 10 minutes; (injection volume: 10ul; flow
rate: 0.5ml; detection wavelength: 340nm)

Asn, GIn, His Start at 85%:15% TEAP buffer (pH3.0):acetonitrile; ramp to

75%:25% buffer:acetonitrile over 15 minutes; ramp to
50%:50% buffer:acetonitrile over 5 minutes; ramp to 85%:15%
buffer:acetonitrile over 10 minutes; (injection volume: 10ul; flow
rate: 0.5ml; detection wavelength: 340nm)
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Phylogenetic analysis

To determine any relationships between the identified enzymes in this
study and other racemases, phylogenetic trees were constructed using software
provided by Phylogeny.fr (33). MUSCLE was used for multiple alignment (no
alignment curation; Run mode: default; Maximum number of iterations: 16),
PhyML for tree construction (Statistical test for branch support: aLERT - SH-like;
Substitution model: default), and TreeDyn for tree visualization (default
parameters). Easyfig (120) was used for the genomic loci comparison and
visualization. The FASTA sequences used in the tree construction were obtained
from the GenBank database of the National Center for Biotechnology Information
(NCBI) (9).

Copyright statement: This chapter was published in its entirety in the Journal of
Bacteriology published by ASM Press (Radkov, A D and Moe, L A. 2013. Amino
acid racemization in Pseudomonas putida KT2440. J. Bacteriol. vol. 195 no. 22
p. 5016-5024).
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Chapter Three: A broad-spectrum AA racemase indirectly affects the synthesis of
L-proline in Pseudomonas putida KT2440

Background and Introduction

D-Amino acids (D-AAs) are typically less abundant than their L-amino acid
(L.-AA) counterparts, but they are increasingly seen as important effectors of
bacterial physiology (70, 72). The key structural roles of p-ala and D-glu in
peptidoglycan are well appreciated, and additional b-AAs (e.g. D-lys, D-ser, and
D-met) have been identified in peptidoglycan from diverse bacteria (130). Recent
work has shed light on the expanding roles of D-AAs in modulating bacterial
behavior, including biofilm formation/dispersal and growth phase transition (70,
72). Nonetheless, with the exception of pD-ala and D-glu, much less is known
concerning mechanisms and reasons for b-AA synthesis (102).

Pseudomonads are good models for studying the biology of D-AAs, as
they are proficient catabolizers and synthesizers of D-AAs and metabolic
pathways have already been worked out for several (50, 73, 109, 136). Previous
work from our lab established that the alr gene from Pseudomonas putida
KT2440 encodes a broad-spectrum AA racemase (BSAR) that exhibits the
highest activity interconverting the stereoisomers of lys and arg (103). Because
P. putida KT2440 catabolizes both p- and L-lys using independent mechanisms,
it has been suggested that the Alr enzyme may be responsible for linking the two
pathways (109). Indeed, catabolism of L-AAs in some cases is accomplished by
initial conversion to the corresponding D-AA (e.g. L-ala catabolism in Salmonella
typhimurium, Escherichia coli, Pseudomonas aeuriginosa PAO1 and P. putida
KT2440 (49, 78, 135)).

In addition to its proposed role in D-lys catabolism, a possible role of the
Alr enzyme in D-arg and D-ornithine catabolism has to be considered. The
enzyme has strong activity in vitro with both enantiomers of arg (103). In addition,
the gene is located in a putative operon with aruH and arul (PP3721 and
PP3723) involved in the catabolism of L-arg via the transaminase pathway (140,
141). Even though the activity of Alr with D- / L-ornithine has not been
demonstrated in vitro, several biochemically characterized BSARs show activity
with both enantiomers of lys and arg, as well as ornithine (64, 75, 87). On one
hand, the non-proteinogenic AA L-ornithine has a central part in various
physiological processes such as peptidoglycan synthesis, lipid modification,
production of antibiotics, polyamines, and siderophores, as well as L-pro and L-
arg synthesis (139). In fact, it has been demonstrated that in P. putida KT2440
the only route for L-ornithine catabolism is via the synthesis of L-pro (107, 125). In
addition, the only known route in P. putida KT2440 for the synthesis of L-arg
involves L-ornithine as well (55). On the other hand, there is minimal literature on
the role of p-ornithine in cellular physiology.

With this study on the alr gene using a genetic knockout strain, we attempt
to enhance our understanding of D-AA metabolism in bacteria. We provide
evidence to support a role of the Alr enzyme in the catabolism of L-arg, L-lys, and
L-ornithine in vivo. Furthermore, the synthesis of the respective pD-enantiomers
from the latter three L-AAs appears as a major catabolic route, the absence of
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which hampers the growth of the Aalr mutant strain. We propose the production
of L-pro from L-ornithine as the main physiological role of the Alr enzyme in P.
putida KT2440. The Aalr strain demonstrates a growth delay relative to the wild-
type in minimal media supplemented with a C and N source but lacking any AAs.
This phenotype is alleviated by the addition of D-ornithine as well as L-pro.
Without the addition of the latter two AAs, the mutant strain eventually reaches a
growth level similar to the wild-type likely by synthesizing L-pro through the less
efficient L-glu pathway. Our results support a model whereby the Alr enzyme
converts L-ornithine into D-ornithine, and D-ornithine is subsequently converted
into L-pro via the achiral intermediate pyrroline-2-carboxylate (Pyr2C).

Results

Alr localization and specific activity in LB media

Based on previous work (95) we hypothesized that the Alr enzyme would
be localized to the periplasmic space in P. putida KT2440, and Table 3.1 shows
that enzymatic activity was present in the periplasmic soluble protein fraction. Alr
enzyme activity was not detected in the periplasmic protein fraction obtained
from the Aalr strain (Table 3.1), yet alkaline phosphatase activity was detected at
levels comparable to the wild-type strain (Table 3.2). Minor amounts of glucose-
6-phosphate dehydrogenase activity were found in both periplasmic protein
fractions compared to the soluble protein fraction remaining following cell lysis
(Table 3.2). The specific activity of Alr in the wild-type strain was approximately
two-fold higher during exponential growth phase relative to stationary growth
phase.
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Table 3.1 Specific activity (nmoles min-t mg total proteint) of BSAR *

Medium and
growth phase

WT P. putida KT2440
Periplasmic fraction

Aalr P. putida KT2440
Periplasmic fraction

LB stationary

(ODs0o > 1.0,

overnight 1345 T 298 ND
growth)

LB exponential 239.1 + 19.4 \D

(ODs0o = 0.6)

* tested on 12.5 mM D-lys as the substrate; 1 hr assay at 37 °C; LB — Luria-

Bertani rich medium

Average values of three replicates + standard deviation are shown
ND — no activity detected
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Lys racemization in vivo

No significant differences were observed for growth between the two
strains during the course of the experiment (Fig. 3.1A). A small amount of D-lys
(less than 100uM) was produced by the wild-type strain after 4hrs of incubation
(Fig. 3.1B). The concentration of D-lys at 6hrs increased in wild-type culture
supernatant, reaching almost 1mM. This occurred concomitant with a decrease
in L-lys from 1.5mM to ~1.3mM. The concentration of L-lys increased to 2mM in
the Aalr strain while no D-lys was detected (Fig. 3.1B). Lastly, in the case of the
Aalr strain, L-lys increased to more than 2mM at 8hrs and 2.5mM at 10hrs while
there was no detectable D-lys present.

Due to the presence of D-lys in the supernatant and the periplasmic
localization of the Alr enzyme, the concentration of AAs in the peptidoglycan was
determined. No significant differences (p>0.05) were observed in the stationary
phase composition of peptidoglycan between the wild-type and Aalr strains
(Table 3.3), precluding a role for Alr in peptidoglycan modification. Both strains
had approximately equal amounts of the conventional peptidoglycan stem AAS L-
ala, b-glu, and p-ala (130). The predicted crosslinking AA D,L-diaminopimelic acid
was also seen, along with L-arg and L-lys. No D-lys was detected. Other as-yet-
unidentified peaks were observed in the HPLC chromatogram, however none of
those showed significant differences (p>0.05) between the two strains.
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Figure 3.1 LB growth profile and lys racemization in vivo. (A) Growth
measurements (ODesoo) were performed on 5ml LB cultures grown in glass tubes.
No statistically significant (p>0.05) differences were found. (B) Concentration of
lys enantiomers found in the culture medium (LB) removed from the glass tubes.
In both panels, average values + SD are displayed the result of three
independent experiments. Statistical analysis conducted using Student’s t-test.
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Table 3.3 AAs detected in peptidoglycan and culture supernatant

Peptidoglycan *

AA / Strain W|Id-typ_e - Aalr
Percent of identified AA content 2

L-Ala 242 +1.6 240+ 2.6
D-Glu 22.9+0.6 23.9+3.2
D, L-Diaminopimelic acid 13.2+£0.3 14.0£0.8
D-Ala 22.4+0.0 22.3+05
LLys 40+15%b 7.2+16b
D-Lys ND ND
L-Arg 13.2+0.8 13.1+£0.3
D-Arg ND ND
L-Ornithine ND ND
D-Ornithine ND ND

* measured during stationary phase, 50 ml culture, LB medium,

28°C, 220rpm

a calculated as percent of the total area of the AAs shown in the
table — the respective total area was the same between the two
peptidoglycan fractions, as well as the same between the three

supernatant fractions

b this difference in the amount of L-lys is not statistically significant

(p>0.05, Student’s t-test)

Average values of three replicates + standard deviation are

shown
ND — AA was not detected
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Gene expression analysis between wild-type and Aalr

