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ABSTRACT

Reactive metabolites are produced by many biochemical pathways within a given
metabolic network. The inherent reactivity of these metabolites presents a challenge to cells, where
integrated biochemical pathways often coexist in densely packed spaces, paving the way for
aberrant metabolic interactions to arise. Many networks produce reactive metabolite degradation
systems to prevent these labile metabolites from damaging the cell. The broadly conserved Rid
protein superfamily represents a key line of defense against reactive enamine stress. Reactive
enamines, specifically 2-aminoacrylate generated by pyridoxal 5’-phophate-dependent
serine/threonine dehydratases, accumulate in Salmonella enterica lacking its native enamine
deaminase, RidA. Persistence of 2-aminoacrylate in the absence of RidA triggers the inactivation
of several distinct pyridoxal 5’-phophate-dependent enzymes, diminishing cell fitness. The
research described herein was performed to characterize diversity in the mechanisms of 2-
aminoacrylate production, to improve our understanding of the key growth-limiting metabolic
consequence of 2-aminoacrylate stress in S. enterica, and to assess conservation of the RidA-2-
aminoacrylate paradigm in eukaryotic organisms. The data show that multiple mechanisms of 2-

aminoacrylate production are found in S. enterica, the primary growth-limiting defect caused by



2-aminoacrylate stress in S. enterica ridA mutant strains is diminished glycine/one-carbon unit
biosynthesis, and the RidA paradigm for reactive enamine control is conserved in yeast, where
disruption of the mitochondrial RidA homolog (Mmflp) leads to 2-aminoacrylate-induced loss of
the mitochondrial genome.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

Metabolic networks are webs of integrated enzymatic and non-enzymatic reactions
organized according to the chemical constraints of the cell. These networks must be arranged to
maximize the output of chemical compounds necessary for cell growth and survival, while
minimizing the detrimental impact reactive metabolite accumulation can have on cell fitness. One
strategy to prevent aberrant reactive metabolite accumulation is targeted enzymatic degradation.
A variety of enzymatic reactive metabolite defense systems, including those that degrade reactive
oxygen species, have been described to date. The content that follows describes ongoing work to
characterize reactive enamine stress and associated enamine degradation systems throughout life.
This introduction provides historical context for the discovery of reactive enamine stress in
Salmonella enterica, and describes our current understanding of the role RidA/YER057¢/UK 114

family proteins play in degrading reactive enamine/imine intermediates.

1.1 Organization of metabolic networks

Origins of metabolism and metabolic stress. The origin of metabolism was an early
evolutionary adaptation that allowed primitive life forms to generate chemical compounds
necessary for life (1). Unsettled hypotheses abound regarding the mechanisms of transition from
heterogeneous mixtures of diverse chemicals in the prebiotic world, into more complex entities

capable of self organization and self replication (2). Regardless, as self-replicating proto-



organisms grew more complex, metabolic pathways became increasingly important to provide
precursors for macromolecule synthesis. In the absence of metabolism, life would be constrained
by environmental parameters and dependent on geochemistry to supply diverse chemical building
blocks (3). The emergence of catalytic macromolecules (e.g. ribozymes) conferred a higher degree
of order to metabolism and provided an alternative to non-enzymatic chemistry (4), allowing
organisms to expand into nutrient-limited growth environments by employing a variety of
metabolic strategies (5). The precise origin of proteinaceous catalysts remains unclear, but
ultimately, their genetic underpinnings gave rise to heritability (6). Metabolic capabilities likely
expanded as gene duplications arose and diverged through mutation, giving rise to altered enzyme
activities and patchwork expansion of biochemical pathways (7, 8). Extant metabolic networks are
organized into intertwined biochemical pathways comprised of both enzymatic and non-enzymatic
reactions (4). The diversity of metabolites and catalysts contained within cells and organelles
generates robust networks with wide-ranging metabolic potential. However, the varied reactivity
of metabolites and catalysts within the cell requires quality control measures to optimize cell
fitness by preventing or repairing deleterious chemistries (9). The focus here will be on
mechanisms of preventing metabolic stress, while damage repair systems have been described
elsewhere (10).

Metabolic stress prevention strategies. The regulation of metabolism at a variety of
levels, from gene expression to enzyme activity, provides temporal control over which pathways
are active in the cell at any given time (11-13). However, temporal control of metabolism fails to
completely prevent metabolic stress as many reactive metabolites are introduced from the
environment or produced by core metabolic pathways (14, 15). Thus, a variety of additional

evolutionary solutions have emerged to manage chemical reactivity within metabolic networks.



Damage-prone metabolites can be protected from the cellular milieu through substrate channeling
or scaffolding, in which metabolites in a given pathway are handed off from one enzyme to the
next (16, 17). Reactive chemical moieties attached to intermediates can be transiently modified to
prevent undesirable side reactions from occurring (18, 19). Physical constraints can be placed on
the location a given reaction is allowed to occur, exemplified by bacterial microcompartments or
eukaryotic organelles, to limit interactions between reactive metabolites and the cellular milieu
(20, 21). Elimination systems enable compartmentalized degradation (e.g. lysosomes) or excretion
of useless or potentially harmful metabolites (22, 23). Lastly, a variety of enzymatic degradation
systems act by converting highly-reactive metabolites into less-reactive products (10). Taken
together, these quality control systems serve to minimize the threat of metabolic stress in a variety
of cell types. The work herein focuses on enzymes that degrade reactive species produced during
normal metabolic processes.

Reactive metabolite degradation systems. Several reactive metabolite degradation
systems have been described, but perhaps none is better characterized than reactive oxygen species
(ROS) defense (Figure 1.1A) (24). Many organisms maintain high concentrations of enzymes that
degrade superoxide (O,) and hydrogen peroxide (H>O;) (25). These reactive metabolites are
produced as a repercussion of metabolism in aerobic environments and lead to damage of a variety
of macromolecules, particularly enzymes containing iron as a cofactor (26, 27). Additionally, O,
and H,O, are indirectly mutagenic, as the generation of hydroxyl radicals ("OH) can damage DNA
(28). The main source of intracellular ROS is promiscuous interactions between molecular oxygen
and electron-transfer enzymes, predominantly flavoenzymes, that result in one (e.g. O,) or two
(e.g. H2O,) electron transfer reactions (29). The universality of ROS stress indicates it is an

unavoidable by-product of life in oxygenated environments.



In many aerobic and facultative anaerobic bacteria, including Escherichia coli, basal
defense against ROS accumulation is sufficient to prevent drastic changes in fitness (25). However,
when presented with growth conditions that elicit high ROS burdens (e.g. redox-cycling
antibiotics), defense systems are induced to scavenge excess ROS. Superoxide dismutase (SOD)
and peroxidase/catalase serve as the primary ROS defense systems in E. coli and most other
bacteria. SOD is required to enhance the rate of spontaneous O, dismutation, while low levels of
H,0, are reduced by NADH-dependent peroxidase, and high levels of H,O, induce the peroxide
dismutase, catalase. Operating in concert, these enzymes prevent ROS from accumulating to toxic
levels inside the cell. In total, the ROS-defense paradigm represents the best understood reactive
metabolite stress pre-emption system studied to date.

Other examples of reactive metabolite control are found throughout nature. Many reactive
carbonyl species, including the dicarbonyl methylglyoxal (a.k.a. pyruvaldehyde), are potent
cytotoxic agents in a variety of organisms (Figure 1.1B) (30). In E. coli, methylglyoxal is produced
by multiple pathways and acts as a potent electrophile capable of modifying DNA and proteins
(31). Despite the toxicity of methylglyoxal in E. coli, it is paradoxically generated from
dihydroxyacetone-phosphate (DHAP) by a dedicated methylglyoxal synthase (MGS) (32). MGS
serves as a bypass pathway for glycolysis to prevent sugar phosphate accumulation, especially
under limiting inorganic phosphate conditions (33). The fitness benefit of this bypass system only
makes sense in light of co-occurring mechanisms of methylglyoxal degradation. E. coli is
dependent on a well-conserved glyoxalase system and glutathione (GSH) for efficient
detoxification of methylglyoxal (34). The degradation process is initiated by spontaneous reaction
between methylglyoxal and GSH to form GSH-hemithioacetal, followed by glyoxalase I catalyzed

formation of S-lactoylglutathione. The S-lactoylglutathione formed by glyoxylase I is hydrolyzed



by glyoxylase II to relatively non-toxic metabolites D-lactate and GSH. Thus, methylglyoxal
degradation can be viewed as a two-tiered process reliant on non-enzymatic chemistry to initiate
the reaction, followed by enzymatic catalysis to complete the degradation pathway. Similar to ROS
defense systems, the broad conservation of glyoxylase systems across all domains of life indicates
methylglyoxal (or related carbonyl species) stress is encountered by virtually all organisms as a
consequence of normal metabolic processes.

Influence of reactive metabolites on metabolic robustness. Although the reactive
metabolites outlined above clearly elicit toxic effects in the cell, they also impact fitness in
potentially beneficial ways. In many eukaryotes, particularly plants, ROS is viewed as a versatile
signaling molecule integrated into different signaling networks (35, 36). ROS signaling in higher
plants was found to regulate redox levels, development, cellular differentiation, cell death and
interactions with other organisms (37). In Saccharomyces cerevisiae, methylglyoxal production
increases in response to osmotic stress, leading to activation of Ca*" uptake systems and a cascade
of regulatory events linked to improved osmotolerance (38).

Beyond ROS and methylglyoxal, the aberrant production of reactive metabolites has been
shown to promote metabolic plasticity by enabling new pathways to emerge. Work by Kim et al.
demonstrated that enhancing the production of a putative NUDIX hydrolase (YeaB) in E. coli
uncovered a promiscuous enzyme activity that generated 3-hydroxypyruvate (3HP) from the serine
precursor, 3-phosphohydroxypyruvate (39). 3HP is not normally produced by E. coli; the 3HP
formed by YeaB served as the first intermediate in a non-canonical pyridoxal 5’-phosphate (PLP)
biosynthetic pathway that bypassed a block (ApdxH) in the canonical PLP pathway. Increasing
levels of 3HP through exogenous supplementation diminished growth of E. coli under standard

growth conditions, indicating 3HP was partially toxic. Thus, the impact of 3HP on E. coli fitness



ranged from deleterious to beneficial and proved to be context dependent. In instances where PLP
was limiting, the synthesis of 3HP facilitated an additional mechanism of PLP production, but
when 3HP concentrations exceeded a certain threshold, growth was limited as a consequence of
3HP toxicity.

Taken together, these examples demonstrate that reactive metabolites influence the fitness
and metabolic flexibility of organisms in both harmful and beneficial ways. Therefore, the control
of reactive metabolite accumulation must be coordinated to promote fitness-enhancing
chemistries, while limiting undesirable perturbations. The sections that follow describe an

emerging paradigm of intracellular reactive enamine stress and its mechanism of control.

1.2 Reactive enamines produced enzymatically can act as mechanism-based inhibitors.

Reactive enamine/imine production by pyridoxal phosphate-dependent enzymes.
Enamines are unsaturated nitrogen-containing compounds that are useful as labile intermediates
in a variety of biochemical and chemical reactions (40). Biochemical studies have demonstrated
that many pyridoxal 5’-phosphate (PLP)-dependent enzymes generate enamine intermediates from
o-amino acid substrates (41). In some cases, the cofactor-bound enamine is processed further prior
to release from the enzyme (42, 43). In other cases, the enamine is released into the reaction milieu
and undergoes spontaneous tautomerization to the corresponding imine, followed by spontaneous
hydrolysis in solvent water that results in production of a keto acid (44, 45).

PLP-dependent enzymes are generally grouped according to structural similarities or
catalytic mechanisms, but there is not a universal correlation between structure and function (41).
The majority of PLP-dependent enzymes belong to one of five fold types, with fold type II

comprising the largest number of a,B-eliminases (46). A number of PLP-dependent enzymes



assigned to the other fold types also catalyze B-elimination reactions as side-reactions to their
primary activity (47). Many amino acids with electronegative side chains, including non-canonical
B-substituted amino acids (e.g. 3-chloro-L-alanine), serve as substrates for dedicated (or
promiscuous) o,p-eliminases. Amino acid substrates with only hydrogens and a leaving group
attached to C-3 are precursors to the highly reactive enamine, 2-aminoacrylate (2AA). As
mentioned above, the fate of 2AA formed in a given active site depends on the active site
configuration and mechanism employed by the enzyme of origin.

Tryptophanase (TnaA; EC 4.1.99.1), a fold type I PLP-dependent lyase, is the main enzyme
in E. coli responsible for the catabolism (a,-elimination) of tryptophan into indole, pyruvate and
ammonia (48). This enzyme can additionally generate tryptophan (-substitution) in the presence
of serine and indole following the B-elimination of water from serine (49). The versatility of this
enzyme is further exemplified by its role in cysteine detoxification (via a,B-elimination) (50). In
these reactions, PLP-bound 2AA is formed as an intermediate. Instead of being released via
transaldimation, 2AA is first protonated (or condensed with indole) on C-3 in a stereospecific
manner, and is subsequently released and hydrolyzed to pyruvate (or released as tryptophan) (43).
This represents a mechanism where PLP-bound 2AA is produced, but not released until 2AA is
modified further.

PLP-dependent serine/threonine dehydratase (EC 4.3.1.19) is a representative fold type 11
B-lyase that generates unbound enamine intermediates that undergo spontaneous tautomerization
and hydrolysis to stable keto acid products (Figure 1.1C). In S. enferica, anabolic serine/threonine
dehydratase (IlvA) catalyzes the first step in isoleucine biosynthesis by generating and releasing
an unstable enamine, 2-aminoacrotonate (2AC), from threonine (45). Some reaction schemes

incorrectly depict IlvA-catalyzed dehydration of threonine as leading directly to 2-ketobutryrate



formation (2KB) (51, 52). In reality, 2AC released by IlvA serves as the relevant precursor to 2KB.
IlvA also catalyzes the promiscuous dehydration of serine to form unbound 2AA (53). Like 2AC,
the breakdown of 2AA to pyruvate occurs spontaneously in solvent water. The relevance of
unbound 2AA and 2AC to the overall reaction scheme of serine/threonine dehydratases is
sometimes overlooked due to the short half-life of these reactive enamines in aqueous solution.
The stability of enamine intermediates is dependent on the pH and temperature of the reaction
buffer. 2AC has an estimated half-life of ~3 minutes at 30 °C and pH 7-8 (54), while the imine
derived from serine (2-iminopropionate) has a half-life of ~1.5 seconds (42). Thus, the occurrence
of these unbound enamine metabolites is often ignored.

Mechanism based inactivation of PLP-dependent enzymes by 2AA. While TnaA and
IlvA are dedicated lyases, a variety of non-lyase PLP-dependent enzymes catalyze o,3-elimination
reactions when provided substrates with strong leaving groups attached to the B-carbon (41).
Strong leaving groups tend to be atoms or molecules that are more electronegative (e.g. -Cl, -SO3”
) than the functional groups attached to amino acids normally encountered (e.g. -OH, -SH). Thus,
amino acid substrates with favorable leaving groups can be acted on by otherwise poor catalysts
of B-elimination reactions. PLP-dependent transaminases are particularly susceptible to such
promiscuous o,B-eliminations, while some decarboxylases, racemases and retro-aldolases have
also been reported to have moonlighting -eliminase activity (55-58).

The broad range of PLP-dependent enzymes that catalyze (promiscuous) -elimination
reactions led to the identification of reactive enamine mechanism-based inhibitors. Numerous in
vitro biochemical studies highlighted the potential for 2AA or related o, 3-unsaturated amino acids
to damage PLP-dependent enzymes (55, 56). These studies demonstrated that the elimination of

functional groups from B-substituted a-amino acids (e.g. 3-chloro-L-alanine, L-serine-O-sulfate,



etc.) led to 2AA inactivation of the enzyme. Independent reports showed that a variety of
transaminases, including those that typically act on aspartate, valine, isoleucine, alanine and
ornithine, were all inactivated to varying degrees by 2AA produced within each enzyme’s
respective active site (59). The mechanisms of inactivation ranged from attack of the 2AA-PLP
adduct by active-site nucleophilic residues (56), to release of 2AA and subsequent nucleophilic
attack of the electrophilic enzyme-bound PLP Schiff base (Figure 1.2) (58). Furthermore, the
consequences of mechanism-based 2AA inactivation can be detected in vivo; feeding 3-chloro-L-
alanine to E. coli inhibits growth and inactivates alanine-valine transaminase (AvtA) and
isoleucine transaminase (IIvE) in turnover-dependent manners (60). In all of the above cases, 2AA
explicitly inactivated the enzyme that generated it and was not reported to diffuse from one enzyme
to another.

Some PLP-dependent enzymes can be sensitized to mechanism-based inactivation by 2AA
through site-directed mutagenesis (61). The tryptophan synthase o3, complex catalyzes the last
two reactions in the biosynthesis of tryptophan (62). The PLP-dependent 3 subunit catalyzes -
elimination and B-substitution reactions, but when in the a3, complex, has very low activity in -
elimination reactions (63). Variant 3 subunits (in an o, complex) with altered active site
residues displayed unique catalytic properties; some variants biased reactions towards [-
elimination relative to the wild-type a3, complex (63). Several of the variants became susceptible
to inactivation by 2AA produced from L-serine or 3-chloro-L-alanine, whereas the wild-type
enzyme was unmodified by serine and infrequently modified by 3-chloro-L-alanine. These data
demonstrated that a fine line exists between substrate-based inactivation and successful
elimination reactions; changing a single active-site residue profoundly influenced susceptibility to

2AA inactivation. Insights from this study are useful when examining how enzymes that routinely



generate 2AA are less-prone to 2AA inactivation, while enzymes that haphazardly generate 2AA
are more susceptible to inactivation. The fact that enzymes proficient at a,-elimination are still
susceptible to mechanism based inactivation (64), albeit less so than promiscuous eliminases,

highlights the reactivity and potential toxicity of 2AA.

1.3 Reactive enamines cause stress unless degraded by RidA family proteins.

Diffusible 2-aminoacrylate damages S. enterica lacking RidA. Pioneering work in the
Downs laboratory demonstrated that 2AA generated by one enzyme could diffuse into the active
site of another enzyme and inactivate it. This discovery was made based on biochemical genetic
studies of S. enterica harboring mutations in a well-conserved gene of then-unknown function,
ridA (previously yjgF). Early work showed that 7id4 mutants were sensitive to serine when grown
on minimal glucose medium unless isoleucine was provided in the growth medium (Figure 1.3)
(65). The ability of isoleucine to reverse the serine sensitivity of a ridA4 strain was influenced by
the status of IIvA. Because IIvA catalyzes the first step in isoleucine biosynthesis, it is feedback
inhibited by isoleucine (K; = 0.003 mM) (53). Replacing the wild-type ilvA4 allele with an allele

(ilvA219) encoding the feedback-insensitive IlvA~**"

variant prevented isoleucine from restoring
growth to a ridA strain (66, 67). This observation confirmed that isoleucine inhibition of I[IvA was
required to prevent serine sensitivity in a ridA strain background. By extension, these data
indicated that RidA was required to prevent IlvA-dependent serine sensitivity in wild type cells.
Earlier biochemical work established that IlvA generates and releases 2AA from serine
(see above). In aqueous solution, the dehydration of serine by IIvA ultimately produces pyruvate,

indicating that 2AA is unstable and susceptible to spontaneous tautomerization and hydrolysis by

water. The Downs laboratory demonstrated that despite the short half-life of 2A A in solution, RidA
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added to reactions containing IlvA and serine enhanced the rate of pyruvate formation (68).
Changing a conserved arginine to alanine (R105A) in the purported RidA active site abolished the
rate-enhancing properties of RidA. Taken together, these data indicated that RidA binds 2AA
(and/or the corresponding imine) and enhances its rate of conversion to pyruvate. This finding was
groundbreaking given that RidA enhanced the rate of a reaction previously assumed to be strictly
non-enzymatic. RidA had a similar rate-enhancing effect on reactions containing IlvA and
threonine, indicating RidA uses 2AC as a substrate (68). RidA homologs derived from organisms
spanning the tree of life displayed conserved enamine/imine hydrolase activity in vitro (68). This
finding ultimately led to the renaming of the broadly conserved YjgF/YERO057¢/UK114 protein
family as the Rid (reactive enamine deaminase) protein superfamily (69).

The combined biochemical and genetic data indicated that rid4 mutant strains were likely
sensitive to intracellular 2AA accumulation. Growth phenotypes suggested multiple metabolic
pathways were inactivated in a ridA4 strain exposed to IlvA-dependent 2AA stress. In minimal
glucose medium, ridA strains display a minor growth defect relative to wild type (Figure 1.3). The
minor growth defect is reversed by isoleucine supplementation, indicating that basal 2A A stress is
generated by IlvA from endogenous pools of serine (not shown). Assaying PLP-dependent
enzymes in crude extracts following growth in minimal glucose medium showed that serine
hydroxymethyltransferase (GlyA; EC 2.1.2.1), isoleucine transaminase (IIVE; EC 2.6.1.42) and
alanine racemases (Alr/DadX; EC 5.1.1.1) all had lower activity in a ridA4 strain (Table 1.1) (70—
72). These enzyme defects correlated with the pleiotropic phenotypes summarized in Table 1.1.
Protein recovery and analytical evaluation (e.g. UV/Vis, mass spectrometry and/or HPLC)
confirmed that the inhibited PLP-dependent enzymes were covalently inactivated by 2AA.

Although detailed mechanisms of inactivation remain unsettled, these findings proved that 2AA

11



generated by IlvA 1) could persist in vivo and ii) diffuse into the active site of a distinct PLP-
dependent enzyme and inactivate it. These in vivo findings were corroborated by in vitro work that
showed reactions containing IlvA, serine and IlIVE led to inactivation of IIvE, but including RidA
in the reaction mixture prevented IIVE from becoming inactivated by 2AA (72). The work
described above established the RidA paradigm: 2AA produced by PLP-dependent
serine/threonine dehydratases can be degraded by RidA to prevent 2AA from accumulating and
inactivating distinct PLP-dependent enzymes in the cell.

2AC derived from threonine contributes to metabolic plasticity. Work that preceded
our understanding of RidA activity demonstrated that some reactive enamine/imine metabolites
positively influence network plasticity. This discovery was made following a mutant hunt to look
for suppressors of a thiamine-deficient purF gnd mutant strain of S. enterica (65). The most
common suppressors isolated contained mutations in ridA4. Disruption of ridA uncovered a PurF-
independent mechanism of phosphoribosyl amine (PRA) formation in support of thiamine
biosynthesis. Isoleucine supplementation inhibited PRA/thiamine biosynthesis in the purF gnd
ridA mutant strain. The ability of isoleucine to reverse the thiamine proficiency of a purF gnd ridA
mutant was influenced by IIvA feedback sensitivity, analogous to the role of isoleucine in limiting
2AA production. Subsequent work showed that 2AC, produced by IIvA from threonine,
accumulated in the absence of RidA and supported PurF-independent PRA formation (73-75). The
promiscuous formation of PRA via condensation of 2AC with phosphoribosyl pyrophosphate
occurred in an anthranilate phosphoribosyl transferase (TrpD)-dependent manner (74). These data
showed that S. enterica lacking RidA enamine deaminase activity possessed an alternative
mechanism of PRA formation that was contingent upon 2AC accumulation. Recent work

demonstrated that this mechanism of 2AC-dependent PRA formation is active in wild type E. coli
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despite the presence of active RidA homologs in this organism (76). These findings indicate E.
coli has a metabolic configuration distinct from S. enterica that enables IlvA- and TrpD-dependent
PRA formation despite the presence of RidA. This work emphasizes that reactive enamines can
influence metabolic networks in various ways, and the mere presence of RidA does not indicate
reactive enamines are absent from the intracellular milieu.

RidA proteins are found across all domains of life. The broad conservation of RidA
proteins likely reflects the production of unbound reactive enamines throughout life. Genomes that
encode at least one RidA homolog often encode one or more (putative) PLP-dependent o,p3-
eliminases (69), though this correlation has not been rigorously tested. Most free-living organisms
possess at least one RidA homolog; while eukaryotes typically encode one or two true RidA
proteins, many prokaryotes encode additional Rid proteins (Rid1-7) that are often embedded in
operons. The Rid1-7 proteins display primary sequence divergence from the archetypal RidA,
especially at several well-conserved residues, suggesting these enzymes have altered or specialized
activity relative to RidA. Our current model dictates that true RidA proteins serve as housekeeping
enamine/imine deaminases, while Rid1-7 proteins found in prokaryotes are induced in response to
specific signals. Ongoing work in the Downs laboratory suggests that some Rid proteins may be
less important for enamine/imine detoxification per se, but are instead required to enhance
pathway efficiency (77).

The molecular mechanism used by RidA to convert enamines/imines to keto acids is still
undetermined. A universal feature of all Rid proteins demonstrated to have enamine/imine
deaminase activity is conservation of the Arg-105-equivalent from S. enterica RidA (69, 77). This
residue is predicted to coordinate the enamine/imine intermediate adjacent to a nucleophilic water

molecule, oriented by hydrogen bonding with active site residues (Figure 1.4) (78, 79). In vitro,
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RidA clearly has an affinity for imines generated by flavin adenine dinucleotide (FAD)-dependent
L-amino acid oxidase (LOX); this enzyme generates and releases an imine directly without
proceeding through an enamine intermediate (69). However, evidence is lacking to support the
relevance of exclusive imine hydrolysis in preventing reactive enamine stress. Therefore, we
predict RidA binds the enamine (e.g. 2AA), or a transition state between the enamine and imine,
and facilitates a near simultaneous tautomerization and hydrolysis event to generate a keto acid
(Figure 1.4). This model is based in part on the anticipated greater intracellular stability of the
enamine relative to the imine, necessitating an enzyme capable of scavenging enamines directly
(45).

Beyond S. enterica, the role of RidA homologs in most other organisms has yet to be
experimentally defined. Several alternative biochemical functions have been ascribed to RidA
homologs from a variety of organisms (80—84). Importantly, conclusions regarding the function of
RidA in these other cases were based largely on in vitro observations and lacked the power of our
robust biochemical genetics approach in Salmonella enterica. The fact that all true RidA enzymes
assayed possess enamine/imine deaminase activity supports our model of conserved RidA
deaminase activity across domains of life. Thus, the RidA paradigm outlined above serves as a
template for investigating the function of RidA in other organisms, including mammals. A variety
of reports have described correlations in the production of the mammalian RidA homolog
(UK114), immune cell behavior and tumor cell differentiation (85—87). In fact, some reports have
determined that UK 114 can be targeted to cancer cell surfaces, facilitating anti-UK 114 antibody
mediated cytolysis (88—91). Our understanding of RidA dynamics in mammals stands to benefit
from preliminary investigation of Rid protein function in eukaryotic model organisms. Reports

have described phenotypic characteristics of Saccharomyces cerevisiae lacking the mitochondrial
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RidA homolog (Mmflp), but a clear connection to 2AA stress was not made since these findings
predated our understanding of RidA deaminase activity (92, 93). Work described in Chapter 5
addresses the function of Mmflp in preventing 2AA stress in yeast, providing the first example of

2AA stress occurring in a eukaryotic organism.

1.4 Summary

The findings summarized here show that reactive enamines generated by PLP-dependent
enzymes are significant in vivo; in some cases (i.e. 2AA) they are deleterious, but in other cases
(i.e. 2AC) they enhance the robustness of metabolic systems. Work in the Downs laboratory has
defined a clear role for RidA in controlling reactive enamine accumulation in S. enterica. The
primary consequence in strains lacking RidA is the accumulation of 2A A that inactivates a variety
of metabolic PLP-dependent enzymes. These findings showed that a reaction (e.g. 2AA/imine
hydrolysis) achieved spontaneously in solvent water is not readily attained in vivo, possibly
reflecting the lack of free water in the cell. These insights raise questions about other purportedly
spontaneous intracellular reactions; perhaps enzymes are actually required to facilitate or enhance
these reactions. There is growing speculation that many of the extant genes of unknown function
in model organisms may encode enzymes like RidA, that improve seemingly spontaneous
reactions involving labile intermediates (94). Disruption of these enzymes would be expected to
harm the cell, but may not lead to strong, detectable phenotypes under standard laboratory growth
conditions. Here it is important to emphasize that the function of RidA was determined using a
genetic approach; an epistatic interaction between thiamine biosynthesis and enamine

accumulation set the stage for defining RidA activity. Thus, in an era where systems level
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approaches are growing more powerful, there is still a need for rigorous biochemical genetics

approaches to help define unknown aspects of cellular metabolism.

1.5 Dissertation Outline

In the dissertation that follows, I describe my efforts to expand our understanding of the
sources and metabolic consequences of 2AA stress in bacteria and yeast. Our early interest was in
assessing the diversity of enzymes capable of potentiating 2A A stress in ridA strains of S. enterica.
In Chapters 2 and 3, I describe IlvA-independent mechanisms of 2AA production.

Chapter 2 highlights the role of PLP-dependent cysteine desulfhydrase (CdsH) in
generating 2AA from cysteine. Whereas IlvA acts promiscuously on serine, CdsH is induced
specifically in response to cysteine and serves as a cysteine detoxification pathway dependent on
RidA to avoid concomitant 2AA stress.

A similar paradigm is explored in Chapter 3 through the characterization of PLP-dependent
diaminopropionate ammonia lyase (DpaL). We show that DpaL contributes to 2AA stress when
diaminopropionate is provided to RidA-defective strains. We also explore the direct inhibition by
diaminopropionate of proline, pantothenate and isoleucine biosynthetic pathways.

In Chapter 4, attention is turned to explaining the underlying metabolic perturbations
caused by 2AA that limit growth of ridA4 strains. Building on previous work, we show that 2AA
inactivation of serine hydroxymethyltransferase (GlyA) creates a context-dependent glycine
requirement. Under circumstances where serine is abundant in the growth medium, glycine is
necessary to regulate activity of the GevB small RNA, presumably to limit serine uptake. In

contrast, when 2AA stress is exacerbated by enhancing turnover of endogenous serine, glycine is
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required to supply one-carbon units through the glycine cleavage complex (GCV), bypassing
damage to GlyA.

Chapter 5 details the first comprehensive study of 2AA stress in a eukaryote. We confirm
that Saccharomyces cerevisiae lacking the nuclear-encoded, mitochondrial-active RidA homolog,
Mmflp, lose their mtDNA and capacity to respire. We demonstrate that the loss of mtDNA in an
mmf1A strain is caused by 2AA stress generated by PLP-dependent serine/threonine dehydratases.

In Chapter 6 I describe our current model of cystathionine [-lyase (MetC)-mediated
suppression of 2AA sensitivity in S. enterica lacking RidA. The current data indicate MetC
overproduction in a rid4 background indirectly reduces 2AA levels, and is consistent with a model
where MetC generates a reactive metabolite that sequesters 2AA.

Chapter 7 summarizes the main conclusions from the work herein and offers suggestions
for future research.

Appendix A describes preliminary data from our efforts to identify the mechanism of
mtDNA loss in mmfI1A mutants of S. cerevisiae exposed to 2AA stress.

Appendix B represents a divergence from the RidA storyline; it reflects work done to
explore metabolic robustness surrounding the coenzyme A metabolic node. These published
findings highlight a previously unknown transporter (PanS) of pantoate, ketopantoate and other
unknown coenzyme A precursors.

Appendix C presents unpublished data indicating that cross-talk between thiamine and
coenzyme A biosynthesis is influenced by mutations in the LysR-type transcriptional regulator

gene, ilvY.
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TABLE 1.1 RidA paradigm in S. enterica: generators and targets of 2AA stress

Activity in
PLP enzymes Protein ridA bkg. Phenotype Ref.
(% of Wt)

Endogenous 2AA generators
Ser/Thr dehydratase (anabolic) IIvA

*

Ser/Thr dehydratase (catabolic)  TdcB

Endogenous 2AA targets
Ser hydroxymethyltransferase GlyA 20 Keto acid excretion (71)
Transaminase B IIvE 30 Ile limitation on Pyr (66, 67)
Alanine racemase Alr 60 Ala poor N source (70)
Alanine racemase DadX 70 Ala poor N source (70)

* TdcB is only produced anaerobically in response to threonine and does not contribute to 2AA

stress under standard aerobic growth conditions.
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FIGURE 1.1. Reactive metabolite production and mechanisms of control. A) Molecular
oxygen gives rise to reactive oxygen species, 02" and H,O,, through promiscuous interaction with
electron-donating flavoenzymes (FADH;). H,O, levels are reduced by enzymes alkyl
hydroperoxide reductase (Ahp) and catalase (Kat); O, is degraded by superoxide dismutase
(SOD). B) Methylglyoxal synthase (MGS) generates methylglyoxal, which behaves as a potent
electrophile capable of modifying macromolecules in the cell. A dedicated glyoxylase system
degrades methylglyoxal to lactate. C) The RidA enamine defense system degrades reactive
enamines, including 2-aminoacrylate (2AA). In the absence of RidA, 2AA can accumulate and

damage a variety of PLP-dependent enzymes.
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FIGURE 1.2. 2-aminoacrylate as a mechanism-based inhibitor and diffusible stressor. (Lef?)
A variety of PLP-dependent enzymes, even those possessing poor B-eliminase activity, can
catalyze elimination reactions when acting on substrates with strong leaving groups. In some cases,
production of 2AA in the active site leads to mechanism-based inactivation of the enzyme.
Inactivation mechanisms differ between enzymes, with two representative mechanisms displayed.
(Right) Investigation of the RidA paradigm revealed that 2AA produced by PLP-dependent

serine/threonine dehydratases can diffuse through the cell and inactivate a variety of distinct PLP-

dependent enzyme targets. Undulating line represents diffusion.
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FIGURE 1.3. §. enterica ridA mutant strains are sensitive to serine. A) A lesion in S. enterica
ridA creates a small growth defect when strains are grown in minimal glucose medium.
Importantly, this minor growth defect correlates with inactivation of several PLP-dependent
enzymes detailed in Table 1.1. Isoleucine abolishes the minor growth defect and preserves 2AA
target-enzyme activity (not shown). B) Feeding exogenous serine to a ridA strain leads to complete
growth inhibition. However, isoleucine supplementation inhibits IlvA activity, thus alleviating

serine sensitivity in a ridA strain.
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event coupled to imine hydrolysis. The resulting product is pyruvate.
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CHAPTER 2
ENDOGENOUS SYNTHESIS OF 2-AMINOACRYLATE CONTRIBUTES TO CYSTEINE

SENSITIVITY IN SALMONELLA ENTERICA'

'Ernst DC, Lambrecht JA, Schomer RA, Downs DM. 2014. Journal of Bacteriology 196:3335-3342.
Reprinted here with permission of the publisher.
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2.1 ABSTRACT

RidA, the archetype member of the widely-conserved RidA/YER057¢/UK114 family of
proteins, prevents reactive enamine/imine intermediates from accumulating in Salmonella enterica
by catalyzing their hydrolysis to stable keto acid products. In the absence of RidA, endogenous 2-
aminoacrylate persists in the cellular environment long enough to damage a growing list of
essential metabolic enzymes. Prior studies have focused on the dehydration of serine by the PLP-
dependent serine/threonine dehydratases, IlvA and TdcB, as sources of endogenous 2-
aminoacrylate. The current study describes an additional source of endogenous 2-aminoacrylate
derived from cysteine. The results of in vivo analysis show that the cysteine sensitivity of a rid4
strain is contingent upon CdsH, the predominant cysteine desulfhydrase in S. enterica. The impact
of cysteine on 2-aminoacrylate accumulation is shown to be unaffected by the presence of
serine/threonine dehydratases, revealing another mechanism of endogenous 2-aminoacrylate
production. Experiments in vitro suggest that 2-aminoacrylate is released from CdsH following
cysteine desulfhydration, resulting in an unbound aminoacrylate substrate for RidA. This work
expands our understanding of the role served by RidA in preventing enamine stress resulting from

multiple normal metabolic processes.