Using LB medium, we saw no difference in growth between the two strains
but a striking difference in their ability to produce D-lys (Fig. 3.1). Consequently,
we decided to perform a comprehensive gene expression analysis with the wild-
type and Aalr strain in order to understand what effect the lack of D-lys synthesis
may have on the bacterial physiology. More than half of the P. putida KT2440
genome was covered by at least one paired-end read and approximately 10% -
by 10 or more paired-end reads (Fig. 3.2). When comparing the wild-type
replicates and Aalr replicates using the statistical tools available in CLC
Genomics Workbench, the expression of 119 genes was significantly different
(p<0.05), either more highly expressed in the wild-type strain or in the Aalr strain.
All of the known genes involved in D-lys catabolism were significantly
overexpressed (p<0.05) in the wild-type relative to the mutant strain (Table 3.4).
Those include the Alr BSAR PP3722, the AA dehydrogenase acting on D-lys to
produce Al-piperideine-2-carboxylate (Pip2C) PP3596 (109), the Pip2C / Pyr2C
reductase converting Pip2C into L-pipecolate PP3591 (95), and the downstream
genes acting on L-pipecolate and converting it to L-glu, PP5257 and PP5258
(108). Moreover, these are the only genes overexpressed in the wild-type. The
difference in RPKM for genes overexpressed in the wild-type varies from 100
(PP3722 and PP3596) to 1500 (PP5258), and the fold-change for every gene
was above 3. The most overexpressed gene in the wild-type strain was PP3593
(fold-change 27), a putative AA transporter localized to the periplasm (Table 3.4).
Although this gene has not been characterized biochemically, it is part of an
operon with PP3596, also overexpressed in the wild-type strain (fold-change 6),
which has been shown empirically to act on D-lys yielding Pip2C. This result
suggests that PP3593 may be a novel D-AA transporter protein. A somewhat
surprising finding was the gene PP3191, overexpressed in the wild-type with a
fold-change value of 10 (Table 3.4). It has not been previously shown to have a
role in D-AA catabolism. Although annotated as a hypothetical protein, it is part of
an operon with a gene encoding a putative ornithine cyclodeaminase and it
appears to contain an AA-ammonia lyase domain based on the Conserved
Domain Database (CDD). This finding points to a potential connection between
lys and ornithine catabolism. Lastly, the gene PP5260 has not been previously
studied although it was overexpressed in the wild-type, fold-change value of 8
(Table 3.4). However, it is in close proximity with PP5257 and PP5258 genes
both of which are involved in the downstream reactions following L-pipecolate
and result in the synthesis of L-glu. Based on the Pseudomonas database (137),
the gene is transcribed divergently from PP5257 and PP5258, it encodes a
hypothetical protein and it does not contain any known conserved domains. At
this stage, the data on this gene is scarce to allow for any speculation regarding
its function. There were only four genes overexpressed in the Aalr strain relative
to the wild-type (Table 3.4). It should be noted that their RPKM and fold-change
values are generally lower than the genes overexpressed in the wild-type strain.
Little empirical data is available regarding the function of the encoded proteins.
The only available information relates to a paralog of gene PP2656 which has
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been previously found to have a role in biofilm formation (34). Three of the genes
overexpressed in Aalr (PP1082, PP1600, and PP2656) appear to be involved in
membrane function based on bioinformatics analysis via the Pseudomonas
Genome database and CDD. These genes could potentially have a role in
biofilms. In fact, we found that there is a minor but statistically significant
difference in the ability of the two strains to disassemble biofilms after reaching
stationary phase (data not shown). This research avenue was deemed beyond
the scope of this study and was not pursued any further.
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Figure 3.2 Genome coverage achieved after RNA-Seq data analysis. Average
values + standard deviation are shown the result of three growth assays.
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Alr deletion had an effect on AA catabolism

The alr deletion did not impact whether a particular AA was used as a C
and/or N source, but the rates of growth differed in some cases. Of the 21 tested
D-AAs, six were catabolized as the sole C and N source, while the remaining 15
conferred negligible growth (Table 3.5). Most of the L-AAs (15 L-AAs), however,
were catabolized as the sole source of C and N, while six L-AAs (cys, leu, met,
thr, trp, and tyr) yielded minimal growth. When AA catabolism as the sole source
of N was considered, almost every D-AA (except for D-asp, D-his, b-met, D-thr,
and D-trp) and every tested L-AA were catabolized to some extent (Table 3.5).
However, minimal growth (ODs00<0.5 after 72hrs) was observed with L-met and L-
trp. D-Pro represents a unique case because the wild-type strain utilized the AA
as the only N source while the Aalr strain did not, even after 72hrs of incubation.

Table 3.5 shows clear differences between the wild-type and Aalr strains
in their rates of growth using L-arg, L-lys, and L-ornithine as the sole source of
carbon and nitrogen. In each case, the wild-type strain exhibited much faster
growth relative to Aalr. The same trends were not observed with the
corresponding D-AAs (Table 3.5). The case of L-arg may be more complicated as
there are four arg catabolic pathways characterized in both P. putida KT2440 and
P. aeruginosa PAO1 (125). Incidentally, no significant growth changes were
observed when the two strains were provided with these AAs as the sole N
source (Table 3.5). The main finding here is the delay in L-ornithine catabolism in
the mutant strain (Table 3.5), which points to a problem with L-pro synthesis in
the cell because the only known pathway for L-ornithine catabolism proceeds
through L-pro (125).

46



‘o1e011du} Ul pawiopad alam Aesse ymolo ‘uoieqnaul Jo siyz/ 1sye G 0>wupQ9 e sge ‘- ‘uoneqnaul Jo siygz/ laye
G'0=WUQQ9 1k sge ‘+ :uollegnaul Jo SIygy Iaye G oIWuUQQ9 1e sge ‘++ ‘uoneqnaul Jo Ssiyfyg Ja)e G o=wuQQ9 1e sge ‘+++

+++ +++ ++ ++ ++ ++ - - len
+++ +++ ++ ++ - - - - 1AL
+ + - - - - - - di
++ ++ - - - - - - Iyl
+++ +++ + + ++ ++ - - IEYS
+++ +++ +++ +++ - - oid
++ ++ ++ ++ + + ayd
+++ +++ +++ +++ ++ ++ ulo
+ + - - - - 19N
+++ +++ +++ +++ ++ ++ s
++ ++ ++ ++ - - naJ
+++ +++ ++ ++ - - 9l
+++ +++ +++ +++ +++ +++ +++ +++ 04dAH
+++ +++ - - +++ +++ - - SIH
+++ +++ +++ +++ +++ +++ - - uo
+++ +++ ++ ++ +++ +++ - - no
++ ++ ++ ++ — - - - - sAD
+++ +++ - - +++ +++ - - dsy
+++ +++ +++ +++ +++ +++ - - usy
+++ +++ +++ +++ ++ ++ By
+++ +++ +++ +++ +++ +++ +++ ey

SYV-1 ‘92In0S N

SyYV-d ‘92Inos N

+++
SYV-1 ‘92In0S N pue D

SYV-ad ‘82Inos N pue D

ey

| 1M

ey

1M

| M

ey

|

1M

ey pue (1) adA1-pim ‘02 LM epind "d Jo a|joid yimols G ¢ a|geL

a7



Minimal media experiment comparing the growth of wild-type and Aalr

The rational for this experiment is that if a growth difference between the
two strains were observed, that would indicate the mutant strain cannot
synthesize a necessary nutrient, potentially L-pro. PG media was used containing
glucose used as sole C source and ammonium chloride as N source. Statistically
significant growth difference (p<0.05) between the wild-type and the mutant
strain was observed after 24, 30, and 36hrs of incubation at 28°C. The growth of
the mutant strain at 48hrs was similar to that of the wild-type after 24hrs of
incubation (Fig. 3.3). This phenomenon is known as bradytrophic growth. In
comparison to auxotrophic growth where a genetically modified strain cannot
grow without the addition of a particular nutrient, bradytrophy implies that the
strain shows a delay in growth, conferred by a delay in the synthesis of a
particular nutrient. The mutant strain demonstrated three-fold less growth after
24hrs, almost seven-fold less growth after 30hrs, and four-fold less growth after
36hrs. The mutant strain reached a growth level similar to the wild-type after
48hrs (Fig. 3.3).
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Minimal media growth profile
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Figure 3.3 Minimal media growth profile. PG media 5ml cultures were started
from individual colonies. Three separate experiments were conducted and
representative average values are shown + SD. Significant differences between
the wild-type and Aalr were observed after 24, 30, and 36hrs of incubation
(p<0.05, Student’s t-test).
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AAs that rescue the bradytrophic phenotype of the Aalr strain

Seven L-AAs, including L-pro, rescued completely the bradytrophy
exhibited by the mutant strain after 30hrs of incubation in PG minimal media (the
difference in growth between the wild-type and Aalr strain was less than 0.5 abs
units at 600nm) (Table 3.6). This result is in line with the proposed hypothesis
that L-pro synthesis is affected in the mutant strain. Two D-AAs rescued the
mutant phenotype of Aalr strain when added to the PG medium already
containing glucose and ammonium chloride. The mutant phenotype was
completely rescued by D-ornithine as well as by cis-D-hypro (Table 3.6). Seven D-
AAs and six L-AAs enhanced the amount of growth reached by the mutant strain
relative to the growth in the absence of those AAs (PG medium with glucose and
ammonium chloride only). However, those AAs did not rescue the bradytrophic
phenotype of the mutant when compared to the growth of the wild-type strain in
PG medium with glucose, ammonium chloride and the respective AAs (Table
3.6). When the mutant strain was grown in the presence of the remaining b- and
L-AAs, the mutant phenotype of Aalr was not rescued, and the attained growth
did not differ from that achieved by the mutant strain in PG medium with glucose
and ammonium chloride only (Table 3.6).
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Table 3.6 Minimal media phenotype rescue after 30hrs incubation in PG
medium

D-AAs Phenotype rescue L-AAs Phenotype rescue
Hypro ++ Pro ++
Orn ++ Phe ++
Val + Hypro ++
Ala + Ala ++
Leu + Asn ++
Lys + Asp ++
lle + Glu ++
Thr + GIn +
Phe + His +
Trp - Val +
His - Leu +
Asp - lle +
Cys - Tyr +
Asn - Trp -
Arg - Orn -
GIn - Arg -
Glu - Met -
Tyr - Thr -
Pro - Cys -
Met - Lys -
Ser - Ser -

++, growth difference between wild-type and Aalr mutant was less than 0.5 abs
units (abs at 600nm)