2.2 BACKGROUND

The RidA/YER057¢/UK114 family of proteins is highly conserved across all domains of
life. In Salmonella enterica, RidA catalyzes the hydrolysis of reactive enamine/imine
intermediates produced as a consequence of serine/threonine dehydratase activity (1). The
pyridoxal 5’-phosphate (PLP)-dependent serine/threonine dehydratases (EC 4.3.1.19), IlvA and

TdcB, dehydrate serine and threonine to generate enamine intermediates, 2-aminoacrylate (2AA)
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and 2-aminocrotonate, respectively (2, 3). The unstable enamine intermediates tautomerize to their
respective imine forms prior to a hydration event that releases ammonia and generates a stable keto
acid product (Figure 2.1) (2, 4). Despite the relatively short half-life of 2AA in aqueous solution,
RidA increased the rate of [lvA-dependent pyruvate formation from serine in vitro (1). This result
suggested that RidA had an affinity for 2A A and may impact accumulation of this toxic metabolite
in vivo, where molecular crowding and the lack of abundant free-water could increase the half-life
of 2AA (5). In fact, removal of RidA from the metabolic network in S. enterica led to pleotropic
phenotypes that were attributed to 2AA accumulation (6—10)

A number of PLP-enzymes can be inactivated by 2AA in vitro by a mechanism that
modifies the PLP cofactor in the active site (11-15). Previous studies suggested that inactivation
by 2AA and related species was restricted to the active site of origin (5, 16). In vivo analysis
showed that in the absence of RidA, endogenously generated free 2AA persists in the cell long
enough to damage distinct PLP-enzymes in S. enterica, including those that are involved in
isoleucine biosynthesis, one-carbon metabolism and cell-wall synthesis (9, 10, 17). Prior to this
study, the characterized sources of endogenous 2AA were the PLP-dependent serine/threonine
dehydratases (17). It remains to be determined if the enamine stress caused by serine/threonine
dehydratases is unique, or if this stress is a general feature of metabolic enzymes with similar PLP-
dependent catalytic mechanisms.

Many prokaryotic and eukaryotic organisms are sensitive to high concentrations of cysteine
(18-24). Various mechanisms have been proposed to explain cysteine toxicity, including
inhibition of electron transport, inactivation of anabolic enzymes and stimulation of Fenton
chemistry resulting in hydroxyl radical production (18, 19, 23, 25). In E. coli, cysteine has been

shown to cause transient amino acid starvation as a result of threonine deaminase (IlvA) inhibition,
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which can be overcome by the addition of branched-chain amino acids (BCAAs) (19). The specific
mechanism of cysteine toxicity in S. enferica is less clear, but seems to be due in part to the
generation of reactive oxygen species leading to DNA damage (18, 23). The enzymatic
desulfhydration of cysteine has been described previously as a method of cysteine detoxification
in many bacterial species and higher organisms, including mammals (26). S. enterica and E. coli
have several metabolic enzymes with cysteine desulthydrase activity, including cystathionine [3-
lyase (MetC), cysteine synthase A (CysK), cysteine synthase B (CysM), B -cystathionase (MalY)
and tryptophanase (TnaA; E. coli only) (25, 27). In contrast to E. coli, S. enterica encodes a
dedicated cysteine desulfhydrase activity that is strongly induced in response to cysteine (26, 28,
29). It was recently demonstrated that this dedicated cysteine desulfhydrase (CDS; EC 2.5.1.47) is
encoded by stm0458, which was renamed cdsH (25). CDS is thought to participate in the
detoxification of excess cysteine (26), and recent reports suggest an additional role for this enzyme
in maintaining sulfide concentrations at a high enough level to support antibiotic resistance and
pathogenesis (25, 30, 31). In general, a PLP-dependent CDS performs chemistry similar to that of
IlvA, catalyzing B-elimination of the sulfhydryl group from cysteine yielding sulfide, ammonia
and pyruvate (26, 29). 2-aminoacrylate has been implicated as an intermediate in CDS-mediated
cysteine degradation in vitro (29), making the enzyme mechanism reminiscent of the dehydratase
enzymes that contribute to metabolic phenotypes observed for rid4 mutants of S. enterica (1, 3,
32). This study was initiated to address the impact of cysteine on strains that lack RidA and are

unable to respond to 2AA stress.
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2.3 MATERIALS AND METHODS

Bacterial strains, media and chemicals. Bacterial strains used in this study were derived
from Salmonella enterica serovar Typhimurim LT2 and are listed with their genotype in Table 1.
Tnl0(d) refers to the transposition defective mini-Tn/0 (Tn/0A16 A17) described by Way et al.
(33). MudJ refers to the Mud1734 transposon described previously (34).

Minimal medium was no-carbon E medium (NCE) supplemented with 1 mM MgSO4 (35),
trace minerals (36) and 11 mM D-glucose as the sole carbon source. Bacto vitamin-free casamino
acids (CAAs) were added at 0.1% w/v when necessary. Difco nutrient broth (NB) (8 g/liter) with
NaCl (5 g/liter) was used as rich media. Superbroth consisting of tryptone (32 g/liter), yeast extract
(20 g/liter), sodium chloride (5 g/liter) and sodium hydroxide (0.2 g/liter) was used when high cell
densities were required. Difco BiTek agar (15 g/liter) was added for solid medium. Antibiotics
were added as necessary to reach the following concentrations in rich and minimal medium,
respectively: tetracycline 20 and 10 pg/ml; ampicillin 150 and 30 pg/ml; and chloramphenicol 20
and 5 pg/ml. L-cysteine was prepared fresh for each experiment and added at the indicated
concentrations. L-isoleucine was added to a final concentration of 1 mM when needed. Unless
otherwise stated, all chemicals were purchased from Sigma-Aldrich Chemical Company, St. Louis,
MO.

Genetic techniques and growth analysis. Transductional crosses were carried out using the
high-frequency general transducing mutant of bacteriophage P22 (HT105/1, int-201) (37).
Methods for performing transductional crosses, purifying transductants from phage and
identifying phage-free recombinants were described previously (38, 39). All mutant strains listed
in Table 1 were constructed using standard genetic techniques. Gene replacements were made

using the A-Red recombinase system described by Datsenko and Wanner (40).
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Growth phenotypes were determined in solid medium by using agar overlays and in liquid
medium using growth curves as described previously (6). Briefly, strains to be analyzed in liquid
culture were grown to full density in NB at 37°C. Cells were pelleted and resuspended in an equal
volume of saline solution (85 mM), and 5 pl of the resuspension were used to inoculate 195 pl of
the relevant defined growth medium contained in 96-well microtitre plates. Microtitre plates were
incubated at 37°C while shaking using the Biotek EL808 ultra microplate reader. Growth was
monitored as the change in absorbance at 650 nm over time. Data were plotted using GraphPad
Prism 5.0f.

Mutant isolation. A culture of DM3480 (ridA3::MudJ) was grown overnight in NB medium.
Cells were pelleted and suspended in an equal volume of saline solution (85 mM). Approximately
10% cells were spread onto solid glucose medium containing 5 mM L-cysteine. Diethyl sulfate
(DES) was spotted in the center of each plate (5 pl), which was incubated at 37°C for 24-48 hrs.
Colonies that arose were streaked out on non-selective medium prior to confirming their cysteine-
resistant phenotype in liquid minimal medium.

Genome sequencing. Whole-genome sequencing was used to identify the causative
suppressor mutation in DM13827 (ridA3::MudJ cdsH3). High molecular-weight genomic DNA
was isolated using a phenol-chloroform extraction method. A 1 ml culture was grown to full
density in superbroth, pelleted in a microcentrifuge tube, and resuspended in buffer (0.1 M Tris
pH 8,0.15 M NaCl and 0.1 M EDTA). Lysozyme (0.5 mg) was added, followed by incubation at
37°C for 10 minutes. Proteinase K (1 mg) and SDS (1%) were added and incubation was allowed
to continue at 37°C for 30 minutes. 1 ml of Tris saturated phenol-chloroform was added and mixed
gently, followed by centrifugation at 17,000 x g for 1 minute. The aqueous layer was removed,

washed twice with 1 ml of chloroform, and transferred to a clean microcentrifuge tube. The sample
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was overlayed with 1 ml of ice-cold 100% ethanol and the DNA was spooled out using a hooked
Pasteur pipet. The spooled DNA was washed by submerging in ethanol, air dried for 5 minutes,
and suspended overnight in 1 ml of Tris-EDTA buffer (10 mM Tris pH 8.0 and ImM EDTA). The
concentration of recovered DNA was determined using a NanoDrop 2000 (Thermo Scientific).
DNA gel electrophoresis was performed to ensure high-molecular weight DNA (>10,000 kbp) was
abundant prior to sequencing.

Genomic DNA was submitted to the Georgia Genomics Facility (GGF) at the University of
Georgia for paired-end (2 x 250 bp) sequencing using the [llumina MiSeq platform. DNA samples
were fragmented and tagged with sequencing adapters using the Nextera XT DNA sample
preparation kit (Illumina). Processing and assembly of the sequencing data was done by the
Georgia Advanced Computing Resource Center (GACRC) at the University of Georgia. Briefly,
the raw sequencing data was cleaned up using Trimmomatic (Usadel) with a read length cut-off of
100 bp, resulting in >300-fold coverage of the 4.95 Mb S. enterica LT2 genome (41). Trimmed
reads were mapped to the published genome using Bowtie 2 (Source Forge). Variant calling was
performed using the Genome Analysis Toolkit (Broad Institute), and single nucleotide
polymorphisms (SNPs) were identified using the Integrative Genomics Viewer (Broad Institute).

Molecular methods. The cdsH gene was amplified by PCR with Herculase II Fusion DNA
polymerase (Agilent) using primers STM0458 Ndel F (5’-gagacatatgatgagtagcaattgggttaa -3”)
and STM0458 Xhol R (5’- gagactcgagctagtcgecggtaagtaatt -3”). The resulting PCR product was
either used for sequence analysis or for cloning. In the latter case, the PCR product was gel
purified, digested with Ndel (New England Biolabs) and Xkol (New England Biolabs) and ligated

into Ndel/Xhol-cut pET14b (Novagen), forming pDM1375. Constructs were transformed into
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Escherichia coli strain DH5a and screened for vectors containing inserts. Plasmid inserts were
confirmed by sequence analysis, preformed by Genewiz.

Isoleucine transaminase (IlVE) assays. Permeabilized cells were used to assay IIVE activity
as previously described (42). Strains were grown to stationary phase in 5 mL minimal glucose
medium containing 0.1% CAAs, 1 mM isoleucine and cysteine added as indicated. Cells were
pelleted, washed once with NCE medium, and frozen at -20°C. Frozen cell pellets were thawed,
resuspended in 50 mM potassium phosphate buffer pH 8.0 and permeabilized by PopCulture
(Novagen). 50 uM PLP and 10 mM 2-ketoglutarate were mixed with an aliquot (30 pl) of the
permeabilized cell suspension, and isoleucine was added (20 mM) to initiate reactions. Reaction
mixes were incubated for 20 minutes at 37°C, and activity was determined based on the amount
of 2-keto-3-methylvalerate (2KMV) formed. 2KMV was derivatized with 24-
dinitrophenylhydrazine (DNPH) to enable hydrazone formation, followed by organic extraction.
The organic layer was washed once with 0.5 N HCI, separated and then mixed with 1.5 N NaOH
to allow chromophore formation. The absorbance of the aqueous layer (containing the
chromophore) was measured at 540 nm using a Spectramax M2. The protein content of each cell
extract was determined using the BCA assay (Pierce). Activity is reported as nmol 2KMV/min/mg
protein in permeabilized cells. GraphPad Prism 5.0f was used to perform one-way ANOVA and
Tukey’s test was used to assess significant changes in IIVE activity (p < 0.01).

Purification of CdsH. Wild-type cdsH cloned into the pET14b vector (Novagen) was
transformed into E. coli BL21AI (DM14430) for overexpression and Hise tag purification. Cells
were inoculated into 10 ml of superbroth containing ampicillin and grown overnight at 37°C.
Overnight cultures were inoculated into 3 liters of superbroth containing ampicillin and grown at

37°C until an Agso of 0.4-0.7 was reached. Arabinose (0.02%) was added to induce expression and
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cultures were shifted to 22°C for 18 h. Cells were harvested at 4°C by centrifugation (15 minutes
at 8,000 x g) and resuspended in 50 mM Tris-HCI pH 7.5 containing 200 mM sodium chloride, 5
mM imidazole, 10 uM PLP and 10% glycerol. Lysozyme (1 mg/ml), phenylmethylsulfonyl
fluoride (100 pg/ml) and DNase (25 pg/ml) were added to the cell suspension, which then sat on
ice for 1 h. Cells were mechanically lysed using a French pressure cell (5 passes at 10,342 kPa).
The resulting lysate was clarified by centrifugation (45 minutes at 48,000 x g) and filtered through
a 0.45-pm membrane. The filtered lysate was loaded onto a Ni-NTA superflow resin (5 ml) and
CdsH was purified according to the manufacturer’s protocol (Qiagen). Purified protein was
concentrated by centrifugation with a 10,000 molecular weight cut-off filter unit (Millipore) and
the buffer was replaced with 50 mM Tris-HCI pH 7.5 containing 10 M PLP and 10% Glycerol
using a PD-10 desalting column (GE Healthcare). Protein recovery as determined by the BCA
assay (Pierce) was approximately 5.5 mg/ml. Protein aliquots were frozen in liquid nitrogen and
stored at -80°C.

Purification of RidA. RidA protein was purified from a BL21AI strain harboring the pET20b-
ridA overexpression construct previously described (DM12740) (8). Briefly, an overnight culture
of DM12740 grown in superbroth containing ampicillin was inoculated into 3 L of superbroth with
ampicillin. Cultures were grown ~3 hours at 37°C with aeration until an Aeso of 0.6 was reached.
Fresh arabinose was added to a final concentration of 0.2% and cultures were allowed to incubate
while shaking at 37°C for an additional 10 hours. Cells were harvested by centrifugation and
resuspended in 50 mM Tris-HCI pH 8 containing 100 mM sodium chloride, 5 mM imidazole and
12.5% glycerol. Following lysis, the extract was clarified, filtered and injected onto a Ni-NTA
superflow resin (5 ml) and RidA was purified according to the manufacturer’s protocol (Qiagen).

Purified protein was concentrated by centrifugation with a 4,000 molecular weight cut-off filter
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unit (Millipore) and the concentrated protein sample (~ 5 ml) was sequentially dialyzed in 1 L of
10 mM HEPES pH 8 containing 10 mM EGTA for 1 hour, 1 L of HEPES buffer for 1 hour and 1
L of HEPES buffer containing 20% glycerol overnight. Protein recovery as determined by the
BCA assay (Pierce) was approximately 15.2 mg/ml. Protein aliquots were frozen in liquid nitrogen
and stored at -80°C.

Cysteine desulfhydrase assay. Cysteine desulfhydrase activity was measured by coupling
pyruvate formation to NADH oxidation using lactate dehydrogenase (Sigma) and monitoring the
decrease in absorbance at 340 nm as described previously (29). Assays consisted of 100 mM Tris-
HCI pH 8.5 containing 0.25 mM NADH, 30 uM PLP and 15 U/ml lactate dehydrogenase. CdsH
and RidA were added to the reaction at final monomeric concentrations of 0.19 uM and 0.27 pM,
respectively. Because RidA is a trimer (43) and CdsH is a hexamer (44), the oligomeric ratio of
RidA:CdsH was ~ 3:1. Concentrations of fresh L-cysteine ranging from 0 to 20 mM were added
to initiate the reaction. Reactions (300 ul) were monitored continuously at 22°C in a 96-well quartz
plate using a Spectramax M2. Initial rates were calculated from the change in Ass due to the
consumption of NADH over the initial 20 seconds. The extinction coefficient of NADH at 340
nm (6,220 M cm™) was used to calculate enzyme activity. Initial activity is reported as the initial
rate of pyruvate formation in umol/min. Experiments were performed in triplicate and the

resulting data were plotted using GraphPad Prism 5.0f.

2.4 RESULTS AND DISCUSSION
Growth of a ridA strain is affected by exogenous cysteine. Growth of wild-type S.
enterica in glucose minimal medium is unaffected by cysteine concentrations up to 0.1 mM.

Concentrations above that affect growth by increasing the lag phase before the culture enters
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logarithmic growth (Figure 2.2A). The concentration of cysteine that prevented recovery after an
extended lag was not determined. In contrast to wild-type, a rid4 strain is sensitive to a
concentration of cysteine as low as 0.1 mM and displayed a concentration-dependent extension of
the lag phase prior to entering exponential growth. A ridA4 strain had no significant growth within
20 hours when cysteine concentrations were 0.25 mM or higher (Figure 2.2B). The growth
inhibition caused by 0.25 mM cysteine was transient and after 24 hours the ridA strain grew
exponentially, ultimately reaching the same final cell density as the wild-type strain. Together
these data showed that a strain lacking RidA was substantially more sensitive to exogenous
cysteine than a wild-type strain.

Serine/threonine dehydratase is not required for the cysteine sensitivity of a rid4
strain. Strains lacking RidA are sensitive to the accumulation of 2-aminoacrylate generated from
serine by the serine/threonine dehydratase IIvA (9, 10, 17). Given that cysteine is a -substituted
amino acid akin to serine, it was formally possible that the cysteine sensitivity of a rid4 strain
would directly or indirectly depend on IlvA activity. Cysteine was shown to have a mixed
inhibitory effect on the threonine dehydratase activity of IlvA isolated from E. coli, suggesting it
may serve as a competitive substrate of the enzyme (45). IlvA is the only serine/threonine
dehydratase expressed in S. enterica under aerobic conditions (46). Two experiments ruled out a
role for IIVA in the cysteine sensitivity of a ridA strain. The growth data in Figure 2.3 showed that
in the presence of 1 mM cysteine, neither isoleucine nor threonine (data not shown) restored
growth to a strain lacking RidA. In contrast, both isoleucine and threonine suppressed the growth
defects of a rid4 mutant caused by the activity of IIvA (6, 42, 47). Further, the deletion of ilv4

did not affect the growth of rid4 mutant strains in the presence of cysteine. These data ruled out a
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role for IlvA in mediating cysteine sensitivity in a ridA4 strain, and indicated a distinct cellular
component was involved in the cysteine sensitivity of ridA4 strains.

Exogenous cysteine increases the level of free 2AA in the cell. Based on the in vitro
activity associated with RidA (1), a simple scenario was that a non-IlvA enzyme generated 2AA
or a related enamine from cysteine that resulted in the cysteine sensitivity observed. In the absence
of RidA, endogenous 2AA can react with the PLP cofactor of isoleucine transaminase B (IIVE),
forming a covalent active-site modification that renders the enzyme inactive (17, 41, 45).
Therefore, the activity of IIVE has been used as a proxy for the levels of 2AA in the cells of strains
lacking RidA (17, 42, 47). Wild-type and rid4 mutant strains were grown in minimal medium
containing casamino acids and isoleucine, with and without the addition 0.25 mM cysteine, and
IIVE activity was assayed. The addition of 0.1% casamino acids to the growth medium resulted in
similar growth patterns for each strain. The data in Figure 2.4 showed that cysteine did not affect
the level of IIVE activity in strains with a functional RidA. In contrast, the transaminase B activity
was decreased by ~ 35% in a rid4 mutant strain when 0.25 mM cysteine was present in the growth
media. Consistent with the growth data, the impact of cysteine on the activity of IIVE was not
affected by the presence or absence of IIlvA. Additionally, in an in vitro system, neither cysteine
alone nor IlvA and cysteine decreased the activity of IIVE (data not shown). In total, these data
suggested that an indirect consequence of cysteine, or a metabolite of cysteine was responsible for
the decreased IIVE activity and growth defect of a 7id4 mutant.

Multiple enzymes in S. enterica use cysteine as a substrate and have the potential to
generate 2AA as a reaction intermediate. Based on E. coli, three enzymes were identified that may
have cysteine desulfhydrase activity in S. enterica: CysK, CysM, STM1557 (34% identical to E.

coli MalY) (27). These PLP-dependent enzymes generate pyruvate, hydrogen sulfide, and
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ammonia from cysteine, and it was plausible that these reactions would proceed through a 2AA
intermediate (29, 48, 49). Deletions of cysK, cysM, and stm1557 were generated by gene
replacement (40), and strains that contained each mutation alone or in combination with a rid4
mutation were constructed. None of the double mutants 7id4 cysK, ridA cysM, or ridA stm1557
grew in the presence of 0.25 mM cysteine, while the growth of 7id4" derivatives of each strain was
unaffected by the presence of cysteine (data not shown). CysK and CysM are isozymes involved
in cysteine biosynthesis and a cysK cysM double mutant strain is a cysteine auxotroph. A
concentration of cysteine exceeding 0.5 mM was needed to satisfy the cysteine requirement of this
strain. If either CysK or CysM contributed to 2A A stress arising from cysteine, a cysK cysM ridA
triple mutant would be expected to grow in the presence of cysteine despite the rid4 mutation. The
triple mutant strain failed to grow in the presence of 0.5 mM or 1 mM cysteine. These data
suggested that CysK, CysM and STM1557 did not contribute significantly to the production of
2AA in S. enterica.

Mutations in cdsH partially relieve cysteine sensitivity. Mutations that restored growth
of a rid4 mutant in the presence of cysteine were isolated. Approximately 10° cells of rid4 mutant
strain DM3480 were spread on minimal cysteine (5 mM) plates. Despite numerous attempts, no
spontaneous mutants that allowed growth were recovered after 3-5 days of incubation. When the
same process was repeated, and diethyl sulfate (DES) was spotted in the middle of the cysteine
plate, multiple colonies arose. The cysteine-resistant phenotypes were verified and two of these
mutants were selected for further analysis. Whole-genome sequencing of a representative mutant,
DM13827, revealed a G-to-A substitution in the gene encoding STM0458, changing residue 295
from a tryptophan to a stop codon (W295STOP). The same mutation was observed in both of the

suppressor strains. In the course of our studies it was reported that stm0458 encoded the major
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CDS in Salmonella and the gene was renamed cdsH to reflect this finding (25). The cdsH mutation
(cdsH3) was reconstructed to confirm it was the causative lesion. Subsequently, an insertion linked
to cdsH3 was used to generate an isogenic pair of strains in both the 7id4 (DM3480) and wild-type
strain (DM9404) background.

Anticipating that a nonsense mutation would be recessive and display the phenotype of a
null allele, a deletion of cdsH was generated (AcdsH1::Cm). Growth analysis showed that while
both alleles of cdsH increased growth of a rid4A mutant in the presence of cysteine, they displayed
different levels of suppression (Figure 2.5). Both cdsH alleles significantly reduced the growth lag
of the rid4 mutant in the presence of 0.1 mM cysteine (data not shown). In the presence of 0.25
mM cysteine, when a rid4A mutant had no growth after 20 hours, the cdsH3 allele restored growth
while the cdsH1::Cm deletion had a lesser affect (Figure 2.5). The difference between the two
alleles was presumed to be due to the periodic read-through of the UGA (opal) nonsense codon
(50) or reduced activity of the partial protein. The positive growth response allowed by decreasing
or eliminating CdsH activity was consistent with the general hypothesis that CDS was generating
2AA, which was toxic in the absence of RidA. However, a few observations about growth of the
mutant strains indicated additional complexities were present in the cell. First, if the generation
of 2A A were the only deleterious consequence of cysteine, deletion of cdsH would have the best
suppressing effect. In addition, if the generation of 2AA from cysteine was by CdsH alone, a rid4
cdsH1::Cm double-mutant (DM14254) should grow similarly to the cdsHI::Cm single-mutant
(DM14240). The growth discrepancy between the rid4 + and ridA - strains suggested that an
additional enzyme generates a RidA substrate from cysteine.

Loss of CdsH exacerbates cysteine toxicity in wild-type Salmonella. The inability of the

cdsH deletion to restore wild-type growth to a rid4A mutant in the presence of cysteine indicated
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that 2A A was not the only metabolic problem generated by the presence of cysteine. During this
study another group reported that the deletion of cdsH resulted in a 10-fold decrease in CDS
activity, and caused increased sensitivity to cysteine (25). Consistently, both the cdsH deletion
mutant and the nonsense mutant had an extended lag phase when grown in medium containing
0.25 mM cysteine (Figure 2.5). When 0.5 mM cysteine was present the defect was more severe
(data not shown).

Collectively, these results revealed the opposing consequences of eliminating cdsH, and
the complexity of dissecting the physiological status of strains lacking both RidA and CdsH. On
the one hand, deletion of cdsH affected the ability of the cell to remove, or detoxify, cysteine. This
led to the accumulation of cysteine, which inhibited growth by poorly characterized mechanisms.
On the other hand, cells without CdsH produce less 2A A because the desulfhydrase reaction is not
proceeding. Therefore, the toxic effects of 2AA derived from cysteine in a rid4 mutant are
negated. Taken together these data suggest that the detoxification of cysteine by CDS enzymes
proceeds through a reactive intermediate, which itself is toxic and must be quenched by RidA. The
results herein indicated that the decreased growth of S. enferica in the presence of cysteine was a
consequence of both features.

RidA increases the rate of cysteine desulfhydrase-dependent pyruvate formation in vitro.
The scenario above predicted RidA would have a detectable influence on the products of the CdsH
protein in vitro. CdsH activity was assessed by a coupled assay with lactate dehydrogenase to
measure the formation of pyruvate. The rate of the reaction was calculated over time in the
presence or absence of RidA protein (Figure 2.6). From these data a number of points were noted.
In the absence of RidA, the rate of pyruvate formation decreased at concentrations of cysteine

above 1 mM. This behavior of CdsH was observed previously, and was attributed to the
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spontaneous reaction of L-cysteine with a 2AA intermediate, leading to the formation of the
cyclized compound 2-methyl-2,4-thiazolidine-dicarboxylate (MTD) (29). The relevant reaction is
schematically shown in Figure 2.7. An alternative assay monitoring sulfide release from cysteine
determined the K,, of CdsH for L-cysteine was 0.17 - 0.21 mM, and found sulfide inhibited the
reaction with a K; of 0.010 mM (26, 29). The data presented in Figure 2.6 displayed sigmoidal
kinetics of CdsH, consistent with the positive cooperatively (n = 1.9) reported for this enzyme
(29).

The addition of RidA to the CdsH reaction increased the rate of pyruvate formation at all
cysteine concentrations (Figure 2.6). The CdsH-dependent rate of pyruvate formation was greatest
at 1 mM cysteine, where including RidA in the reaction increased the rate 3.8-fold. Increasing the
concentration of cysteine to 2 mM decreased the rate of CdsH-catalyzed pyruvate formation and
is attributed to the diversion of 2AA by cysteine as depicted in Figure 2.7. However, the addition
of RidA had the greatest relative effect at 2 mM cysteine, increasing the rate 5.8-fold. At
concentrations of cysteine above 4 mM the rate of pyruvate formation decreased in a cysteine
dependent manner despite the presence of RidA (Figure 2.6). Additional controls substituting
bovine serum albumin (10 pg/pl) for RidA had no affect on CDS activity. These data, when viewed
in light of the reaction mechanism previously described, suggest that at high concentrations of
cysteine, there is a competition between cysteine and RidA for the 2A A intermediate (Figure 2.7).

Conclusions. The purpose of this study was to describe the mechanism of cysteine sensitivity
provoked by removing RidA from the metabolic network in S. enterica. Previous reports had
focused on the dehydration of serine by PLP-dependent serine/threonine dehydratases (IlvA and
TdcB) as sources of endogenous 2AA (7, 9, 10, 17, 42). The work here describes an additional

mechanism of endogenous 2AA formation that is dependent on the cysteine desulthydrase activity
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of CdsH. In vitro analysis showed that RidA enhanced the rate of CdsH-dependent pyruvate
formation from cysteine, consistent with the hypothesis that an unbound 2AA intermediate is
formed by CdsH and subsequently acted upon by RidA to increase the rate of enamine/imine
hydrolysis. Eliminating CdsH partially decreased the cysteine sensitivity of rid4 mutants while
increasing the sensitivity of the wild-type strain.

The findings presented here introduce an interesting dichotomy in which the detoxification of
cysteine, which is itself toxic to wild-type Salmonella when present at high concentrations, relies
on an enzyme-catalyzed reaction that proceeds through a dangerous reactive intermediate, 2-
aminoacrylate. S. enterica has a built-in defense against 2AA stress in the form of RidA.
Therefore, it seems that the benefit of detoxifying cysteine via a toxic intermediate outweighs the
potential consequence given the robust protection afforded to the cell by RidA. Salmonella relies
on the dedicated cysteine desulfthydrase encoded by cdsH to prevent cysteine from accumulating
to toxic levels. The PLP-dependent mechanism used by CdsH dictates that 2A A be generated as
a deliberate intermediate in the cysteine detoxification pathway, and demands the presence of
RidA to prevent 2AA stress.

This is the first example of a role for RidA in a dedicated detoxification pathway and
potentially represents a conserved role for RidA proteins in cysteine detoxification in other
organisms. In contrast, the dehydration of serine by IlvA is a side reaction of an enzyme that acts
primarily to convert threonine to 2-ketobutyrate in isoleucine biosynthesis. The generation of 2AA
in this context is therefore a consequence of substrate promiscuity, as serine degradation by IIvA
does not serve a crucial role in metabolism. In fact, the S. enterica genome encodes three Fe-S-
dependent serine deaminases (EC 4.3.1.17), SdaA, SdaB and TdcG, which specifically prevent the

accumulation of toxic levels of serine (51). The serine deaminase reactions catalyzed by these
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enzymes are thought to proceed through a 2AA intermediate (52), yet current data suggests that
these enzymes do not contribute to free 2AA accumulation in Sa/monella (unpublished data).

The unusual kinetics we observed for CdsH in vitro are in agreement with Kredich et al. They
reported that under similar assay conditions, the amount of free pyruvate generated by CdsH in the
presence of 2 mM cysteine was less than 10% of that expected based on the relative amount of
sulfide produced (29). The remaining ~ 90% of unrecovered pyruvate had been diverted to MTD
(Figure 2.7). The relevance of this side reaction forming MTD in vivo is questionable given the
differences between the assay conditions and cell environment. The neutral pH and relatively low
concentrations of cysteine found in the cell may prevent MTD from being formed (29), especially
when RidA is present. Furthermore, the physiological relevance of MTD in any organism remains
unclear (21, 53). However, there is interest in the use of thiazolidine derivatives in therapeutic
applications (21). MTD and other thiazolidine derivatives can be converted to cysteine non-
enzymatically or enzymatically, and are viewed as a means of delivering adequate doses of
cysteine to mammalian systems without causing cysteine toxicity (21). Given that cysteine behaves
as a nucleophile when attacking 2AA, future studies will address the possibility that additional
nucleophilic species react with 2AA in vitro. The results herein describe a new role for RidA in
metabolism and raise the possibility that other detoxification pathways could proceed through

reactive intermediates that are quenched by RidA.
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TABLE 2.1 Bacterial strains®

Strain Genotypeb

DM9404  ridA" in DM3480 background (wild-type)
DM3480 ridA3::MudJ

DM4748 ilvA595::Tnl0d(Tc)

DM5062 ridA3::MudJ ilvA595::Tnl0d(Tc)
DM12740  BL21AI pET20b-ridA

DM13827  ridA3::MudJ cdsH3

DM14240  cdsHI::Cm

DM14254  ridA3::MudJ cdsHI::Cm

DM14317  cdsHI::Cm ilvA595::Tn10d(Tc)
DM14319  ridA3::Mud cdsH::Cm ilvA595::Tn10d(Tc)
DM14430 BL21AI pET14b-cdsH

DM14497  ampG::Tnl0d(Tc)

DM14498  ampG::Tnl0d(Tc) cdsH3 (CdsH" > >>°P)
DM14499  ampG::Tnl0d(Tc) ridA::MudJ cdsH3 (CdsH" > >>°P)
DM14500 ampG::Tnl0d(Tc) ridA::MudJ

“ All strains were derived from Salmonella enterica serovar Typhimurium LT2 and were
obtained from the lab archive or made for this study.
’ MudJ refers to the MudJ 1734 insertion element (34). Tn/0d(Tc) refers to the transposition-

defective mini-Tn/0 (Tn/0A16A17) (33).
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FIGURE 2.1. RidA catalyzes the hydrolysis of reactive intermediates. The PLP-dependent
a,B-elimination of serine and cysteine proceeds through an unbound aminoacrylate intermediate.

RidA protein enhances the rate of intermediate hydrolysis.
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FIGURE 2.2. Growth inhibition increases with cysteine concentration. A) Wild-type

(DM9404) and B) rid4A (DM3480) strains were grown at 37°C in minimal glucose medium with
cysteine excluded (closed squares) or added to a final concentration of 0.1 mM (open triangles),
0.25 mM (open circles) or 0.5 mM (open diamonds). Error bars representing the standard error

(SEM) of three replicates are excluded as the replicates deviated less than 5% from the average

value.
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FIGURE 2.3. The cysteine sensitivity of a ridA strain does not require IlvA. Strains were
grown at 37°C in glucose minimal medium containing A) 5 mM serine or B) 1 mM cysteine.
Open symbols indicate the addition of 1 mM isoleucine. Growth is displayed for wild-type
(DM9404; squares), ridA (DM3480; circles) and ridA4 ilvA (DM5062; diamonds). Error bars
representing the standard error (SEM) of three replicates are excluded as the replicates deviated

less than 5% from the average value.
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FIGURE 2.4. 1IVE activity is reduced in ridA strains grown in the presence of exogenous

cysteine. Cultures were grown to stationary phase in glucose minimal medium containing 0.1%
casamino acids and 1 mM isolecuine, without exogenous cysteine (white bars) or with 0.25 mM
cysteine (gray bars). The specific activity of IIVE from three independent cultures was
determined based on 2-ketomethylvalerate (2KMV) formation in crude extracts. Error bars
represent the standard error (SEM). A) Wild-type (DM9404), B) rid4A (DM3480), C) ilv4
(DM4748) and D) ridA4 ilvA (DM5062). * indicates a significant difference based on one-way

ANOVA and Tukey’s test (p < 0.01).
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FIGURE 2.5. Lesions in cdsH improve growth of a ridA strain in the presence of cysteine.
Strains were grown in glucose minimal medium containing 0.25 mM cysteine. A) Growth of
wild-type (DM 14497; closed squares), rid4 (DM14500; closed triangles), cdsH3 (DM14498;
open circles) and rid4 cdsH3 (open diamonds). B) Growth of wild-type (DM9404; closed
squares), rid4 (DM3480; closed triangles), cdsH1::Cm (DM14240; open circles) and ridA
cdsHI::Cm (DM14254; open diamonds). Experiments were done in triplicate. Error bars

represent the standard error (SEM).
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resulting data are displayed with error bars representing the standard error (SEM).
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be hydrolyzed to pyruvate spontaneously or enzymatically through the activity of RidA. The
nucleophilic sulthydryl group of cysteine can also attack the C=C double bond of 2-
aminoacrylate, ultimately leading to the formation of the cyclized thiazolidine derivative, 2-
methyl-2,4-thiazolidine-dicarboxylate (MTD) (29). Solid arrows indicate enzyme-catalyzed steps

and dashed arrows indicate spontaneous reactions.
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CHAPTER 3
L-2,3-DIAMINOPROPIONATE GENERATES DIVERSE METABOLIC STRESSES IN

SALMONELLA ENTERICA'

'Ernst DC, Anderson ME, Downs DM. 2016. Molecular microbiology 101:210-223.

Reprinted here with permission of the publisher.
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3.1 ABSTRACT

Unchecked amino acid accumulation in living cells has the potential to cause stress by
disrupting normal metabolic processes. Thus, many organisms have evolved degradation strategies
that prevent endogenous accumulation of amino acids. L-2,3-diaminopropionate (Dap) is a non-
protein amino acid produced in nature where it serves as a precursor to siderophores, neurotoxins,
and antibiotics. Dap accumulation in S. enferica was previously shown to inhibit growth by
unknown mechanisms. The production of diaminopropionate ammonia-lyase (DpaL) alleviated
Dap toxicity in S. enterica by catalyzing the degradation of Dap to pyruvate and ammonia. Here,
we demonstrate that Dap accumulation in S. enterica elicits a proline requirement for growth and
specifically inhibits coenzyme A and isoleucine biosynthesis. Additionally, we establish that the
DpaL-dependent degradation of Dap to pyruvate proceeds through an unbound 2-aminoacrylate
(2AA) intermediate, thus contributing to 2AA stress inside the cell. The reactive intermediate
deaminase, RidA, is shown to prevent 2AA damage caused by Dpal.-dependent Dap degradation
by enhancing the rate of 2AA hydrolysis. The results presented herein inform our understanding
of the effects Dap has on metabolism in S. enterica, and likely other organisms, and highlight the

critical role played by RidA in preventing 2AA stress stemming from Dap detoxification.

3.2 BACKGROUND

The robustness of a given metabolic network is influenced by the availability and reactivity of
metabolites. Reactive metabolites, along with enzyme catalysts, facilitate the chemistry necessary
to sustain life. However, reactive metabolites can cause damage to cellular components if they
accumulate aberrantly. Systems for pre-empting damage caused by reactive metabolites often

include degradation, chemical modification, compartmentalization, or excretion of the relevant
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stressor (1, 2). The significance of this problem has been recognized by a recent suggestion that
many genes of unknown function are involved in protecting the cell from metabolic errors (1).
Aberrant amino acid accumulation represents a broadly encountered form of metabolic stress. For
example, human diseases such as phenylketonuria, branched-chain ketoaciduria, homocysteinuria,
cystinosis, and others are associated with amino acid build-up (3). In bacteria, several amino acids,
including serine and cysteine, cause metabolic stress and disrupt normal metabolic processes if
they accumulate (4-6). Organisms such as Escherichia coli and Salmonella enterica possess
independent degradative enzymes for serine and cysteine that keep the levels of these amino acids
low enough to minimize stress (4, 6).

L-2,3-diaminopropionate (Dap) is an amino acid produced by some plants and bacteria where
it serves as a precursor to secondary metabolites, including neurotoxins, antibiotics, siderophores
and polyamino acids (7-10). Chemically synthesized Dap derivatives are reported to act as potent
scavengers of reactive aldehyde species, including those implicated in neurodegenerative diseases
(11). Recent reports describing Dap synthesis in Staphylococcus aureus and Streptomyces albulus
revealed two distinct mechanisms of Dap production in bacteria, and demonstrated the importance
of this metabolite in iron acquisition and poly(L-diaminopropionic acid) production, respectively
(10, 12). Dap is not produced by E. coli or S. enterica, but it directly impairs growth of these
organisms by unknown mechanisms (13). The pyridoxal 5’-phosphate (PLP)-dependent
degradation of Dap to pyruvate catalyzed by diaminopropionate ammonia-lyase (DpalL; EC
4.3.1.15) helped alleviate Dap stress in E. coli and S. enterica (13). Expression of dpal and protein
production were specifically induced in S. enferica when exposed to Dap (13). Furthermore, the
narrow substrate range observed for DpaL in vitro and its favorable affinity for Dap (K, =0.1-0.3

mM) support a specific role for DpaL in degrading Dap to avoid metabolic stress (14—16).
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The mechanism proposed for Dpal. was reminiscent of other PLP-dependent eliminases,
including serine/threonine dehydratases (IlvA/TdcB; EC 4.3.1.19) and cysteine desulthydrase
(CdsH; EC 4.4.1.1), and suggested 2-aminoacrylate (2AA) was generated as an intermediate in the
degradation of Dap to pyruvate (17, 18). Strains of S. enterica lacking the enamine/imine
deaminase, RidA (EC 3.5.99.10), were more sensitive than wild type strains to the accumulation
of 2A A produced by IIvA and CdsH from serine and cysteine, respectively (19-23). Extrapolating
these results suggested that RidA could be an important component of Dpal-mediated Dap
detoxification in S. enterica.

This study was initiated to further characterize the mechanism of Dap sensitivity in S. enterica
and to expand our current understanding of the role RidA plays in preventing 2AA stress arising
from amino acid degradation. Here we show that Dap provokes a requirement for proline and
directly inhibits the biosynthesis of coenzyme A and isoleucine. Furthermore, we show that the
degradation of Dap by DpaL yields 2A A and exacerbates metabolic stress in the absence of RidA.
The work presented here adds to mounting evidence that RidA participates broadly in amino acid

detoxification pathways by preventing associated 2AA stress.

3.3 MATERIALS AND METHODS

Bacterial strains, media and chemicals. The bacterial strains used in this study were
generated from Salmonella enterica serovar Typhimurium LT2. Tn/0d indicates the transposition-
defective mini-Tn/0 (Tn/0A16A17) described previously (24). Minimal medium consisted of no-
carbon E medium (NCE) supplemented with 1 mM MgSQO, (25), trace minerals (26) and 11 mM
D-glucose as the sole carbon source. Standard rich medium was Difco nutrient broth (8 g/liter)

with sodium chloride (5 g/liter). Superbroth containing tryptone (32 g/liter), yeast extract (20
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g/liter), sodium chloride (5 g/liter) and sodium hydroxide (0.2 g/liter) was used when high cell
densities were required. Solid medium was made by adding Difco BiTek agar (15 g/liter).
Antibiotics were added as needed to minimal and rich growth medium at the following
concentrations, respectively: tetracycline, 10 and 20 pg/ml; kanamycin, 12.5 and 50 pg/ml;
chloramphenicol, 5 and 20 pg/ml; ampicillin, 15 and 150 pg/ml. L-2,3-diaminopropionate was
purchased from Chem-Impex International, Inc., Wood Dale, IL. Amino acids and vitamins used
in growth and enzyme activity assays were purchased from Sigma-Aldrich Chemical Company,
St. Louis, MO.

Genetic techniques and growth analysis. Genetic crosses were performed by
transduction using the high-frequency general transducing mutant of bacteriophage P22 (HT105/1,
int-201) (27). Standard methods used for performing transductions, purifying transductants from
phage and identifying phage-free recombinants were described previously (28, 29). The gene
replacement made in STM1002 (dpal) was constructed using the A-Red recombinase system
described by Datsenko and Wanner (30). To be consistent with the described activity of
diaminopropionate ammonia-lyase, the STM1002 gene locus was renamed dpalL.

Growth phenotypes were established in solid medium by using agar overlays. Concentrated
amino acid or vitamin stocks were spotted (5 pl) on the overlay surface and plates were incubated
overnight at 37°C. Growth phenotypes were determined in liquid medium by growing cultures to
full density in NB at 37°C. Cells were then pelleted and resuspended in an equal volume of saline
solution (85 mM), and 2 pl of the resuspension was inoculated into 198 pl of the relevant defined
growth medium contained in a 96-well microtiter plate. Microtiter plates were incubated at 37°C

while shaking in a Biotek EL808 ultra microplate reader. Growth was measured as the change in
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absorbance at 650 nm (ODsso) over time. Data were plotted as the average and standard deviation
of three biological replicates using GraphPad Prism 5.0f with the Y-axis displayed in log; format.

Proline cross-feeding experiments were performed in agar overlays. Reporter strains
(proline auxotrophs) were grown overnight in NB liquid at 37°C, washed once with NaCl and
overlaid in soft-agar on solid minimal glucose medium containing 1.3 mM L-arabinose (Sigma).
L-diaminopropionate was included in the growth medium at a final concentration of 0.25 mM,
where appropriate. Producer strains were freshly streaked for isolation and grown overnight at
37°C on NB medium containing ampicillin. Single colonies were picked and stabbed into the solid
overlay of the reporter strain and incubated at 37°C for 48 hours. Growth of the reporter strain was
assessed based on the change in turbidity in the embedded agar overlay surrounding the stab site.
Growth of the producer strain was determined based on outgrowth from the surface of the
inoculation site and was clearly distinguishable from growth of the embedded reporter strain.

Molecular methods. The dpal gene was amplified by PCR using Q5 High-fidelity DNA
polymerase (New  England  BioLabs) with  primers, Dpal-for-Ndel (5°-
AGAGAGCATATGCATGAGCTTAT-3’) and  DpalL-rev-BamHI  (5-AGAGAGGGA
TCCTTAAGCACT-3’). The resulting PCR product was gel purified, digested with Ndel (New
England BioLabs) and BamHI (New England BioLabs), and ligated into pET-15b (Novagen)
vector digested with the same restriction enzymes, forming pDM1451. Constructs were
transformed into Escherichia coli strain DH5a and the resulting transformants were screened for
vectors containing the appropriate insert. Plasmid inserts were confirmed by sequence analysis,
performed by Genewiz.

The proB and proA genes from S. enterica were amplified by PCR as a single amplicon

using GoTaq Green Master Mix (Promega) with primers, proAB Ncol F (5’-
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GAGACCATGGCCATGAGTGACAGCCAGACG -37) and proAB Pstl R (5°-
GAGACTGCAGTTACGCACGAATCGTACC -3’). The PCR reaction was cleaned-up, digested
with Ncol (New England BioLabs) and Pstl (New England BioLabs), gel purified and ligated into
pBAD24 (Guzman et al., 1995) previously digested with the same restriction enzymes, forming
pDM1457. Constructs were transformed into DH5a and the resulting transformants were screened
by PCR for the appropriate insert and confirmed by sequence analysis through Eton Bioscience
Inc. The proB gene encoded by pDM1457 was altered by site-directed mutagenic PCR using the
primer  proAB DIO7N  (5’-CGGGCAGATGCTGTTGACGCGTGCGAATATGGAAGAC
AGAGAGCGCTTTCTG -3’) and PfuUltra High-Fidelity DNA polymerase (Agilent), forming
pDM1462. As a result, basepair 319 of proB was changed from G-to-A, altering the encoded

protein to ProB”'"™™

, consistent with a previously reported feedback-resistant variant of ProB from
E. coli (31). The proB®*"* allele generated in pDM1462 was confirmed by sequence analysis,
performed by Eton Bioscience Inc.

Purification of diaminopropionate ammonia-lyase (DpaL). Wild type dpalL cloned into
pET-15b (pDM1451), containing an N-terminal polyhistidine-tag, was transformed into E. coli
BL21-AlI for overexpression and Ni-affinity purification. Cells were inoculated into 10 ml of
superbroth containing ampicillin and grown overnight at 37°C. Overnight cultures were sub-
cultured into 3 liters of superbroth containing ampicillin and grown at 37°C while shaking at 250
rpm until an ODgso of 0.5 was reached. Expression was induced by adding arabinose (0.2 %) and
IPTG (0.1 mM) and cultures were shifted to 30°C for 16 hours. Cells were pelleted at 4°C by
centrifugation (15 min at 8,000 x g) and resuspended in buffer A (50 mM potassium phosphate pH

7.5 containing 100 mM sodium chloride, 5 mM imidazole and 10 % glycerol). Lysozyme (30 mg)
g

and DNase (1 mg) were added to the cell suspension and incubated on ice for 30 minutes. Cells
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were mechanically lysed using a French pressure cell (3 passes at 10,342 kPa). The resulting crude
cell lysate was clarified by centrifugation (1 hr at 48,000 x g) and filtered through a 0.22-pm
polyethersulfone membrane (Whatman). The filtered lysate was added to a column containing 5
ml of Ni-nitriloacetic acid (NTA) Superflow resin (Qiagen). The column was washed with 50 ml
of buffer A, then eluted with buffer B (buffer A + 500 mM imidazole) added to the column in a
linear gradient over 10 column volumes. The resulting fractions were analyzed for purity, then
pooled and dialyzed against 2 x 1 L of 20 mM Tris-HCI pH 8 containing 100 mM NacCl for 3 hrs,
followed by 1 x 1 L of 20 mM Tris-HCI pH 8 containing 5 % glycerol overnight. Protein recovery
as determined by the BCA assay (Pierce) was 4.2 mg/ml. Protein aliquots were frozen in liquid
nitrogen and stored at -80°C.

Diaminopropionate ammonia-lyase (DpaL) assays. Diaminopropionate ammonia-lyase
(Dpal) activity was measured by coupling pyruvate formation to NADH oxidation using lactate
dehydrogenase (Sigma) and monitoring the decrease in absorbance at 340 nm as previously
described (16). RidA was purified and its activity was confirmed previously (23). Assays consisted
of 100 mM Tris-HCI pH 8, 0.25 mM NADH, and 5 U lactate dehydrogenase. Dpal. and RidA were
added at final monomeric concentrations of 0.2 uM and 0.9 uM, respectively, achieving a 1:3 ratio
of oligomeric Dpal (dimer) to RidA (trimer). L-2,3-diaminopropionate was added at final
concentrations ranging from 0 - 80 mM to initiate reactions. Each reaction consisted of 300 ul and
was monitored continuously at 22°C in a 96-well quartz plate using a SpectraMax M2 (Molecular
Devices) microplate reader. Initial rates of NADH consumption were calculated from the linear
change in absorbance at 340 nm over the course of 2 minutes following an initial non-linear phase
(~60 seconds). A standard curve of NADH concentration based on Ajs was used to calculate

enzyme activity, reported as the initial rate of pyruvate formation in pmol/min. Experiments were
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performed in triplicate, and the resulting data were plotted using GraphPad Prism 5.0f and fit to
the Michaelis-Menten model where appropriate.

Purification of y-glutamate Kkinase (ProB) and glutamyl 5-semialdehyde
dehydrogenase (ProA). ProB and ProA, encoded by the respective genes from E. coli, were
purified from ASKA strains possessing the appropriate pCA24N constructs (32). The resulting
proteins contained N-terminal hexahistidine tags. Strains were grown overnight at 37°C in 10 ml
of superbroth containing chloramphenicol. Overnight cultures were inoculated into 1 L each of
superbroth containing chloramphenicol and cultures were grown at 37°C with aeration until an
ODgso of 0.5 was reached. Expression was induced by adding IPTG (0.02 %) and cultures were
shifted to the appropriate growth conditions. Expression of proB was performed at 37°C for 8
hours. Expression of proA4 was carried out at 20°C overnight (~16 hours). Cells were then harvested
by centrifugation (15 min at 8,000 x g) and frozen at -80°C overnight. Cell pellets were thawed
and resuspended in 50 mM Tris-HCI pH 7.2 containing 200 mM NaCl, 1 mM TCEP and 10 mM
imidazole. Lysozyme (10 mg), DNase (0.25 mg) and phenylmethanesulfonyl fluoride (1 mg) were
added and the cell suspensions were incubated on ice for 45 minutes. Cells were mechanically
lysed using a French pressure cell (3 passes at 10,342 kPa). The resulting lysates were clarified by
centrifugation and passed through 0.45-pm polyethersulfone filters (Whatman). A 50 % slurry of
Ni-NTA Superflow (Qiagen) resin was added (2 ml) to each lysate and incubated at 4°C with gentle
shaking for 1 hour. The resin-lysate mixes were added to 10 ml Poly-Prep (Bio-Rad)
chromatography columns and allowed to settle. Each column was washed with 30 ml of 50 mM
Tris-HCI pH 7.2 containing 200 mM NaCl, 1 mM TCEP, 40 mM imidazole and 10 % glycerol.
ProB and ProA were then eluted from each column by adding 5 ml of elution buffer (50 mM Tris-

HCI pH 7.2 containing 200 mM NaCl, 1| mM TCEP, 300 mM imidazole and 10 % glycerol).
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Fractions (0.5 ml) were collected and pooled together following SDS-PAGE analysis to determine
protein purity. The buffer was exchanged with 50 mM Tris-HCI pH 7.2 containing 10 % glycerol
using a PD-10 Sephadex G25 column (GE Healthcare). The concentration of ProB and ProA
protein recovered as determined by the BCA assay (Pierce) was 1.2 mg/ml and 8.1 mg/ml,
respectively. Protein aliquots were frozen in liquid nitrogen and stored at -80°C until use.

v-glutamate kinase (ProB) and glutamyl S-semialdehyde dehydrogenase (ProA)
assays. Continuous assays. ProB and ProA were assayed together by measuring the rate of
NADPH oxidation catalyzed by ProA, with the labile substrate (y-glutamyl phosphate) generated
from glutamate by ProB, as previously described (33). Assays consisted of 100 mM Tris-HCI pH
7.2 containing 16 mM MgCl,, 4 mM ATP, 0.3 mM NADPH, 0.2 uM ProB and 0.6 uM ProA. L-
2,3-diaminopropionate was added at various concentrations (0 — 10 mM) to determine the impact
on ProAB activity. Reactions (300 pl) were initiated by adding L-glutamate (12 mM) and the
change in Aszyy corresponding to NADPH oxidation was monitored for 5 minutes. Experiments
were performed in a 96-well quartz plate using a SpectraMax M2 (Molecular Devices) microplate
reader. Initial rates were calculated based on the extinction coefficient of NADPH (g = 6,220 M
cm™), and were reported in pmol/min. Representative data are presented in the text as the average
and standard deviation of three independent experiments.

End-point assays. ProAB endpoint assays were completed in 0.5 ml reaction volumes
consisting of 50 mM MES/HEPES/TAPS pH 7.5 containing 16 mM MgCl,, 4 mM ATP, 1 mM
NADPH, 0.4 uM ProB and 2 uM ProA. NADPH was excluded in a subset of reactions intended
to accumulate y-glutamyl phosphate. L-2,3-diaminopropionate (10 mM) was included when
appropriate and L-glutamate (12 mM) was added to initiate reactions, followed by incubation at

30°C for 16 hours. Protein was removed using a 10,000 Da molecular weight cutoff
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microcentrifuge filter (Millipore). Aliquots (20 pl) of the resulting protein-free solution were
derivatized with o-phthalaldehyde (OPA; 80 pl) for 90 seconds and directly injected onto a Gemini
C18 column (Phenomenex) pre-equilibrated with methanol-tetrahydrofuran-50 mM sodium
acetate buffer pH 6.6 (24:1:75). The concentration of methanol was increased in a linear gradient
to 80% over the course of 20 minutes while absorbance (A = 190 - 600 nm) and fluorescence (Ex:
340 nm; Em: 455 nm) were monitored in tandem using the SPD-M20A (Shimadzu) and RF-20Axs
(Shimadzu) detectors, respectively. Peaks corresponding to all known reaction components were
accounted for. In an alternative approach to derivatization and HPLC analysis, protein-free
reaction aliquots were submitted directly for LC/MSD-TOF analysis at the University of
Wisconsin Biotechnology Center (Madison, WI) and were analyzed in the positive mode following
reverse phase separation.

Pantothenate synthetase (PanC) assays. PanC was provided by J. V. Bazurto and was
purified as previously described (34).

Continuous assays. PanC assays were performed using a coupled enzyme system according
to previous reports (34, 35). Briefly, the ATP-dependent ligation of pantoate to -alanine produced
AMP. AMP and ATP were converted to 2 moles of ADP by myokinase. The resulting ADP was
used to accept a phosphate from phosphoenolpyruvate in a reaction catalyzed by pyruvate kinase,
generating pyruvate. Finally, lactate dehydrogenase catalyzed the oxidation of NADH to reduce
pyruvate to lactate.

Reactions (200 pl) consisted of 100 mM Tris-HCI pH 7.5 containing 10 mM MgCl,, 0.3
mM NADH, 1.5 mM phosphoenolpyruvate, 2.5 mM ATP, 5 U myokinase, 5 U pyruvate kinase, 5
U lactate dehydrogenase, 4 mM pantoate and 0.05 pM PanC. L-2,3-diaminopropionate and/or -

alanine were added at increasing concentrations to initiate reactions. Assays were performed in a
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96-well quartz plate and monitored for 5 minutes using a SpectraMax M2 (Molecular Devices)
microplate reader. Initial rates were calculated from the change in A4y corresponding to NADH
oxidation. Based on the coupling assay design, 1 mol of pantothenate (or pantothenate analog) was
produced per 2 moles of NADH oxidized. A standard curve of As4 plotted as a function of NADH
concentration was used to calculate rates, reported as nmol NADH consumed per min. The
resulting data were fit with a curve using the Michaelis-Menten equation in GraphPad Prism 5.0f.

Endpoint assays. PanC endpoint assays were performed in 0.5 mls and consisted of 50 mM
potassium phosphate buffer pH 8 containing 10 mM MgCl,, 2.5 mM ATP, 4 mM pantoate and 1
puM PanC. L-2,3-diaminopropionate (5 mM) was added when appropriate. Reactions were initiated
by adding B-alanine and assays were incubated at 28°C for 16 hours. PanC was removed from the
reactions using a 30,000 Da molecular weight cutoff centrifuge filter (Millipore). Aliquots (40 pl)
of the resulting protein-free solution were mixed with OPA (80 pl) and allowed to react for 90
seconds at room temperature, while the remainder of the sample was frozen at -20°C. Derivatized
samples were then analyzed by reverse-phase high-performance liquid chromatography using the
Shimadzu Prominence HPLC system. Absorbance and fluorescence were monitored in tandem by
using the SPD-M20A photo diode array detector (A = 190 — 600 nm) and the RF-20Axs
fluorescence detector (Ex: 340 nm; Em: 455 nm), respectively. A Gemini C18 column
(Phenomenex) equipped with a C18 SecurityGuard (Phenomenex) cartridge was pre-equilibrated
with 60 % mobile phase A (water containing 0.1 % trifluoroacetic acid pH 2.5) and 40 % mobile
phase B (methanol containing 0.1 % trifluoroacetic acid pH 2.5). Samples (20 pl) were introduced
onto the column at a flowrate of 1 ml/min and eluted by increasing the concentration of mobile
phase B to 100 % over 20 minutes. Samples displaying unique product peaks indicative of Dap-

derivatization were identified for follow-up analysis by mass spectrometry (MS). The
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corresponding non-derivatized samples and appropriate controls were submitted for MS analysis
at the University of Wisconsin Biotechnology Center (Madison, WI). Crude samples (5 pl) were
pre-separated by liquid chromatography using a Zorbax SB-C18 column (Agilent) and mass data
were obtained by MSD-TOF analyzed in the positive mode.

Threonine dehydratase (IlvA) assays. [IvA was provided by K. Hodge-Hanson and was
purified following a previously described protocol (36). Reactions (300 pul) consisted of 50 mM
potassium phosphate pH 8 and 65 nM IlvA. L-2,3-diaminopropionate was added at increasing
concentrations. Experiments were performed in triplicate and measured in a 96-well quartz plate
using a SpectraMax M2 (Molecular Devices) microplate reader. Reactions were initiated by adding
L-threonine and monitored continuously at 230 nm for 60 seconds. Initial rates were determined
based on the increase in A,z corresponding to a-ketobutyrate (AKB) production. A standard curve
of AKB concentrations relative to A,3p was generated and used to calculate reaction rates, reported
as umol of AKB produced per minute. The data, reported as the average and standard deviation of
three independent experiments, were fit with curves corresponding to a mixed model of inhibition
using GraphPad Prism 5.0f. Lineweaver-Burke plots were generated and used to confirm the mode

of inhibition.

3.4 RESULTS AND DISCUSSION

L-2,3-diaminopropionate elicits a proline requirement in wild type S. enterica. Wild
type S. enterica (DM14828) failed to grow in glucose minimal medium containing 0.25 mM Dap
within 12 hours (Figure 3.1A). Growth of the wild type strain resumed after 12 hours, whereas a
dpal mutant (DM14881) failed to grow within 24 hours, suggesting DpalL was required to

overcome Dap inhibition (data not shown). To understand the growth defect, the wild type strain
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was embedded in soft-agar overlays on solid minimal glucose medium containing 1 mM Dap.
Each of the 20 common amino acids and various vitamins were individually spotted on the agar
surface. Growth stimulation was assessed after overnight incubation at 37°C. Of the supplements
spotted, only L-proline stimulated growth. Liquid growth studies confirmed that I mM L-proline
eliminated the growth inhibition caused by Dap (Figure 3.1A). In addition to serving as a building
block of proteins, proline behaves as an osmoprotectant in many prokaryotes and eukaryotes (37).
The alternative osmolyte, glycine betaine (1 mM), was added to cultures of wild type S. enterica
grown in the presence of 0.25 mM Dap. Glycine betaine failed to restore growth in the presence
of Dap (data not shown), suggesting proline acted by a mechanism other than osmoprotection.

In E. coli and S. enterica, proline biosynthesis is initiated by y-glutamyl kinase (ProB; EC
2.7.2.11), catalyzing the phosphorylation of glutamate to generate y-glutamyl phosphate (Figure
3.1B). y-glutamyl phosphate is labile and susceptible to nucleophilic attack, including spontaneous
cyclization in solution (38). ProB is thought to form an enzyme aggregate with the second enzyme
in the proline biosynthetic pathway, glutamate 5-semialdehyde dehydrogenase (ProA; EC
1.2.1.41), to avoid exposure of the labile intermediate to the cellular milieu (38). A previous report
described variants of ProB or ProA in E. coli that exacerbated y-glutamyl phosphate accumulation,
leading to selective reactivity with thiol containing amino acids in vivo and in vitro (39). It was
plausible that the primary amine attached to the P-carbon of Dap reacted with y-glutamyl
phosphate, or the subsequent proline intermediate, glutamate 5-semialdehyde. This scenario was
supported by literature describing reactivity between Dap and electrophilic carbonyl groups (11).
The E. coli ProA and ProB enzymes were purified from strains harboring the appropriate ASKA
(A Complete Set of E. coli K-12 ORF Archive) library constructs described by Kitagawa et al.

(32). The impact of Dap on ProAB activity was tested in vitro by monitoring the conversion of
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glutamate (12 mM) to glutamate 5-semialdehyde based on the ProAB-dependent oxidation of
NADPH (Amax = 340 nm). ProAB activity was not significantly different with (6.2 = 0.2 nmol
NADPH oxidized/uM ProB min™) or without (5.6 + 0.2 nmol NADPH oxidized/uM ProB min™")
Dap (10 mM) included in the assay, indicating that Dap did not inhibit y-glutamyl kinase or
glutamate 5-semialdehyde dehydrogenase activities directly. Similar assays consisting of ProAB
and glutamate (with and without NADPH) were incubated overnight in the presence of Dap (10
mM) and analyzed by HPLC or submitted for LC-MS analysis to determine if a Dap-conjugated
metabolite was formed with y-glutamyl phosphate or glutamate 5-semialdehyde. Prior to HPLC
analysis, reactions were derivatized with o-phthalaldehyde (OPA), and peaks corresponding to
glutamate (Ex: 340 nm; Em: 455 nm) and Dap (Amax = 420 nm) were readily detected, while no
additional peaks that would reflect a Dap-derivatized proline intermediate were detected (data not
shown). Mass spectrometry similarly failed to identify a novel Dap derivative.

It was possible that Dap inhibited the final enzyme in the proline pathway, pyrroline 5-
carboxylate reductase (ProC; EC 1.5.1.2). ProC catalyzes the NAD(P)H-dependent reduction of
1-pyrroline-5-carboxylate (P5C) to proline (Figure 3.1B). Previous reports demonstrated that
strains lacking ProC activity excreted P5C, capable of cross-feeding a proAB null mutant strain
(Berg and Rossi, 1974). Wild type strains of E. coli and S. enterica do not excrete P5C or proline
due to tight regulation of flux through the proline pathway (40). A wild type E. coli strain carrying

PIONY did cross-feed a proC null mutant strain (31).

a feedback-resistant variant of ProB (ProB
Based on these phenotypic reports, experiments were designed to test whether Dap altered the

cross-feeding by P5C or proline. A plasmid encoding S. enterica ProABP'*™N downstream of the

arabinose-inducible promoter of pPBAD24 was generated. The resulting construct (pDM1462) was
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transformed into wild type and proC mutant strains, generating producer strains intended to excrete
proline (DM15352) and P5C (DM15356), respectively.

A series of feeding experiments were preformed and the data, some of it shown in Table 2,
supported the hypothesis that Dap inhibits ProC in vivo. The wild type strain containing pDM 1462
(DM15352) was able to cross-feed proAB (DM5846) and proC (TT9667) null mutants overlaid on
glucose minimal medium (with or without DAP) containing arabinose. These data indicated that
DM15352 excreted proline. The corresponding empty vector control (DM15353) failed to
stimulate growth (data not shown). The proC mutant containing pDM1462 (DM15356) failed to
cross-feed the proC null strain on either medium, consistent with the absence of a functional ProC
(Table 3.2). Critically, when inoculated into a lawn of a pro4B mutant on minimal medium, strain
DM15356 both grew at the inoculation site and stimulated growth of the lawn. The growth of
DM15356 indicated that a pro4B mutant (DM5846) generated enough proline from the P5C
provided (by DM15356) to feed the inoculating strain. In contrast, when Dap was added to the
medium, DM15356 failed to grow at the site of inoculation or stimulate growth of the proAB
reporter strain. The simplest explanation for these results in total is that Dap inhibited ProC in
DM5846, and prevented it from a) growing, and b) producing proline to feed DM15356. The
inhibition of ProC-dependent growth by Dap was always overcome by feeding proline directly.
Because these observations were made in vivo, it is formally possible that the inhibition of ProC
by Dap occurs indirectly following an interaction between Dap and another component of the
cellular milieu.

Mutants lacking DpaL are sensitive to Dap due to altered pantothenate synthetase
activity. The data above indicated that proline biosynthesis is the first critical target of Dap in vivo.

If DpalL was removed from the metabolic network, additional Dap would accumulate and
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potentially uncover distinct targets of Dap toxicity. Deleting the gene encoding DpaL prevented
growth of S. enterica in the presence of 0.25 mM Dap and 1 mM proline (Figure 3.2). Nutrient
requirements of the dpal mutant strain (DM14881) were determined on solid minimal glucose
medium containing 1mM Dap and 1 mM proline. Only the coenzyme A precursor, pantothenate,
stimulated growth. Liquid analysis corroborated this phenotype and showed that pantothenate (100
uM), in addition to proline, was required for growth of a dpal mutant strain in the presence of
Dap (Figure 3.2). These data were consistent with the absence of Dpal. causing increased
accumulation of Dap that led to the inhibition of pantothenate biosynthesis, in addition to proline
biosynthesis.

In bacteria, pantothenate is generated by pantothenate synthetase (PanC; EC 6.3.2.1)
through the ATP-dependent ligation of -alanine and pantoate. PanC was considered a potential
target of inhibition by Dap due to the similarity of f-alanine and Dap, which differ by a single
amino group bound to the a-carbon of Dap. An untargeted screen of amino acid inhibitors of PanC
from E. coli offered preliminary evidence that Dap could negatively affect pantothenate synthetase
activity in vitro (41). Similarly, growth experiments with Corynebacterium diphtheriae
demonstrated that Dap antagonized the growth stimulation afforded by B-alanine (42). S. enterica
PanC activity was measured in vitro by a coupled assay monitoring the oxidation of NADH
(Az40nm) 1n the presence of Dap. Control experiments showed Dap had no effect on the activity of
the coupling enzymes. When Dap was added to PanC reactions lacking B-alanine, a background
rate of PanC-dependent NADH oxidation was detected (Figure 3.3). PanC affinity for Dap (K, =
8.1 mM) was approximately ten-fold less than for B-alanine (K, = 0.66 mM; Bazurto and Downs,
2014). These data suggested Dap could interfere with pantothenate production in vivo, thereby

eliciting a pantothenate requirement when Dap accumulation was provoked.
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The cause of detectable PanC activity when Dap, but not B-alanine, was present in the
reactions was investigated. It was formally possible that the stock of Dap had contaminating -
alanine or alternatively that Dap was serving as a substrate for PanC, leading to the formation of a
pantothenate analog. PanC reactions were set up containing the canonical PanC substrates, or Dap
in lieu of B-alanine, and the reaction products were analyzed in each case. The completed reactions,
and the corresponding unreacted controls, were derivatized with OPA and separated by high
performance liquid chromatography. Comparing HPLC traces between the Dap stock and a [3-
alanine standard ruled out B-alanine contamination in the Dap stock and indicated that a unique
PanC product had been formed when Dap was present (data not shown). The identity of the Dap-
dependent PanC product was identified by mass spectrometry. Aliquots from the PanC reactions
described above were analyzed by electrospray ionization mass spectrometry in the positive mode
after elution from a liquid chromatography column. The data showed that, as expected,
pantothenate was formed in reactions containing B-alanine (m/z = 220; Figure 3.4A). In reactions
containing Dap instead of B-alanine, no pantothenate was formed and a major chemical species
with a mass-to-charge ratio (m/z = 235) that matched the predicted product formed through the
condensation of pantoate and Dap was present (Figure 3.4B). Together these data established that
Dap had the ability to inhibit pantothenate production in S. enferica, and suggested that in vivo,
Dap would be converted to the pantothenate analog, 2-aminopantothenate, at some frequency. The
observation that intact DpalL enzyme prevented Dap from causing a pantothenate limitation in S.
enterica highlighted the role of DpaL in mitigating Dap stress.

RidA quenches 2AA produced by DpalL. in vitro. The a,-elimination reaction catalyzed
by DpaL acting on Dap as a substrate was predicted to proceed through a 2AA intermediate,

followed by spontaneous conversion to pyruvate (18). This suggested the Dpal enzyme could
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belong to a growing class of PLP-dependent enzymes that contribute to 2AA stress in the absence
of RidA. Addition of RidA to enzymatic reactions that released 2A A into solution led to detectable
increases in the rate of 2AA hydrolysis to pyruvate in vitro (23, 36). Recombinant DpaL protein
was purified and assayed in the presence and absence of RidA. In the absence of RidA,
recombinant DpaL displayed specific activity (4.9 pmol/min/mg) consistent with previous reports
(Figure 3.5) (15). Adding RidA to the reaction at a 3:1 active site ratio of RidA (trimer) to Dpal
(dimer) resulted in a ~64 % increase in the rate of pyruvate formation at 6 mM Dap (10.8 nmol/min
without RidA versus 17.3 nmol/min with RidA) (Figure 3.5). At high concentrations of Dap (>48
mM), RidA had no effect on the rate of pyruvate formation (Figure 3.5). A possible interpretation
of these data is that when Dap concentrations are elevated, RidA hydrolase activity becomes
inhibited. A physiological significance of this finding is unlikely given the artificially high
concentrations of Dap required to inhibit RidA in vitro. Nonetheless, this observation differs from
the previously observed direct sequestration of 2AA by cysteine (23, 43), in that elevated
concentrations of Dap only inhibited reactions containing RidA. The generation and release of
2AA by DpaL in vitro suggested that this enzyme contributed to 2AA stress in vivo.

DpaL influences the sensitivity of a rid4 strain to Dap. The potential for DpaL to
contribute to 2A A stress in S. enterica was tested by growing a ridA4 strain (DM14829) with 0.25
mM Dap. In the presence of Dap a rid4 mutant had a growth defect that could not be rescued by
proline and/or pantothenate (Figure 3.6). To clarify the cause of the growth defect, a rid4 dpal
double mutant strain (DM14882) was constructed and tested under appropriate growth conditions.
Disrupting dpalL in a rid4 background eliminated Dap sensitivity of the ridA strain when proline
and pantothenate were included in the growth medium (Figure 3.6). When compared to data

presented in Figure 3.2, it was apparent that growth of the rid4 dpal mutant was not restored to
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the same level as the dpal single mutant despite proline and pantothenate supplementation,
implicating additional nutrient limitation(s) caused by the rid4 mutation. Isoleucine, added in
combination with proline and pantothenate, restored full growth of the rid4 dpalL strain (Figure
3.6). Importantly, growth of the ridA4 strain (DM14829) was not restored wherever Dap was added
to the growth medium. These data were consistent with a model wherein DpaL. degrades Dap and
releases 2AA into the cellular milieu, leading to 2AA stress and growth inhibition in the absence
of RidA. This scenario was supported by the finding that the addition of glycine partially alleviated
the Dap sensitivity of a ridA strain (data not shown). Glycine relieves the growth inhibition caused
by 2AA damage of serine hydroxymethyltransferase (GlyA; EC 2.1.2.1) in strains lacking RidA
(22, 44).

Previous work showed isoleucine biosynthesis is negatively impacted by 2AA produced
from endogenous serine in the absence of ridd (19, 20, 45). Endogenously generated 2AA
inhibited the final step of the isoleucine pathway catalyzed by transaminase B (IlVE; EC 2.6.1.42),
and reduced flux to isoleucine without causing an isoleucine-limited growth defect in minimal
glucose medium (19, 20). It was possible that a combined effect of 2AA (from serine) and Dap on
the isoleucine biosynthetic pathway explained the stimulatory effect of isoleucine on growth of the
ridA dpal (DM14882) strain in the presence of Dap. Biosynthetic threonine dehydratase (IlvA)
catalyzes the first committed step in isoleucine biosynthesis and is susceptible to inhibition by
amino acids structurally related to threonine, including serine (46, 47). When monitored in vitro,
Dap displayed mixed inhibition of IlvA with respect to threonine (K; = 1.7 mM) (Figure 3.7). The
conversion of Dap to pyruvate by IIvA could not be detected under the conditions tested (data not
shown). The mixed nature of inhibition is consistent with the ability of amino acids to bind to

allosteric sites on the enzyme while simultaneously competing with threonine substrate for access
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to the IlvA active site (47). In vivo data demonstrated a role for RidA in preventing metabolic
stress caused by 2A A generated from the degradation of Dap mediated by DpaL.. Abolishing DpaL
in a ridA strain alleviated 2A A stress caused by Dap, but uncovered a minor isoleucine requirement
likely stemming from the combined inhibition of IlvA by Dap and damage to the isoleucine
pathway caused by Dap-independent 2AA production.

Conclusions. Results presented in this report shed light on the mechanisms of Dap toxicity
in S. enterica and demonstrated the importance of Dpal and RidA in mitigating sensitivity to Dap
(Figure 3.8). In vivo, Dap elicited a proline requirement in wild type S. enterica despite the
presence of an intact Dpal. enzyme. In the absence of Dpal, Dap accumulation led to the inhibition
of pantothenate synthetase, causing a pantothenate limitation. Lastly, the inhibition of threonine
dehydratase by Dap contributed to a detectable isoleucine deficiency in the absence of both DpalL
and RidA.