+, growth difference between wild-type and Aalr mutant was more than 0.5 abs
units (abs at 600nm), however, the mutant still showed higher growth relative to
that observed in the absence of the supplied AA

-, wild-type exhibited normal growth but growth of the Aalr mutant was similar to
that observed in the absence of the supplied AA
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Total cellular AA concentration

In an attempt to elucidate the manner in which the AAs in Table 3.6
rescue the bradytrophic phenotype of Aalr, total cellular AA concentration was
compared after both strains had reached the peak of log phase. The two strains
differ significantly in their growth profile, however, the two strains would achieve
similar growth stages after ~24hrs for the wild-type and ~48hrs for the Aalr based
on Fig. 3.3. Using the appropriate AA standards, several AAs were identified
from the HPLC chromatograms. On one hand, the concentration of L-asp, L-
ornithine, L-phe, L-ala, and D-lys, D-arg was significantly higher in the wild-type
relative to the mutant cultures (p<0.05) (Table 3.7). The largest discrepancy was
observed for the concentration of L-asp (2.6-fold higher in wild-type). Importantly,
D-lys was not detected in the mutant strain confirming the absence of the Alr
enzyme (D-lys was still present in the wild-type strain, 5uM). However, D-arg was
observed in both the wild-type and the mutant strain (35uM and 20uM,
respectively) (Table 3.7). Although the Alr AA racemase is not present in the
mutant strain, hence a lower D-arg concentration was observed, it appears there
may be a secondary route that allows for the synthesis of some Dp-arg. This is an
interesting finding and is currently further explored in our laboratory. On the other
hand, the concentration of L-glu, L-lys, and L-arg was significantly higher in the
mutant strain relative to the wild-type (p<0.05) (Table 3.7). The concentration of
L-glu in the mutant strain reached almost 1mM while it was only slightly higher
than 500um in the wild-type strain. Of note is that the higher concentration of L-
lys and L-arg in the mutant strain could be explained by the lack of the Alr
enzyme, leading to less production of the respective D-enantiomer. The
concentration of L-pro did not differ between the two strains (11pM) which is
reasonable because of the central role occupied by L-pro in protein synthesis
(Table 3.7). Although we did not detect any D-ornithine in either strain, we think
this is within the norm considering the very low concentrations detected for D-lys,
D-arg, as well as L-ornithine. These D-AAs are likely converted immediately to
different metabolic intermediates in order to avoid their incorporation into
ribosomal proteins.
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Table 3.7 Total cellular AA concentration after growth in PG medium.

WT uM Aalr uM WT / Aalr t-test AA
167+ 0.1 65+ 0.0 2.6 0.003 L-Asp
12+0.0 6+0.0 1.9 0.005 L-Orn
35+0.0 20+ 0.0 1.7 0.019 D-Arg
5+0.0 N.D. D-Lys
54 +0.0 37+0.0 1.5 0.001 L-Ala
13+ 0.0 8x0.0 1.5 0.040 L-Phe

WT uM Aalr yM Aalr / WT t-test AA
1+0.0 7+0.0 4.9 0.004 L-Arg
599 +0.2 899 +0.2 1.5 0.024 L-Glu
15+£0.0 20+ 0.0 1.3 0.040 L-Lys

WT uM Aalr yM Aalr / WT t-test AA
11+£0.0 11+£0.0 1.0 0.924 L-Pro
N.D. N.D. D-Orn

Representative average values + SD are shown of three separate

experiments. Wild-type (WT) to Aalr ratio was calculated by dividing the
respective WT and Aalr AA concentration. Student’s t-test was performed

using Excel.
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Discussion

BSARs with enzymatic properties similar to Alr have been reported for
several organisms, including Vibrio cholerae, Proteus mirabilis, Oenococcus oeni
and Pseudomonas taetrolens (37, 64, 69, 87). Despite available biochemical
work, there is little information on the specific biological role of these enzymes. P.
putida KT2440 encodes distinct mechanisms for catabolism of L- and D-lys, and
some evidence suggests that the Alr racemase links the two pathways (108,
109). Some work, however, implicates a BSAR in synthesis of b-AAs (D-met and
D-leu) in V. cholerae (37, 70). In this case, the D-AAs alter cell morphology by
virtue of their incorporation into peptidoglycan. We therefore sought to explore
potential roles for the Alr enzyme in AA catabolism as well as D-AA synthesis.

To better understand any further implications of the alr gene deletion, we
compared the ability of the wild-type and mutant strains to catabolize a collection
of 21 pD- and L-AAs using individual minimal media growth assays. Most of the
tested D-AAs were catabolized equally well by both strains despite the lack of the
BSAR in the mutant strain. Considering the gene expression analysis results
suggesting that the D-lys pathway is more active in the wild-type, this finding was
a bit surprising. Moreover, the Aalr strain displayed bradytrophic growth when L-
arg, L-lys, and L-ornithine were supplemented as the sole source of C and N. It
appears that the alr gene may have a major role in the catabolism of L-lys
through D-lys. This has also been confirmed by several previous studies on the D-
lys pathway in which genes part of the D-lys pathway were deleted but the L-lys
catabolism was subsequently negatively affected. Namely, the genes PP3596
and PP3591 (both part of the D-lys catabolic route) have been studied using
genetic knockouts by two separate laboratories and in both cases the mutants
showed a severe growth delay with L-lys as the sole source of C and N relative to
the wild-type (95, 109). Additionally, our finding is supported by a study on P.
putida KT2440 and the implications of catabolite repression in which the authors
contribute evidence suggesting that the D-lys route is the major pathway for L-lys
catabolism (93). Specifically, it was demonstrated that the global translational
regulator Crc, involved in the repression of non-preferred catabolic pathways
when other preferred substrates are present, guides the catabolism of L-lys
mainly through the D-lys branch (known as the Aminoadipate pathway) by
repressing genes part of the L-lys branch (known as the Aminovalerate pathway).

The most telling piece of data is that lack of the Alr enzyme in the mutant
strain affects L-ornithine catabolism. The only known pathway for L-ornithine
catabolism as a C and N source is through L-pro (125). In fact, this could be the
main pathway for L-pro synthesis in the cell. Based on previous research, the
pathway from L-glu to L-ornithine to L-pro is more favored and simple relative to
the pathway from L-glu to L-pro (Fig. 3.4) (107). First, L-ornithine must be made in
the cell because it is involved in the only pathway to synthesize L-arg (55).
Second, the pathway from L-glu to L-pro requires ATP while useful reducing
equivalents (NADH and FADH2) are generated in the pathway from L-glu to L-
ornithine to L-pro. Considering that L-ornithine must be made in the cell for proper
synthesis of L-arg, it requires a single enzyme to convert L-ornithine into L-pro
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(ornithine cyclodeaminase) while there are three enzymes involved in the
synthesis of L-pro from L-glu (55, 107). Lastly, the L-glu to L-pro pathway was not
induced by the lack of L-pro in Salmonella typhimurium suggesting that the
pathway may be constantly active under basal expression (14). Overall, it should
be kept in mind that this pathway has not been well studied and there is likely
gene redundancy preventing genetic dissection of the exact biosynthetic route.

Considering the presented evidence, two questions arise. How is L-
ornithine converted to L-pro and what is the role of the BSAR in this process?
The model in fig. 3.4 provides a tentative explanation for the results presented in
this article, as well as previous work on D-lys catabolism. Based on current
knowledge, the only known enzyme involved in the synthesis of L-pro from L-
ornithine is the ornithine cyclodeaminase. P. putida KT2440 encodes two open
reading frames annotated as such. The enzyme encoded by one of those ORFs
(PP3533) has been somewhat biochemically characterized - it acts on L-ornithine
but it has never been tested on other L- or D-AAs (3, 45, 57). Additionally,
Muramatsu et al. have established that one of the enzymes in the D-lys catabolic
route (Pip2C/Pyr2C reductase, PP3591) can also produce L-pro in vitro from
Pyr2C (95). Of note is that Pyr2C contains an achiral a-carbon and it could be
synthesized from either L-ornithine or D-ornithine. Although the D-AA
dehydrogenase (P3596) has been tested on L- and D-lys, it has not been tested
on D-ornithine (109). Our data show that the bradytrophic growth of the alr mutant
strain was rescued completely by D-ornithine (Table 3.6). D-Orn is needed by the
cell as an essential nutrient because the alr mutant was able to achieve similar
growth level as the wild-type strain in the presence of b-ornithine. This is a novel
finding implicating a non-proteinogenic D-AA into the synthesis of L-pro.
Additionally, the bradytrophic growth of the mutant was rescued by several L-
AAs. Importantly, these L-AAs include L-pro which is in line with our proposed
hypothesis that the Aalr mutant cannot synthesize L-pro. The data in table 3.7
suggest that that there are several differences in the total cellular AA
concentration between the wild-type and the mutant. One major difference is the
significantly higher L-glu concentration in the mutant strain relative to the wild-
type. Based on our prosed model (Fig. 3.4), the mutant strain would compensate
for the lack of L-pro synthesis via L-ornithine by channeling more L-glu through
the less efficient pathway of L-glu to L-pro. In fact, this would also explain the
finding that several other L-AAs (asp, asn, ala, phe, and hypro), as well as cis-D-
hypro, were able to rescue the bradytrophic phenotype of the mutant strain. The
underlying idea is that each of those AAs is potentially converted to L-glu via a
transaminase. There are well known enzymes that would directly deaminate the
L-AA in question and transfer the amino group on a-ketoglutarate to produce L-
glu (84, 127).