These insights raise questions as to whether or not Dap inhibits similar metabolic processes in
other organisms. Enteric bacteria including E. coli and S. enterica maintain low levels of
intracellular proline and are unable to induce proline biosynthesis in response to osmotic stress,
instead relying on uptake from the extracellular environment (37). Therefore, enteric bacteria may
be particularly susceptible to disrupted proline biosynthesis caused by Dap in the absence of an
abundant extracellular supply of proline. Staphylococcus aureus is known to produce Dap as a key
intermediate in siderophore biosynthesis when grown in the presence of mammalian serum (12),
yet displays a conditional proline auxotrophy when grown under these conditions despite the
presence of all genes necessary for proline production in the genome (48). Perhaps our findings
highlight the need to temporally coordinate Dap and proline production to prevent inhibitory cross-

talk, thereby favoring iron acquisition (i.e. Dap production) over proline production in the context
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of infection. The finding that Dap specifically inhibits pyrroline 5-carboxylate reductase (ProC)
may in part explain the presence of alternative routes to proline in S. aureus speculated to be
induced under low-iron conditions (48), where Dap production would likely be elevated.

The conserved function of pantothenate synthetase among bacteria, plants and fungi suggests
that organisms that rely on de novo coenzyme A production may be sensitive to excessive Dap
accumulation. Mycobacterium tuberculosis was attenuated when PanC activity was disrupted,
confirming that de novo pantothenate biosynthesis is important for the pathogenic lifestyle of some
organisms (49, 50). Furthermore, these findings may inform future drug discovery efforts, as the
majority of pantothenate synthetase inhibitors described to date have been analogues of ATP or
pantoate (35). Although Dap serves as a precursor to many secondary metabolites and antibiotics,
data presented here and elsewhere (42, 51) show that Dap itself elicits antimicrobial effects and
may influence microbial community dynamics in the environment. The potential toxicity of Dap
suggests that organisms that produce Dap endogenously likely regulate Dap concentrations in the
cell, or have developed alternative metabolic strategies to circumvent nutrient limitations caused
by Dap.

Diaminopropionate ammonia-lyase represents an additional generator of endogenous 2AA in
Salmonella. These results confirm a pattern of 2AA generation mediated by fold-type II PLP-
dependent enzymes acting on amino acid substrates. Homologs of Dpal have not been observed
in any eukaryotic organisms to date, suggesting the dedicated capacity to degrade Dap is likely
unique to prokaryotes (13, 18). However, many fold-type II PLP enzymes are found throughout
each domain of life, suggesting that several mechanisms of endogenous 2AA production likely
exist. This report corroborates previous findings related to cysteine detoxification by CdsH,

showing that RidA participates in amino acid detoxification by preventing concomitant 2AA
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stress. These findings also raise broader questions regarding the significance of 2AA. S. enterica
degrades toxic levels of serine by an Fe-S dependent mechanism catalyzed by serine dehydratase
(SdaA; EC 4.3.1.17). Our unpublished work and a recent report confirmed that the SdaA enzyme
does not release a 2AA substrate for RidA (52). In light of alternative options, why employ a
mechanism that releases potentially damaging 2AA? Perhaps RidA hydrolase activity confers a
selective advantage to PLP-dependent 2AA release mechanisms that are less susceptible to
oxidative damage in comparison to Fe-S dependent mechanisms. Alternatively, free 2AA may
interact with cellular components in order to serve as an important regulatory signal akin to
hydrogen peroxide (53). Regardless, the frequent co-occurrence of PLP-dependent eliminases and
RidA homologs among distantly related organisms supports the argument for an evolutionarily

conserved role of RidA in preventing 2AA stress (54).
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TABLE 3.1. Bacterial strains and plasmids

Strain or plasmid  Genotype or description Source

Strains
TT9667 proC693::MudA Lab collection
DM5846 proAB::Tn10d(Tc) Lab collection
DM14224 E. coli BL21-Al/pDM1451  This study
DM14828 Wild type LT2 This study
DM 14829 ridA1::Tnl10d(Tc) This study
DM14881 dpaL::Kn This study
DM14882 ridA1::Tnl10d(Tc) dpaL::Kn This study
DM15352 Wt/ pDM1462 This study
DM15353 Wt/ pBAD24 This study
DM15356 proC693::MudA / pDM1462  This study
DM15357 proC693::MudA / pPBAD24 This study

Plasmids
pDM1451 pET15b - DpaL™* This study
pDM 1457 pBAD24 - ProAB™ This study
pDM 1462 pBAD24 - ProABP'""N This study

Tn/0d(Tc) indicates a transposition-defective mini-Tn/0 (24). MudA
indicates a transposition defective Mu element (55). Plasmids
constructed using pET15b (Novagen) and pBAD24 (56) are described

in the Materials and methods.
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TABLE 3.2. Dap inhibits ProC in vivo

Producer strain®

Wt/pDM1462  proC/pDM1462

Reporter strain” Media®  (DM15352) (DM15356)
proAB (DM5846) - Dap +4 +
+ Dap + -
proC (TT9667) - Dap + -
+ Dap + -

*Proline auxotrophs served as reporter strains for P5C or proline
utilization. Strains were grown in rich medium then embedded in

soft-agar overlaid on minimal growth medium lacking proline.

®Growth was assessed on minimal glucose medium containing
arabinose (1.3 mM). Dap was added to the growth medium at a final

concentration of 0.25 mM, where indicated.

‘Producer strains were grown on NB agar. Single colonies were

stabbed into agar overlays of the reporter strain.

dCross-feeding was designated as growth (+) or no growth (-) based
on turbidity of the reporter strain after 48 hours at 37°C. Outgrowth
of the producer strains (not shown) from the sites of inoculation is

described in the text.
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FIGURE 3.1. L-2,3-diaminopropionate elicits a proline requirement in S. enterica. A) Wild
type S. enterica (DM14828) was grown at 37°C in glucose minimal medium containing no addition
(open circle); 0.25 mM Dap (closed square); or 0.25 mM Dap and 1 mM proline (closed triangle).
The data reflect experiments performed in triplicate. Error bars representing the standard deviation
are not visible because the replicates deviated less than 5 % from the mean. B) Proline biosynthesis
in S. enterica occurs in four steps, beginning with the ATP-dependent phosphorylation of
glutamate, generating y-glutamyl 5-phosphate (1). The conversion of glutamate 5-semialdehyde
(2) to 1-pyrroline-5-carboxylate (3) occurs spontaneously (dashed line). Proline feedback-

regulates the first enzyme (ProB) in the pathway.
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FIGURE 3.2. Pantothenate and proline are required for growth of a dpal mutant in the
presence of Dap. A dpal mutant strain (DM14881) was grown at 37°C in glucose minimal
medium containing no addition (open circle); 0.25 mM Dap (closed square); 0.25 mM Dap and 1
mM proline (closed triangle); or 0.25 mM Dap, 1 mM proline, and 0.1 mM pantothenate (open
triangle). The data reflect experiments performed in triplicate. Error bars representing the standard
deviation are not visible as the replicates deviated less than 5 % from the mean. Growth with Dap
and pantothenate together was indistinguishable from Dap alone under the conditions tested (data

not shown).
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FIGURE 3.3. L-2,3-diaminopropionate serves as a substrate for pantothenate synthetase.
PanC activity was measured by a coupled assay, relying on the oxidation of NADH (AA3z40nm), in
the presence of increasing concentrations of Dap. The initial rate of NADH oxidation in the
presence of Dap was determined in the absence of B-alanine. Observed rates were completely
dependent on the addition of enzymes and co-substrates as outlined in Experimental procedures.
Data are plotted as the average and standard deviation of three independent experiments. The data

were fit with a curve in GraphPad Prism 5.0f using the Michaelis-Menten equation.
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FIGURE 3.4. L-2,3-diaminopropionate reacts with pantoate in the presence of PanC to form

a pantothenate analog. PanC assays containing pantoate, ATP and A) B-alanine or B) L-2,3-

diaminopropionate as substrates were carried out for 16 hours. PanC was removed by size-

exclusion filtration and samples were submitted for LC/MSD-TOF analysis in the positive mode.

Insets show the reaction components and anticipated products, pantothenate (219 g/mol; m/z =

220) and 2-aminopantothenate (234 g/mol; m/z = 235), respectively.
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FIGURE 3.5. Diaminopropionate ammonia-lyase (DpaL) generates a 2AA substrate for
RidA in vitro. Reactions consisted of DpaL (0.2 uM) alone (open circle) or DpaL and RidA (0.9
uM) (closed square). Assays were performed in triplicate and are plotted as the average and
standard deviation. The data from DpaL-only assays were fit with a curve in GraphPad Prism 5.0f

using the Michaelis-Menten equation.
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FIGURE 3.6. DpaL influences the sensitivity of a ridA strain to inhibition by Dap. A rid4
strain (DM 14829, open symbols) and a ridA dpalL strain (DM 14882, closed symbols) were grown
in glucose minimal medium containing no addition (circles); 0.25 mM Dap, 1 mM proline , and
0.1 mM pantothenate (squares); or 0.25 mM Dap, 1 mM proline , 0.1 mM pantothenate, and 1 mM
L-isoleucine (triangles). Experiments were performed in triplicate and plotted as the average and

standard deviation.
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FIGURE 3.7. L-2,3-diaminopropionate inhibits IlvA. IlvA assays were performed in the
presence of varying concentrations of Dap: 0 mM (open circle; R* = 0.97), 0.5 mM (closed square;
R” = 0.98), 2.5 mM (open triangle; R* = 0.97), and 5 mM (closed inverted triangle; R* = 0.98).
Data are plotted as the average and standard deviation of three independent experiments performed
in parallel. (Top) The data were fit according to a mixed model of inhibition using GraphPad Prism

5.0f. (Bottom) Lineweaver-Burke analysis demonstrates mixed inhibition.
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FIGURE 3.8. Proposed role of L-2,3-diaminopropionate (Dap) in the metabolic network. Dap
negatively impacts metabolism in S. enterica by directly inhibiting proline, pantothenate and
isoleucine biosynthesis. Dap also serves as a precursor to 2-aminoacrylate (2AA), leading to 2AA

stress in the absence of RidA.
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CHAPTER 4
2-AMINOACRYLATE STRESS INDUCES A CONTEXT-DEPENDENT GLYCINE

REQUIREMENT IN RIDA STRAINS OF SALMONELLA ENTERICA'

'Ernst DC, Downs DM. 2016. Journal of Bacteriology 198:536—543.
Reprinted here with permission of the publisher.
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4.1 ABSTRACT

The reactive enamine, 2-aminoacrylate (2AA), is a metabolic stressor capable of
damaging cellular components. Members of the broadly conserved Rid (RidA/YER057¢c/UK114)
protein family mitigate 2AA stress in vivo by facilitating enamine/imine hydrolysis. Previous
work showed that 2AA accumulation in ridA4 strains of Salmonella enterica led to the
inactivation of multiple target enzymes, including serine hydroxymethyltransferase (GlyA).
However, the specific cause of a ridA strains inability to grow during periods of 2AA stress had
yet to be determined. Work presented here shows that glycine supplementation suppressed all
2AA-dependent ridA strain growth defects described to date. Depending on the metabolic
context, glycine appeared to suppress ridA4 strain growth defects by eliciting a GevB small RNA-
dependent regulatory response or by serving as a precursor to one-carbon units produced by the
glycine cleavage complex (GCV). In either case, the data suggest that GlyA is the most
physiologically sensitive target of 2A A inactivation in S. enterica. The universally conserved
nature of GlyA among free-living organisms highlights the importance of RidA in mitigating
2AA stress.

Importance. The RidA stress response prevents 2-aminoacrylate (2AA) damage from
occurring in prokaryotes and eukaryotes alike. 2A A inactivation of serine
hydroxymethyltransferase (GlyA) from Salmonella enterica restricts glycine and one-carbon
production, ultimately reducing fitness of the organism. The co-occurrence of genes encoding
2AA production enzymes and serine hydroxymethyltransferase (SHMT) in many genomes may
in-part underlie the evolutionary selection for Rid proteins to maintain appropriate glycine and

one-carbon metabolism throughout life.
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4.2 BACKGROUND

Rid (RidA/YERO057¢/UK114) proteins are found throughout each kingdom of life, indicating
these proteins serve fundamental roles in cellular processes. Bioinformatics analyses identified
eight subgroups within the Rid protein family (1). The archetypal RidA subfamily is broadly
distributed, and includes the best-studied RidA enzyme from Sal/monella enterica, while the
remaining seven Rid subgroups are primarily restricted to bacteria. In S. enterica, RidA is known
to pre-empt metabolic damage caused by the unbound reactive enamine, 2-aminoacrylate (2AA)
(2). In the absence of RidA, 2AA persisted in solution long enough to inactivate multiple target
enzymes in vivo and in vitro (2—4). RidA proteins isolated from organisms spanning the tree of
life displayed similar enamine/imine deaminase activity (5, 6), suggesting RidA enzymes serve a
conserved role in preventing 2AA stress.

2AA stress arises as a consequence of some pyridoxal 5’-phosphate (PLP)-dependent
enzyme activities. Previous analysis of S. enterica showed that PLP-dependent serine/threonine
dehydratases (IlvA/TdcB; EC 4.3.1.19), cysteine desulthydrase (CdsH; EC 4.4.1.1), and
diaminopropionate ammonia-lyase (DpaL; EC 4.3.1.15) generated free 2AA from exogenous
serine, cysteine and diaminopropionate, respectively, leading to complete growth inhibition in
the absence of RidA (7, 8) (D. C. Ernst, M. E. Anderson and D. M. Downs, submitted for
publication). In the absence of exogenous 2A A precursors, basal IIvA activity produced
sufficient 2AA from endogenous serine to cause a minor growth defect in ridA4 strains grown in
minimal glucose medium (9). The minor growth defect coincided with measureable 2AA
inactivation of several PLP-dependent target enzymes, including serine
hydroxymethyltransferase (SHMT) (GlyA, EC 2.1.2.1), alanine racemases (Alr/DadX , EC

5.1.1.1) and transaminase B (IlVE, EC 2.6.1.42) (2—4). Isoleucine prevented [lvA-dependent
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2AA production from serine (endogenous or exogenous) and restored growth of ridA strains to
wild type levels through feedback-inhibition of IIlvA (9). Isoleucine failed to restore growth to a
ridA strain grown in the presence of exogenous cysteine or diaminopropionate (8) (D. C. Ernst,
M. E. Anderson and D. M. Downs, submitted for publication), or when containing a feedback-
resistant variant of IlvA (IlVA***"") and grown in minimal glucose medium (10). Taken together,
these data showed that isoleucine limitation alone could not explain the growth defects displayed
by a ridA strain faced with 2AA stress.

Of the 2AA targets described to date, GlyA was inactivated to the greatest extent in ridA
strains relative to wild type (20% of wild type activity in minimal glucose medium) (4). GlyA
catalyzes the reversible transfer of a hydroxymethyl group from serine to tetrahydrofolate (THF),
forming glycine and the one-carbon unit, 5,10-methylene-tetrahydrofolate (5,10-mTHF) (Figure
4.1). Glycine can be further catabolized by the glycine cleavage complex (GCV) to generate
additional one-carbon units. Alternatively, glycine may serve as a proteinaceous amino acid,
metabolic precursor, or regulatory signal (11). Work published by Flynn et al. demonstrated that
ridA strains grown aerobically on glucose as the sole carbon source experienced a defect in one-
carbon metabolism stemming from 2AA damage to GlyA (4). The one-carbon limitation
diminished coenzyme A (CoA) biosynthesis, leading to pyruvate accumulation in the growth
medium that correlated with a minor growth defect of the 7idA strain. The CoA precursor
pantothenate stimulated CoA production in a ridA strain but failed to restore wild type growth. In
contrast, glycine restored both growth and CoA production to wild type levels in a ridA4 strain
grown in minimal glucose medium (4). Building on this previous work, results presented herein
demonstrate that glycine alleviates all ridA-dependent growth defects. However, the mechanism

by which glycine suppresses these growth defects depends on the metabolic context. This work
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underlines the crucial role played by RidA in protecting GlyA from 2AA damage to facilitate
efficient glycine and one-carbon metabolism. The ubiquity of GlyA homologs among free-living

organisms may in-part explain the broad conservation of RidA enzymes.

4.3 MATERIALS AND METHODS

Bacterial strains, media and chemicals. All strains used for this study are derivatives of
Salmonella enterica serovar Typhimurium LT2 and are listed with their respective genotypes in
Table 4.1. Tn/0d(Tc) refers to the transposition-defective mini-Tn/0 (Tn/0A16A17) described
by Way et al. (12). Each strain was constructed for this study.

Minimal growth medium consisted of no-carbon E medium (NCE) supplemented with 1
mM MgSO,(13) and trace elements (14). Glucose (11 mM) or pyruvate (50 mM) were provided
as the sole carbon source where indicated. Difco nutrient broth (NB; 8 g/liter) with sodium
chloride (5 g/liter) was used as rich medium. Difco BiTek agar (15 g/liter) was added for solid
medium. When added, final amino acid and vitamin concentrations were as follows: L-serine, 5
mM; L-cysteine, 0.25 mM; L-2,3-diaminopropionate, 0.1 mM; L-isoleucine, 1 mM; glycine,
0.67 mM; methionine, | mM; pantothenate, 0.1 mM; thiamine, 0.1 uM. Antibiotics were added
at the following final concentrations when necessary for rich and minimal medium, respectively:
20 and 10 pg/ml tetracycline; 20 and 5 pg/ml chloramphenicol; 50 and 12.5 pg/ml kanamycin.
L-2,3-diaminopropionate was purchased from Chem-Impex International, Inc., Wood Dale, IL.
All other chemicals were purchased from Sigma-Aldrich Chemical Company, St. Louis, MO.

Genetic techniques. Strains were constructed by transductional crosses using the high-
frequency general transducing mutant of bacteriophage P22 (HT105/1, int-201) (15). Methods

used to perform transductions, remove phage contamination from cells and identify phage-free
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recombinants were described previously (16, 17). Gene replacements were made using the A-red
recombineering strategy described by Datsenko and Wanner (18). Primers gcvB_ Wanner For
(5’- ACTTCCTGAGCCGGAACGAAAAGTTTTATCGGAATGCGTGGTGTAG
GCTGGAGCTGCTTC-3") and gcvB_Wanner Rev (5’-AGCACCGCAATATGG
CGGTGCTACATTAATCACTATGGACCATATGAATATCCTCCTTAG-3’) were used to
insert a genetic marker at the gcvB locus, forming gcvB32::Kn. The gcvP locus was disrupted
previously, forming gcvP31::Cm. All gene replacements were reconstructed in the appropriate
isogenic strain backgrounds for this study.

Growth phenotypes were assessed in solid medium using agar overlays or in liquid
medium using growth curves as described previously (19). Growth curves were performed as
follows: an overnight NB culture of the relevant strain was pelleted and resuspended in an equal
volume of saline (85 mM), and 5 pl was used to inoculate 195 pl of growth medium contained
within each well of a 96-well microtitre plate (Corning). Microtitre plates were incubated at 37°C
while shaking and growth was monitored by the change in optical density (OD) at 650nm
(ODsso) using a BioTek E1x808 plate reader. All growth experiments were performed in triplicate
and the resulting data were plotted using GraphPad Prism 5.0f, generating curves in log;o-format
that display the average and standard deviation of the replicates. Specific growth rates (u) were
calculated according to the following equation: In(X/Xy)/T, where X is ODgso, Xo is the starting
ODgso of the exponential growth period monitored, and T is time in hours.

Transaminase B (IlvE) assays. IIVE activity was measured in crude lysates as
previously described (8). Cultures were grown at 37°C with aeration to stationary phase in 2 ml
of NB. Cells were pelleted and resuspended in an equal volume of saline (85 mM NacCl), and 100

ul was used to inoculate 5 ml of minimal glucose medium. Where appropriate, isoleucine (1
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mM) or glycine (0.67 mM) were included in the growth medium. Cultures were returned to 37°C
and incubated ~6-8 hrs while shaking until an ODgso of 1 was achieved. Cultures were chilled on
ice, then pelleted (8,000 x g) at 4°C. Cell pellets were gently resuspended in NCE medium (1
ml), then harvested by centrifugation as above and frozen at-20°C until assayed. Upon thawing,
cell pellets were resuspended in 250 pl of 50 mM potassium phosphate buffer (pH 8.0). An
aliquot of the cell suspension (30 pl) was added to 150 pl of buffer containing 50 nM PLP, 10
nM 2-ketoglutarate and 10% PopCulture (Merck). Reactions were pre-equilibrated for 10
minutes at 37°C, then initiated by adding 20 pl of 0.2 mM isoleucine. After 20 minutes, the
reactions were terminated by adding 2,4-dinitrophenylhydrazine (DNPH), and the amount of 2-
ketomethylvalerate (2KMYV) produced was quantified to assess IIVE activity. Following
derivatization with DNPH, the relevant hydrazone was extracted with toluene, washed with
hydrochloric acid (0.5 N) and treated with sodium hydroxide (1.5 N) to allow chromophore
formation. The absorbance of the chromophore-containing aqueous layer was measured
spectrophotometrically at 540nm using a Spectramax M2, and compared to a standard curve of
2KMV generated using the same extraction and chromophore development procedure. Cell-free
extracts were generated and the amount of protein in each extract was quantified using the
bicinchoninic acid (BCA) assay (Pierce). IIVE activity is reported as nmol 2KMV formed/mg of
protein/min. The data are displayed as the average and standard deviation of three independent
experiments. Statistical significance (p<0.01) was determined by conducting one-way analysis of

variance (ANOVA) and Tukey’s post-test using GraphPad Prism 5.0f.
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4.4 RESULTS AND DISCUSSION

Glycine alleviates growth arrest caused by 2AA. The effect exogenous glycine had on
growth of a ridA strain in minimal glucose medium was reported previously (4). Glycine
suppressed the minor growth defect of a ridA strain and prevented pyruvate accumulation,
suggesting that glycine limitation may contribute to alternative ridA4 phenotypes. Consistent with
previous reports, the addition of serine, cysteine or diaminopropionate to cultures of a ridA strain
grown in minimal glucose medium completely prevented growth as a consequence of 2AA
production (7, 8) (D. C. Ernst, M. E. Anderson and D. M. Downs, submitted for publication)
(Table 4.2). Additionally, a ridA strain did not grow with pyruvate as the sole carbon source (10)
(Table 4.2). The impact of exogenous glycine on these phenotypes was quantified in liquid
cultures containing minimal glucose medium and the respective 2AA precursors, or in minimal
medium containing pyruvate as the sole carbon source. The addition of glycine (0.67 mM) to
cultures of a ridA strain (DM14829) containing 5 mM serine restored growth (Figure 4.2),
resulting in a specific growth rate (u) of 0.34 h™' (Table 4.2). Although the same final cell density
was achieved, the ridA strain grew slower than wild type (DM14828; = 0.60 h™") in the
presence of serine and glycine, suggesting that additional metabolic deficiencies persisted in the
ridA strain. Growth was similarly restored when glycine was added to ridA4 cultures containing
0.25 mM cysteine (= 0.30 h™") or 0.1 mM diaminopropionate (u = 0.43 h™), or when pyruvate
served as the carbon source (i = 0.33 h™") (Table 4.2). In each case, the growth rate of ridA4
cultures supplemented with glycine remained less than the respective wild type cultures, but the
final cell densities were equivalent (data not shown). Additional amino acids and vitamins were
tested for their ability to suppress ridA strain growth defects caused by 2AA stress induced by

serine or cysteine added to the growth medium. Previous reports described the stimulatory effect
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threonine and isoleucine had on growth of 7idA4 strains inhibited by exogenous serine (9, 20).
None of the remaining common amino acids or coenzyme precursors, including pyridoxal,
thiamine or pantothenate, significantly stimulated growth of the ridA strain in the presence of
serine or cysteine (data not shown). These observations suggest that the perturbation of glycine
metabolism was the most sensitive defect encountered by ridA strains challenged with 2AA
stress, and showed that glycine significantly alleviated all 7id4 strain growth defects identified to
date.

It was possible that glycine suppressed the growth defect of the ridA4 strain by preventing
2AA formation and/or accumulation. To test this possibility, the influence of glycine on
transaminase B (IIVE) activity was assessed in a rid4 background. Previous studies demonstrated
the susceptibility of IIVE to free 2A A inactivation by covalent modification of the enzyme (2, 9),
rendering IIVE a reliable proxy for endogenous 2AA levels. IIVE activity was measured in crude
lysates of wild type and ridA strains grown to stationary phase (ODgso = 1) in minimal glucose
medium containing the appropriate additions. IIVE activity was significantly reduced (p<0.01) in
a ridA background (234 nmol/min/mg) relative to the wild type control (370 nmol/min/mg) when
grown in minimal glucose medium, while isoleucine (1 Mm) added to the growth medium
preserved IIVE activity in the ridA strain (333 nmol/min/mg) as compared to wild type (334
nmol/min/mg) (Figure 4.3), consistent with previous reports (9). When glycine (0.67 Mm) was
present in the growth medium, IIVE activity in a rid4 strain (232 nmol/min/mg) remained
significantly reduced (p<0.01) relative to wild type (395 nmol/min/mg) (Figure 4.3). These data
showed that exogenous glycine did not prevent 2A A formation/accumulation or concomitant
damage caused to IIVE. Thus, a simple scenario suggested that glycine restored growth to a rid4

strain under 2AA stress by bypassing a target of that stress (i.e. GlyA).
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GcevB, but not GCV, is required to suppress ridA strain sensitivity to exogenous
serine. Glycine serves as an amino acid building block in protein biosynthesis throughout life.
Glycine can also function as a metabolic precursor, contributing to the production of one-carbon
units and a variety of core metabolites (Figure 4.1). Additionally, glycine influences the
regulation of metabolism, coordinating the production of metabolic enzymes with the nutrient
state of the cell (21). A genetic approach was taken to tease apart the relative benefit of glycine
to a ridA strain experiencing 2AA stress. A genetic marker inserted in gcvP, which encodes the
P-protein of the glycine cleavage complex (GCV), prevented further catabolism of glycine to
5,10-Mthf, carbon dioxide and ammonia. If the benefit of glycine to a ridA4 strain was due to
restored one-carbon units, the lesion in gcvP was predicted to abolish glycine rescue of a ridA
strain grown in the presence of exogenous serine. Instead, the rid4 gcvP double mutant strain
(DM14839) grew biphasically in minimal glucose medium containing 5 Mm serine even in the
absence of exogenous glycine (Figure 4.4). The biphasic growth consisted of a primary (~15 h)
slow growth phase (u = 0.06 h™), followed by a faster secondary growth phase (u=0.28 h™)
(Table 4.2). Growth of the gcvP single mutant strain (DM 14838) was similar to the wild type
strain under the conditions tested (Table 4.2). These data indicated that glycine accumulation in
the absence of GCV directly suppressed the ridA4 strain growth defect (Figure 4.4). The addition
of glycine to ridA gcvP (DM14839) cultures containing serine circumvented the initial slow
growth phase and enabled monophasic growth, achieving a growth rate (u=0.18 h™")
intermediate to the biphasic growth rates observed in the absence of glycine (Table 4.2; Figure
4.5A). Together, these data demonstrated that GCV was not essential for glycine suppression of

ridA strain sensitivity to exogenous serine.
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A genetic marker inserted into the gcvB locus to prevent transcription of the GevB sSRNA
was used to assess whether glycine was required for regulatory purposes. The GcvB sRNA was
previously shown to negatively regulate translation of a number of amino acid uptake and
biosynthesis enzymes in response to glycine accumulation in S. enterica (22). The regulatory
cascade leading to GevB production is initiated when glycine disrupts the protein complex
formed between GevA and GevR, freeing GevA to activate transcription of gcvB and other target
genes (Figure 4.1). The ridA gcvB double mutant (DM14837) did not grow in minimal medium
containing 5 mM serine, while growth of the gcvB single mutant (DM14836) was
indistinguishable from wild type (DM 14828) (Table 4.2). Including glycine in the growth
medium did not stimulate growth of the rid4 gcvB strain (DM 14837) in minimal medium
containing serine (Table 4.2; Figure 4.5A), demonstrating that the GecvB sRNA was essential for
glycine suppression of serine sensitivity in a ridA4 strain. Genetic experiments found that deleting
the major serine transporter regulated by GevB, SstT, had no impact on serine sensitivity or
glycine suppression phenotypes in a rid4 background (data not shown).

GCYV is necessary and sufficient for glycine effect in moderate 2A A stress scenario.
The impact of gcvP or gcvB on additional rid4 phenotypes was tested to determine if the
mechanism of glycine suppression was conserved. In contrast to the results seen with exogenous
serine, the ridA gcvP strain (DM14389) was unable to grow when cysteine or diaminopropionate
were included in the growth medium despite the addition of glycine (Table 4.2; Figure 4.5B).
Similarly, glycine failed to stimulate growth of the rid4 gcvP strain when pyruvate was provided
as the sole carbon source (Table 4.2). Disruption of the GevB sRNA had no impact on the
growth response of a ridA strain to cysteine, diaminopropionate or pyruvate (Table 4.2). Growth

of the rid4 gcvB double mutant strain (DM 13897) was restored to roughly the same rate as the
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ridA single mutant strain when glycine was added to cultures containing cysteine (u = 0.31 h™")
(Figure 4.5B) or diaminopropionate (u = 0.51 h™), or when pyruvate served as the sole carbon
source (u = 0.35 h™"). These data demonstrated that glycine suppression of rid4 strain sensitivity
to cysteine, diaminopropionate or pyruvate relied on an intact GCV, but was unaffected by the
GcevB sRNA. The conclusion drawn from these data is that the stimulation of one-carbon
production by GCV-mediated catabolism of glycine was required to support growth of a ridA
strain inhibited by 2A A produced from cysteine or diaminopropionate, or when pyruvate served
as the carbon source.

A genetic strategy was devised to address the contradicting mechanisms of glycine
suppression observed for a ridA strain inhibited by exogenous serine compared to the alternative
sources of growth inhibition (i.e. cysteine, diaminopropionate and pyruvate). To bypass the
variable of serine uptake, the ilv4219 allele encoding an IlvA variant (IlvA"**'") resistant to
feedback inhibition by isoleucine (23) was introduced into the appropriate strain backgrounds to
exacerbate 2A A production from endogenous serine, as previously described (9, 10). Consistent
with previous reports, the uncontrolled activity of IIvVA“**"" in an ilv4219 ridA background
(DM14831) inhibited growth in minimal glucose medium (Figure 4.6A), achieving a final cell
density (Final ODgsp = 0.22) more than 2-fold less than the ilv4219 single mutant strain
(DM14830) (Final ODgso = 0.57) (Table 4.3). These data were consistent with a nutrient
limitation caused by increased 2AA stress in the ilv4219 ridA strain. Adding glycine to the
growth medium stimulated growth of the ilv4219 ridA strain, reaching the same final cell density
as the ilvA219 single mutant (Final ODgso = 0.58). A lesion in gcvP prevented glycine from
stimulating growth of the ilv4A219 ridA gcvP mutant strain (DM14843), while the inactivation of

gevB in the ilvA219 ridA gevB strain (DM 14841) did not affect glycine stimulation (Figure
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4.6B). The data showed that glycine suppressed the growth defect of a ridA4 strain caused by
endogenous serine in a GCV-dependent manner, counter to the GevB sRNA requirement for
glycine suppression of the growth defect caused by exogenous serine described above. These
data suggest that there is no inherent difference in the metabolic consequences encountered by a
ridA strain experiencing 2AA stress, regardless of the source of 2AA. The different mechanistic
determinants of glycine suppression observed between endogenous versus exogenous serine
stress conditions likely reflects the disparate 2AA burdens caused by unequal levels of serine
accumulation inside the cell.

GCV is dispensable for growth of an ilvA219 ridA strain when downstream products
of one-carbon metabolism are provided directly. The necessity of GCV to allow glycine to
stimulate growth of the ilv4219 ridA strain suggested that products of one-carbon metabolism were
limiting. In S. enterica, one-carbon units are required for DNA methylation reactions and the
biosynthesis of purines, thiamine, methionine, pantothenate and histidine (24). The impact of these
metabolites on growth of the i/v4A219 ridA strain in minimal glucose medium was compared to that
of glycine (Table 4.3). Thiamine (0.1 uM), pantothenate (0.1 mM) and methionine (1 mM)
independently restored growth of the ilv4219 ridA strain to the same final cell density as the
glycine supplemented cultures (Table 4.3). Furthermore, the disruption of gcvP in the ilvA219 ridA
gcvP strain (DM14843) had little impact on the growth suppression afforded by these metabolites,
suggesting that the need for an intact GCV was bypassed by directly feeding downstream products
requiring one-carbon units instead of glycine. None of the products of one-carbon metabolism (i.e.
thiamine, pantothenate, methionine) stimulated growth of a rid4 (DM14828) strain inhibited by
exogenous serine, cysteine or diaminopropionate (data not shown), perhaps reflecting altered

growth requirements caused by different levels of 2AA damage inside the cell. Histidine had no
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impact on growth of any of the strains grown under the conditions described for Table 4.3 (data
not shown). The addition of adenine as a purine source further diminished the already low level of
growth displayed by the i/v4219 ridA strain in minimal glucose medium (data not shown), possibly
through feedback inhibition of the shared pathway for thiamine production. These data suggest
that in an ivA4219 ridA background, 2A A damage to GlyA limits the production of one-carbon units
required for the biosynthesis of thiamine, pantothenate or methionine. The ability of these
metabolites to suppress the growth defect independently may reflect a one-carbon sparing
phenomenon. Alternatively, because coenzyme A and methionine are known to stimulate
production of thiamine in S. enterica (25), these data may indicate that a thiamine limitation is the
key to the growth defect observed for the ilv4A219 ridA strain.

Conclusions. The aim of this study was to determine why strains of S. enterica lacking
RidA were unable to grow when challenged with 2AA. The data support a model in which the
growth-limiting defect of ridA strains is 2AA inactivation of GlyA, which causes a disruption in
glycine and one-carbon production. Exogenous glycine suppressed the growth defects of a rid4
strain caused by cysteine, diaminopropionate or pyruvate only when gcvP was intact, suggesting
glycine was used to generate additional one-carbon units via GCV. Similarly, when 2AA was
produced from endogenous serine by an isoleucine-insensitive variant of [IvA, glycine
suppression required a functional GCV.

Surprisingly, the ability of glycine to allow growth of a ridA strain in the presence of
exogenous serine required the regulatory GevB small RNA, but not a functional GCV. The
concentration of exogenous serine (5 mM) supplied to cultures was 20-50 times greater than
cysteine (0.25 mM) or diaminopropionate (0.1 mM), and approximately 70 times greater than

levels endogenous serine (based on intracellular serine concentrations determined for E. coli)
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(26). Therefore, it is reasonable to predict that exogenous serine resulted in a large pool of
endogenous 2AA, leading to broad inactivation of target enzymes, including but not limited to
GlyA. In this scenario, gcvP-dependent one-carbon production alone was insufficient to
overcome the metabolic needs of the cell despite glycine supplementation. We propose that ridA
strains grown in the presence of exogenous serine experience substantial damage to targets aside
from GlyA, eliciting one or more nutritional requirements in addition to glycine. The addition of
glycine serves to rewire the metabolic network by eliciting a GevB-dependent regulatory
response to overcome 2AA stress caused by exogenous serine. The GevB regulon consists of
over 50 targets in S. enterica (22) and it is likely that growth in the presence of high 2A A stress
required the cumulative effect of genes in the regulon. Significantly, the lack of GevB would
result in derepression of the major serine transporter (SstT), and indirectly (via Lrp) reduce the
expression of sdad (27). SdaA (EC 4.3.1.17) is an Fe-S cluster serine dehydratase that degrades
serine without releasing the reactive 2AA species (Chen and Downs, unpublished; G. Grant,
personal communication). Thus, the lack of GevB could contribute to enhanced serine uptake
and similarly prevent efficient degradation of serine by a non-toxic route (i.e. SdaA), thereby
exacerbating 2AA stress to the point where one-carbon production by GCV would be insufficient
to restore growth to a ridA strain.