The model based on the data presented above (Fig. 3.4) proposes a role
of Alr not only in the catabolism of L-lys and L-arg, but also a major part in the
biosynthesis of L-pro via L-ornithine / D-ornithine racemization. Currently, this
pathway has not been explored in any other organisms, however we suspect that
D-AAs are likely involved in other physiological processes and metabolic routes.
Their role in cellular processes has largely been unexplored. However, it seems
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that bacteria, and perhaps other organisms, have developed specific routes to
take advantage of the unique biochemistry conferred by D-AAs.
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Figure 3.4 The role of the Alr BSAR in L-

lys, L-arg, and L-ornithine catabolism and

L-pro synthesis. The white arrow indicates a less favorable pathway than those
denoted by the black arrows. The question marks signify biochemically possible
reactions for which the enzymes have not been characterized. The gene
numbers were obtained from the Pseudomonas Genome Database.
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Methods

Construction of markerless mutation via Short Overlap Extension PCR (SOE
PCR)

Primers down_cut (CTAGGAATTCTAATGCGCTCGGCGACGTCA, EcoRI

cut site is underlined) plus down_homology
(ATGCCCTTTCGCCGTACCAAGATACTCGTCGACTGA, bold type — start of alr
gene, regular type — end of alr gene) and up_cut

(CGTCAAGCTTCTTCATCAGCAGCGACATG, Hindlll cut site is underlined) plus
up_homology (TCAGTCGACGAGTATCTTGGTACGGCGAAAGGGCAT, regular
type — end of alr gene, bold type — start of alr gene) were used in the initial round
of PCR to provide fragments downstream and upstream of the alr gene, and also
engineer an overlap sequence (primers down_homology and up_homology are
the reverse complement of each other and contain 36 nucleotides of the alr
gene). Overnight culture of P. putida KT2440 supplied the template DNA (2ul).
Following the initial PCR, the SOE PCR was performed using ~20ng of gel
purified DNA (Thermo Scientific GeneJET gel extraction kit) from each of the two
above reactions, also using primers down_cut and up_cut. All reactions were
completed using PrimeSTAR HS DNA Polymerase (TaKaRa) according to the
provided instructions (50°C annealing temperature). The SOE PCR provided a
fragment containing 500bp upstream and downstream of alr, including an
engineered restriction enzyme cut site on each end, as well as 18 nucleotides of
the start and end of the alr gene. The large homologous regions are needed to
aid in the homologous recombination, leading to the deletion mutation. Parts of
the alr gene (12 AAs total) were not deleted in order to achieve an in-frame
deletion and also minimize any impact on the transcription of upstream and
downstream genes. Vector pEX18Kan ((29); kindly provided by Virginia
Stockwell, Oregon State University) and the gel purified SOE PCR fragments
were digested using the appropriate restriction enzymes (Thermo Scientific
FastDigest enzymes). The digested products were purified (Thermo Scientific
PCR purification kit) and subsequently ligated using T4 DNA ligase (2 units
Thermo Scientific ligase enzyme and 1:3 vector:insert molar ratio). The ligation
reaction was kept for 2hrs at room temperature and overnight at 4°C. Prior to
electroporation into E. coli cells (Epicentre; TransforMax EPI300
Electrocompetent E. coli), the ligation reactions were desalted (10mins) and heat
inactivated (10mins at 65°C). Positive clones were selected on media containing
Kan (30upg/ml). The pEX18Aalr construct was confirmed using colony PCR
(Thermo Scientific, DreamTag Green DNA PCR Master Mix) and sequencing
(Applied Biosystems; BigDye Terminator, v3.1, cycle sequencing kit), M13 -27
and M13 -20 primers (Integrated DNA Technlogies). Subsequently, the purified
construct (Thermo Scientific GeneJET plasmid miniprep kit) was electroporated
into P. putida KT2440 electrocompetent cells prepared according to Choi and
Schweizer (29). Briefly, two 6ml overnight LB cultures were distributed into 8
microfuge tubes and centrifuged to pellet the cells. Each pellet was washed twice
with 500ul 300mM sucrose and all 8 pellets were resuspended in a total of 90yl
300mM sucrose. Between 5-10ul of purified plasmid were added (300ng-500ng),
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the cells were electroporated (Bio-Rad GenePulser Xcell; Voltage - 1800V,
Capacitance - 25uF, Resistance - 200Q, 1mm cuvette), followed by an
immediate addition of 1ml LB and 1lhr recovery in a shaker at 28°C. The entire
recovery mixture was plated on a single LB/Kan plate (30ug/ml) and incubated at
28°C. To distinguish between single- and double-crossover events, 1ml LB
aliquots, without any selection, were inoculated with individual transformants and
incubated at 28°C with shaking for 2-3hrs (Virginia Stockwell, personal
communication). After the incubation time, 100ul of 1/10 dilution were plated onto
LB plates containing 5% sucrose (w/v). Several colonies were restreaked onto
LB/Kan (30ug/ml) and LB+5% sucrose (w/v) to confirm their inability to grow in
the presence of Kan selection, suggesting that they no longer carry the Kan
resistance cassette. Several colonies were selected as potential deletion
mutants. The markerless deletion was confirmed via colony PCR and sequencing
of amplicon DNA (seq_down, GATCATGGGCAACGCACAG and seq_up,
CATCCGCAATGGGCATG primers were used; expected fragment size 1.2kb for
deletion mutant, while 2.4kb for wild-type revertants).

Periplasmic protein isolation and enzyme assays

Periplasmic protein was isolated according to the chloroform extraction
method (4). Briefly, a 5ml culture (stationary growth phase, ODs00>1.0, and
exponential growth phase, ODe00=0.6) was harvested using centrifugation. The
pelleted cells were washed twice using buffer A2X (50mM HEPES pH 7.4,
200mM NaCl, 1.95mM Tris (2-carboxyethyl) phosphine hydrochloride (TCEP),
10% glycerol (v/v)). After completing the washes, the cells were resuspended in
800ul cold buffer A2X and 30ul chloroform was added. The cell mixture was
vortexed briefly and maintained on ice for 15min. The treated cells were
centrifuged at 11500rpm (Eppendorf Centrifuge 5424) at 4°C for 10minutes.
500pl of the supernatant was transferred to a new tube and kept on ice. This
fraction represents periplasmic protein. The remaining, intact cell pellet was
washed twice with 1ml buffer A2X and then resuspended in 1ml of the same
buffer. The cells were lysed by sonication twice at 60V for 10sec with a 2min
pause on ice in between. The lysate was centrifuged at 4°C at maximum speed
and 500pl of the supernatant was transferred to a new tube and maintained on
ice. This fraction represents the total protein. The identity of each protein fraction,
periplasmic and total, was confirmed via enzyme assays using glucose-6-
phosphate dehydrogenase (cytoplasmic localization (71)) and alkaline
phosphatase (periplasmic localization (62)). The assays were performed at 37°C
for 1hr in a total volume of 200ul. The substrates used were para-nitrophenyl
phosphate (Sigma) for the alkaline phosphatase enzyme and glucose-6-
phosphate/NADP+ (Sigma) for glucose-6-phosphate dehydrogenase (both
substrates were in 50mM HEPES buffer, pH 7.4). The enzyme assays were
guenched with 40ul 1M Na2COs. P. putida wild-type as well as Aalr cultures at
exponential and stationary growth phases were used to isolate periplasmic and
total protein, which was subsequently used to determine Alr racemase activity
according to Radkov and Moe (bio-protocol.org for a detailed protocol (104)). For

59



all enzyme assays, protein concentration was determined using the protein assay
dye reagent from Bio-Rad.

Peptidogycan isolation and composition analysis

Our method was adapted from Boniface, et al. (13) where it was used to
demonstrate the presence of D-lys as part of the peptide stem of Thermotoga
maritima peptidoglycan. Three 50ml LB cultures per strain (24hrs of shaking at
220rpm at 28°C) were harvested in 50ml tubes and resuspended in 5ml 20mM
KH2PO4 (pH 7.2) with ImM DTT. The cells were sonicated (ten cycles at 60V for
20s with 2min pause on ice in between each cycle) and Triton X-100 was added
to 0.5% final concentration (v/v). The suspension was vortexed for 30s and
incubated at 55°C for 30min. The treated lysate was centrifuged at 200,000 x g
at 20°C for 20min (Beckman Coulter Optima L-100 XP; Type 70Ti rotor). The
recovered pellet was rinsed four times with 1ml water without resuspension and
then centrifuged once more using the same parameters. The pellet was
resuspended in 1ml 0.1M ammonium acetate, pH 6.0. The pellet was broken
using the pipette tip during resuspension, as the material becomes highly
compacted after centrifugation. The resuspended pellet was incubated with
Img/ml lysozyme (Research Product International) at 37°C with shaking
(220rpm) for 2.5hrs. After incubation, the mixture was centrifuged at 18,000 x g
for 10min and transferred to a new tube. Two volumes of cold acetone were
added, the mixture was vortexed for 30s and then centrifuged at 18,000 x g. The
entire supernatant was transferred to a glass vial and evaporated overnight
under air. The remaining solid was resuspended in 900ul 6M HCI, transferred to
a polypropylene 2ml microfuge tube and incubated at 95°C in a hot plate for 12-
16hrs. After hydrolysis, the solution was cooled to room temperature and added
to 900ul 6M NaOH. The resulting solution was derivatized using Marfey’s reagent
(Sigma) and analyzed via HPLC (103, 104). The elution time of each detected
peak was compared to an authentic AA standard derivatized and analyzed in the
same manner as the sample.