In the absence of exogenous serine, glycine was required to suppress alternative ridA4
growth defects by stimulating one-carbon production, catalyzed by GCV. The phenotypic data
presented herein are consistent with biochemical data presented by Flynn et a/. that showed
GlyA activity was reduced (20% of wild type activity) in ridA strains grown in minimal glucose
medium, leading to a downstream deficiency in one-carbon units (4). In the absence of an

extreme 2A A burden (i.e. exogenous serine), the stimulation of one-carbon production by GCV
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and glycine was sufficient to restore growth in the presence of exogenous cysteine,
diaminopropionate or pyruvate, or when 2AA was produced from endogenous serine by the
isoleucine-insensitive variant of [lvA, suggesting a one-carbon limitation is the primary defect
encountered by ridA strains under the growth conditions tested. Because thiamine, methionine
and pantothenate individually stimulated growth of an i/lv4219 ridA strain, consistent with one-
carbon units being spared, it remains to be seen if one of these metabolites alone is primarily
limiting for growth.

Insights gained from our work in S. enferica inform our understanding of the RidA
paradigm in other organisms. Serine hydroxymethyltransferase (SHMT, EC 2.1.2.1) is one of
only two PLP-dependent enzymes encoded in genomes of all free-living organisms, the other
being aspartate aminotransferase (EC 2.6.1.1) (28). Future work is needed to address whether or
not SHMT inactivation by 2AA elicits similar glycine or one-carbon requirements in other
organisms. It is feasible that alternative metabolic configurations may preclude SHMT
inactivation from drastically impacting growth given that alternative strategies of glycine
production from threonine have been described (29, 30). In such cases, different targets of 2AA
inactivation (e.g. aspartate aminotransferase) may have a greater impact on organism fitness.
Nonetheless, several organisms produce one or more isozymes of SHMT, and in some cases
SHMT is predicted to co-localize with RidA homologs throughout the cell. For example, the
RidA homolog (At3g20390) from Arabidopsis thaliana is targeted to the plastid (6), while
SHMT (AtSHMT3) activity can also be detected there (31). In Saccharomyces cerevisiae, the
SHM1 isozyme of SHMT and the yeast RidA homolog (Yil051cp) both localize to the
mitochondria (32, 33). In some mammalian cell lines, RidA-like UK 114 is produced in the

cytoplasm (34), while SHMT isozymes are found in both the cytosol and mitochondria (35).
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Developing a better understanding of the link between RidA homologs and SHMT may lead to
better chemotherapeutics to combat diseases such as cancer, as tumor cells rely heavily on flux
through SHMT to meet the rampant demand for glycine and one-carbon units necessary for rapid
cell growth and division (36-38). Interestingly, UK 114 serves as a cytotoxic tumor antigen in
some forms of cancer (39), perhaps reflecting a reliance by cancer cells on UK114 to preserve
efficient SHMT activity. Future investigation of connections between Rid enzymes and glycine
and one-carbon metabolism are warranted given the importance of this node of metabolism

throughout life.
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TABLE 4.1 Bacterial strains

Bacterial strain Genotype
DM14828 Wild type LT2
DM14829 ridA1::Tnl0d(Tc)*
DM14830 ilvA219
DM14831 ilvA219 ridA1::Tnl10d(Tc)
DM 14836 gcvB32::Kn
DM 14837 ridA1::Tnl10d(Tc) gcvB32::Kn
DM14838 gcvP31::Cm
DM 14839 ridA1::Tnl10d(Tc) gcvP31::Cm
DM 14840 ilvA219 gcvB32::Kn
DM14841 ilvA219 ridA1::Tnl10d(Tc) gcvB32::Kn
DM 14842 ilvA219 gcvP31::Cm
DM14843 ilvA219 ridA1::Tnl10d(Tc) gcvP31::Cm

* Tnl0d(Tc) refers to the transposition-defective mini-Tn/0 (Tnl0A16A17) (12)
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TABLE 4.2 Glycine improves growth rates of ridA strains inhibited by 2AA

Growth rate® (h™")

Growth medium® DM14828 DM14829 DMI14838 DMI14839 DMI14836 DM14837

(Wt) (ridA) (gcvP) (ridA gcvP) (gcvB) (ridA gcvB)
Min-glucose 0.56 0.42 0.52 0.33 0.51 0.42
+Gly 0.52 0.52 0.38 0.23 0.59 0.51
+Ser 0.57 NG 0.59 0.28 0.59 NG
+Ser +Gly 0.60 0.34 0.58 0.18 0.59 NG
+Cys 0.50 NG 0.54 NG 0.57 NG
+Cys +Gly 0.57 0.30 0.52 NG 0.54 0.31
+Dap 0.58 NG 0.52 NG 0.56 NG
+Dap +Gly 0.57 0.43 0.45 NG 0.49 0.51
Min-pyruvate 0.41 NG 0.40 NG 0.44 NG
+Gly 0.42 0.33 0.35 NG 0.41 0.35

* Specific growth rates () were calculated as In(X/Xo)/T, where X represents ODgso, X is the
initial ODgs( of the exponential growth period monitored and T is time in hours. Gray bars
represent the ratio of the observed growth rate to the maximal growth rate from the data set (u =
0.6 h™"). Data shown are the average of three independent cultures. The standard deviation was
less than 0.05 in all cases. Growth was assessed within 20 hours following inoculation.

® Glucose (11 mM) or pyruvate (50 mM) were provided as the carbon source as indicated.
Amino acid supplements were added at the following final concentrations: 0.67 mM glycine
(Gly); 5 mM serine (Ser); 0.25 mM cysteine (Cys); 0.1 mM diaminopropionate (Dap).

¢ Average growth rates less than 0.05 h™' were designated as no-growth (NG).

4 The displayed growth rate reflects the secondary growth phase of a biphasic growth pattern; the

primary growth rate was 0.06 h™",
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TABLE 4.3 Metabolites that require one-carbon units for their production bypass the need

to restore one-carbon production via GCV in ilvA4219 ridA strains grown in minimal

medium
Final cell density”
(ODes0)

+Ade
Strain Genotype Min-glu® +Gly +Thi +Pan +Met +Ade +Thi
DM14830 ilvA219 0.70 070 0.73 0.76 0.74 0.69 0.72
DM14831 ilvA219 ridA 0.20 0.67 058 071 062 0.11 049
DM14842 ilvA219 gcvP 0.66 0.68 0.70 0.75 0.76 0.70 0.70
DM14843  ilvA219 ridA gcvP 0.17 0.17 048 0.68 0.64 0.11 049
DM14840 ilvA219 gcvB 0.67 0.69 0.72 0.75 0.75 0.69 0.69

DM14841 ilvA219 ridA gcvB 0.15 0.68 057 0.70 0.62 0.15 048

* The displayed data represent the average cell densities of cultures grown in triplicate based on
ODgsp readings taken after 15 hours of growth. Standard deviations were less than 0.03 in all
cases. Gray bars reflect the ratio of the observed final ODgso to the maximal ODgso from the data
set (ODgso = 0.76)

® Growth was assessed in minimal glucose medium containing the following concentrations of
the indicated supplements: 0.67 mM glycine, 0.1 uM thiamine, 0.1 mM pantothenate, or | mM

methionine.
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FIGURE 4.1. Connections between 2-aminoacrylate (2AA) and the glycine metabolic node.
2AA is produced from serine, cysteine and diaminopropionate by IlvA, CdsH and Dpal,
respectively. In the absence of RidA, 2AA persists in solution long enough to inactivate target
enzymes, including GlyA. Damage to GlyA restricts flux to glycine, simultaneously reducing the
amount of tetrahydrofolate (THF) converted to one-carbon units (H,C=THF). Excess glycine can
be converted to additional one-carbon units by the glycine cleavage complex (GCV) or can be
incorporated into protein production or other biosynthetic pathways. Alternatively, glycine may
serve as a regulatory molecule (undulating line), disrupting the complex formed between GevR-
GcevA, freeing GevA to activate transcription of the GevB sRNA, leading to post-transcriptional
regulation of the GevB regulon. The spontaneous conversion from 2AA to pyruvate (dashed line)

is slow enough to allow 2AA accumulation and damage to occur.
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FIGURE 4.2. Glycine restores growth to ridA strains inhibited by 2AA produced from
serine. Growth of the wild type strain (DM14828; open circles) in minimal glucose medium is
compared to growth of the ridA4 strain (DM 14829; closed symbols) in minimal glucose medium
containing: no addition (squares), 5 mM serine (diamonds), 5 mM serine and 1 mM isoleucine
(inverted triangles) or 5 mM serine and 0.67 mM glycine (triangles). The displayed data
represent the average and standard deviation of three independent cultures. Growth of the wild

type strain was not significantly improved by exogenous glycine or serine.
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FIGURE 4.3. Glycine does not directly prevent IlvA-dependent 2AA production from
endogenous serine in vivo. lIVE activity was measured as a proxy for 2AA accumulation in wild
type (DM14828; white bars) and rid4 (DM14829; gray bars) strains grown in minimal glucose
medium alone (Min-glucose), with 1mM isoleucine added (+Ile), or with 0.67 mM glycine added
(+Gly). The data are reported as nmol of 2-ketomethylvalerate produced per minute per mg of
crude lysate. Experiments were performed in triplicate and are reported as the average and
standard deviation about the mean. The data were analyzed by one-way ANOVA and Tukey’s
test using GraphPad Prism 5.0f to identify significantly reduced activities (p<0.01) for a given

growth condition, indicated by the asterisks.
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FIGURE 4.4. The disruption of gcvP, encoding a component of GCV, stimulates growth of
a ridA strain inhibited by exogenous serine. Growth curves were performed in minimal
glucose medium containing 5 mM serine. The data show the average and standard deviation of
three independent cultures. The relevant genotypes are indicated as Wt (DM 14828; open circles),
ridA (DM14829; closed triangles) and rid4 gcvP (DM14839; closed squares). Growth of the

gcvP single mutant strain (DM 14838; not shown) was indistinguishable from wild type.
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FIGURE 4.5. The metabolic components required for glycine to suppress the growth defect
of a ridA strain are based on the source of metabolic stress. Growth of the indicated strains
was assessed in minimal glucose glycine (0.67 mM) media containing 5 mM serine (A) or 0.25
mM cysteine (B). The average and standard deviation of three independent cultures is plotted for
Wt (DM14828; open circles), rid4 (DM14829; squares), ridA gcvB (DM 14837, triangles) and
ridA gcvP (DM14839; diamonds). Growth of the gcvB (DM 14836) or gcvP (DM14838) single

mutant strains was identical to wild type (data not shown).
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FIGURE 4.6. GCYV is necessary for glycine to stimulate growth of a ridA strain inhibited
2AA produced from endogenous serine. Strains were grown in minimal glucose medium
lacking additions (A) or supplemented with 0.67 mM glycine (B). The strains displayed include
ilvA219 (DM14830; open circles), ilvA219 rid4 (DM14831; open squares), ilvA219 rid4 gcvB
(DM14841; closed triangles) and i/lvA219 rid4A gcvP (DM14843; closed diamonds). The data

shown reflect the average and standard deviation of three independent cultures.
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CHAPTER 5
MMF1P COUPLES AMINO ACID METABOLISM TO MITOCHONDRIAL DNA

MAINTENANCE IN S4CCHAROMYCES CEREVISIAE'

"Ernst DC, Downs DM. To be submitted to mBio.
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5.1 ABSTRACT

A variety of metabolic deficiencies and human diseases arise from the disruption of
mitochondrial enzymes and/or loss of mitochondrial DNA. Mounting evidence shows eukaryotes
have conserved enzymes that prevent accumulation of reactive metabolites that cause stress in the
mitochondrion. 2-aminoacrylate is a reactive enamine that is an obligatory intermediate in the
breakdown of serine. In prokaryotes, members of the broadly conserved RidA family (PF14588)
prevent metabolic stress by deaminating 2-aminoacrylate to pyruvate. Here, we demonstrate that
unmanaged 2-aminoacrylate accumulation in Saccharomyces cerevisiae mitochondria causes
transient metabolic stress and the irreversible loss of mitochondrial DNA. The RidA family protein
Mmflp deaminates 2-aminoacrylate and preempts metabolite mediated damage, which preserves
normal metabolic function in mitochondria and prevents loss of the mitochondrial genome.

Significance. Deleterious reactive metabolites are produced as a consequence of many
intracellular biochemical transformations. Importantly, reactive metabolites that appear short-lived
in vitro have the unappreciated potential to persist within crowded intracellular environments,
leading to pervasive cell damage and diminished fitness. To overcome metabolite damage,
organisms utilize enzymatic reactive-metabolite defense systems to rid the cell of deleterious
metabolites. In this report, we describe the importance of the RidA/YERO057c¢/UK114
enamine/imine deaminase family in preventing 2-aminoacrylate stress in eukaryotes.
Saccharomyces cerevisiae lacking the enamine/imine deaminase Mmf1p are shown to experience
pleiotropic growth defects and fail to maintain their mitochondrial genome. Our results provide
the first line of evidence that uncontrolled 2-aminoacrylate stress derived from mitochondrial

serine metabolism negatively impacts mitochondrial DNA maintenance in eukaryotes.
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5.2 BACKGROUND

RidA/YERO057¢/UK114 family proteins (PF14588) are ubiquitous; phylogenetic analysis
identified the archetypal RidA throughout all three domains of life, with additional subgroups
(Rid1-7) present in prokaryotes (1, 2). Biochemical genetic studies in the bacterium Salmonella
enterica determined that RidA proteins are deaminases that hydrolyze the reactive enamine 2-
aminoacrylate (2AA), and other substrates, to ketoacids (3—8). In cellular metabolism, 2AA is
generated by pyridoxal 5’-phosphate (PLP)-dependent a.,3-eliminase enzymes as an intermediate
in the conversion of amino acids to pyruvate (3, 4, 7). Following release from the enzyme, 2AA
can be spontaneously converted to pyruvate by solvent water (7). Although 2AA can covalently
modify enzymes in vitro (9—15), the potential for intracellular enamine damage was initially
dismissed because of the short (~1.5 s) half-life of 2A A in water (16). However, biochemical and
genetic data demonstrate that in the absence of RidA, unbound 2AA persists in vivo and inactivates
PLP-dependent enzymes (1, 17, 18). These data indicate that the cellular milieu lacks sufficient
free water needed to rapidly hydrolyze 2A A, and provides the framework for phenotypes displayed
by ridA mutants (6, 17-20).

Little is known about eukaryotic Rid proteins, although early reports suggested involvement
in a variety of cellular processes mediated by undefined mechanisms (21-30). Interestingly, the
mitochondrial RidA protein Mmflp influences mitochondrial DNA (mtDNA) stability in
Saccharomyces cerevisiae (29, 30). Characterization of enamine deaminase activity in vitro and
genetic complementation analyses in vivo suggest that RidA proteins from the three domains of
life share a conserved cellular function (7, 28). Here, we identify 2A A generation as the cause of
irreversible mtDNA loss in S. cerevisiae lacking Mmf1p. Furthermore, 2A A stress elicits a growth

defect that is distinct from the respiratory deficiency caused by mtDNA loss. This study establishes
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the role of Mmflp in preventing 2AA stress in a eukaryote, and highlights damage that results

from reactive metabolite imbalance in mitochondria.

5.3 MATERIALS AND METHODS
Strains, media and chemicals. Saccharomyces cerevisiae strain YJF153 (MATa
HO::dsdAMX4) was derived from an oak tree isolate (YPS163) and provided by Justin Fay
(Washington University) (31). Rich medium (YP) consisted of 20 g/L. peptone (Fisher Scientific)
and 10 g/L yeast extract (Becton Dickinson). Minimal medium (S medium) contained 1.7 g/L yeast
nitrogen base without amino acids or nitrogen (Sunrise Science; #1500-100) and 5 g/L. ammonium
sulfate. Either dextrose (D; 20 g/L) or glycerol (G; 30 g/L) were provided as the sole carbon source.
Solid medium was made by adding 20 g/L Difco agar (Becton Dickinson). Antibiotics used for
deletion-marker selection were added to the following final concentrations: 400 pg/ml geneticin
(G418; Gold Biotechnology), 200 pg/ml hygromycin B (Gold Biotechnology) and 100 pg/ml
nourseothricin sulfate (cloNAT; Gold Biotechnology). A lower concentration of geneticin (200
pg/ml) was used for maintenance of strains with confirmed G418 resistance. Isoleucine or
threonine were added to minimal growth medium at a final concentration of 1 mM.
Escherichia coli strain BL21-Al was used for recombinant protein overproduction. Standard
E. coli growth medium (LB broth) consisted of 10 g/L tryptone, 5 g/L yeast extract and 10 g/L
NaCl. Superbroth containing tryptone (32 g/L), yeast extract (20 g/L), sodium chloride (5 g/L) and
sodium hydroxide (0.2 g/L) was used when high cell densities were required for protein
overproduction. Ampicillin (150 pg/ml) was added to the growth medium as needed. Reagents and

chemicals were purchased from Sigma Aldrich unless otherwise specified.
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Genetic techniques and growth methods. Gene disruptions in S. cerevisiae were made
following the standard gene replacement method described by Hegemann and Heick (32), resulting
in the strains listed in table 5.1. Disruption cassettes were amplified using the appropriate primers
and plasmid templates listed in table 5.2. Purified DNA (1 pg) was transformed into S. cerevisiae
by incubating cells suspended in 33 % PEG-3350, 100 mM lithium acetate and 0.28 mg/ml salmon
sperm DNA at 30°C for 30 minutes followed by a 30-minute heat-shock at 42°C. The transformed
cells were recovered in rich medium containing dextrose (YPD) for one hour at 30°C, and
subsequently plated on solid YPD containing the relevant selection agent. Colonies that arose after
2-3 days of incubation were transferred to selective medium and individual colonies were screened
via PCR for the appropriate genetic recombinants.

For growth analyses, yeast strains were revived from -80°C freezer stocks and streaked for
isolation on YPD. Single colonies were inoculated into 2 ml YPD cultures and incubated at 30°C
while shaking (200 rpm) overnight. Turbid cultures were 1) 10-fold serial diluted with NaCl for
spot plating (10 pl) on solid medium or ii) inoculated (1%) into 5 ml of SD medium to monitor
growth over time based on the change in ODg. Growth curves were plotted as the average and
standard deviation of three independent cultures using GraphPad Prism 7.0. Specific growth rates
(1) were calculated based on the equation In(X/X))/T, where X represents ODggo, Xj is the initial
ODgqp of the linear growth period monitored and 7' is time in hours.

Molecular techniques. Plasmids were constructed using standard molecular techniques.
DNA was amplified using Q5 DNA polymerase (New England BioLabs) with primers purchased
from Eton Bioscience Inc. (Research Triangle Park, NC). Plasmids were isolated using the Wizard
Plus SV miniprep kit (Promega), and PCR products were purified using the E.Z.N.A DNA

isolation kit (Omega Biotek). Restriction endonucleases used for molecular cloning were
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purchased from New England BioLabs. T4 ligase (Thermo Scientific) was used to ligate inserts to
vectors. The plasmids and primers are listed in table 5.2. Plasmids pUG6, pUG74 and pUG75 were
used as templates for drug cassette amplification (EUROSCARF). Plasmid pFA6a-kanMX was
provided by David Garfinkel (University of Georgia). The pSF episomal shuttle vector (Sigma
Aldrich; Prod. # OGS542) containing a 7EFI promoter, TP/l terminator and geneticin
(yeast)/ampicillin (bacteria) resistance markers was used to express MMFI in S. cerevisiae
(pDM1481); full-length MMF1 was PCR amplified for cloning using mmf1l pSF Ncol F and
mmfl pSF Xbal R. Constructs for protein overproduction were made using pET20b (Novagen)
as the wvector backbone. Primers were designed to amplify MMFI
(mmfl Ndel F truncated pET20, mmfl Xhol R) or /LVI (ilvl Ndel F truncated pET20,
ilvl Notl R pET20) lacking the N-terminal mitochondrial targeting sequences and ligated into
pET20b following restriction enzyme digestion of the insert and vector, forming pPDM1463 and
pDM1467, respectively. The full-length allele of /L V1 was cloned into pET20b to make pDM1469.
All constructs were transformed into DH5a following ligation and selected on LB medium
containing the appropriate drug. Plasmid inserts were confirmed by sequence analysis performed
at Eton Bioscience Inc. Constructs pDM1467 and pDM1469 were used as templates for site
directed mutagenesis to generate pPDM 1536 and pDM 1540, respectively. Site directed mutants of
ILVI were made by amplifying pDM1467 and pDM1469 with Q5 polymerase and primer
ilvl R416F, changing the codon for arginine-416 (AGA) to phenylalanine-416 (TTC), generating
allele /LVI-1. Following transformation into DH5a, site directed mutants were confirmed by
Sanger sequencing (Eton Bioscience). Plasmid pDM1540 served as a template to amplify the
ILVI-1 allele for integration into the chromosome at the ilvi::natMX locus of DMyl8.

Replacement of the natMX drug cassette in DMy18 with the feedback-resistant /ILVI-1 allele
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restored isoleucine prototrophy to DMy43 and abolished nourseothricin sulfate resistance.
Integration of the appropriate allele in DMy43 was confirmed by sequence analysis (Eton
Bioscience Inc.).

Purification of Mmf1pi.147. Mmfl1pz;.147, lacking the N-terminal amino acids required
for mitochondrial localization, was purified from an E. coli BL21-Al strain containing pDM1463.
An overnight culture of DM15531 grown in 10 ml of superbroth containing ampicillin was
inoculated into 2 liters of superbroth with ampicillin. Cultures were grown for 3 h at 37°C with

aeration (200 rpm) until an ODg5( of 0.5 was reached. Fresh arabinose was added to a final

concentration of 0.02%, and cultures were shifted to 30°C and incubated for an additional 16 h
while shaking. Cells were harvested by centrifugation and resuspended in binding buffer consisting
of 50 mM Tris-HCI (pH 8), 200 mM sodium chloride, 10 mM imidazole, ]| mM TCEP and 10%
glycerol. Lysozyme (1 mg/ml), phenylmethylsulfonyl fluoride (100 g/ml), and DNase (25 g/ml)
were added to the cell suspension and incubated on ice for 1 h. Cells were lysed using the Constant
Systems Limited One Shot (United Kingdom) system by passing cells through the disruptor one
time with the pressure set to 21,000 psi. Following lysis, the extract was clarified, filtered, and
injected onto a HisTrap HP Ni-sepharose column (5 ml). The column was washed with five column
volumes of binding buffer with 40 mM imidazole added. Mmflp was eluted by increasing the
concentration of imidazole from 40-300 mM over 10 column volumes, and 3 ml fractions were
collected and analyzed by SDS-PAGE to determine protein purity. Fractions containing pure
protein (> 99%) were pooled and concentrated by centrifugation with a 4,000-molecular-weight-
cutoff filter unit (Millipore). The concentrated protein sample was transferred to storage buffer
containing 10 mM HEPES and 10% glycerol using a PD-10 desalting column (GE Healthcare).

Protein yield as determined using the BCA assay (Pierce) was approximately 14 mg/ml. Protein
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aliquots were frozen in liquid nitrogen and stored at -80°C.

Purification of Ilvlpuesisy and Ilvlpue-s76)R416F. Plasmids encoding [lv1pae.s7e
(pDM1467) and Ilv1p46.576R416F (pDM1536) were transformed into E. coli BL21-Al for protein
purification. The resulting strains were inoculated into 10 ml of superbroth containing ampicillin
and grown overnight at 37°C. Overnight cultures were subcultured into 2 liters of superbroth
containing ampicillin and grown at 37°C until ODss of 0.7 was reached. Arabinose (0.02%) was
added to induce expression, and cultures were shifted to 30°C for 16 h. Cells were harvested at
4°C by centrifugation (15 min at 8,000 g) and resuspended in binding buffer containing 50 mM
potassium phosphate (pH 8), 500 mM sodium chloride, 10 mM imidazole, | mM TCEP, 10 uM
PLP, and 10% glycerol. Lysozyme (1 mg/ml), phenylmethylsulfonyl fluoride (100 g/ml), and
DNase (25 g/ml) were added to each cell suspension, which then sat on ice for 1 h. Cells were
mechanically lysed using a French pressure cell (5 passes at 10,342 kPa). Each resulting lysate
was clarified by centrifugation (45 min at 48,000 g) and filtered through a membrane with 0.45
um pores. Filtered lysates were loaded onto HisTrap HP Ni-sepharose columns (5 ml), and the
columns were washed with five column volumes of binding buffer containing 40 mM imidazole.
Protein was eluted by increasing the concentration of imidazole in the elution buffer from 40-300
mM over 10 column volumes. Purified protein was concentrated by centrifugation with a 10,000-
molecular-weight-cutoff filter unit (Millipore), and the buffer was replaced with 50 mM Tris-HCI
(pH 7.5) containing 10 pM PLP and 10% glycerol using a PD-10 desalting column (GE
Healthcare). Protein recovery as determined by the BCA assay (Pierce) was approximately 10.8
mg/ml for Ilv1lpses76 and 13 mg/ml for Ilv1lpues76)R416F. Protein aliquots were frozen in liquid

nitrogen and stored at -80°C.
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Ilvlp generation of pyruvate assays. Ilv1pus.s76) serine dehydratase activity was assayed
in the presence or absence of Mmflp or RidA from S. enterica as previously described (7). The
activity of purified RidA was previously confirmed (3). Reactions (300 pl) consisted of 50 mM
CHES pH 9.5, 0.6 pM Ilvlpue.s76) and Mmflpni-147y (1.3 pM) or RidA (1.3 uM). Experiments
were performed in triplicate and measured in a 96-well quartz plate using a SpectraMax M2
(Molecular Devices) microplate reader. Reactions were initiated by adding L-serine and monitored
continuously at 230 nm for 120 s. Initial rates were determined based on the increase in A23(
corresponding to pyruvate production. A standard curve of pyruvate concentrations relative to
A230 was generated and used to calculate reaction rates, reported as pmol of pyruvate produced
per minute. The data, reported as the average and standard deviation of three independent
experiments, were fit with curves based on the Michaelis-Menten equation using GraphPad Prism
7.0. The above procedure was used to compare IlvIpus.s76) and Ilvlpue.s76)R416F catalytic
efficiency, with the sole change being 50 mM potassium phosphate pH 8 was used instead of 50
mM CHES pH 9.5.

Inhibition of Ilvlp variants by isoleucine assays. The sensitivity of IlvIpue.s76) and
Ilv1pus-s76)R416F to allosteric regulation by isoleucine was determined in vitro. Reactions (300
ul) consisted of 50 mM potassium phosphate pH 8 and 0.6 pM IlvIpwe.s76) or 0.6 pM  Ilv1pe.
570R416F. Isoleucine was added to assays at a final concentration of 3.3 mM. Experiments were
performed in triplicate and measured in a 96-well quartz plate using a SpectraMax M2 (Molecular
Devices) microplate reader. Reactions were initiated by adding 120 mM L-serine and monitored
continuously at 230 nm for 120 s. Initial rates were determined based on the increase in A23(
corresponding to pyruvate formation. A standard curve of pyruvate concentrations relative to A23(

was generated and used to calculate reaction rates, reported as umol of pyruvate produced per
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minute. The reaction rates for a single concentration of serine added are reported as the average
and standard deviation of three independent experiments.

Microscopy. Strains were grown in YPD to full-density overnight, then diluted to ODgop =
0.1 in complete synthetic dextrose medium (Sunrise Science; # 1001-010) the following morning.
Cultures were then grown at 30°C and 200 rpm for 4 hours. Cells were harvested by centrifugation
(2 minutes at 2,000 x g) and resuspended in mounting medium consisting of 10 mM HEPES pH
7.4 and 5 % dextrose. Cells were again pelleted and washed in an equal volume of mounting
medium. The mitochondrial matrix was stained with 1 uM Rhodamine B (Molecular Probes) for
20 minutes, followed by 3 minutes of staining with 10 pM SYTO 18 (Molecular Probes) to detect
mitochondrial DNA. Cells were pelleted and resuspended in fresh mounting medium, to which 2
ul of ProLong Live Antifade reagent (Thermo Fisher) was added. Tubes containing cells and
antifade reagent were transferred to a sealed box at 4°C overnight. The next morning, 20 pls of
cell suspension were mounted on a glass slide and imaged using the DeltaVision microscope
system (GE Life Sciences) equipped with an Olympus IX-71 inverted microscope and a xenon arc
lamp as the illumination source for exciting fluorophores. Rhodamine B was visualized with
excitation at 555 nm and emission at 627 nm and SYTO 18 was visualized with excitation at 490
nm and emission at 507 nm. Figures were generated by merging Z stacks of Rhodamine B and
SYTO 18 images and the resulting merged images were deconvoluted using a conservative ratio
and fifteen processing cycles using the automated softWoRx 6.5.2 (GE) image acquisition
software. A quick projection was generated and the resulting images were exported to Adobe
Mlustrator 21.0.2. Images were cropped and resized without adjusting features related to contrast
or brightness. Cell borders were generated in Adobe Illustrator by outlining each cell boundary as

determined from a white light snapshot.
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Effect of serine on respiratory capacity. A 50 pl aliquot of strain DMy20 (p" chalA
mmf1A) grown ~12 hours in YPD medium at 30°C was used to inoculate 5 ml cultures containing
SD medium with or without 5 mM serine added. Cultures were incubated at 30°C with shaking
(200 rpm) for up to 72 hours and aliquots were taken at the indicated time-points following
inoculation, serially diluted to 10°-10" in NaCl and plated (10 pl) on YPD and YPG plates. Images
were acquired after ~48 hours of growth at 30°C and are representative of two independent
experiments.

Rifampicin resistance frequency of S. enterica lacking ridA. The in vivo mutagenicity
of 2-aminoacrylate was tested in a ridA4 strain of S. enterica known to accumulate 2AA when
grown on minimal glucose medium (17). Cultures containing minimal glucose medium (5 ml)
were inoculated with a single colony of wild type S. enterica LT2 (DM9404) or the isogenic
ridA3::MudJ mutant strain (DM3480). Cultures were incubated at 37°C for 48 hours, pelleted and
resuspended in NaCl solution at one-tenth the original volume and 100 pl aliquots (~10° CFU)
were plated on solid rich medium containing 8 g/L nutrient broth, 5 g/L. sodium chloride, 15 g/L
agar and 60 pg/ml rifampicin. Spontaneous rifampicin-resistant mutants were counted following
48 hours of incubation at 37°C and the average and standard deviation from three independent

experiments are reported.

4.4 RESULTS AND DISCUSSION

Disruption of MMF1 leads to a growth defect and loss of mtDNA. The MMFI locus of
S. cerevisiae strain YJF153 (31) was replaced with a drug cassette by targeted gene disruption and
the drug marker was resolved to generate mutant strain DMy22 (mmf1A0). A plasmid expressing

MMF1, or an empty vector (pSF-TEF1-G418; Sigma) was introduced into DMy?22, the wild type
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parent (p'), and a chemically-induced cytoplasmic petite (p’) derived from the wild type strain.
The resulting strains were assessed for growth on minimal medium containing a fermentable
(dextrose) and non-fermentable (glycerol) carbon substrate (Figure 5.1A). The mmf1A mutant had
two significant growth phenotypes: i) an inability to grow on glycerol and ii) a reduced ability to
grow on dextrose. Plasmid-borne MMF] failed to restore growth on glycerol, consistent with the
irreversible loss or mutation of mtDNA observed in p° or p~ cytoplasmic petites (33) (Figure 5.1A).
Results of deconvolution microscopy confirmed that the mmf1A mutant lacked detectable mtDNA,
and therefore, was likely a p’-cytoplasmic petite (see below). In contrast, growth of the mmfIA
mutant on dextrose was restored to the same level as the p~ control by providing plasmid-borne
MMF1. This indicated that transient metabolic deficiencies distinguishable from the respiratory
defect were encountered by strains lacking Mmflp. The addition of isoleucine, and to a lesser
extent threonine (an isoleucine precursor), restored growth of the p° mmfIA mutant on dextrose
(Figure 5.1B), but not glycerol. Together these data distinguished the reversible and irreversible
consequences of the mmfI1A mutation, and each was considered in turn.

Ilvlp-generated 2-aminoacrylate causes a growth defect in the absence of Mmflp. The
data above supports a model where both the growth defect and mtDNA loss are a consequence of
the toxic accumulation of 2AA in mitochondria lacking Mmflp. The growth defect of a p° mmfIA
mutant on dextrose is reminiscent of a 7id4 mutant phenotype in S. enterica (19). In this case, 2AA
generated by serine/threonine dehydratase (IlvA; EC 4.3.1.19) accumulates and compromises
growth. Isoleucine allosterically inhibits IlvA, prevents 2A A generation and restores growth. Two
nuclear encoded serine/threonine dehydratases (EC 4.3.1.19) are active in the S. cerevisiae
mitochondrion. Ilvlp is the biosynthetic serine/threonine dehydratase required for isoleucine

biosynthesis (34), and Chalp is a catabolic dehydratase induced by serine or threonine (35). Much
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like the bacterial enzyme IlvA, Ilv1p catalyzes the first committed step in isoleucine biosynthesis,
is subject to feedback inhibition by isoleucine, and uses serine as an alternative substrate to
threonine (36) (Figure 5.2A). In vitro, llvlp dehydrated serine and released 2AA, which Mmflp
used as a substrate leading to an increased rate of pyruvate formation (Figure 5.2B). On a per mole
basis, the 2A A-hydrolyzing activity of Mmflp was indistinguishable from the well-characterized
RidA enzyme from S. enterica (Figure 5.2B). These data support the hypothesis that the absence
of Mmflp leads to accumulation of 2AA following serine dehydration.

Taken together, the data favored a scenario depicted in Figure 5.2A and suggested the growth-
stimulating role of isoleucine was exerted via the allosteric inhibition of Ilv1p. If true, preventing
allosteric inhibition of Ilvlp would abolish the benefit of isoleucine in cells lacking Mmflp. To

test this hypothesis, an allosterically resistant variant of Ilvlp (Ilvlp®*'®"

) was analyzed. In vitro,
recombinant I1v1pue.s76) ' was insensitive to isoleucine concentrations that completely inhibited
the wild-type enzyme (Figure 5.2C). Importantly, the catalytic efficiency of serine dehydration by
the variant enzyme was not significantly different than the wild-type enzyme (Figure 5.2D). Wild

R416F

type ILVI was replaced with the full-length allele (/LV'1-1) encoding Ilvlp to generate a strain

where 2A A production by Ilv1p could not be inhibited. Isoleucine failed to completely reverse the
growth defect of the mmjfI A mutant strain expressing Ilv1p**'°" in minimal synthetic dextrose (SD)
medium (Figure 5.2E). Therefore, isoleucine improves growth of the mmf1A mutant strain in part
through allosteric inhibition of Ilvlp, and not by satisfying an isoleucine limitation. Taken
together, these data show that Ilv1p generates 2A A from endogenous serine, and growth is limited
unless Mmflp or isoleucine quenches 2AA or inhibits Ilv1p activity, respectively.

Chalp increases 2-aminoacrylate stress when exogenous serine is present. The p0

mmf1A mutant characterized above was constructed on rich medium (YPD) containing isoleucine,

141



so feedback inhibition prevented Ilv1p from generating significant 2AA. Therefore, if 2AA stress
contributes to mtDNA loss, an additional enzyme would be required to generate 2AA in the
presence of isoleucine. The catabolic Ser/Thr dehydratase Chalp is a logical source of 2AA since
CHA 1 expression is induced by serine, which is present in YPD, and the enzyme is insensitive to
regulation by isoleucine (35). Growth analysis in SD medium plus isoleucine, with or without
serine, confirmed that Chalp contributed to 2AA stress in the absence of Mmfl1p (Figure 5.3A).
Both the p’ mmfIA and p° mmf1A chal A mutants grew in medium with isoleucine, but the addition
of serine only compromised growth of the p° mmfIA mutant, indicating CHAI is required for
sensitivity to exogenous serine. These data indicate 2AA is produced following induction of Chalp
by exogenous serine, and Ilvlp is feedback-inhibited by isoleucine. The increased level of 2AA
compromises growth in the absence of MMF'I. Unlike a ridA mutant in S. enterica (37), the growth
defect of the p° mmfIA mutant was not reversed by the addition of common nutritional
supplements (i.e., amino acids or vitamins). This result suggests the cellular deficiencies
underpinning the 2A A-dependent growth defect of mmf1A mutant strains in minimal medium are
more complex than those caused by a single compromised enzyme.