Gene expression analysis

Wild-type and Aalr 5ml LB cultures were started from an isolated colony
on LB medium. After incubating for 24hrs, 100-fold dilution was performed to
prepare fresh 1ml LB cultures of each strain. Three biological replicates were
included for each strain. After incubating for 6hrs at 28°C with shaking, RNA was
isolated from each culture using the RNeasy mini kit Qiagen) according to
manufacturers instructions. cDNA libraries were prepared using an established
protocol (53). Briefly, 2000ng RNA was treated with DNase | (Invitrogen) in order
to remove any residual genomic DNA. The samples were then treated with the
rRNA RiboMinus kit (Invitrogen) according to the manufacturer’s instructions to
remove 16S and 23S rRNA. The treated RNA was subsequently purified using
the RNeasy mini kit (Qiagen). The RNA was analyzed on a 2% agarose gel
before and after each of the above treatments. SMARTSCRIBE Reverse
Transcriptase (Clontech) was used for cDNA synthesis. Superase«In was used
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as RNase inhibitor (LifeTechnologies). The following primers were used for the
construction of each library: Reverse Transcription primer was 5'-
ACACTCTTTCCCTACACGACGCTCTTCCGATCTXXXNNNNNN-3’ (XXX
symbolizes the space of the sample barcodes - WT1-CCA, WT2-GTG, WT3-
AAT; Aalrl-TGC, Aalr2-CGG, Aalr3-GAA, while NNNNNN symbolizes random
hexamer) and template-switching primer was
CGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATCTGG+G (the last
position is occupied by a locked nucleic acid moiety). Following cDNA synthesis
the samples were purified using AMPure magnetics beads (Beckman Coulter).
Lastly, the cDNA was enriched using Phire Taq polymerase (Thermo-Fischer)

and the following lllumina-specific PCR primers 5'-
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTC
CGATCT-3 and 5’-

CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCT
CTTCCGATCT-3'. Each library was finally assessed on 2% agarose gel and the
number of PCR cycles was varied until a smear was obtained in the 200-500
base pair size. AMPure magnetic beads (Beckman Coulter) were used to purify
the enriched cDNA samples. cDNA quantification, library pooling, and the MiSeq
sequencing were performed by the Advanced Genetics Technologies Center at
University of Kentucky. Gene expression analysis was conducted using the CLC
Genomics Workbench software (CLC bio, Qiagen).

Growth assays

A collection of 21 D-AAs and their corresponding L-sterecisomers were
used to determine the growth profile for P. putida KT2440 and Aalr strains. Each
AA was tested as the sole source of C and N, or as the sole source of N (in this
case, 20mM glucose was supplied as the C source). Sterile PG minimal medium
(phosphate plus glucose) was employed as the base medium (119). The final AA
concentration was 25mM except for Tyr, used at 2.5mM due to limited solubility.
The assays were performed in 96-well microplates (CytoOne; Flat bottom,
polystyrene) in 200ul volume maintained at 28°C with shaking (220rpm). For
each AA, three replicates were prepared and an uninoculated well was included
as a growth control. Each replicate was inoculated using 1ul of an overnight
culture in LB washed twice with sterile PG containing no N or C source.
Absorbance measurements at 600nm were performed using a plate reader
(Biotek Synergy HT) after 24, 48, and 72hrs. The uninoculated wells for each AA
were used as a blank. After collecting the necessary data, direct PCR using
seq_down and seq_up primers verified that each culture contained the
appropriate strain (Aalr or wild type P. putida KT2440) according to the PCR
band size.

Phenotype rescue assays
This experiment was conducted to elucidate a possible indirect role of the

Alr enzyme in the synthesis of any AA (D- or L-enantiomer) necessary for normal
growth of P. putida KT2440. Using PG medium (glucose and ammonium
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chloride) without any additional AAs, the growth profile of the wild-type and
mutant strain was determined. 5ml PG cultures were inoculated using isolated
colonies from either strain grown on LB agar and the cultures were incubated at
28°C with shaking for 12, 24, 30, 36, and 48hrs. The absorbance at 600nm was
determined at the end of each incubation period using a plate reader (Biotek
Synergy HT). Three biological replicates were included with three technical
replicates each. Based on these results, similar growth assays were conducted
with the wild-type and Aalr strain to test which AA would rescue the growth
discrepancy observed after 30hrs of incubation. The same PG medium was used
(glucose and ammonium chloride), however each of the available 21 AAs was
also supplemented at 1mM final concentration.

Analysis of total cellular AA concentration

The wild-type and Aalr strain were grown as above in liquid PG medium
with glucose and ammonium chloride as C and N sources. Total cellular AAs
were extracted at the peak of log phase for the wild-type and Aalr strain. The
absorbance at 600nm was ~2.5 for each strain which would allow for proper
comparison of the total cellular AA concentration. The entirety of each 5ml PG
culture was pelleted and washed twice with 0.9% NaCl before resuspending with
200ul MeOH and incubating at 70°C for 30min (108). Following that, the cell
debris was pelleted via centrifugation and the supernatant was stored at -20°C.
The AA content of the MeOH supernatant was analyzed via HPLC according to
Radkov and Moe (bio-protocol.org for a detailed protocol (104)).
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Chapter Four: Abundance and diversity of rhizosphere-dwelling bacteria
catabolizing b-amino acids

Background and Introduction

Each of the 19 chiral L-amino acids (L-AAs) used in protein synthesis has
a mirror image counterpart which is inverted about the a-carbon. These non-
proteinogenic AAs are collectively known as D-amino acids (D-AAs). Recent
studies have demonstrated the abundance of D-AAs in microbe-rich
environments such as the animal rumen, fermented foods, and soil (18, 20, 63,
113, 131). Their origin is typically attributed to bacteria because bacteria are
known to employ D-AAs in the synthesis of peptidoglycan, as well as other
extracellular polymers such as poly-y-glu and teichoic acids (102). Additionally,
diverse D-AAs are synthesized by bacteria yet the reasons for this are mostly
unknown. Nonetheless, D-AAs have been shown to affect certain physiological
processes in bacteria such as biofilm formation, sporulation, and cell wall
modification (70, 72, 114), all of which are important for survival under highly
variable physicochemical conditions such as those found in soil.

The region of soil directly surrounding plant roots (rhizosphere) harbors a
diverse chemical milieu owing to plant root exudation, and is known as a hotspot
for microbial activity. Some of the available nutrients that lure high numbers of
bacteria to this environment are L-AAs, a prominent component of plant root
exudate (81). Interestingly, L-AAs not only serve as potential sources of carbon
and nitrogen for rhizobacteria but also can induce chemotaxis and affect root
colonization in model-rhizosphere bacteria such as Pseudomonas fluorescens
(100) and Pseudomonas putida KT2440 (89). D-AAs are synthesized from their
corresponding L-AA through enzymatic racemization. Racemization can be done
for a number of reasons, including as part of an L-AA catabolic pathway (102).
While L-AA catabolism is an appreciated trait of soil- and rhizosphere-dwelling
bacteria, little is known about the bacterial capacity for b-AA catabolism.

Results

Enumeration of rhizobacteria catabolizing D-AAs

Table 4.1 shows CFU counts for both L-AAs and D-AAs from both
environments. Not only were colonies obtained on all b-AA plates, in many cases
the CFU counts were very similar (or greater) on D-AA plates compared to their L-
AA counterparts. It is perhaps not surprising that central metabolic intermediates
such as the L-enantiomers of glu and asp (as well as their amides gln and asn),
and ala are the most commonly utilized substrates. Further, b-ala and D-glu are
typically the most abundant D-AAs in microbe-rich environments due to their
universal inclusion in peptidoglycan (130), and might be expected to be routinely
catabolized. Additionally, ala, glu, gln, asn, and asp are the most abundant D-AAs
in the tissues of different plant species (19, 131), including maize, and
consequently may be available in the soil by virtue of exudation or
decomposition. Moreover, in instances where the concentration of D-AAs has
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been determined in agricultural soil samples, D-ala, D-asp, and D-glu were the
most abundant D-AAs (19).

We calculated two parameters to assess the variation in growth between
AA enantiomer pairs for each soil sample. Both the difference (L - D) and ratio (L /
D) between L-AAs and D-AAs are shown in Table 4.1 and are meant to identify
those AA enantiomer pairs with both the greatest and smallest differences in
CFU counts. Significant differences (p<0.05) between L-AA and D-AA counts are
noted by black shading in the table. For both environments, L-glu, L-asn, L-his
conferred significantly higher number of CFUs and the number of isolates was
from two- to four-fold higher on those L-AAs relative to their b-AA counterparts
(Table 4.1, highlighted cells). Additionally, trans-L-hypro, L-ile, and L-asp had the
same effect only for the rhizosphere soil, while significantly more bulk soil
isolates were on plates containing L-ala and L-arg. Differences in CFU counts
between other AA enantiomers were not statistically significant.
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Table 4.1 Number of isolates at 10 soil dilution on each tested AA

enantiomer.
Rhizosphere soil Bulk soil
AA L D L-D | L/D /D
Ala 58+12 | 62+4 -4 1 2
Arg | 50+11 | 43+7 7 1 2
Asn 75+6 | 32+10 43 2 2
Asp BENERREERCN 30 2 1
Cys 28+10 | 21+2 7 1 1
GlIn 62+14 | 53+6 9 1 1
80+8 18+9 62 4 5
43+10 | 11+3 32 4 2
649 27+9 [JEB 2 1
66+5 | 35+10 30 2 2
Leu 57+5 39+8 18 1 1
Lys 22+4 | 32+10 -9 1 1
Met 21+9 26 +5 -4 1 1
Orn 466 | 2712 19 2 1
Phe 45+17 | 391 6 1 1
Pro 67 +3 712 -3 1 2
Ser 38+14 | 22+6 16 2 1
Thr 41 +£11 | 48+13 -7 1 418 27 £7 14 2
Trp 31+3 25+5 6 1 277 20+ 3 8 1
Tyr 42+ 4 28+ 9 14 2 277 34+9 -7 1
Val 24 +7 306 -6 1 39+11 | 36+3 3 1

The average number of isolates is shown (L and D) with standard deviation. The
highlighted cells indicate the enantiomer pairs that had significantly different
average values (p<0.05). The relative abundance of isolates from the
rhizosphere soil, as well as bulk soil, was calculated by subtracting the number
of isolates counted on D-AA plates from those on L-AA plates for each AA pair
(shown in column “L —D”). The ratio of isolates counted on L-AA plates and D-AA
plates is shown in column “L / D”.
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Phylogenetic identification of bacterial isolates

Sequences were grouped into four phyla (Actinobacteria, Proteobacteria,
Bacteroidetes, and Firmicutes; Table 4.2), 7 classes, 12 orders, 27 families, and
46 genera. Most (92%) of the isolates fell within three classes: Actinobacteria, a-
Proteobacteria, and B-Proteobacteria. The most notable result from taxonomic
assignment of the cultured isolates was the abundance of Arthrobacter species
(32% of the total isolates). Isolates within this genus were able to use 18 of the
tested 21 AA enantiomer pairs as the sole source of carbon and nitrogen.
Although there is little information in general on the Arthrobacter genus, they are
metabolically versatile (121) and have been noted as common inhabitants of
soils as well as extreme environments (deep subsurface, arctic ice, and sites
contaminated with radioactivity or hazardous chemicals) (92). Previous work on
26 solil isolates from the genus Arthrobacter shows that 90% or more of them
were able to catabolize p-ala in addition to other L-AAs (58). Additionally,
Arthrobacter protophormiae (DSM15035) catabolizes D-phe, D-leu, and D-met
(42), and a D-AA oxidase enzyme from this organism was shown to exhibit the
highest activity with b-met, D-lys, p-arg, and D-phe. The metabolic versatility
previously noted among members of this genus appears to extend to D-AAs.