Disruption of serine dehydratase-dependent 2-aminoacrylate production preserves
mtDNA in the absence of MMF1. Despite the connection between Mmflp and 2AA, it remained
possible that the irreversible loss of mtDNA in an mmfIA mutant strain was unrelated to 2AA
accumulation. However, data from order-dependent genetic manipulations and growth analyses
demonstrate that 2AA stress specifically causes mtDNA loss (Figure 5.3B). First, CHAI was
disrupted in a p” MMF I background. Second, MMF I was disrupted in the chalA strain while Ilv1p
was inhibited by isoleucine in the YPD-based selection medium. This resulted in a p* chalA

mmf1A double mutant with unique properties. Significantly, introducing the genetic lesions in this
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order preempts the production of 2AA, and results in a strain that respires glycerol (Figure 5.3B)
and maintains its mtDNA (Figure 5.4A). Therefore, preventing both Ilvlp and Chalp serine
dehydratase activity renders Mmflp non-essential for mtDNA maintenance. The inversely
constructed mmfIA CHAI strain lost the ability to respire glycerol, and subsequent disruption of
CHAI in the absence of MMFI did not restore growth on glycerol (Figure 5.3B). These results
demonstrate that disruption of MMFI prior to CHAI leads to permanent loss of mtDNA, as
supported by mitochondrial staining of the p” mmfIA chalA strain (Figure 5.4A). Thus, identical
genotypes constructed in opposing series result in dramatically different outcomes with regard to
mtDNA stability. These data support the conclusion that the preemptive disruption of CHAI,
coupled with isoleucine-mediated inhibition of Ilv1p, blocks 2A A production in the mitochondrial
matrix and bypasses the need for Mmfl1p to maintain the mitochondrial genome.

The p* chalA mmfIA mutant maintains wild-type growth indefinitely when propagated on
medium containing isoleucine. However, when the inhibition of Ilvlp was lifted by removing
isoleucine, a growth defect of the p* chalA mmf1A mutant strain (1 = 0.16) relative to the p' wild-
type control (u = 0.45) was detected (Figure 5.4B). Isoleucine supplementation restored the growth
rate of p* chalA mmfIA strain (n = 0.44) to the same level as the p* wild-type control (u = 0.48).
A parallel result was observed with the respiration-deficient p” mmfIA chalA mutant strain where
the addition of isoleucine increased the growth rate to the level of the p~ wild-type control (p =
0.26) (Figure 5.4B). These data show that the p” chalA mmfIA mutant is susceptible to 2AA stress
and experiences diminished growth when cultured on minimal medium. However, the respiratory
capacity of the p* chalA mmfIA mutant was maintained indefinitely during growth on minimal
medium (Figure 5.5). This result suggests that mtDNA is stable in spite of the growth defect given

the moderate level of 2AA stress generated by Ilv1lp on minimal medium. Enhancing flux through
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Ilvlp to increase 2AA stress severely diminished the ability of the p* chalA mmfIA mutant to
respire glycerol after growth on minimal medium supplemented with 5 mM serine (Figure 5.5).
Taken together, these data indicate that in the absence of Mmflp, Ilv1p acts on endogenous serine
to generate moderate 2AA stress that elicits a minor and reversible growth defect akin to the
bacterial paradigm (5). However, exogenous serine stimulates production (via Ilvlp and/or Chalp)
of sufficient 2AA to cause irreversible loss of the mitochondrial genome.

Conclusions. Our work shows that accumulation of 2AA causes metabolic stress and loss of
mtDNA in S. cerevisiae. Furthermore, Mmflp prevents 2AA accumulation in the S. cerevisiae
mitochondrion. Two consequences of 2AA accumulation in the mitochondrion were identified:
the irreversible loss of mtDNA giving rise to respiration-deficient p° cytoplasmic petites and a
transient growth defect on fermentable carbon substrates. The latter phenotype is reminiscent of
the growth defects caused by 2AA stress in S. enterica (6, 19) and other organisms (8, 28). PLP-
dependent enzymes are the only targets of 2AA damage characterized to date (38), suggesting the
mmf1A strain growth defect is due to inhibition of one or more (of 10 possible) target PLP enzymes
in the mitochondrion (39) (Figure 5.6). 2AA is not mutagenic in vivo when queried with a bacterial
system (Table 5.3), making it unlikely that direct DNA damage by 2AA causes the loss of mtDNA.
We suggest loss of mtDNA is caused by the stress 2AA exerts on the mitochondrial metabolic
network. Specifically, we favor a model in which 2AA damages multiple mitochondrial PLP-
dependent enzymes, ultimately leading to destabilization and loss of the mitochondrial genome
(Figure 5.6). The independent disruption of mitochondrial PLP-dependent enzymes involved in
heme biosynthesis (Hem1p; EC 2.3.1.37), iron-sulfur cluster biogenesis (Nfslp; EC 2.8.1.7), one-
carbon metabolism (Shm1p; EC 2.1.2.1), and aspartate metabolism (Aatlp; EC 2.6.1.1) have been

reported to influence mtDNA stability to varying degrees (40—43). Given the variety of PLP-
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dependent enzymes that individually impact mtDNA stability, it is reasonable that a combination
of partially defective enzymes could result in mtDNA loss. Consistently, preliminary work shows
that Hemlp is targeted by 2AA in an mmfIA strain (data not shown). Further understanding of
how 2AA leads to loss of mtDNA may uncover a novel stress response pathway in mitochondria.

Our work identified a lethal consequence of uncontrolled reactive metabolite accumulation
in the mitochondrion. Synthesis of 2AA is unavoidable in PLP-dependent serine dehydration,
resulting in the need for RidA proteins (e.g., Mmflp) to prevent accumulation of this reactive
metabolite. Strikingly, when S. cerevisiae is exposed to serine, CHAI and MMF'I are the two most
highly expressed genes (44), suggesting these enzymes act in concert to safely reduce serine levels
in the mitochondrion. Interestingly, Chalp is reported to be a component of the mitochondrial
nucleoid in S. cerevisiae (45), perhaps reflecting an added benefit of Chalp-dependent physical
stabilization of the nucleoid during periods of elevated serine catabolism and 2A A production. The
Mmf1p homolog in humans, UK114 (PF01042), is variably described as a tumor antigen, calpain
activator or translation inhibitor in diverse animal cell types (21, 26, 46—48). Importantly, UK114
can substitute for Mmf1p to maintain the mitochondrial genome in S. cerevisiae (29), which argues
in favor of an evolutionarily conserved biological function. PLP-dependent serine dehydratases
are broadly distributed among eukaryotes, which emphasizes the breadth of 2AA stress (49-51).
Furthermore, many cell types, including cancer cells and neurons, require high serine levels to
promote growth and proliferation (52—54), predisposing certain cell types to high concentrations
of a known 2AA precursor. Our work provides a framework for understanding the physiological
role of Mmflp and other eukaryotic RidA proteins, in addition to dissecting the mechanism by

which 2AA stress causes loss of mtDNA.
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TABLE 5.1. Strain list

Strain Relevant Genotype
YJF153* MATa HO::dsdAMX4
DMy13 mmfl::kanMX (p°)

DMyl6 chal::hphMX

DMy17 mmfl:-kanMX chal::hphMX (p°)
DMyl18 ilvl::natMX

DMy20 chal::hphMX mmf1::kanMX
DMy?23 YJF153 (p)

DMy21 mmfl::hphMX-loxP (p°)
DMy22 mmf1A0 (p°)

DMy31 YJF153 / pDM1481

DMy32 YJF153 / pSF-empty
DMy33 mmf1A0 (p°) / pPDM1481
DMy?34 mmf1A0 (p°) / pSF-empty
DMy35 YJF153 (p)) / pDM 1481
DMy36 YJF153 (p) / pSF-empty
DMy43 IVIAO:ILVI-1%%*

DMy46 ilvIAO:: ILVI-1 mmf1::kanMX
DM15531 E. coli BL21-Al / pDM1463
DM15533 E. coli BL21-Al / pDM1467
DM15910 E. coli BL21-Al / pDM1536

*All yeast strains were constructed in a YJF153 strain
background. **Allele ILVI-1 encodes Ilvlp**'*" feedback-

resistant variant.
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TABLE 5.2. Plasmids and primers used in this study.

Plasmids Description Source
pDM1463 pET20-mmf1(21_147) ThlS study.
pDM1467 pET20-i1V1(46_576) This study.
pDM1481 pSF-mmf1 This study.
pDMl 536 pET20-11V1(46_576)R416F This study.
pDM1540 pET20-ilvI-R416F This study.
pSF pSF-TEF1-TPI1-G418 Sigma Aldrich
pFA6a-KanMX TEF1-kanMX-tAgTEF1 D. Garfinkel
pUG6 loxP-pAgTEF1-kanMX-tAgTEF1-loxP EUROSCARF
pUG74 loxP-pAgTEF1-natMX-tAgTEF 1-loxP EUROSCARF
pUG75 loxP-pAgTEF1-hphMX-tAgTEF1-loxP EUROSCARF

Primers Sequence
insMX_ BM GGATGTATGGGCTAAATG
insMX_ CM CCTCGACATCATCTGCCC
mmfl_insMX F GTAAAAAGGACAACACATACACACAAATATATTACCAATACAGCTGAAGCTTCGTACGC
mmfl_insMX R ATCGCAAGTGGAAAAAAGGCAGTAAAGAAGTTTCAATCCTGCATAGGCCACTAGTGGATCTG
mmfl A GGCGGTGATCTTAGAAGACC
mmfl B AGATAGAACCTTGAACAGGC
mmfl C GGTTCTATCTCTGAGAAGGC
mmfl D CACCCAAACAACACACGG
ilvl_insMX F CAAGCCACATTTAAACTAAGTCAATTACACAAAGTTAGTGCAGCTGAAGCTTCGTACGC
ilvl_insMX R AACAAGTTGTTGCGTAAATTTATAAAGTAAATTGTCGGTTGCATAGGCCACTAGTGGATC
ilvl_A CGCAGCGGGTAGCAAATT
ilvl B GAGTAACATACACGCGCTG
ilvl C TTCCCTGAAAGACCAGGTG
ilvl D AGACGGGAAGACAAACCTAC
chal insMX F AGTGCTGGATAGACAAGAGACAGGAAAATTAACCAGCGAGCAGCTGAAGCTTCGTACGC
chal insMX R AAGGGCAAATTGATGCTTCAACGAAAAAGTTATTGGATTTGCATAGGCCACTAGTGGATC
chal A AAGGGACAATATGAGGAGGA
chal B GCATTACCGCCAGAACTAG
chal C ATTAGCTGCGGATGACATTG
chal D GGATATGTTGATGCTTACTTCG
T7_promoter F TAATACGACTCACTATAGGG
T7_promoter R TATGCTAGTTATTGCTCAGCG
mmfl Ndel F truncated pET20 GGCATATGATAACAACATTGACCCCGGTC
mmfl Xhol R GGCTCGAGATTCTTTTCAACAGCGATAAC
ilvi_Ndel F_truncated pET20 GAGACATATGCACTCTGAATTGAAATTGGATG
ilvl Notl R pET20 GAGAGCGGCCGCATATTTCAAGAATTTTTGATAAAC
mmfl pSF Ncol F GAGACCATGGCCTTTTTAAGAAATTCCGTTTTGAG
mmfl pSF Xbal R GAGATCTAGATCAATTCTTTTCAACAGCGATAAC
ilvl_R416F ATGCAAAAGATCATCCACCCATTCTCTGTTACTGAATTCTCTTACC
ilvl_QC replacement F CAAGCCACATTTAAACTAAGTCAATTACACAAAGTTAGTGATGTCAGCTACTCTACTAAA
ilvl_QC replacement R GTTGCGTAAATTTATAAAGTAAATTGTCGGTTTTAATATTTCAAGAATTTTTGATAAAC
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TABLE 5.3. Frequency of rifampicin resistant

colonies in wild-type and ridA strains of S. enterica

Strain Genotype CFU/10° cells
DM9404 Wild type 43 +3
DM3480 ridA3::MudJ 42 +1

The values reported indicate the average and standard
deviation of three independent experiments. CFU; colony

forming unit.
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FIGURE 5.1. Yeast lacking Mmflp cannot respire glycerol and have a growth defect on
glucose. (A) Growth of wild-type (p"), petite wild-type (p’) and mmjfI A mutant strains on synthetic
dextrose (SD) and synthetic glycerol (SG) solid media. An MMF1 expression plasmid (pSF-
MMFT) or the empty vector (pSF) were transformed into each strain prior to growth analyses. (B)
Growth of a p” mmfIA mutant and petite wild-type (p’) in liquid SD medium supplemented with
isoleucine or threonine as indicated. Data indicate the average and standard deviation of three
independent cultures.
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FIGURE 5.2. Ilvlp generates 2AA stress in yeast lacking Mmflp. (A) The scheme of IlvIp-
mediated pyruvate formation, showing 2AA as an unbound intermediate that can be hydrolyzed to
pyruvate by solvent water or Mmf1p. Isoleucine allosterically inhibits Ilv1p activity and prevents
2AA formation. (B) The rate of serine to pyruvate conversion by Ilv1pus-s576) 1s enhanced similarly
by adding Mmflppi.147) (S. cerevisiae) or RidA (S. enterica). Data represent the average and
standard deviation of three independent experiments, with error bars not exceeding the symbol
boundaries. (C) The serine dehydratase activity of the purified Ilvlpus-s76-R416F variant is
insensitive to a concentration of isoleucine (3.3 mM) that completely inhibited the wild-type
enzyme. Data represent the average and standard deviation of three independent experiments. (D)
Ilv1pus-576)-R416F has similar catalytic efficiency for serine dehydration relative to the wild-type
enzyme. Data indicate the average and standard deviation of three independent experiments. (E)

R416F

Inserting the /LV1-1 allele encoding Ilv1p into a p° mmfIA strain prevented isoleucine from

restoring full-growth to the double mutant when compared to the p’ mmfIA single mutant
following 48 hours of incubation on solid SD + Ile (1 mM) medium at 30°C.
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FIGURE 5.3. Chalp contributes to 2A A generation when serine is provided exogenously. (A)
Disruption of CHAI prevents conversion of exogenous serine to 2AA, thereby alleviating
exogenous serine sensitivity in a p’ mmfIA chalA background. Data are displayed as the average
and standard deviation of three independent experiments. (B) Preventing 2AA production by
simultaneously inhibiting the activity of Ilv1p (with isoleucine) and deleting CHA I renders Mmfl1p
non-essential for mtDNA maintenance despite the presence of serine in the growth medium. All
mutants were constructed in the order indicated by the genotype and selected on YPD medium
prior to streaking on the displayed YPD or YPG plates. Growth was recorded after 48 hours at
30°C.
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FIGURE 5.4. Mmflp is dispensable for mtDNA maintenance in the absence of 2AA
generators. (A) Microscopy (100x magnification) confirms the disruption of MMFI prior to
CHAI leads to loss of mtDNA following selection on YPD. Conversely, disruption of CHAI
coupled with feedback inhibition of Ilv1p during propagation on YPD preserves mtDNA following
subsequent disruption of MMFI. (B) Although the p* chalA mmfIA mutant maintains respiratory
capacity, it remains sensitive to moderate 2AA stress when Ilv1p activity is restored by removing
isoleucine from the growth medium. Data displayed are the average and standard deviation of three
independent cultures.
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FIGURE 5.5. Serine diminishes the respiratory capacity of a p* chalA mmfIA strain grown
in minimal medium. Dilution plating (10°-10") of DMy20 (p" chalA mmfIA) pre-cultured up to
72 hours in minimal SD medium with 5 mM serine reveals a diminished capacity to respire
glycerol relative to the minimal SD medium control.
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FIGURE 5.6. Model of 2AA stress in the yeast mitochondrion. PLP-dependent serine
dehydratases active in the yeast mitochondrion (Ilvlp and Chalp) generate 2AA through the
dehydration of serine. Unless Mmflp is present to prevent 2AA accumulation, metabolic stress
arises, ultimately causing loss of the mitochondrial genome. The precedence for 2AA damaging
PLP-dependent enzymes suggests the negative influence of 2AA on mtDNA maintenance is
indirect and likely due to damage of one or more target PLP-dependent enzymes. 2KB=2-
ketobutyrate, 2AA=2-aminoacrylate, CHA1 and ILV1 encode serine/threonine dehydratases (EC

43.1.19).
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CHAPTER 6
ENHANCED CYSTATHIONINE B-LYASE PRODUCTION SUPPRESSES 2-

AMINOACRYLATE STRESS IN SALMONELLA ENTERICA'

'Ernst DC, Christopherson MR, Downs DM. To be submitted to Journal of Bacteriology.
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6.1 ABSTRACT

Reactive enamine stress caused by intracellular 2-aminoacrylate accumulation leads to
pleiotropic growth defects in a variety of organisms. Members of the well-conserved
RidA/YERO057¢/UK114 protein family prevent enamine stress by enhancing the breakdown of 2-
aminoacrylate to pyruvate. In Salmonella enterica, the disruption of RidA allows unbound 2-
aminoacrylate to accumulate and inactivate a variety of pyridoxal 5’-phosphate-dependent
enzymes. This study was carried out to identify robustness in the S. enterica metabolic network
required to overcome 2-aminoacrylate stress in the absence of RidA. Multicopy suppressor
analysis revealed that overproduction of the methionine biosynthetic enzyme cystathionine B-lyase
(MetC; EC 4.4.1.8) alleviated the pleiotropic consequences of 2-aminoacrylate stress in a rid4
mutant strain. The cystathionase activity of MetC was not required for suppression of ridA
phenotypes. Although MetC overproduction reduced 2-aminoacrylate levels in vivo, MetC failed
to use 2-aminoacrylate as a substrate in vitro. The data support a model where MetC acts on a non-
cystathionine substrate to generate a metabolite that reduces 2-aminoacrylate levels, representing

a potential non-enzymatic mechanism of 2-aminoacrylate depletion.

6.2 BACKGROUND

Metabolism is guided by the chemical reactivity of molecules in the cell. Inherent to this
reactivity is the potential for deleterious reactions to take place between molecules in a
heterogeneous and crowded intracellular milieu (1). Examples abound of reactive metabolites
spontaneously damaging macromolecules (i.e. DNA, protein) in the cell, with well-characterized
damage repair systems in place to counteract such damage (2, 3). Increasingly, examples of

metabolite damage caused by promiscuous enzyme activities or spontaneous reactions between
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unstable molecules have been described (4). In many cases, dedicated metabolite damage repair
systems are necessary to prevent deleterious metabolites from reaching toxic levels in the cell.

The reactive enamine stressor 2-aminoacrylate (2AA) is produced by pyridoxal 5°-
phosphate (PLP)-dependent enzymes associated with amino acid metabolism (5). Due to the short
half-life of unbound 2AA in vitro (5), a role for this reactive metabolite in vivo was previously
overlooked. However, detailed biochemical and genetic studies demonstrated that 2AA could
persist intracellularly and inactivate a variety of target PLP-dependent enzymes, leading to
numerous metabolic deficiencies (6—8). Pioneering studies in Sa/monella enterica defined the role
of RidA/YERO057c¢/UK114 family proteins in preserving metabolic network integrity by
hydrolyzing 2A A and preventing its accumulation inside the cell (9) (Figure 6.1A). Comparing S.
enterica to the closely related gram-negative bacterium Escherichia coli revealed that these
organisms differed in their susceptibility to enamine accumulation and 2AA stress despite their
shared metabolic components (10, 11). Strains of S. enterica lacking RidA were unable to grow
on minimal glucose medium containing serine or on minimal pyruvate medium due to 2AA stress
generated by the biosynthetic serine/threonine dehydratase (IlvA; EC 4.3.1.19) (12). In contrast,
E. coli lacking RidA only experienced a growth defect on the aforementioned media when IlvA
activity was artificially increased (11). These studies showed that the mere presence of IIVvA or
RidA served as a poor predictor of enamine stress susceptibility, and suggested that the
organization of the metabolic network influenced 2A A homeostasis.

The present study was carried out to identify robustness in the metabolic network of S.
enterica required to prevent 2AA stress in the absence of RidA. Multicopy suppressor analysis
showed that overexpression of metC in strains lacking RidA preserved wild-type growth under

2AA stress conditions. MetC is a PLP-dependent cystathionine B-lyase enzyme that catalyzes the
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penultimate step in methionine biosynthesis (Figure 6.1B). The cystathionase activity of MetC was
not required for suppression of 7id4 mutant phenotypes, nor did the MetC protein directly interact
with 2AA to limit accumulation. The data support a model whereby MetC acts on alternative

substrate(s) to generate a metabolite prone to react with 2AA.

6.3 MATERIALS AND METHODS

Bacterial strains, media and chemicals. Strains used in this study were derived from
Salmonella enterica serovar Typhimurium LT2 and are listed along with their genotype in Table
6.1. Tn/0d(Tc) is the transposition-defective mini-Tn/0 (Tn/0A16A17) described by Way et al.
(13). MudJ refers to the transposition defective Mu element Mud1734 described previously (14).

Rich growth medium consisted of Difco nutrient broth (NB; 8 g/liter) and sodium
chloride (5 g/liter). Minimal medium was composed of no-carbon E salts (NCE) with 1 mM
magnesium sulfate (15), trace elements (16) and either glucose (11 mM) or pyruvate (50 mM) as
the sole carbon source. Difco BiTek agar (15 g/liter) was added to make solid growth medium.
When necessary, amino acids were added to minimal medium as follows: 5 mM serine, 0.3 mM
methionine, 0.25 mM homocysteine, 1 mM isoleucine and 0.67 mM glycine. Antibiotics were
added at the following final concentrations to rich and minimal medium, respectively: 20 and 5
g/ml of chloramphenicol, and 50 and 12.5 g/ml of kanamycin, 20 and 10 g/ml of tetracycline.
Amino acids, including L-cystine dihydrochloride, and antibiotics were purchased from Sigma
Aldrich (St. Louis, MO).

Genetic techniques and growth analyses. Strains were constructed by transductional
crosses using the high-frequency general transducing mutant of bacteriophage P22 (HT105/1,

int-201) (17). Techniques used to perform transductions, eliminate phage contamination from

163



cells, and identify phage-free recombinants were described previously (18). Strains were freshly
streaked to solid NB medium prior to growth curves. Individual colonies were inoculated into 2
ml of NB broth and grown overnight at 37°C and 200 rpm. Cell growth was measured in liquid
as described previously (19), where 5 pl of NB overnight was used to inoculate 195 pul of growth
medium contained within each well of a 96-well microtiter plate (Corning). Microtiter plates
were incubated at 37°C with shaking, and growth was monitored by the change in optical density

at 650 nm (ODg,) using a BioTek EIx808 plate reader. All growth experiments were performed

in triplicate, and the resulting data were plotted using GraphPad Prism 7.0, generating curves in

log,,-format that display the averages and standard deviations of the replicates. When final ODs

are reported, growth analyses were performed by inoculating 100 pl of NB overnight into 5 ml
cultures contained within 30 ml cultures tubes and incubated at 37°C and 200 rpm.

Molecular methods and library construction. Library construction was described
previously (see Downs lab). Two sequential stop codons were engineered by site-directed
mutagenesis into the beginning of the metC sequence using primers MetC-SDMfor and MetC-
SMDrev. The DNA changes A10T and C13A, corresponding to amino acids K4 (ochre) and Q5
(amber), respectively, were introduced into the pSR43 multicopy suppressor plasmid using a
standard Quickchange protocol (Stratagene) to generate the plasmid pMC10. The addition of
pSR43 to a metC mutant (DM9386) complemented growth in minimal glucose medium lacking
methionine, while pMC10 failed to restore growth to a mefC mutant (DM9387). Plasmid pSW-
metC was constructed previously by blunt-end cloning the metC ORF into pSU19. Plasmid
pDM 1480 was generated by cloning the metC into pPBAD24. The metC ORF was amplified using
primers MetC For Kpnl and MetC Rev HindIll, digested with Kpnl and HindIIl and ligated into

pBAD24 digested with the same restriction enzymes.
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Crude cystathionase assays. MetC activity was assessed as the cystathionine-dependent
formation of free thiols in cell-free extracts according to published protocol. Briefly, 25 ml cultures
were grown to full density in Nutrient Broth with 20 pg/ml chloramphenicol at 37 °C with shaking.
Cells were pelleted by centrifugation and resuspended in 1 mL 0.85% NaCl. Cells were lysed by
sonication at 4 °C and cell debris removed by 10 min centrifugation at 4 °C. Cell-free extract was
moved to a new tube, brought to a volume of 2.5 ml with 0.85% NacCl, and loaded onto a Sephadex
G-25M PD-10 desalting column (Pharmacia). Proteins were eluted with 3.5 mL 0.85% saline and
protein concentration was determined by Bradford assay (20). Approximately 30 pl of extract
(corresponding to ~13 pg protein) was assayed at 30 °C in 200 pl total reaction volume containing
130 mM Tris pH 7.5, 0.02 mM PLP, and 1 mM 5,5'-dithiobis-(2-nitrobenzoic acid) (Sigma). A
volume of 8 pul 50 mM cystathionine was added to a final concentration of 2 mM to start the
reaction and absorbance at 412 nm was monitored over time. Experiments were performed in
triplicate and reported as the average and standard deviation.

Transaminase B (IlVvE) assays. IIVE activity was measured in permeabilized cell extracts
as previously described (21). Strains were grown to late-log phase in 5 ml minimal glucose
medium, pelleted, washed with 50 mM KPO4 pH 8 and frozen overnight at -20°C. Frozen cell
pellets were thawed on ice, resuspended in 50 mM KPO4 pH 8 and lysed using PopCulture
(Novagen). Aliquots of PLP (50 uM) and 2-ketoglutarate (10 mM) were mixed with ~30 pl of
the permeabilized cell suspension, and isoleucine was added (20 mM) to initiate reactions.
Reactions were incubated for 20 min at 37°C, and IIvE activity was determined based on the
amount of 2-keto-3-methylvalerate (2KMV) formed. 2KMV was derivatized with 2,4-
dinitrophenylhydrazine (DNPH) prior to hydrazone formation, followed by organic extraction.

The organic layer was treated with 0.5 N HCI, then removed and mixed with 1.5 N NaOH to
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allow chromophore formation. Absorbance of the resulting aqueous layer (containing the
chromophore) was measured at 540 nm using a Spectramax M2. The protein concentration of
each lysate was determined using the bicinchoninic acid (BCA) assay (Pierce). Activity is
reported as nmol 2KMV/min/mg protein per cell lysate. The resulting data was analyzed by one-
way analysis of variance (ANOVA), using GraphPad Prism 7.0 and Tukey’s test was used to
assess significant changes in IIVE activity (P = 0.01).

MetC purification. MetC was amplified from S. enterica LT2 using primers
MetC_For Ndel containing an engineered 5’ Ndel restriction site and MetC_Rev_Xhol containing
an engineered Xhol site in place of the stop codon. Amplification was performed by PCR using
cloned Pfu DNA polymerase. PCR conditions were as follows: denaturation at 95 °C for 1 min,
annealing at 52 °C for 1 min, and extension at 72 °C for 1 min. The resulting 1.2 kB fragment was
digested with Ndel and Xhol and ligated into the pET20b vector (Novagen) digested with Ndel
and Xhol. The plasmid (pMC12) complemented metC mutant TT14 (data not shown). MetC was
overexpressed from pMCI12 in E. coli BL21(Al) according to the manufacturer’s protocol
(Novagen). Cells from the resulting cultures were broken at 15,000 psi in a French Pressure cell at
4 °C. Cell debris was removed by centrifugation (42,000 x g) for 30 min at 4 °C. Proteins were
purified using a column containing Superflow Ni*" resin (Qiagen) according to standard protocol
(Novagen). Fractions containing MetC were concentrated at 30 psi under Argon gas using a 10,000
MWCO membrane (Amicon YM10). The protein was dialyzed in Binding Buffer and stored at —
80 °C.

Serine dehydratase (IlvA) assays. [lvA was provided by K. Hodge-Hanson and was
purified as previously described (5). RidA was the same as used in previously described assays

(22). Reactions (300 pl) consisted of 50 mM Tris-HCI pH 9 and 0.6 uM IlvA. Reactions were
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initiated by adding L-serine (60 mM) and monitored continuously at 230 nm for 120 seconds in a
96-well quartz plate using a SpectraMax M2 (Molecular Devices) microplate reader. Initial rates
were determined based on the increase in A,z corresponding to pyruvate formation. The impact
of RidA (0.3 uM) or MetC (0.45 pM) on the rate of pyruvate formation was assessed by adding

the proteins to IlvA reactions at the indicated concentrations and monitoring changes in AA3.

6.4 RESULTS AND DISCUSSION

metC is a multicopy suppressor of rid4 mutant strain growth defects. A plasmid library
containing Salmonella enterica LT2 genomic DNA in pBR328 was transduced into a ridA4 strain
(DM3480) and plated on rich medium containing chloramphenicol (20 pg/ml). Transductants were
screened for restored growth on minimal glucose medium containing serine (5 mM). Plasmids
expressing putative multicopy suppressors were transduced to a naive parental strain to confirm
suppression and a representative plasmid, pSR43, was chosen for further characterization. The
presence of pSR43 reversed the growth defect of a 7id4 mutant strain in minimal glucose medium
containing serine (Figure 6.2A). Sequence analysis showed pSR43 contained a fragment of
chromosomal DNA consisting of seven open reading frames, including four genes of unknown
function, two genes encoding components of a TonB-dependent transport system and the metC
gene encoding a PLP-dependent cystathionine P-lyase required for methionine biosynthesis
(Figure 6.2B). The association of rid4 mutant phenotypes with PLP-enzymes suggested metC
could be involved in the suppression of serine sensitivity. Plasmid pSR43 was engineered to
contain two sequential stop codons in metC, generating plasmid pMC10. A rid4A mutant strain
containing pMC10 (DM9407) failed to grow in the presence of serine (Figure 6.2A), allowing the

conclusion that MetC was required for the multicopy suppression of pSR43.

167



The metC ORF was cloned into a pSU19 vector, forming pSW-metC, and a pBAD vector
generating pDM1480. Unexpectedly, neither of the merC containing constructs restored growth to
a ridA mutant on medium with serine. Both plasmids (and pSR43) restored full growth to a metC
mutant on minimal medium, confirming that functional MetC was being produced. In addition to
serine sensitivity, 7id4 mutants display an inability to grow on pyruvate as the sole carbon source
(23). Expression of metC from pSW-metC failed to restore growth to a rid4 mutant on pyruvate
medium (Table 6.2). These data indicated that the presence of pSW-metC or pDM1480 could
satisfy the methionine requirement of a mefC mutant, but could not suppress the 2AA-dependent
growth defect of ridA strains grown in in the presence of serine or on pyruvate as a sole carbon
source.

A simple interpretation of these results was that other genes on the pSR43 construct were
required for suppression of ridA phenotypes. ExbB and ExbD form a complex with TonB to
transduce energy to the outer membrane for use by TonB-dependent transporters (24). Therefore,
the possibility that TonB was required for pSR43 suppression of ridA phenotypes was examined.
After 24 hours, DM 13226 (ridA tonB / pSR43) grew in the presence of 5 mM serine (ODgso= 1.12
+ 0.035) while DM 13225 (ridA tonB / pSU19) did not (ODgso = 0.064 £ 0.063), indicating ExbB
and ExbD were dispensable for suppression. The remaining genes of unknown function flanking
metC (yghA, yhjG, yghB and yqhC) were independently determined to be non-essential for pSR43-
mediated suppression of ridA phenotypes (data not shown).

In the absence of evidence for a role of additional proteins in the suppression by pSR43,
strains were assayed for cystathionase activity. The data showed that strains carrying the pSR43
construct had approximately 40-fold higher cystathionase activity than strains carrying the metC-

null pMC10 construct, and 10 to 50-fold higher cystathionase activity than strains with constructs
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containing the metC ORF alone (Table 6.3). Thus, cystathionase activity positively correlated with
suppression of ridA strain growth defects. However, the mere presence/organization of the DNA
flanking metC in pSR43 led to greater MetC activity than could be achieved by expressing metC
alone from pSW-metC or pDM1480. The significantly higher level of MetC activity in strains with
pSR43 suggested a strong genomic context-dependent effect on metC expression. The mechanism
of how the added genomic content of pSR43 influenced MetC activity was not pursued.
Cystathionine a,B-elimination is not required for MetC to suppress the growth defects
of a ridA strain. The positive correlation between cystathionase activity and the suppression of
ridA strain phenotypes indicated MetC was required, but did not prove that cystathionase activity
was necessary per se. Methionine limits flux through the methionine biosynthetic pathway by
feedback inhibition of MetA (25), thus diminishing the production of cystathionine. Adding
methionine to cultures of a ridA4 strain containing pSR43 grown on minimal pyruvate medium or
minimal glucose plus serine medium did not affect MetC suppression of 7idA strain growth defects
(data not shown). Furthermore, the disruption of metB, encoding cystathionine synthase, did not
prevent pSR43 from suppressing the growth defect of a metB ridA (DM9567) strain grown in
minimal glucose medium containing serine and methionine (data not shown). Thus, cystathionine
was not required for MetC-dependent suppression of ridA strain phenotypes. In fact, one of the
products of MetC-catalyzed cystathionine o,B-elimination, homocysteine, was toxic to a ridA
strain when supplied exogenously in minimal glucose medium (Figure 6.3). Homocysteine
accumulation is known to increase IlvA activity in E. coli (26), predictably leading to greater 2AA
production. Isoleucine or glycine reversed the homocysteine sensitivity of a ridA4 strain, consistent
with homocysteine exacerbating 2AA production via IlvA in S. enterica (18). The above data

indicated that MetC, but not cystathionine, was required for the suppression of 7idA4 strain growth
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defects. It remained unclear if MetC overproduction reduced 2AA levels inside the cell or
compensated for a damaged 2AA target in order to restore growth to a ridA strain.

MetC overproduction reduces 2AA accumulation by a mechanism that does not
require allosteric inhibition of IlvA. A well-established indirect approach was used to monitor
the impact of MetC overproduction on 2AA levels in vivo. Transaminase B (IIVE; EC 2.6.1.42) is
a PLP-dependent enzyme that is inactivated by free 2AA; measuring IIVE activity in a ridA4 strain
reflects the level of 2AA accumulation (21). IIVE activity was significantly reduced (55 nmol 2-
KMV/min/mg) in a ridA strain carrying pMC10 relative to the wild-type control (120 nmol 2-
KMV/min/mg) (Figure 6.4). In contrast, the IIVE activity of a ridA4 strain carrying pSR43 (90 nmol
2-KMV/min/mg) was not significantly different than the wild type control (122 nmol 2-
KMV/min/mg) (Figure 6.4). The data indicated that MetC reduced 2AA levels in a ridA strain.

The serine sensitivity of a rid4 mutant is suppressed by isoleucine (12) through a
mechanism that requires allosteric inhibition of IlvA (23). It was possible that MetC
overproduction ultimately diminished 2AA levels through the allosteric inhibition of IlvA. An
[IvA variant (encoded by i/vA219) insensitive to allosteric regulation (21) was introduced to a ridA
strain carrying pSR43. The presence of pSR43 maintained growth of the rid4 mutant in the
presence of serine (or on pyruvate) despite the inability to regulate [IvA activity (Table 6.4). Taken
together, these data confirmed that MetC reduced 2AA accumulation in vivo without affecting the
production of 2AA by IlvA. Therefore, MetC acted downstream of IIvA to sequester/degrade 2AA
prior to target enzyme inactivation.

MetC does not sequester 2-aminoacrylate directly. MetC overproduction clearly
reduced 2AA accumulation in vivo, but it was unclear if MetC directly interacted with 2AA or

generated a product capable of sequestering 2AA. Pure MetC protein or RidA were added to
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spectrophotometric assays containing IlvA and serine, and the rate of pyruvate formation was
monitored. The addition of RidA to the reactions sped up the rate of pyruvate formation (data not
shown) as described previously (5). In contrast, adding MetC to the reaction had no effect on the
rate of pyruvate formation (data not shown), indicating MetC did not hydrolyze 2AA, nor did
MetC bind and sequester 2AA. It was hypothesized that MetC could generate a reactive metabolite
capable of reacting with 2AA. MetC is reported to have a broad substrate range (27) and is capable
of generating reactive persulfide species (28). Therefore, we proposed a simple scenario where
MetC provided with a cysteine persulfide precursor, such as cystine, could diminish IlvA-
dependent pyruvate formation through persulfide-mediated 2AA sequestration (Figure 6.5).
Verification of the model was hampered by our inability to provide the relevant intermediates
directly in vitro. Attempts to enzymatically generate 2AA and cysteine persulfide in the same
reaction via IlvA and MetC, respectively, failed to definitively show that 2AA and cysteine
persulfide reacted to form a unique product (data not shown). Similarly, attempts to non-
enzymatically generate cysteine persulfide from cystine using sodium sulfide inhibited IlVvA
activity, limiting the usefulness of this approach.