Among the most frequently isolated genera in the a-Proteobacteria class,
Ensifer and Rhizobium are very closely related (family Rhizobiaceae) and belong
to the diverse group of plant-nodulating nitrogen-fixing bacteria known as
rhizobia. Several of the isolated rhizobia species used both enantiomers of pro,
orn, trp, and val as the sole source of carbon and nitrogen. Three genera in the
a-Proteobacteria class used D-pro as the sole source of carbon and nitrogen (the
only other genus that achieved that was Arthrobacter).

All of the 13 identified genera within the B-Proteobacteria class belong to
the order Burkholderiales. Although most of the known plant-nodulating bacteria
belong to the a-Proteobacteria class, recently many isolates part of the -
Proteobacteria class, and specifically the order Burkholderiales, have been
identified as new symbionts of legumes (28, 94). The highest number of genera
within the B-Proteobacteria class was identified on either enantiomer of phe, as
well as gin and ala. While there were four genera in the B-Proteobacteria class,
there was only one other genus (Arthrobacter) capable of using b-phe (Table
4.2).

Despite that a large proportion of the identified isolates were part of the three
major taxonomic classes discussed above, we identified several genera from the
y-Proteobacteria class and the 0&-Proteobacteria class, as well as class
Sphingobacteria and class Bacilli (Table 4.2). Based on the data presented here,
a variety of rhizosphere-dwelling bacteria have the capacity to catabolize D-AAs
as the sole source of carbon and nitrogen. Our study provides the basis for future
work aiming to understand the impact of bD-AAs on the bacterial community in the
rhizosphere. More specifically, it would be interesting to determine the relative
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abundance in the rhizosphere of the identified bacteria and also whether they
represent a  significant  portion of the rhizosphere  community.
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Methods

Culture-dependent enumeration of bacteria

Here we have conducted a culture-dependent experiment to catalog
bacteria able to catabolize either of 21 AA enantiomer pairs, which includes the
D- and L-enantiomers of the 19 chiral proteinogenic AAs as well as
hydroxyproline (hypro) and ornithine. Soil samples were obtained from the
University of Kentucky Horticulture Research Farm (Lexington, KY, USA). Soil
was taken from the roots of uprooted, mature sweet corn plants (rhizosphere soil)
and from a field left fallow (bulk soil), and approximately 2g of each was used to
perform serial dilutions in Basal Minimal Media (BMM) without any source of
carbon and nitrogen (54). L-AAs (one of 21 AAs, 1mM final concentration) or D-
AAs (one of 21 AAs, 1mM final concentration) (Sigma-Aldrich) were added as the
sole carbon and nitrogen source to BMM media, and cycloheximide (250ug/ml)
(Sigma-Aldrich) was added to prevent fungal growth. Agarose, 1.5% (GeneMate,
BioExpress), was used as a gelling agent instead of agar. From the 10-° dilution
of both samples, 100 uL was spread evenly on each of 6 plates per AA (3 plates
for rhizosphere and 3 for bulk soil) as well as dilute nutrient broth (DNB) plates
(0.08g Difco nutrient broth per 1L of water (56)). BMM plates without carbon and
nitrogen were also prepared to estimate non-specific bacterial growth. Plates
were incubated at 28°C for two weeks before colony enumeration.

Identification of bacterial isolates based on 16S rRNA gene sequencing

To assess the D- and L-AA catabolism potential of a subset of the cultured
isolates, we performed a colony restreak experiment. Colonies were picked from
an L-AA plate and were subsequently patched onto a D-AA plate (corresponding
to the L-AA plate from which the isolate was taken), as well as onto a fresh L-AA
plate. Plates were incubated at 28°C for two weeks. For each of the 21 AAs, 12
isolates that demonstrated growth on both enantiomers were randomly selected
and were used to inoculate DNB liquid cultures (2 ml) grown at 28°C with shaking
at 220rpm for two weeks. At the end of the incubation period, glycerol stocks
were prepared (25% final glycerol concentration) and the stocks were stored at -
80°C. Each of the glycerol stocks was used to conduct a PCR targeting the 16S
ribosomal RNA gene. PCRs contained DreamTaq 12.5ul (ThermoScientific),
primer 27F (0.5uM final concentration; 5° AGAGTTTGATCMTGGCTCAG 3’),
primer 1492R (0.5uM final concentration; 5 GGYTACCTTGTTACGACTT 3’),
DNase/RNase free water 8ul, and 2ul of material from the individual glycerol
stock. Cycling conditions were 95°C for 4min, 95°C for 30s and 55°C for 30s and
72°C for 90s repeated 35 times, and finally 72°C for 10min. PCR products were
purified using AMPure Magnetic beads (Beckman Coulter) and 50-100 ng of the
amplicon DNA was used to perform Sanger sequencing using a cycle
sequencing kit (BigDye Terminator, v3.1, cycle sequencing Kkit; Applied
Biosystems). The sequencing reactions were purified via AgenCourt CleanSeq
magnetic beads (Beckman Coulter) and submitted to the Advanced Genetic
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Technologies Center at University of Kentucky. Sequencing data were analyzed
through the Ez-Taxon 16S rRNA database (65) to obtain the appropriate
phylogenetic classification of each environmental isolate. Overall, 65% (163
isolates) of the collection of 252 isolates was identified to the species level. Of
the 12 isolates for each AA, between 5 and 11 isolates per AA provided
sequencing data of sufficient quality to obtain taxonomic information.
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Chapter Five: Conclusion

The general goal of this dissertation is to contribute to our understanding
of D-AAs in nature. We have built upon the already established knowledge in
bacteria primarily because they have been shown to synthesize and catabolize a
wide range of D-AAs. The majority of my work has focused on the model
rhizosphere-dwelling bacterium P. putida KT2440 and the involvement of D-AAs
in its metabolism. The plant rhizosphere is a densely populated environment due
to the high abundance of root exudates. Additionally, it has been established that
high concentrations of D-AAs accumulate in such bacteria-rich habitats. As a
result, it is likely that many bacteria, and in particular P. putida KT2440, have
developed an ability to utilize pD-AAs as nutrients. Surprisingly, this aspect of
bacterial physiology has remained largely unexplored. Only recently have there
been interesting research towards unveiling the roles of D-AAs in bacterial
physiology, such as their roles as intermediates in essential biochemical
pathways, as well as their role as signals in major physiological processes. We
hope that our research would stimulate further advances in the area of D-AA
research.

Although it has been demonstrated that P. putida KT2440 can catabolize
several D-AAs, the underlying genes and enzymes have never been
characterized. In Chapter 2, a novel method was developed to identify the
involved genes and subsequently characterize the encoded enzymes. The
products of the enzyme activity assays were analyzed using Marfey’s reagent
and HPLC — an approach that had not been previously used. Three novel AA
racemase enzymes were characterized biochemically — Alanine racemase Alr
(acts on arg, lys, and several other AAs), Alanine racemase DadX (acts on ala),
and Proline racemase (acts on the four epimers of hypro). One of the intriguing
findings was the inappropriate annotation of two enzymes. Based on our results,
the Alanine racemase Alr should be renamed as a broad-spectrum AA
racemase, while the Proline racemase - Hyrdroxyproline epimerase.
Furthermore, it was established that the Alr enzyme is highly conserved among
P. putida strains but closely related enzymes are absent from other phylogenetic
clades. This peculiar result led to the work presented in Chapter 3 in which the
physiological role of the Alr enzyme was elucidated. A markerless deletion of the
alr gene was established via homologous recombination that allowed us to
conduct a number of phenotypic assays with the wild-type and the alr knockout
strain. A major discovery was that the lack of an enzyme that interconverts L- and
D-AA stereoisomers impacted the growth of the mutant strain with several L-AAs
as the sole carbon and nitrogen source, including L-lys, L-arg, and L-ornithine, but
not the ability of the strain to catabolize the corresponding b-enantiomers. Based
on the bradytrophic growth of the knockout strain with L-ornithine, we postulated
that the mutant is not synthesizing sufficient L-pro because the only pathway for
L-ornithine catabolism in P. putida KT2440 is via L-pro. In further support of this
result, the knockout strain exhibited bradytrophic growth in the presence of
glucose and ammonium chloride (without any other AA supplement) in
comparison to the wild-type strain, suggesting the lack of an essential nutrient in
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the alr mutant. The delay in growth by the mutant strain was rescued after the
addition of L-pro, as well as p-ornithine. In addition, it was also determined via
Next-Gen sequencing and RNA-seq analysis that the genes involved in the D-lys
catabolic pathway were more highly expressed in the wild-type strain relative to
the mutant. Considering our results as a whole, we have proposed a model
whereby D-ornithine has a key role not only in L-ornithine catabolism but also in L-
pro synthesis. This is a novel finding because such an interconnection between
L- and D-AAs has not been demonstrated before.