Conclusions. The results presented here indicate that MetC overproduction suppresses
multiple growth defects displayed by a rid4 mutant. The data indicate that suppression by MetC
does not depend on cystathionase activity or the regulation of IlvA, nor does MetC directly bind
2AA. Cystathionine -lyase enzymes are able to decompose a variety of sulfur containing amino
acids of potential biological significance, including cystine, djenkolic acid, lanthionine and several
other substrates (27). The broad substrate range used by MetC, coupled with the difficulty of
replicating intracellular conditions, impeded efforts to identify a reactive metabolite generated by

MetC that could sequester 2AA in vitro.
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Our model predicts that a reactive persulfide generated by MetC is capable of sequestering
2AA to prevent stress in the absence of RidA. Precedence exists for cysteine being able to react
with 2AA generated by cysteine desulthydrase (CdsH; EC 4.4.1.1) in semi-pure enzyme assays,
leading to the accumulation of a cyclized end-product (29). These data confirmed that despite the
abundance of free water in the assays, the nucleophilic cysteine thiol could attack 2AA before
spontaneous tautomerization and hydrolysis could take place. Cysteine persulfide (thiocysteine) is
predicted to act either as a strong nucleophile capable of attacking 2AA, or an electrophile
susceptible to attack by 2A A, depending on the sulfur atom considered (Figure 6.5). Thiocysteine
is produced by a variety of promiscuous cystine lyases, including cystathionine lyases, and impacts
the cellular thiol landscape in many organisms (30). Our inability to rigorously test the interaction
between 2AA and thiocysteine in vitro warrants future work to explore the formation of a 2AA-
persulfide conjugate in vivo. A variety of persulfide species beyond thiocysteine, derived from
precursors other than cystine, play important roles in sulfur trafficking, protein persulfidation and
other cellular processes (31). The benefit of an unbiased in vivo approach is that we will not be
limited to exploring the impact of a single MetC substrate (e.g. cystine) on 2AA levels, since a
variety of MetC substrates are present in S. enferica. Furthermore, conditions of the intracellular
space, including molecular crowding and a lack of abundant free water, may be required for the
proposed interaction between 2AA and a MetC metabolite to take place.

RidA represents the only mechanism of 2AA control that has been described to date (9).
However, some organisms that seem capable of generating 2A A based on possessing type II PLP-
enzymes lack a canonical RidA homolog, opening the possibility that non-RidA mechanisms of
2AA control exist in nature (32). Parallel studies seeking to identify 2AA control enzymes from

RidA-deficient Methanococcus maripaludis identified an aspartate/glutamate racemase
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(MMPO0739; EC 5.1.1.13) capable of suppressing S. enterica ridA phenotypes, similar to MetC
(Hodge-Hanson and Downs, unpublished data). These findings suggest that metabolic enzymes,
when produced in the appropriate context, are capable of altering metabolic flux to diminish the
accumulation of 2AA in the absence of RidA. Work comparing Escherichia coli and S. enterica
showed that organisms with nearly identical metabolic components, including IIvA and RidA,
differed in their susceptibility to 2-aminoacrylate stress (11). Insights from the present study may
inform our understanding of how seemingly unrelated components of a given metabolic network
buffer against 2AA accumulation, in addition to or in lieu of RidA activity. Continued
investigation of cross-talk between 2AA and the metabolic network are warranted to better
understand the subtle perturbations caused by 2AA. Although enzyme bound pyridoxal 5’-
phosphate is the only metabolite we have identified as damaged by 2AA in vivo, it is likely that
other metabolites in the crowded intracellular space are prone to react with 2AA. Our ability to
detect such deleterious interactions may be limited in wild-type S. enterica, but through genetic
intervention, we may be able to amplify the impact of 2A A-conjugated metabolite production to a
phenotypically detectable level. Findings from this approach may not be relevant to the 2AA stress
paradigm active in S. enterica, but may reflect relevant consequences of 2AA stress in other

organisms.
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TABLE 6.1. Strains, plasmids and primers used in this study.

Strain, plasmid or

Genotype, description or sequence

primer
Strains
DM3480 ridA3::MudJ
DM5970 ivIA219 ridA3::MudJ
DM7575 ridA3::MudJ / pSR43
DM7576 ridA3::MudJ / pPSW
DM9384 ilvA219 ridA3::MudJ / pSR43
DM9385 ilvA219 ridA3::MudJ / pMC10
DM9386 metC::Tn10d(Tc) / pSR43
DM9387 metC::Tn10d(Tc) / pMC10
DM9404 Wild-type (isogenic to DM3480)
DM9405 Wild-type / pSR43
DM9407 ridA3::MudJ / pMC10
DM9567 ridA3::MudJ] metB::Tn10d(Tc)
DM13225 ridA3::MudJ tonB256::Tn10(d)Tc / pSU19
DM13226 ridA3::MudJ tonB256::Tn10(d)Tc / pSR43
DM 14277 ridA3::MudJ / pPBAD24
DM 14370 Wild-type / pBAD24
DM15535 Wild-type /pSU19
DM15536 Wild-type / pDM 1480
DM15538 ridA3::MudJ /pSU19
DM15539 ridA3::MudJ / pPDM 1480
DM16218 Wild-type / pBR328
DM16219 ridA3::MudJ / pBR328
Plasmids
pBR328 Reference (33)
pBAD24 Reference (34)
pSU19 Reference (35)
pSW metC cloned into the pSU19 multiple cloning site
pSR43 metC and flanking gDNA cloned into the pSU19 multiple cloning site
pMC10 pSR43 with two stop codons inserted in the metC ORF
pDM1480 metC cloned into the pPBAD24 multiple cloning site
Primers

MetC-SDMfor
MetC-SMDrev
MetC For Ndel
MetC Rev_Xhol
MetC For Kpnl
MetC Rev HindlIl

CAGGAAACGCAACATGACGGATTAATAGTTGGATACCAAACTGG
GCGTTTACCAGTTTGGTATCCAACTATTAATCCGTCTATGTTGCG
CATATGACGGATAAACAGTTGGATACCAAACTGGTAAACGC
CCCCGGCACTCGAGCACAATTC
GAGAGGTACCAACGGATAAACAGTTGGATAC

GAGATCTAGATTACACAATTCTGGCGAAGC

177



TABLE 6.2. Construct-dependent overexpression of metC alleviates ridA strain growth

defects
Growth (ODgs) after 24 hours”
Strain Genotype Glc Glc + Ser Pyr
DM7576 rid4 | pSW 1.14 0.07 0.56
DM7575 ridA / pSR43 1.15 1.29 1.07
DM9407 rid4 | pMC10 1.07 0.14 0.37
DM 15539 rid4 | pDM1480" 1.37 0.11 N/A®

* Average from three independent cultures. Error less than 0.2 absorbance units. Growth media:

11 mM Glucose (Glc), 5 mM serine (Ser), 50 mM pyruvate (Pyr). ® Arabinose (0.1 %) was

added to all growth medium for this strain. © The vector-only control (DM14277) grew in
pyruvate medium containing arabinose. Otherwise, the vector-only control behaved like a ridA

mutant strain.
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TABLE 6.3. MetC activity correlates with phenotypic suppression of ridA

Strain Genotype MetC Activity
DM7576 rid4 | pSW 02+0.3
DM7575 rid4 / pSR43 11.6+1.9
DM9407 rid4 / pMC10 0.3+0.05

DM15539* rid4 | pDM1480 1.3+0.8

MetC activity is reported as: AA4i2nm/mg/min. The data are reported as the average and standard
deviation of three independent experiments. * Arabinose (0.1%) was added to cultures

containing DM15539.
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TABLE 6.4. MetC suppression does not require allosteric inhibition of IIlvA

Growth (ODgs0) after 12 hours’

Strain Genotype Glc Glc + Ser Pyr
DM3480 ridA 1.26 0.16 0.32
DM5970 ridA ilvA219 0.51 0.1 0.13
DM9384 ridA ilvA219 / pSR43 1.29 1.16 1.24
DMO9385 ridA ilvA219 | pMC10 0.36 0.07 0.12

1 Average from three independent cultures. Error less than 0.2 absorbance units. Growth media:

11 mM Glucose (Glc), 5 mM serine (Ser), 50 mM pyruvate (Pyr).
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FIGURE 6.1. A) 2-aminoacrylate is produced in Salmonella enterica by the pyridoxal 5’-
phosphate-dependent serine/threonine dehydratase IlvA. Following release from IlvA, 2AA can
undergo spontaneous conversion to pyruvate, but some 2A A persists long enough to damage target
enzymes and cause metabolic stress. However, RidA enhances 2AA hydrolysis and prevents
endogenous metabolic stress. B) Cystathionine B-lyase encoded by metC is a pyridoxal 5°-
phosphate-dependent enzyme that converts cystathionine to homocysteine, pyruvate and ammonia

in the penultimate step of methionine biosynthesis.
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FIGURE 6.2. A) Growth of wild-type (circles) and ridA (diamonds) strains containing the empty
pBR328 vector (open symbols) or pSR43 (closed symbols) in minimal glucose plus serine (5 mM)
medium. Data reflect the average and standard deviation of experiments performed in triplicate in
a 96-well plate format. B) The me?C open reading frame was cloned into the multiple cloning site
of pSU19 or pBAD24 to generate pSW and pDM 1480, respectively. Alternatively, metC flanked
by several upstream and downstream genes was cloned into pBR328 to generate pSR43. Site

directed mutagenesis using pSR43 as a template was performed to generate a mefC-null version of

pSR43, pMC10.
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FIGURE 6.3. Transaminase B (IlvE) activity. IIVE activity was measured in crude extracts of
wild-type or ridA strains containing pSR43 or pMC10 grown to late-log phase in minimal glucose
medium. IIVE activity was normalized to crude protein concentration. Data display the average

and standard deviation of three biological replicates.
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FIGURE 6.4. Homocysteine is the product of cystathionine -elimination and is toxic to rid4
strains grown in minimal glucose medium. Wild-type (open symbols) and 7id4 (closed symbols)
strains were grown in minimal glucose medium containing 0.25 mM homocysteine. No
supplements (circles), isoleucine (1 mM; triangles) or glycine (0.67 mM; diamonds) were added
to cultures containing homocysteine. The data represent the average and standard deviation of

three independent cultures.
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FIGURE 6.5. Proposed model of 2-aminoacrylate sequestration by MetC-generated
persulfides. MetC can catalyze a variety of elimination reactions using sulfur-containing amino
acid substrates. The elimination of pyruvate from cystine yields cysteine persulfide (thiocysteine)

that can react with and sequester 2A A, thus alleviating 2AA stress in the absence of RidA.
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CHAPTER 7

CONCLUSIONS

7.1 Multiple mechanisms of 2-aminoacrylate production are relevant in vivo.

Work presented in chapters 2 and 3 demonstrated that multiple routes to 2AA exist in S.
enterica. When grown on minimal glucose medium, expression of the i/v operon is necessary to
facilitate isoleucine, leucine and valine biosynthesis (1). As a consequence, IIvA is produced
during growth on minimal glucose medium. Although IlvA serves a primary role in initiating
isoleucine biosynthesis through the dehydration of threonine, it also has side-activity with serine
(2). In this way, IlvA-generated 2AA can be viewed as a metabolic accident; the degradation of
serine by IIvA does not appear to serve a specific purpose in the cell. Nonetheless, RidA
housekeeping function is necessary to prevent minor 2A A accumulation during growth on minimal
glucose medium, and becomes essential in order to maintain growth when serine is abundant.

In contrast to the scenario with IIvA, cysteine desulthydrase (CdsH) and
diaminopropionate ammonia lyase (Dpal) activity are virtually undetectable unless cysteine or
diaminopropionate are provided to S. enterica (3, 4). Expression of cdsH is tightly controlled by a
cysteine-responsive transcription factor, CutR (4). Once produced, CdsH shows strong cooperative
kinetics, with a sharp increase in CdsH activity as the concentration of cysteine approaches 200
uM, approximately the level at which cysteine begins to exert a toxic effect in E. coli and S.
enterica (4—6). The cooperative activity of CdsH reflects the need to rapidly degrade excessive

intracellular cysteine to avoid cysteine toxicity, but once cysteine levels drop below ~100-200 pM,
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cysteine degradation is halted to prevent CdsH from burning through the entire cysteine pool.
Given our description of CdsH-mediated 2A A stress, the only way this strategy makes sense from
an evolutionary perspective is when one considers RidA. The detoxification of cysteine via CdsH
is futile in the absence of RidA, as it exacerbates 2AA stress despite getting rid of cysteine,
essentially trading out one form of stress for another. Thus, RidA not only detoxifies the cell of
2AA, but it also acts as an essential component of upstream amino acid detoxification pathways.
The general outlook is similar for the relationship between Dpal and RidA. Interestingly, CdsH
and Dpal. homologs appear restricted to prokaryotes, and are far less pervasive than PLP-
dependent serine/threonine dehydratases, perhaps reflecting disparate requirements for amino acid
detoxification that depend on the growth environment.

It is interesting to note that S. enterica encodes three Fe-S-dependent serine/threonine
dehydratases involved in serine detoxification (7, 8). These enzymes do not release a 2AA
substrate for RidA in vitro (9), nor do they contribute to 2AA stress in vivo. It has been proposed
that Fe-S serine dehydratases offer i) a greater level of substrate discrimination and ii) an Fe-S
cofactor for activation of the serine hydroxyl to promote efficient elimination (10). Regardless, the
selective pressure to maintain Fe-S-dehydratases, instead of PLP-dependent dehydratases, may be

interesting from an evolutionary perspective.

7.2 Damage to GlyA severely impacts growth of S. enterica exposed to 2AA stress.

The results from chapter 4 clarified the underlying cause of 2AA-mediated growth
inhibition in ridA mutant strains. High levels of 2A A, regardless of the source of 2AA (i.e.
serine, cysteine, diaminopropionate), inhibit GlyA to such a degree that the cell is starved for

glycine and/or one-carbon units. Of the four known enzymes damaged by endogenous 2AA,
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GlyA is inhibited to the greatest extent in ridA strains relative to wild type (~80 % inactivation)
(11). In most cases, 2AA stress elicits a requirement for one-carbon units that can be derived
from glycine via the glycine cleavage complex (GCV). However, when rid4 mutant strains are
faced with a substantial exogenous serine burden (~ 5 mM), glycine restores growth in a GCV-
independent manner. Our work showed that under high-serine stress, a 7id4 mutant strain
requires glycine to activate the GevB small RNA. The relevant target of GevB was not
identified, but in general, glycine activation of GevB serves to limit translation of amino acid
importers (12), perhaps limiting serine uptake and concomitant 2AA stress.

Somewhat surprisingly, recent work suggests GlyA is not the primary growth-limiting
target of 2AA damage in E. coli (13). Instead, aspartate stimulates growth of E. coli ridA mutants
undergoing 2AA stress. Comparative studies demonstrated that swapping 2A A-targeted enzymes
from S. enterica with their E. coli counterparts, generating a hybrid S. enterica ridA strain with
putative E. coli 2A A-target enzymes, failed to recapitulate the E. coli phenotypes in S. enterica.
That is, a rid4 mutant of S. enterica containing E. coli GlyA was still sensitive to serine, and
sensitivity was overcome through glycine supplementation. These data suggest that the primary
divergence between E. coli and S. enterica with regard to the RidA paradigm is not the level of
PLP-enzyme sensitivity to 2AA inactivation, but rather, the organization of the metabolic
network. In fact, the accumulation of 2AC in wild-type E. coli offers a clear example of how
different network structures impact the serine/threonine metabolic node, leading to different

reactive enamine accumulation outcomes (14).
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7.3 RidA control of 2-aminoacrylate stress is conserved in eukaryotes.

Our foray into yeast metabolism confirmed that RidA 2AA deaminase activity is
conserved in S. cerevisiae. Furthermore, the loss of 2AA deaminase activity provoked the loss of
mtDNA in yeast lacking Mmflp. In contrast to S. enferica, there appears to be a level of
coordination between the catabolic PLP-dependent serine/threonine dehydratase (Chalp) and
Mmf1p; upon exposure to serine or threonine, expression of chal and mmf1 increase more than
any other genes (15). The simultaneous upregulation of these genes may indicate Chalp and
Mmflp act as components of a dedicated serine/threonine detoxification pathway, akin to CdsH

or DpaL.

7.4 Future directions.

Exploration of the RidA paradigm in S. enferica has been extremely fruitful. However, a
number of interesting questions still remain. For one, there is the question of what else might be
inhibited by 2AA (in a ridA strain) that is beneath our current level of detection? Continuing to
build-out the archetypal model of 2AA stress in S. enterica, especially through genetic
perturbations, will uncover a wider range of possibilities that may be incredibly relevant in other
systems. It is likely that numerous other PLP-dependent enzymes are susceptible to endogenous
2AA damage, but we will need to fine-tune the growth conditions and/or strain backgrounds to
observe relevant phenotypes. Furthermore, the MetC suppression study presented in chapter 6
raises the interesting possibility that 2A A undergoes spontaneous reactions with other reactive
metabolites in vivo. If so, to what extent are these spontaneous reactions contributing to 2AA

quenching? As appreciation for the impact reactive enamines have on metabolism continues to

189



grow, there is a need to continue adding to the S. enferica RidA paradigm to push the boundaries
of expectation in other organisms.

As it relates to yeast, preliminary work summarized in appendix A suggests yeast lacking
Mmflp are sensitive to ferrous iron. This likely indicates that the consequences of 2AA stress in
yeast are different than those observed in S. enterica and E. coli. Continued investigation of
Mmflp function in yeast, and the consequences of 2AA stress in mitochondria, may be
informative when investigating mammalian systems. Several reports indicate UK 114 is localized
to mitochondria in rats and humans (16). Beyond yeast, there is a strong argument to continue
exploring fundamental aspects of the RidA paradigm in other model organisms; if we have only
looked at three systems (e.g. S. enterica, E. coli and S. cerevisiae), and each system displays
different consequences of 2AA accumulation, how many more possible outcomes are there in

nature?
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APPENDIX A
SACCHAROMYCES CEREVISIAE LACKING MMF1P HAVE LOW HEME LEVELS AND

ARE SENSITIVE TO IRON

A.1 Premise

As described in chapter 5, the loss of Mmflp in Saccharomyces cerevisiae leads to loss
of mitochondrial DNA. The loss of mitochondrial DNA occurs in a 2-aminoacrylate (2AA)-
dependent manner; preemptively disrupting [lvlp- and Chalp-mediated 2AA production
preserves mtDNA in an mmfIA mutant strain indefinitely. However, the link between 2AA
production and loss of mtDNA remains unclear. Work in Salmonella enterica has identified a
number of pyridoxal 5’-phosphate (PLP)-dependent enzymes that are inhibited by 2AA (1-3).
Work presented in chapter 4 highlighted the significance of serine hydroxymethyltransferase
(SHMT; GlyA) in being the primary growth-limiting target of 2AA damage in S. enterica (4). In
S. cerevisiae, at least 12 PLP-dependent enzymes are localized to the mitochondrion (Table A.1)
(5). Several of the mitochondrial PLP-dependent enzymes are redundant with cytosolic
isozymes. For example, mitochondrial SHMT (Shm1p) is responsible for 5 % of the total serine
hydroxymethyltransferase activity in S. cerevisiae, with the remaining 95 % contributed by the
cytosolic isozyme (Shm2p) (6). Furthermore, yeast lacking both SHMT isozymes remain glycine

prototrophs due to an alternative mechanism of glycine synthesis catalyzed by threonine aldolase

(Glylp).
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The growth defect of a p” AmmfI mutant in minimal glucose medium was not improved
through glycine supplementation (data not shown), counter to the observations made in S.
enterica. This observation, coupled with redundancy in the S. cerevisiae SHMT/glycine
enzymes, suggests other PLP-dependent enzymes may be damaged by 2A A and underlie the
growth defects and/or loss of mtDNA experienced by mmf1A mutants. The preliminary data that
follow reveal growth defects related to purines, heme and iron homeostasis in mmf1A mutant

strains.

A.2 Construction and phenotypic characterization of a p" mmfIA mutant strain.

Given that glycine supplementation failed to improve growth of the p” mmfIA mutant on
minimal glucose, a panel of diverse nutritional supplements was assessed (Table A.2). First, a
p" mmfIA mutant strain (DMy41) was generated by inserting a drug marker (KanMx6) into the
mmfl ORF and selecting for G418 resistance on solid YP-glycerol (YPG) medium containing
400 pg/ml geneticin. As described previously, selection and propagation of mmf1A mutants on
YPG does not result in loss of the mitochondrial genome (7, 8). When transferred to minimal
glucose medium, the p* mmfIA mutant strain showed a growth defect relative to the p" wild
type strain (YJF153), but maintained respiratory capacity (data not shown). The benefit of using
a p mmflAmutant strain for supplementation analysis is that it provides robust growth relative
to the severely inhibited p” mmfIA mutant on minimal glucose medium (data not shown),
increasing the odds of detecting supplements that improve growth in strains experiencing 2AA
stress.

The p* mmfIA mutant strain was grown overnight in YPG (5 ml) at 30 °C and 200 rpm.

The following day, turbid cultures served as inoculum for generating soft-agar overlays on
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synthetic dextrose (SD) medium. An aliquot (100 pl) of the turbid culture was mixed with
melted soft agar (3 ml) and poured over solid SD medium. Upon solidifying, supplements were
spotted (5 pl) on the agar surface and plates were incubated ~ 48 hours at 30 °C. Growth was
qualitatively assessed based on the turbidity of the agar overlay; background growth in the
absence of supplementation was undetectable (data not shown). Isoleucine was spotted on the
agar overlays as an indicator of fully restored growth; the allosteric regulation of IlvA by
isoleucine prevents 2AA stress in the p mmfIA mutant strain grown on minimal glucose
medium. A number of purine-related supplements displayed mild growth-stimulating effects
(Table A.2). A variety of metabolic precursors are required for de novo purine synthesis,
including glycine and one-carbon units (6). Yeast lacking the mitochondrial SHMT (Shmlp) are
typically proficient in purine synthesis (9), arguing against damage to mitochondrial Shm1p
being relevant to the observed purine effect. However, one report described an obscure allele of
Shm1l (tmp3) with ~ 40 % of wild type SHMT activity that induced a requirement for methionine
(also stimulatory; Table A.2), thymidine, adenine and histidine (10). Surprisingly, this report also
showed that the tmp3 allele resulted in the formation of tho™ cytoplasmic petites. The influence of
strain background and growth conditions on the activity of both yeast SHMT isozymes may
indicate that Shm1p is required for purine synthesis and maintenance of mtDNA under specific

conditions.

A.3 Strains lacking Mmflp display a heme defect.
Additional supplements that improved growth of the p” mmfIA mutant strain share a
connection to iron metabolism. Aminolevulinic acid (ALA) promoted growth to a level

intermediate between adenine and isoleucine (Table A.2), judged based on the density of the
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growth halo (data not shown). ALA is the first dedicated intermediate in heme biosynthesis. The
synthesis of ALA is catalyzed by Hem1p, a fold type Il PLP-dependent ALA synthase (ALAS)
that requires glycine and succinyl-CoA as substrates (11). Hem1p-like ALAS is found in all non-
plant eukaryotes and a-proteobacteria, and performs an unusual dual-cleavage reaction that
cleaves both amino acid substrate o.-carbon bonds (12). Hem1p in yeast performs chemistry
unrelated to the PLP-dependent ALAS in most bacteria, including S. enterica, that requires
glutamate-1-semialdehyde as a substrate (13). Disruption of Hem1p results in loss of heme and
auxotrophy for unsaturated fatty acids, ergosterol and methionine, and in some cases results in
permanent damage to mtDNA (rho’) (14, 15).

To determine if a heme limitation exists in mmfIA mutant strains, total intracellular heme
levels were quantified following the methods of Sassa (16). Cultures (20 ml) of p* wild type, p’
wild type and p” mmfIA strains were grown in YPD to a final ODggo of 0.4. Cells were pelleted
(5 min at 4 °C and 3,000 x g), resuspended in 1 ml ice-cold water, transferred to an amber
microcentrifuge tube and repelleted for 5 min at 8,000 x g. Supernatant was discarded and the
cell pellet was resuspended in 500 ul of 20 mM oxalic acid, then transferred to a light-safe box at
4 °C overnight. The next day, 500 pl of 2 M oxalic acid was added to each tube, mixed by
pipetting and separated (500 ul each) into two amber microcentrifuge tubes. One tube was heated
at 98 °C for 30 min, while the other was stored in the dark at room temperature as the control.
After 30 minutes, all tubes were centrifuged for 2 min at 16,000 x g. Aliquots (200 pl) of each
heated and unheated sample were transferred to a black 96-well plate and fluorescence was
measured (Ex: 400 nm; Em: 620 nm) using a Gemini EM microplate reader (Molecular
Devices). A standard curve was generated as above using hemin diluted in water. For each boiled

sample, fluorescence of the corresponding non-heated sample was subtracted to correct for
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background fluorescence. Fluorescence was normalized to dry cell weight, measured after
evaporating aliquots (200 pl) of the initial culture in an Eppendorf Vacufuge. The resulting data
show that p’ mmfIA mutants have severely diminished heme levels (~ 9.5 nmol/g DCW) relative
to the p” (~ 87 nmol/g DCW) or p” (~ 116 nmol/g DCW) wild type controls (Figure A.1). These
data are consistent with, but do not prove, Hem1p may be damaged in strains lacking Mmflp.
Future work is needed to confirm if the heme defect in strains lacking Mmflp is caused by 2AA
damage to Hem1p specifically. To assess the potential for Hem1p to be damaged by 2AA in
vivo, recombinant Hem1p will be purified from a S. enterica rid4 mutant strain engineered for
robust 2A A production. Furthermore, Hem1 in yeast will be deleted to see how the resulting
phenotype matches to mmf1A mutants; mtDNA maintenance in sem A mutants can be
influenced by the stain background. Finally, to confirm if Hem1p is specifically damaged by

2AA, ALAS assays will be performed in wild type and mmfIA strain backgrounds.

A.4 Iron chelation prevents 2AA-dependent loss of mtDNA.

In addition to ALA, the iron chelator bathophenanthrolinedisulfonic acid (BPS), and to a
lesser extent ethylenediaminetetraacetic acid (EDTA), improved growth of the p* mmfIA mutant
on SD medium. A representative plate displays the halo of turbidity (i.e. growth) generated by
BPS spotted on top of the p* mmfIA strain embedded in agar on solid SD medium (Figure A.2).
BPS is a potent ferrous iron (Fe*") chelator; spotting it on the agar surface presumably sequesters
iron present in the growth medium. These data indicate that mmf7A mutants are sensitive to iron.
A key fate of iron in yeast, aside form heme, is incorporation into iron-sulfur clusters. Mutants
with defective iron-sulfur cluster biogenesis are known to experience iron sensitivity due to

hyperaccumulation of iron in the mitochondrion (17). The hyperaccumulation of iron can drive
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Fenton chemistry, leading to damage of mtDNA (18). The sole PLP-dependent enzyme directly
involved in iron-sulfur cluster biogenesis is cysteine desulfurase (Nfs1p). This enzyme generates
a persulfide required for cluster biogenesis, and nfs/A mutants are inviable (19). Although not
tested here, it is formally possible that 2AA damages Nfs1p, contributing to iron sensitivity in an
mmfIA mutant strain.

Based on the preceding data, we developed a model that predicts damage to heme
biosynthesis and/or iron-sulfur biogenesis leads to iron accumulation in the mitochondrion, that
in turn drives Fenton chemistry, leading to damage and eventual loss of mtDNA (Figure A.3).
Following this logic, the loss of mtDNA could be prevented in an mmf1A mutant strain
propagated on YPD as long as iron levels are kept sufficiently low. To test this hypothesis, the
p" mmfI1A mutant strain (DMy41) isolated and maintained on glycerol was streaked on YPD,
YPD + 10 uM BPS or YPG, then incubated for 48 hours at 30 °C. After two passages on the
aforementioned media, two colonies from each condition were picked and streaked out on
quadrants of the same YPG plate. Colonies passaged on YPG maintained their ability to respire
glycerol (data not shown). Colonies passaged on YPD lost their ability to respire glycerol (data
now shown). Lastly, one of the two colonies passaged on YPD + 10 pM BPS maintained the
ability to respire glycerol when transferred to YPG, indicating that the mitochondrial genome
remained intact despite the loss of Mmfl1p (data not shown). These data are preliminary, but they
offer support for our model and warrant follow-up investigation to explore possible connections
between iron homeostasis, 2-aminoacrylate toxicity and mtDNA maintenance. Experiments will
be repeated with greater statistical power (i.e. hundreds of colonies) to assess the impact of iron

chelation of mtDNA maintenance in the p* mmfIA strain.
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A.4 Conclusions.

The connection between 2AA stress in the mitochondrion and loss of mtDNA remains
unsettled. The data presented here offer clues for further investigation. To date, the only
detectable consequence of intracellular 2AA accumulation has been damage to PLP-dependent
enzymes. Evidence from S. enterica suggests 2AA is not mutagenic under standard growth
conditions. Taken together, our model predicts that 2AA negatively influences mtDNA stability
indirectly, by damaging one or more mitochondrial PLP-dependent enzymes. Many studies that
connect mitochondrial PLP-dependent enzymes to mtDNA maintenance lack sufficient detail to
discern the strain background or specific growth conditions necessary to elicit the described
phenotypes. However, reports describe the role of disrupted iron homeostasis, stemming from
damage to heme and/or Fe-S biogenesis, in prompting damage or loss of mtDNA (14, 19). One
of the best know examples is frataxin (Ythlp); the function of this enzyme is still somewhat
obscure, but ultimately, frataxin facilitates loading of iron into Fe-S cluster biogenesis machinery
(20). Mutations in the gene encoding frataxin elicit hyperaccumulation of iron in the
mitochondrion that induces loss of mtDNA (21); this defect is countered by BPS-mediated iron
chelation (22). Continued study of the metabolic consequences of 2AA accumulation in the yeast
mitochondrion may inform future studies regarding 2AA stress in humans, especially given the
well-conserved enzymes and pathways for heme and iron-sulfur cluster synthesis in yeast and
humans. Following examples form the frataxin model, we can continue to investigate iron

toxicity as it relates to 2AA stress in yeast mitochondria.
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TABLE A.1. List of S. cerevisiae mitochondrial pyridoxal 5'-phosphate-dependent

enzymes.
Proteins
Mitochondrial PLP enzymes S. cerevisiae S. enterica
o,B-eliminases
Threonine dehydratase (anabolic) Iivlp" IIvA”
L-serine/threonine dehydratase (catabolic) Chalp” TdceB”
Transaminases
Acetylornithine aminotransferase Arg8p ArgD
Alanine:glyoxylate aminotransferase Aatlp -
Alanine transaminase Altlp YbQ
Aspartate aminotransferase Aatlp AspC
Branched-chain amino acid aminotransferase Batlp IIvE*
Kynurenine aminotransferase Bna3p -
Other
5-Aminolevulinate synthase Hemlp -
Cysteine desulfurase Nfslp NifS
Glycine decarboxylase complex Gev2p GevP
Serine hydroxymethyltransferase Shmlp GlyA*

* Confirmed endogenous 2AA-stress generator.

# Confirmed endogenous 2AA-stress target of inactivation.

201



TABLE A.2. Supplements that improve growth of a p° AmmfI mutant on minimal glucose

medium.
Nutrient Stock Growth Nutrient Stock Growth
(mM) (mM)
Adenine 80 + Isoleucine 60 +++
Adenosine 25 a-Ketobutyrate 60
Alanine 94 a-Ketoglutarate 60
Aminolevulinic acid 1 ++ Ketoisovalerate 60
Arginine 120 Leucine 60
Asparagine 64 Lysine 75
Aspartate 58 Methionine 60 +
Biotin 1 Nicotinic acid 20
BPS 1 ++ Oxaloacetate 20 +
Citrate 20 Ornithine 15
Cysteine 42 Pantothenate 20
Cytosine 25 Phenylalanine 60
Diaminopimelic acid 20 Proline 400
EDTA 10 + Pyridoxal 20
Glutamine 20 Serine 476
Glycine 27 Succinate 20
Glutamate 20 ++ Thiamine 10
Glutathione 10 Threonine 60
Guanine 49 + Tryptophan 20
Guanosine 60 + Tyrosine 16
Histidinol 200 Thymine 32
Histidine 15 Uracil 20
Homoserine 60 Uridine 20
Hypoxanthine 25 + Valine 60
Inosine 25 +

Five microliter aliquots of the indicated stock solutions were spotted on agar overlays of DMy41 (p*
Ammf1). Growth was assessed after 48 hours; blank = no growth, + = minor growth, ++ = growth,

+++ = growth comparable to p* Wt strain (YJF153). BPS, bathophenanthrolinedisulfonic acid.
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FIGURE A.1. Quantification of total cellular heme levels. The indicated strains were grown
in YPD, washed and assayed for heme content. Data were corrected for background and
normalized to dry cell weight (g ' DCW). Each bar represents the average and standard deviation

of three independent cultures. Data were plotted using GraphPad Prism 7.
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FIGURE A.2. Growth assay shows iron chelator stimulates growth of a p" AmmfI mutant
on minimal glucose medium. An overnight culture of DMy41 was embedded in agar and
overlayed on solid SD medium. Supplements were spotted around the periphery, or in the center
of the plate. BPS (1 mM) was spotted in the middle of the plate. Image was acquired after ~ 48

hours at 30 °C and shows turbid growth where BPS was added to the plate.
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FIGURE A.3. Model of 2-aminoacrylate-disrupted iron homeostasis leading to

mitochondrial DNA damage. Growth phenotypes indicate AmmfI mutant strains have reduced

heme content and are sensitive to iron. Restricted synthesis of heme and/or iron-sulfur clusters

prompts accumulation of ferrous (Fe*") iron in the mitochondrion. Ferrous iron can reduce

hydrogen peroxide to the hydroxyl radical, leading to damage and potential loss of the

mitochondrial genome.
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APPENDIX B
THE STM4195 GENE PRODUCT (PANS) TRANSPORTS COENZYME A PRECURSORS

IN SALMONELLA ENTERICA’

'Ernst DC, Downs DM. 2015. Journal of Bacteriology 197:1368—1377.
Reprinted here with permission of the publisher.
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B.1 ABSTRACT

Coenzyme A (CoA) is a ubiquitous coenzyme involved in fundamental metabolic processes.
CoA is synthesized from pantothenic acid by a pathway that is largely conserved among bacteria
and eukaryotes, and consists of five enzymatic steps. While higher organisms, including humans,
must scavenge pantothenate from the environment, most bacteria and plants are capable of de novo
pantothenate biosynthesis. In Salmonella enterica, precursors to pantothenate can be salvaged, but
subsequent intermediates are not transported due to their phosphorylated state and thus the
pathway from pantothenate to CoA is considered essential. Genetic analyses identified the stm41795
gene product of Salmonella enterica serovar Typhimurium as a transporter of pantothenate
precursors, ketopantoate and pantoate, and to a lesser extent, pantothenate. Further results
indicated that Stm4195 transports a product of CoA degradation that serves as a precursor to CoA
and enters the biosynthetic pathway between PanC and CoaBC (dfp). The relevant CoA derivative
is distinguishable from pantothenate, pantetheine and pantethine and has spectral properties
indicating the adenine moiety of CoA is intact. Taken together, results herein provide evidence of
a transport mechanism for the uptake of ketopantoate, pantoate and pantothenate, and demonstrate
a role for Stm4195 in the salvage of a CoA derivative of unknown structure. The stm4195 gene is

renamed pansS to reflect participation in pantothenate salvage that was uncovered herein.

B.2 BACKGROUND
Coenzyme A (CoA) is essential for reactions of central metabolism, where it facilitates the
activation of carbonyl groups and acts in the biosynthesis and degradation of fatty acids,
polyketides and nonribosomal peptides (1). Nine percent of known enzymatic activities are

dependent on CoA or a thioester derivative (2). In eukaryotes and bacteria, CoA biosynthesis stems
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from the vitamin, pantothenic acid (Bs), and many higher organisms rely on dietary pantothenate
to satisfy their CoA requirement (1). In contrast, many plants, fungi and microorganisms such as
Escherichia coli and Salmonella enterica possess the enzymes necessary for de novo biosynthesis
of pantothenate from B-alanine and a-ketoisovalerate (Figure B.1) (1, 3). Briefly, aspartate a -
decarboxylase (PanD; EC 4.1.1.11) catalyzes the production of B-alanine from L-aspartate. The
activity of ketopantoate hydroxymethyltransferase (PanB; EC 2.1.2.11) converts the branch-point
metabolite a-ketoisovalerate to ketopantoate, which is subsequently reduced to pantoate by
ketopantoate reductase (PanE; EC 1.1.1.169). Acetohydroxyacid isomoreductase (IlvC; EC
1.1.1.86) catalyzes the same reduction of ketopantoate to pantoate, although much less efficiently
than PanE, making the activities of PanE and IlvC partially redundant in the cell (4). Finally,
pantothenate is produced by the ATP-dependent ligation of pantoate and  —alanine, catalyzed by
pantothenate synthase (PanC; EC 6.3.2.1).