The last research portion of the dissertation, Chapter 4, focuses on the
community of rhizosphere-dwelling bacteria and their capacity for D-AA
catabolism. As mentioned earlier, it is known that D-AAs are abundant in
bacteria-rich environments such as the rhizosphere, however, the ability of
rhizobacteria to catabolize D-AAs has not been tested in the past, except for
model species such as P. putida KT2440 and Bacillus subtilis. We established a
culture-dependent approach that allowed us to cultivate bacteria from sweet corn
rhizosphere soil using individual pD-AAs as the sole source of carbon and
nitrogen. D-Stereoisomers conferred growth to a multitude of bacteria and in
some cases, the number of isolates approached that observed with the
corresponding L-AA (for example, D-thr, D-pro, D-val, and D-lys). Furthermore,
several isolates from each D-AA were preserved as glycerol stocks and were
identified down to the species level after 16S rRNA amplicon sequencing. The
three most highly represented phylogenetic clades were Actinobacteria, a-
Proteobacteria, and B-Proteobacteria. In fact, isolates of the genus Arthrobacter
collectively catabolized 18 of the tested 21 D-AAs. Although our results are
preliminary, we believe it clear that D-AA catabolizers are abundant in the
rhizosphere and they should be further studied in order to assign their specific
ecological place.

Although the focus of my dissertation is D-AA catabolism, it is likely that
most D-AAs do not serve as a major nutrient in the rhizosphere, and probably in
other comparable environments, but rather act as pathway intermediates or
signals. In addition to our finding of D-ornithine as a central metabolite, other D-
AAs such as p-ala, b-hypro, and D-glu are known to have key biosynthetic and
catabolic roles. Furthermore, recent evidence has established that bD-AAs trigger
major processes in bacteria, including biofilm disassembly, cell wall remodeling,
and sporulation. As a next step, we would like to focus on the capacity of D-AAs
to serve as chemoattractants. This is a well-studied phenomenon with regards to
L-AAs (111), however, it has not been explored before with b-AAs despite that D-
stereoisomers should have a generally longer life-time relative to their L-
counterparts. Furthermore, it appears likely that b-AAs should serve such a role
based on their abundance in bacteria-rich environments. From an ecological
viewpoint, it would be advantageous if a bacterium has the ability to sense D-AAs
as that would equip it with an additional response mechanism to a constantly
changing environment.
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Appendix A: Genes involved in D-arg catabolism by P. putida KT2440

Background and Introduction

While it has been established that P. putida KT2440 can catabolize D-AAs,
(p-arg, D-lys, D-phe, D-arg, D-ala, and cis-D-hydroxyproline) as the sole source of
carbon and nitrogen, the catabolic pathway for most of these D-AAs is not known.
Furthermore, in P aeruginosa PAO1, catabolism of D-arg is initiated by
conversion to L-arg via the coupled dehydrogenases DauA and DauB part of
DauBAR operon (73). However, the route appears to differ in P. putida KT2440
based on genomic comparison suggesting that P. putida KT2440 encodes
neither DauA nor DauB (103). We planned to identify potential enzyme(s)
encoded by the genome of P. putida KT2440 that could act on p-arg and allow
the strain to catabolize this AA.

During this project, a screening methodology was developed to identify
genetic determinants involved in D-arg catabolism. More specifically, eight
regions of the P. putida KT2440 genome were identified using an arg auxotrophic
strain. Four contained enzyme(s) that were obvious candidates based on their
bioinformatics annotation found in the Pseudomonas Genome Database. These
candidates are alanine racemase (PP_3722), short chain dehydrogenase
(PP_2723), succinate dehydrogenase (PP_4191), 2-oxoglutarate dehydrogenase
(PP_4189), and amino acid ABC transporter/permease (PP_0927). Although
there is partial evidence suggesting that two of the genes (PP_3722 and
PP_2723) act on D-AAs and are involved in processes in the rhizosphere, further
work is necessary to explore the ability of the identified genes to act on p-arg and
other D-AAs, as well as their potential to mediate plant-microbe interactions in the
rhizosphere.

Results

Selection of positive clones

Six plates of minimal media with b-arg (1mM) were prepared. A total of 1-2
million library clones were inoculated on each plate and between 100-200
showed growth. In order to confirm the true positives (those clones that can
survive only in the presence of D-arg but not in its absence) a total of 300
colonies were restreaked on plates with and without D-arg. From these 300
clones, 150 required D-arg for growth.

Confirmation of positive clones via sequencing

72 of the confirmed clones were miniprepped then sequenced. The
remaining 78 were maintained at -80°C but were not sequenced due to time
constraints. Of the 72 sequenced, 8 came back with DNA sequences that
matched part of the P. putida KT2440 genome. There are several reasons that
could have led to the lack of sequencing data from the majority of our clones
such as contamination, kit (miniprep and sequencing) malfunctions, and errors at
the AGTC. Some of these issues could be addressed in future studies. In the
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current study, genes contained within the 8 identified regions were explored
using bioinformatics tools.

DNAStar software package was used to analyze the DNA sequences and
the sequence of each genomic region was put into the Pseudomonas Genome
Database to find the exact location. Figure A.1 shows the entire P. putida
KT2440 genome and the location of the 8 regions we found.
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Figure A.1 P. putida KT2440 genome. The location of each identified region is
labeled.
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Identification of relevant regions

Four of the identified eight regions are shown in figure A.2. Each panel
shows the location of the region on the genome and the annotated genes and
corresponding proteins. The region in panel A was identified from two individual
clones and the remaining three regions were not included in the figure. The
reason is that we were not able to select potential gene candidates involved in D-
arg catabolism simply based on bioinformatics annotation. In future studies, we
plan to subclone multiple genes from these three regions and test if they have a
role in D-arg catabolism.

Figure A.2 panel A shows a region located between 4.2M and 4.3M bases
on the P. putida KT2440 genome. The region is approximately 4kb in length and
contains 4 ORFS (from PP_3720 to PP_3723) one of which is annotated as
alanine racemase (alr, PP_3722). This enzyme has been identified before and
tested with a collection of 21 D-AAs (103). The enzyme exhibited most activity
with lys and arg but it also acted on a number of other AAs such as met, leu, ala,
gln, and ser. Based on the information presented in that paper, it was concluded
that the enzyme is mislabeled. It was suggested that the name were changed to
broad-spectrum AA racemase. The finding of the alr gene in our screens and the
prior evidence suggest that this broad-spectrum AA racemase is likely involved in
D-arg catabolism in P. putida KT2440. It also establishes the credibility of our
screening approach. We are planning to subclone the alr gene and test its ability
to catabolize p-arg using the E. coli arg auxotrophic strain. Additionally, the
function of the alr gene in vivo will be the target of future experiments.

Panel B shows a region approximately 5kb in length and located at
approximately 3.1M bases on the P. putida KT2440 genome. Although the region
contains 8 annotated ORFs, based on bioinformatics it appears that the most
likely protein involved in D-arg catabolism is the short chain dehydrogenase
(PP_2723). In a recent 2013 publication, this protein was induced in P. putida
KT2440 when this organism was grown in the rhizosphere of evergreen oak (39).
Consequently, this dehydrogenase may play a specific role in that environment
which suggests that b-AAs may affect plant-microbe interactions. A second paper
that was published on P. putida KT2440 has found that this gene (PP_2723), as
well as a few others, show homology to typical nodule-related proteins found in
other rhizosphere microorganisms (83). While there is no experimental evidence
of root nodulation induced by P. putida KT2440, there is a need to understand
the role of this gene in the rhizosphere. Although there is available research on
the short chain dehydrogenase gene, little is known about the biochemical
function of the encoded enzyme. We would like to subclone the gene and test its
ability to rescue the arg auxotrophic phenotype of the E. coli strain used in our
screen. As a long-term goal, the enzyme would be tested with a collection of D-
AAs to determine its substrate specificity.

Panels C and D show two identified genomic regions with a potential role
in D-arg catabolism. Each region contains 4 and 7 ORFs, respectively. Some of
the genes encode proteins annotated as succinate dehydrogenase, 2-
oxoglutarate dehydrogenase, and amino acid ABC transporter/permease. It is
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difficult to state which specific enzyme may have a role in D-arg catabolism only
considering the bioinformatics annotations. Dehydrogenases are enzymes that
can act AAs to produce an a-ketoacid after removing the amino group of the a-
carbon. Additionally, an amino acid ABC transporter may include several
domains that would allow the enzyme to act on AAs and simply transport them.
Moreover, multiple genes are likely mislabeled or labeled too broadly, or too
narrowly, and may have a very different function than the assigned one based on
homology. In future experiments, we would subclone each of the above three
genes to test their role in D-arg catabolism before targeting some of the other
genes contained on the regions in panels C and D.

After conducting preliminary enzyme assays, it was determined that the
dehydrogenase enzyme encoded by PP_2246 showed the highest activity with
both enantiomers of tyr. A number of other AAs served as substrates. Tyr is very
insoluble at physiological pH (~0.4mM) and consequently it is difficult to make
comparisons between enzyme activity conferred by tyr and other AAs. The
dehydrogenase enzyme encoded by PP_2723 showed the highest activity with
both enantiomers of arg but it also acted on other substrates. This result confirms
our previous finding that PP_2723 can rescue the mutant phenotype of an arg
auxotrophic E. coli  strain.  Furthermore, it is common for
dehydrogenase/oxidoreductase enzymes to act on a wide range of substrates.
There are several well-characterized D-AA dehydrogenases that display a similar
broad-substrate specificity as the enzymes we have described (102). Additional
research will be needed, such as genetic knockout studies, to elucidate the
physiological role of the identified enzymes.
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Figure A.2 Four of the identified regions from D-arg screens, labeled A, B, C, D.
Each region was obtained from the Pseudomonas Genome Database and
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includes four sections. The Search section contains the exact genomic location
as well as the region size. The Overview section shows the entire genome and
the location of the specific region (red marking). The Region section provides a
detailed view of the region location on the genome. The Details section shows
the entire region of question, including an appropriate metric bar, and the
annotated proteins and genes contained.
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Methods

Construction of genomic library

A liquid culture of P. putida KT2440 was grown in 5mL of Luria-Bertani
(LB) medium and its genomic DNA was extracted using the commercial Kit
GenElute (by Sigma-Aldrich). Once the DNA was extracted, it was fragmented
using a HydroShear instrument (University of Kentucky Advanced Genetic
Technology Center) Gel electrophoresis was performed to specifically select the
5-10kb DNA size.

The DNA was end-repaired using an end-repair kit (Invitrogen) to produce
blunt-ended fragments used in the ligation reactions. Blunt-ended pUC19 was
used as the vector, and was produced via PCR amplification. The pUC19 vector
and DNA were placed in a tube with the ligase enzyme (Thermo Scientific) that
incubated overnight to produce a library of random segments of the P. putida
KT2440 genomic DNA.

Transformation into E. coli

E. coli strain JW2768-1 was purchased from the Coli Genetic Stock
Center out of Yale University. This strain is an L-arg auxotroph. An electroporator
(Bio-Rad) was used to transform the P. putida KT2440 genomic library into
electrocompetent E. coli JW2768-1 cells. The transformed cells were incubated
overnight with carbenicillin (50ug/ml), to select for cells containing the pUC19
plasmid. After incubation, a glycerol stock was prepared and stored at -80°C in a
cryotube. This represented the genomic library used for screening.

Screening of library on D-arg

The P. putida KT2440 library was plated on minimal media containing D-
arg. The media contained glucose as the carbon source and ammonium chloride
as the nitrogen source. The E. coli AA auxotroph could not survive in the
absence of exogenously supplied L-arg. However, D-arg was provided, thus
allowing us to select for clones able to survive by converting Dp-arg into the L-
enantiomer. The appropriate D-arg concentration for screening was determined
by preparing several batches of plates with different b-arg concentrations and the
final decision was to use 1mM. The plates were incubated at 28°C until growth
was observed. Clones were selected for restreaking to confirm their phenotype.

Selection of clones

Clones that showed growth were then restreaked on plates with and
without D-arg to select those that required b-arg and eliminate the false positives
(clones that had lost the auxotrophic phenotype and could synthesize L-arg using
the carbon and nitrogen sources on the plate). True positive clones would only
grow on the plates with p-arg.
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Isolation of plasmids, sequencing, and data analysis

Plasmid DNA was isolated from positive clones using the commercial kit
GeneJET (ThermoScientific). After the plasmid DNA was isolated, the genomic
fragments of the plasmids were sequenced to identify open reading frames
(ORFs) that play a potential role in D-arg catabolism. Nucleotide sequences were
obtained by Sanger sequencing using the BigDye Terminator Cycle Sequencing
product (Applied Biosystems). These sequenced reactions were purified using
AgenCourt CleanSEQ (Beckman Coulter), after which the DNA solution was
provided to the University of Kentucky Advanced Genetic Technology Center for
sequencing. The identified regions found were mapped onto the P. putida
KT2440 chromosome (entire genome sequence is available via the
Pseudomonas Genome Database) and a BLAST search was performed to look
for ORFs that encode relevant enzymes.

Enzyme purification and preliminary assays

Two genes PP_2246 (identified in Chapter 2 from a screen on D-phe) and
PP_2723 (identified here from bD-arg screen) were subcloned into the
overexpression vector pET28. His-tag mediated protein purification was
conducted as described in Chapter 1. The developed enzyme assays for FAD-
dependent dehydrogenase/oxidoreductase enzymes were based on previously
established methods (49). As part of the enzyme assay buffer, FAD (0.2mM),
lodonitrotetrazolium chloride (INT; 0.8mM), Phenazine methosulfate (PMS;
0.8mM), and Tris-HCI (100mM, pH 8.7) were added. All concentrations are final.
Based on bioinformatics analysis it was determined that the enzymes require
FAD cofactor. The assays were conducted for 10min at 37°C in 500pl total
volume. The enzyme concentration in each assay was 0.1ug/ul. The assays
were quenched with 40ul 4M HCI and the absorbance at 500nm was measured
using Biotek plate reader.
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Appendix B: Chemotaxis towards D-AAs by P. putida KT2440

Background and Introduction

Chemotaxis is the swimming behavior bacteria display after sensing a
chemical gradient in the environment. This behavior can drive motile bacteria (all
of the Pseudomonas species are motile) towards or away from a stimulus. The
model organism that has been used to establish much of our current chemotaxis
knowledge is the enteric bacterium Escherichia coli (38). It has four
transmembrane chemoreceptors called methyl-accepting chemotaxis proteins
(MCPs) that are involved in relaying a received signal to the flagellar motor. The
MCPs of E. coli can sense numerous stimuli including AAs, sugars, and
dipeptides. Although there are many similarities between the chemotaxis system
of E. coli and that observed for Pseudomonas species, it appears that there are
several differences. While E. coli has only one set of chemotaxis genes in a
single gene cluster, Pseudomonas species have multiple gene homologs
organized in several unlinked gene clusters (47). Further, genome sequence
analysis has revealed that Pseudomonas species have numerous putative MCP
genes, 26 for P. aeruginosa PAO1, 27 for P. putida KT2440, and 49 for P.
syringae (101). So far, most of our knowledge on chemotaxis in Pseudomonads
comes from studies on P. aeruginosa PAO1 — over 75 chemoattractants have
been identified and 13 of the 26 MCPs have been functionally characterized
(101). Although P. putida and P. aeruginosa have a similar number of MCPs,
most of the protein products show low AA sequence similarity (111). While most
of the MCPs share between 30% and 70% AA sequence identity, three putative
P. putida F1 MCPs have no obvious counterparts in P. aeruginosa PAOL1. This
observation likely reflects the fact that the two organisms inhabit different
environmental niches and consequently have to respond to different attractants.

Pseudomonas putida strains show chemotaxis towards carboxylic acids
(succinate, malate, acetate, butyrate, citrate, indole acetic acid), AAs (ala, asn,
cys, gln, ile, met, phe, ser, tyr), pyrimidines (cytosine), ethylene, and organic
pollutants (toluene, benzene, naphthalene) (111). Despite that the identity of
numerous chemoattractants has been revealed, there are very few studies on the
ability of pseudomonads to sense and respond to the presence of b-AAs. In fact,
we were able to find a single very recent study that demonstrated P. syringae pv
actinidiae encodes a high-specificity chemoreceptor for the three acidic AAs L-
glu, L-asp, and D-asp (locus tag Psa_14525) (88). Although D-AAs have been
shown to have essential roles in the metabolism of P. putida KT2440, the ability
of this bacterium to chemosense these compounds has not been investigated.
Currently, we have developed an assay that would allow us to use a collection of
21 D- and 21 L-AA enantiomers in order to detect any chemotactic response by
P. putida KT2440.
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Results

Chemotaxis - controls
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Figure B.1 Chemotaxis assays — positive and negative controls. Average values
are shown + standard deviation. Two individual experiments were conducted with
eight technical replicates. Student's t-test was conducted using Excel
(p<0.000005). There is a greater than four-fold difference between the two
treatments.
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Figure B.2 Representative agar plates used in the colony counting after the
chemotaxis assays. (A) Negative control and (B) positive control.
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Methods

In order to test whether a particular compound can act as a
chemoattractant, an assay has been developed that uses a glass capillary filled
with the compound in question that is submerged into a well containing a
particular bacterial strain (2). After a certain incubation time, the contents of the
capillary are plated onto a LB agar plate in order to determine CFU numbers.
Positive and negative controls are included that contain a known chemoattractant
solution and a solution that does not induce chemotaxis, respectively. If the
tested compound induces chemotaxis, then more CFUs should be counted on
the respective plates relative to those of the negative control. This chemotaxis
assay has recently been adapted to use 96-well plates in order to allow a higher
throughput (77).

Before conducting the chemotaxis assay, bacteria must be passaged
several times on a swim plate to optimize their motility (101, 111). This was done
by inoculating an LB agar swim plate (LB media diluted 1to10 and 0.25% agar
instead of the usual 1.5%) by stabbing in the center with P. putida KT2440 strain
picked from a glycerol stock or another agar plate. After incubating for 24hrs at
28°C, a new swim plate is inoculated using bacteria from the outer edge growth
on the initial swim plate. This process is repeated at least three times and
cultures for the chemotaxis assays are started using outer edge bacteria from the
most recent swim plate.

5ml cultures of P. putida KT2440 were started in Minimal Saline-Succinate
media (77) 24hrs before conducting the chemotaxis experiment. After the
incubation at 28°C, the ODsoo of the cultures was ~0.5 (Biotek Synergy HT plate
reader). The cultures were washed twice with chemotaxis buffer (50mM
potassium phosphate, monobasic, pH 7.0, 10uM disodium EDTA, 0.05%
glycerol) (77). After washing, the cultures were combined into a single tube to
reach uniformity (ODsoo was ~0.3). 350ul of the washed cell culture was
distributed into the appropriate wells of a 96-well plate. Eight replicates were
used for each treatment. Only every other column of a 96-well plate could be
used due to handling difficulties. The tip of each 1pl capillary (Drummond
Microcaps, Drummond Scientific) was sealed by passing it over a Bunsen burner
flame for 5s. The sealed end of each capillary was then inserted into an agar
plug formed with 3% agar in water in a 96-well plate (Fig. B.1).

The plate in fig. B.1 was placed at 75°C for 30min in order to heat the
capillaries and then all of the capillaries were submerged en masse into the
appropriate loading solutions for 30min at room temperature (Fig. B.2).

After loading as depicted in fig. B.2, the capillaries were rinsed en masse
in chemotaxis buffer (350ul per well) and then immediately submerged into the
plate with bacterial cells (similar setup to Fig. B.2). The current setup was
incubated at room temperature for 30min after which the capillaries were rinsed
as before using chemotaxis buffer (350ul). The contents of each capillary were
expelled using the supplied rubber bulbs (Drummond Microcaps, Drummond
Scientific) into 100pl LB media. 50yl of each replicate was plated on a single LB
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agar plate in order to determine CFU counts. If necessary, further dilutions could
be performed and plated after collecting the contents of each capillary.
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Figure B.3 Chemotaxis setup - plate with inserted capillaries after sealing over
the flame.
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Figure B.4 Chemotaxis setup — complete. The top plate contains the capillaries
and agar plugs after heating at 75°C. The middle orange plate is a pipette tip tray
used as a spacer, and the bottom plate contains the appropriate chemoattractant
solutions for loading the capillaries. Each well of the bottom plate contained
350ul solution. Positive control solution was 2% Casamino acids and negative
control — chemotaxis buffer.
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