Many organisms actively transport pantothenate into the cell (1). E. coli and S. enterica have
a sodium-dependent pantothenate permease (PanF) with high affinity for the substrate
pantothenate (K; = 0.4 uM in E. coli) (5). Exogenous ketopantoate, pantoate and B-alanine
stimulated pantothenate production in E. coli under various growth conditions, which suggested
these intermediates were also salvaged by the cell (6). However, of these three, only the transport
of B -alanine by CycA has been characterized (7).

In most bacteria, plants and mammals the formation of CoA from pantothenate requires five
enzymatic steps (Figure B.1). The first committed step in CoA biosynthesis is the ATP-dependent
phosphorylation of pantothenate to form 4’-phosphopanothenate catalyzed by pantothenate kinase
(CoaA; EC 2.7.1.33) (6). Most organisms cannot salvage exogenous CoA or its phosphorylated

intermediates, making the pathway beyond pantothenate essential for viability (2). An exception
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is pantetheine, which is transported by an unknown mechanism, and phosphorylated by
pantothenate kinase (CoaA) to generate 4’-phosphopantetheine, the substrate for
phosphopantetheine adenyltransferase (CoaD; EC 2.7.7.3) (2). Thus, exogenous pantetheine can
bypass the need for the steps catalyzed by CoaBC (EC 4.1.1.36, 6.3.2.5), but requires CoaA (Figure
B.1). The mechanism of pantetheine uptake in E. coli and S. enterica is PanF-independent, but
otherwise uncharacterized (8). Following adenylation, dephospho-CoA is phosphorylated by
dephospho-CoA kinase (CoaE; 2.7.1.24). CoA and its thioester derivatives allosterically inhibit
pantothenate kinase, thus coordinating CoA biosynthesis with the metabolic state of the cell (9).
As a result of this allosteric regulation, E. coli is capable of accumulating a 15-fold excess of
pantothenate relative to CoA (6), a strategy that ensures rapid generation of CoA when a need
arises.

Essential metabolic pathways can be used to gain insights about metabolic robustness and
probe how the cell responds to perturbations in the metabolic network (10). If the primary
ketopantoate reductase in S. enterica, PanE, is disrupted, the cellular CoA levels are decreased
about ten-fold (11). However, in this strain the redundant ketopantoate reductase activity of IIlvC
produced sufficient CoA to support prototrophic growth (4). The low level of CoA present in a
panE mutant caused multiple phenotypes that were used to detect metabolic integration of
biochemical pathways (11). In the current study, a panE ilvC mutant strain that lacked all
ketopantoate reductase activity was used to isolate suppressors in an effort to uncover alternative
routes of CoA biosynthesis supported by robustness in the metabolic network. These studies
uncovered a role for the previously uncharacterized open-reading frame, panS (previously
stm4195), in CoA salvage and detected a novel CoA derivative that could be incorporated into the

biosynthetic pathway.
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B.3 MATERIALS AND METHODS

Bacterial strains, media and chemicals. All strains used in this study are derivatives of
Salmonella enterica serovar Typhimurium LT2 and are listed with their genotype in Table B.1.
Tn/0d(Tc) refers to the transposition defective mini-Tn/0 (Tn/0A16 A17) described by Way et
al. (12), while Tn/0 refers to the full-length transposable element (13). MudJ refers to the
Mud1734 transposon described previously (14) and Tn/0d-Cam refers to the transposition
defective Tn/0 specifying chloramphenicol resistance (15).

No-carbon E medium (NCE) supplemented with 1 mM MgSO;4 (16), trace minerals (17)
and glucose (11 mM) as the sole carbon source was used as minimal medium. Difco nutrient broth
(NB) (8 g/liter) with NaCl (5 g/liter) and Luria-Bertani broth were used as rich media. Difco BiTek
agar (15 g/L) was added for solid medium. When necessary the branched-chain amino acids
(BCAA) leucine, isoleucine and valine (plus ketoisovalerate) were added at a final concentration
of 0.3 mM. Antibiotics were added as needed to reach the following concentrations in rich and
minimal medium, respectively: tetracycline 20 and 10 pg/ml; ampicillin 30 and 15 pg/ml; and
chloramphenicol 20 and 5 pg/ml. Coenzyme A sodium salt hydrate, D-pantothenic acid and D-
pantethine were purchased from Sigma-Aldrich. Pantetheine was made by adding dithiothreitol
(20 mM final) to a stock of 20 mM pantethine and incubating at room temperature overnight.
Ketopantoate and pantoate were synthesized from their respective lactonized forms using the
method of Primerano and Burns (4).

Genetic methods. All transductional crosses were performed using the high-frequency
general transducing mutant of bacteriophage P22 (HT105/1, int-201) (18). Methods for performing
transductional crosses, purification of transductants from phage and the identification of phage-

free recombinants have been described previously (19, 20). All mutant strains were constructed
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using standard genetic techniques. The panE and ilvC loci were replaced with chloramphenicol
and kanamycin drug resistance cassettes, respectively, using the A-Red recombinase system
described by Datsenko and Wanner (21). Insertions in stm4 195, panF and dfp were generated using
similar methods. When necessary, drug cassettes were resolved using the Flp-FRT recombination
method previously described (21). Nomenclature used herein associated with stm4795 follows
classical genetic format; the gene locus is denoted stm4195, the gene product is referred to as
Stm4195 and genetic lesions affecting expression isolated here are referred to by allele names
stm4195p1-11 to reflect their impact on the promoter.

Mutant isolation. Eleven cultures of DM6486 (panE675::Mud] ilvC2104::Tnl0) were
grown overnight in LB medium. Cells were pelleted and resuspended in an equal volume of saline
solution (85 mM). Approximately 10® cells from each cell suspension were spread onto solid
glucose medium containing 1% Difco vitamin-assay casamino acids (CAAs). Plated cultures were
incubated at 37 °C for a period of 24-48 h. The resulting mutant colonies were streaked out on
non-selective medium. Phenotypes were confirmed by patching mutant isolates to non-selective
rich medium, which were then replica-printed to selective plates after a period of 6-12 hr at 37 °C.
A representative mutant strain displaying CAA-dependent growth, DM13708 (panE675::MudJ
ilvC2104::Tnl0 stm4195p1), was used to generate a pool of ~60,000 cells with random Tn/0d-
Cam insertions throughout the chromosome. A P22 lysate grown on this pool and standard genetic
approaches identified Tn/0d-Cam insertions linked to the causative suppressor mutation. The site
of insertion was determined by sequence analyses using degenerate primers and those specific to
the Tn/0d-Cam (22). DNA sequence was obtained at the University of Wisconsin Biotechnology

Center.
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Phenotypic analysis. Nutritional requirements were determined on solid media and in
liquid growth media as described below.

(i) Liquid growth. Strains to be analyzed were grown in LB broth overnight. Cultures were pelleted
and resuspended in an equal volume of glucose minimal medium supplemented with BCAA.
Cultures were then returned to 37 °C for a period of 2-3 hours in order to deplete metabolite pools
until growth of the appropriate strains abated. Following metabolite depletion, 2 pl of the cell
suspension was added to 198 pl of the desired medium contained in each well of a 96-well
microtitre plate. Cultures were grown at 37 °C while shaking using the Biotek EL808 ultra
microplate reader. Cell density was measured as the absorbance at 650 nm. The specific growth
rate was determined as [y = In(X/Xy)/T], in which X is the optical density during the linear growth
phase and 7 is time.

(ii) Solid media. Nutritional requirements were determined using soft agar overlays containing
cells of the relevant strain. Compounds were spotted on the overlay and growth was scored after
24-48 hat 37 °C.

Quantification of Coenzyme A pool size. Overnight cultures of the strains to be analyzed
were grown in LB broth. Cultures were pelleted and resuspended in saline solution. Culture flasks
containing 200 ml of glucose minimal medium supplemented with 0.2 % CAA were inoculated to
a starting ODgso of 0.02. Growth was carried out at 37 °C while shaking until a final ODgso of 0.6
was achieved. Cells were pelleted and stored at -80 °C until ready for analysis. CoA levels were
determined by the method of Allred and Guy (23).

Molecular methods. The stm4195 gene was amplified by PCR with Herculase II Fusion DNA
polymerase (Agilent) using primers stm4195 Ncol F (5’-GAGACCATGGCCATGCTCGCCG

TCATTACC-3’) and stm4195 Xbal R (5-GAGATCTAGATTAATTTACCTTTGCCGTTT-
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3’). The resulting PCR product was gel purified, digested with Ncol (Promega) and Xbal
(Promega) and ligated into Ncol/Xbal-cut pBAD24 (24). Constructs were transformed into
Escherichia coli strain DH5a and screened for vectors containing inserts. Plasmid inserts were
confirmed by sequencing. Plasmids containing the appropriate insert (designated pDM1397) were
purified and transformed into the relevant strains.

Bioinformatic analysis. The S. enterica LT2 genome sequence (25) was used to analyze
the chromosomal region immediately 5’ of the stm4195 translation start site. Promoter predictions
were made using BPROM (Soft Berry). Protein sequence alignments were performed using Clustal
Omega (EBI) and formatted using BoxShade (SIB). Chromosomal gene cluster analysis was
performed using the SEED subsystem based approach as previously described (26).

Formation and characterization of a transported, biologically active CoA derivative.
Coenzyme A (Sigma) was dissolved in water to a final concentration of 100 mM. Aliquots were
heated at 98 °C for 0-5 h using an Eppendorf Mastercycler nexus. Individual samples from each
time-point were pooled and filtered using a 0.22 um centrifuge tube filter (Costar) prior to testing
for biological activity as described in the text. Dephospo CoA was formed by incubating a 100
mM stock of CoA (100 pl) with 2 Units of rAPid alkaline phosphatase (Roche) at 37 °C for 2
hours. The resulting sample was resolved by HPLC.

Biologially active samples were analyzed via HPLC using an anion exchange column (250
x 4.6 mm) packed with Partisil-10 SAX resin (Phenomenex). The column was equipped with a
NH; SecurityGuard cartridge (Phenomenex). The analysis method was adapted from Jackowski
and Rock (27). A linear gradient of monobasic potassium phosphate running from 0.05 M to 0.9
M was introduced to the column over the course of 60 minutes at a flow rate of 1 ml/min. -

mercaptoethanol was included in the mobile phase at a final concentration of 1 mM. Mobile-phase
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delivery was carried out using the Shimadzu Prominence LC-20AT pump system and peak
absorbance from 200-400 nm was followed by a Shimadzu SPD-M20A diode array detector.
Elution fractions were collected using the FRC-10A fraction collector (Shimadzu). When
necessary, fractions were concentrated by evaporation using the Eppendorf Vacufuge.
Concentrated samples with biological activity were further resolved and salts were removed by
injection onto a Gemini C18 reverse-phase column (Phenomenex). Hexafluoro-2-propanol (HFIP;
Sigma), used as an ion pairing reagent, was dissolved in water to a final concentration of 800 mM
and adjusted to a final pH of 7 with triethylamine. The HFIP solution was divided and mixed 1:1
with either water or 100 % methanol, forming mobile phase A and B, respectively. The flow rate
was adjusted to 0.5 ml/minute and samples were eluted during a 10 minute isocratic step of 95 %
mobile phase A and 5 % mobile phase B, followed by a 20 minute gradient to 100 % mobile phase
B. Isolated fractions were again concentrated and tested for biological activity. Samples with
biological activity had maximal absorbance at 259 nm. Biologically active fractions were then
dried, resuspended in 50 % methanol/water and submitted for mass-spectrometry analysis at the

University of Georgia Proteomic and Mass Spectrometry core facility.

B. 4 RESULTS AND DISCUSSION

A panE ilvC strain requires branched-chain amino acids (BCAA) and pantothenate for
growth on glucose minimal medium (Figure B.2). Mutations that allowed strain DM6486 (panE
ilvC) to grow in the absence of exogenous pantothenate, potentially by altering metabolic flux,
were sought on minimal medium supplemented with BCAA. The desired mutants were not found,
despite looking for both spontaneous and diethyl sulfate induced mutations. It was considered

formally possible that mutations that restored pantoate synthesis could be deleterious to the
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function of another pathway and thus generate a new growth requirement. To account for this
possibility, the growth medium was supplemented with vitamin-free casamino acids (CAA). The
parental strain showed the expected requirement for pantothenate or pantoate on this medium,
which confirmed that pantothenate was not present in the CAA solution to levels sufficient to allow
growth.

Eleven independent, spontaneously arising, derivatives of DM6486 (pankE ilvC) were isolated on
glucose minimal medium supplemented with 1 % CAA. Growth of the eleven isolates was
quantified in liquid medium and each grew when pantothenate or CAA was added to the medium.
The data in Figure B.2 show the growth of a representative revertant strain, DM13708. Growth of
each of the revertant strains was less than wild-type, both in rate and final density, and proportional
to the concentration of CAA added (data not shown). Growth of these strains was not supported
by the simultaneous addition all 20 common amino acids, suggesting a minor component of the
CAA was responsible for growth of the revertant strains. While the revertant strains had detectable
total CoA levels, concentrations were less than 50 % of the amount found in a panFE strain,
indicating that CoA synthesis was only partially restored (Table B.2).

Transposition events lead to pantothenate-independent growth of the panE ilvC
strain. Standard genetic techniques identified a modified transposon (zxx10185::Tn/0d-Cam) that
was linked by transduction to the causative lesion in all eleven strains. Sequence analysis identified
the causative lesions in each revertant strain in a region on the chromosome depicted in Figure
B.3A. Ten of the eleven strains contained an insertion of IS10-right (IS10-R), the active element
in transposon Tn/0, 28 base pairs upstream of the predicted translation start site of stm4795
(stm4195p1; Figure B.3B). The reading frame of the transposase gene encoded by IS10-R was

oriented in the opposite direction relative to stm4195 and shared 100 % identity with the E. coli
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IS10-R, encoding a functional transposase flanked by inverted repeats (28, 29). The IS10-R is
presumed to have originated from the non-defective Tn/0 insertion present in i/vC of the parent
strain (DM6486). The frequency with which this class of suppressor mutations was isolated
suggested that the sequence upstream of stm4795 contained a hot-spot for DNA insertion (30).
Sequence analysis of the chromosome-IS10-R junction sites revealed a 9-bp duplication of
chromosomal DNA flanking the IS10-R element (Figure B.3B). The 9-bp sequence showed
symmetry similar to previously characterized insertion hot-spots (31, 32). Previous studies have
demonstrated that the presence of a functional transposase in the genome can increase the
activation of “silent” genes 5-25-fold (33). IS10-R possesses a strong promoter that reads out of
the transposase coding region (pOUT) and potentiates the activation of adjacent genes (Figure
B.3B) (34).

The remaining mutation was a single C-to-T transition 76 base pairs upstream of the
stm4195 translation start site (stm4195p3; Figure B.3B). The promoter prediction tool BPROM
(SoftBerry) indicated the base substitution was in the -10 region of the promoter of stm4195. The
substitution resulted in a sigma 70 recognition site closer to the -10 consensus sequence (35). Based
on the sequence data, the saturation of the mutant hunt and the precedent in the literature (33, 36),
we hypothesized that increased expression of stm4195 was the mechanism of suppression.

Increased expression of stm4195 allows growth of pantothenate auxotrophs with
casamino acids. A construct encoding stm4195 transcribed by the arabinose-inducible pPBAD
promoter (pDM1397) was introduced into strain DM6486 (panE ilvC). Growth of the resulting
strain (DM13947) in the absence of pantothenate, but presence of CAA (0.2 %), was restored only
when stm4195 expression was induced (Figure B.4). These data confirmed that increased

expression of stm4195 mimicked the effect of the mutations described above. Further, expression
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of stm4195 from pDM 1397 restored growth to a panC strain (DM13950) in the presence of CAA
(Figure B.4). These data allowed the conclusion that expression of stm4195 in the presence of
CAA overcame the need for pantothenate synthesis.

Stm4195 is annotated as a Na'-dependent transporter (25). Protein domain analysis of
Stm4195 identified a single conserved domain (COGO0385) belonging to the sodium bile acid
symporter superfamily (SBF; c119217), which includes transmembrane proteins involved in bile
acid transport and resistance to arsenic compounds (37). The Stm4195 homolog from Neisseria
meningitidis (ASBTnm), which is 41 % identical and 59 % similar to the protein in S. enterica, has
been characterized biochemically as a sodium-dependent bile acid symporter (38). Protein
alignments showed that several residues essential for interacting with Na™ ions and a bile acid
substrate in ASBTxy were conserved in Stm4195 (Figure B.5) (38). The transmembrane prediction
tool, TMHMM (Center for Biological Sequence Analysis), predicted Stm4195 consists of 9
transmembrane helices. Taken together, the data were consistent with an impurity in the CAA
being transported by Stm4195 to restore growth to a pantothenate auxotroph.

Commercially available intermediates of the CoA biosynthetic pathway were used to
explore the substrate specificity of the predicted transporter. Pantoate and ketopantoate were
provided in a range of concentrations to panE ilvC and panB strains, respectively, that carried an
inducible stm4195 construct (pDM1397) or the vector only control (pEmpty). The chromosomal
stm4195 gene was inactivated (stm4195::Kn) to clarify interpretation of the results. Relevant data
are presented in Figure B.6. A panE ilvC stm4195 strain grew on glucose minimal medium in the
presence of 0.1-100 uM pantoate only when stm4195 was expressed in trans (Figure B.6A). The
panE ilvC stm4195 strains containing either pDM1397 or pEmpty had the same growth

characteristics in the presence of pantothenate (100 uM). Concentrations of pantoate equal to or
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exceeding 1 mM resulted in growth of a panE ilvC stm4195 strain containing the empty vector
control, while concentrations of pantoate below 0.1 uM did not allow growth of a panE ilvC
stm4195 strain despite stm4195 expression in trans (data not shown). Ketopantoate (1-100 uM)
provided to a panB stm4195 strain rescued growth only when stm4195 was expressed in trans
(Figure B.6B). Exogenous ketopantoate greater than or equal to 1 mM rescued growth independent
of stm4195 expression (data not shown). The minimal concentration of pantothenate required for
growth of a pantothenate auxotroph (DM14206) was not altered by stm4195 expression.
Disruption of the panF gene in a panE ilvC stm4195 background (DM14575) prevented growth in
the presence of exogenous pantothenate (100 uM; data not shown). However, the introduction of
pDM1397 (DM14577) completely restored growth in the presence of 100 uM pantothenate, and
allowed limited growth with 10 uM pantothenate. In contrast, the strain carrying the empty vector
control (DM14576) failed to grow in either case (data not shown). Together these data indicated
that Stm4195 functioned in the transport of pantoate, ketopantoate and pantothenate. Notably, 10
UM pantothenate failed to support growth in DM 14577 to the level allowed by 10 uM pantoate or
ketopantoate in DM 14206 or DM 14273, respectively. These results indicated that Stm4195 had a
higher affinity for pantoate and ketopantoate than pantothenate. The ability of high concentrations
(> 1 mM) of pantoate or ketopantoate to suppress the need for Stm4195 production in a panFE ilvC
stm4195 or panB stm4195 background, respectively, indicated that at least one alternative, less-
sensitive mechanism of pantoate and ketopantoate uptake exists in S. enferica. Exogenous
pantetheine (reduced) or pantethine (oxidized) rescued growth of a panE ilvC strain completely
lacking stm4195, indicating Stm4195 was not required for the transport of these metabolites (data

not shown).
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The experiments with known intermediates of pantothenate biosynthesis above failed to
recapitulate the phenotype seen with CAA as the source of CoA. Specifically, the relevant
metabolite in CAA supported growth of a panC strain only when stm4195 was expressed in trans
despite the status of panF. Since Stm4195 had protein features in common with bile acid
symporters, the impact of bile salts on stm4195-dependent growth of a pantothenate auxotroph
was tested. The addition of bile salts (0-0.5 % w/v) to the growth medium failed to rescue growth
of a panE ilvC stm4195 mutant expressing stm4195 in trans, indicating that a component of bile
salts was not used in CoA biosynthesis (data not shown). The presence of bile salts in the growth
medium (0-0.5 % w/v) did not significantly alter growth of DM 14206 when supplied CAA (data
not shown), suggesting Stm4195 had a higher affinity for the relevant metabolite in CAA than bile
salts.

A derivative of CoA is transported by Stm4195. Though considered unlikely, it was
formally possible that Stm4195 was facilitating the transport of CoA itself. When crystals of pure
CoA were spotted on a soft agar overlay containing DM 13708 (panE ilvC stm4195p1), a small but
noticeable zone of growth was visible after 18 h incubation at 37 °C. The concentration of CoA
required to see a growth response was inconsistent with the technical analysis of the vitamin-assay
grade CAA composition and suggested the growth was due to a breakdown product or
contaminating precursor of CoA. A 100 mM solution of CoA was heated at 98 °C and aliquots
were taken over time and spotted on arabinose-containing soft agar overlays of DM14206 (panE
ilvC stm4195 pDM1397) and DM14207 (panE ilvC stm4195 pEmpty). The data in Figure B.7
showed that the factor promoting stm4195-dependent growth of DM14206 increased over time,
and had little to no effect on growth of the empty vector control. Similar results were obtained

with panC strains with and without expression of stm4195. These data supported the hypothesis
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that heating CoA accelerated its breakdown or transformation, thus enriching for a substrate of
Stm4195 that feeds into the CoA biosynthetic pathway downstream of pantothenate. Incubation of
CoA with acid, base, alkaline phosphatase or dithiothreitol failed to generate a factor active in
growth assays. HPLC analysis of alkaline phosphatase-treated CoA revealed chromatogram peaks
not observed in the untreated CoA sample that were consistent with the formation of dephospho-
CoA, suggesting dephospho-CoA was not a substrate for Stm4195. Interestingly, heating acetyl-
CoA (100 mM) failed to generate a biologically active compound that stimulated growth of
DM14206 (data not shown). These data suggested either the acetyl moiety of acetyl-CoA
prevented the requisite breakdown/transformation or the acetyl group altered the structure of the
resulting compound such that it was not recognized for transport by Stm4195.

The biologically active compound derived from heating CoA was enriched by HPLC
passage over an anion exchange column. During HPLC fractionation, absorbance was monitored
from 200-400 nm and fractions were collected over a 30 min mobile phase gradient. Representative
chromatographs of untreated CoA and heat-treated CoA displaying the absorbance at 259 nm are
shown in Figure B.8A and B.8B, respectively. Eluted fractions were assessed for biological
activity by spotting 5 ul of filtered aliquots on agar overlays of DM14206 in the presence of
arabinose. Only the fractions collected between 5-7 minutes displayed biological activity. The
sample collected from 5-7 minutes was further subjected to reverse-phase HPLC and revealed
three peaks with maximal absorbance at 259 nm (Figure B.8C). Of these peaks, the fraction with
a retention time of 10.5 minutes had biological activity. MS/MS analyses both in the positive and
negative ion mode failed to definitively identify the active compound and a genetic approach was

taken to pursue the physiological role of the relevant compound.
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S. enterica strains lacking dfp (coaBC) are viable if provided with exogenous pantetheine.
Once inside the cell, pantetheine can be phosphorylated to enter the CoA biosynthetic pathway
(Figure B.1). Growth data in Figure B.9 showed that the stm41795-dependent growth allowed by
heated CoA required dfp. The expression of stm4195 supported growth of a panC strain supplied
with heated CoA (1 mM; Figure B.9A), whereas stm4195 expression failed to support growth of
the dfp strain grown under the same conditions (Figure B.9B). These results supported the
conclusion that a biologically active compound was transported by Stm4195 and entered the CoA
pathway between PanC and CoaBC. Pantothenate kinase (encoded by coad ) is an essential
enzyme and represents the only enzymatic step between PanC and CoaBC. The temperature
sensitive allele, coa41(Ts) (11), was used to probe the role of this enzyme in salvaging the CoA
breakdown compound. Strains carrying the coaA 1 allele grow at 30 °C, but not at 42 °C (11). Heat-
treated CoA (~1.5 mM) failed to support growth of DM14525 (coaAdl stm4195 pDM1397) at 42
°C (data not shown). However, as an essential gene, there is no positive control for growth at 42
°C, which prevented solid conclusions from these data (Figure B.1). In total, the data herein
supported the conclusion that Stm4195 catalyzed the transport of a CoA-derived product that
enters the CoA biosynthetic pathway after PanC, but upstream of CoaBC.

Conclusions. The Stm4195 protein from Salmonella enterica is annotated as a Na'-
dependent transporter with a single conserved domain (COGO0385) that places it in the sodium bile
acid symporter superfamily (SBF). Physiological work described here showed that Stm4195 is
unlikely to transport bile salts, and rather transports precursors to CoA. Genetic analyses showed
that Stm4195 transports pantoate, ketopantoate with high affinity, pantothenate with low affinity
and a CoA-derived product of unknown structure. Figure B.10 summarizes what is known about

the CoA derivative and the Stm4195 protein from this study. The demonstration that a CoA
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derivative can be salvaged to satisfy the cellular requirement for this coenzyme suggests this
compound (or related compounds) may exist in the environment and Stm4195 is present to
scavenge it. Further study is required to determine if CoA salvage is the primary function of
Stm4195 or rather a consequence of enzymatic promiscuity. Nonetheless, it seems appropriate to
rename Stm4195 as PanS (pantothenate salvage) given the demonstrated impact of this protein on
pantothenate and CoA metabolism in Salmonella.

Sodium bile acid superfamily (SBF) proteins are found across domains of life and the work
here augments our understanding of this family and provides an activity that is likely to be
important in organisms besides S. enterica. Additional members of the SBF superfamily include
the solute carrier family 10 (SLC10) transporters found in eukaryotes. Approximately 320 distinct
human transporters belong to one of 43 SLC families (39). SLC10 comprises the sodium bile acid
cotransporter family, however not all members of the SLC10 family are involved in bile acid
transport (39). Stm4195 is >20 % identical to SLC10A1 and SLC10A2 from Homo sapiens. Until
now, the study of SBF family proteins, including SLC10 family members, has focused largely on
the contribution these transporters make to the metabolism of bile acids and structurally related
steroidal compounds, including cholesterol. Several SBF family proteins have been viewed as
promising drug targets for cholesterol-lowering treatment (40). Our work highlights the need to
consider alternative solutes that may serve as substrates for these transporters in various contexts.

The stm4195 mRNA transcript has been described as a direct target of negative regulation
by the Hfg-dependent small RNA, GevB (41). The GevB regulon consists largely of amino acid
transporters, and to our knowledge, Stm4195 represents the first vitamin-salvaging transporter to
be identified in this regulon. As part of the GevB regulon, Stm4195 production is coordinated with

the nutrient state of the cell, ensuring Stm4195 production is greatest when nutrients are scarce.
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Further study to address the in situ relevance of Stm4195, and homologs found in other
potentially pathogenic bacteria, is warranted based on interest in developing antimicrobial drugs
that specifically target CoA biosynthesis in these organisms (2). If organisms posses a salvage
mechanism which bypasses several steps of the de novo CoA pathway, accounting for the bypassed
steps may pinpoint enzyme targets that are optimal for drug development. In contrast to the
artificial production of CoA-derived products described here, it is possible that organisms growing
in complex microbial communities are exposed to related CoA-degradation products as a result of
bacterial cell lysis, host environment, and/or the activity of extracellular phosphatases/hydrolases
acting on CoA directly to yield substrates for Stm4195 and related transporters. The complete
range of substrates recognized by Stm4195 remains to be determined. Studies such as the one
herein provide evidence that addressing metabolic robustness with in vivo tools can lead to new
knowledge of mechanisms used in metabolic integration. This work provides fertile ground for
continued efforts to understand mechanisms of metabolic integration that could influence drug

targeting, synthetic biology, antibiotic development and more.
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TABLE B.1. Bacterial strains

Strain® Genotype”

LT2 Wild type

DM3547 panC617::Tnl0d(Tc)

DM6486 panE675:Mud] ilvC2104::Tnl0

DM13708 panE675:MudJ ilvC2104::Tnl0 stm4195p1

DM13710 panE675:Mud] ilvC2104::Tnl0 stm4195p3

DM13950 panC617::Tnl0d(Tc) / pDM1397

DM13951 panC617::Tnl0d(Tc) / pEmpty

DM13947 panE675:MudJ ilvC2104::Tnl0 / pDM1397

DM13948 panE675::MudJ ilvC2104::Tnl0 / pEmpty

DM14101 panE675:Mud] ilvC2104::Tnl0 zxx10185::Tnl0d-Cam stm4195p1
DM14206 ApanE802 AilvC3218 stm4195-2::Kn / pDM1397

DM 14207 ApanE802 AilvC3218 stm4195-2::Kn / pEmpty

DM14273 panB611::Tnl0d(Tc) stm4195-2::Kn / pDM1397

DM14274 panB611::Tnl0d(Tc) stm4195-2::Kn / pEmpty

DM 14459 dfp2::Kn/ pDM1397

DM14460 dfp2::Kn / pEmpty

DM14525 zxx8038::Tnl0d(Tc) coaAdl stm4195-2::Kn / pDM1397
DM14526 zxx8038::Tnl0d(Tc) coaAdl stm4195-2::Kn / pEmpty
DM14575 ApanE802 AilvC3218 stm4195-2::Kn panF§03::Cam
DM14576 ApanE802 AilvC3218 stm4195-2::Kn panF803::Cam / pEmpty
DM 14577 ApanES802 AilvC3218 stm4195-2::Kn panF803::Cam / pDM1397

*All strains are derivatives of Salmonella enterica subsp. enterica serovar Typhimurium LT2.
®Tn/0 denotes a full-length Tn/0 with a functional transposase (13). Tn/0d(Tc) indicates a

transposition-defective mini-Tn/0 (12). MudJ refers to the MudJ1734 mobile genetic element (14).
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TABLE B.2. The stm4195p1 allele allows a low level of CoA synthesis

CoA level® Ratio of
Strain Relevant genotype (nmol/mg, dry  CoA levels  Growth rate” (h™)
weight) (wt/mutant)
LT2 Wild type 0.464 +0.051 0.508 + 0.005
DM6486 pank ilvC NG* NG*
DM12653 pank 0.034 +0.005 13.5 0.498 + 0.004
DM13708 panE ilvC stm4195p1  0.013 +0.006 354 0.255 £ 0.002

*CoA levels (nanomoles per milligram of dry cell weight) were determined from cultures grown
at 37 °C in culture flasks containing minimal medium with glucose (11 mM) as the sole carbon
source and supplemented with vitamin-free casamino acids (0.2 % w/v). The data are displayed as
the average and standard deviation of three independent cultures.

®Growth curves were performed in a 96-well plate. Minimal growth medium contained glucose
(11 mM) supplemented with casamino acids (0.2 % w/v). The specific growth rate was determined
as pu = In(X/X,)/T. The data are displayed as the average and standard deviation of three
independent cultures.

“Strain was unable to grow under the conditions tested.
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FIGURE B.2. The stm4195p1 allele restores growth to a panE ilvC strain. Cultures were grown
in glucose minimal medium containing BCAA with: (A) no additional supplements; (B) vitamin-free
casamino acids (0.2 %); or (C) pantothenate (100 uM). Strains shown in each panel are wild type LT2
(circles), panE ilvC (DM6486; triangles), and panE ilvC stm4195p1 (DM13708; open squares). The

data displayed are representative of three independent cultures.
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FIGURE B.3. Mutations in the chromosome upstream of stm4195 restored growth to a panE
ilvC strain when grown in the presence of CAA. A) The open reading frame organization in the
relevant genomic region is depicted. B) The sequence upstream of the Stm4195 coding region has
been expanded. The predicted -10/-35 promoter regions are underlined. Lowercase letters depict
the regulatory binding site for the small RNA repressor, GevB (41). Allele stm4195p1 contains an
IS10-R insertion, indicated by the inverted triangle, inserted 24 bps upstream of the stm4195 start
codon (hash symbol (#)). The coding sequence of the transposase gene encoded by IS10-R is
indicated, as is the promoter reading out of the IS10-R coding region (pOUT). The double-
underlined region indicates the 9 bp insertion-site recognition sequence that is found duplicated at
both ends of the IS10-R insertion (31). The position of allele stm4195p3 (C to T) is denoted with

an asterisk (*) and is in the predicted -10 region, 76 bp upstream of the stm4 195 start codon.
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FIGURE B.4. Expression of stm4195 in trans suppresses growth defect in the presence of
casamino acids. panE ilvC (squares) strains containing pDM1397 (DM13947; filled) or the vector
only control (DM13948; empty) and panC (triangles) strains containing pDM 1397 (DM 13950; filled)
or vector only control (DM13951; empty) were grown in minimal medium containing casamino acids
(0.2 % w/v) and arabinose (1 %). Growth was compared relative to wild type (circles). The data

displayed are representative of three independent cultures.
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FIGURE B.6. Expression of stm4195 facilitates ketopantoate and pantoate uptake. A)
Supplements were added at the indicated concentrations to panFE ilvC stm4195 strains containing
pDM1397 (DM14206) or the empty vector control (DM 14207) grown in glucose minimal medium
containing BCAA and 1 % arabinose. B) panB stm4195 strains carrying pDM 1397 (DM14273) or
the empty vector control (DM14274) were examined as described for A. The data from three
independent cultures are represented as the average and standard deviation of the OD 50 nm at 12

hours (all cultures reached stationary phase at ~12 hours).
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FIGURE B.7. Heated CoA produces substrates of Stm4195. A 100mM solution of CoA
dissolved in water was heated at 98 °C and 5 pl aliquots were taken at the indicated time points
and spotted on soft-agar overlays of A) panE ilvC stm4195 pDM1397 (DM14206) and B) panE
ilvC stm4195 pEmpty (DM14207) strains grown on glucose minimal medium containing BCAA
and 1 % arabinose. Five microliters of pantothenate (Pan; 100 uM) was added as a positive control.

Pictures were taken after 48 hours of growth at 37 °C.
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FIGURE B.8. HPLC separation of CoA breakdown products. A) 100 pl of 100 mM untreated
CoA was separated using an anion-exchange column while monitoring absorbance at 259 nm. The
inset displays the absorption spectrum of pure coenzyme A (eluted at ~15 minutes). B) 100 pl of
100 mM heat-treated CoA (98 °C for 5 hours) was separated using an anion-exchange column
while monitoring absorbance at 259 nm. Peak-fractions were collected and tested for biological
activity. The arrow indicates the only peak that displayed biological activity in stm4195-dependent
growth assays. C) The biologically-active fraction collected in B was further resolved by reverse-
phase chromatography while monitoring absorbance at 259 nm. The arrow indicates the peak that
displayed stm4195-dependent biological activity. The inset displays the absorption spectrum of

the relevant peak from C, with maximal absorbance at 259 nm.
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FIGURE B.9. stm4195-dependent growth requires CoaBC (dfp). stm4195-dependent growth
of panC and dfp strains was tested on glucose minimal medium containing BCAA, 1 % arabinose
and 1.25 mM boiled CoA (squares) or 100 uM pantetheine (circles). A) Growth of panC strains
carrying pDM 1397 (DM 13950; filled symbols) or pEmpty (DM13951; open symbols). B) Growth
of dfp strains carrying pDM1397 (DM14459; filled symbols) or pEmpty (DM14460; open

symbols). The growth data are representative of three independent cultures.
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feeds into the pathway upstream of CoaBC.
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APPENDIX C
PERTURBATION OF THE METABOLIC NETWORK IN SALMONELLA ENTERICA

REVEALS CROSS-TALK BETWEEN COENZYME A AND THIAMINE PATHWAYS

C.1 BACKGROUND

There is a growing appreciation for the impact perturbations in a given pathway can have
on seemingly unrelated metabolic pathways in the cell (1, 2). Subtle connections between
seemingly unrelated pathways can be enhanced through mutant analysis in order to better
understand the underlying metabolic cross-talk. For example, constraining any essential metabolic
pathway requires that a cell overcome the disruption or risk cell death. The mechanisms used by a
cell to overcome perturbations in the metabolic network reveals inherent robustness in the system
and often uncovers connections between biochemical processes and pathways previously
considered distinct. The analyses of cellular responses to perturbations in the metabolic network
was successful in uncovering emergent mechanisms of thiamine biosynthesis in Salmonella
enterica (3). Thiamine biosynthesis is similar to coenzyme A (CoA) biosynthesis in that both result
in the production of an essential nutrient, and the flux of carbon and energy required for both
products is low when compared to other essential molecules (3). It has been previously shown that
disrupting the primary ketopantoate reductase found in Sa/monella enterica, PanE, results in an
approximately ten-fold reduction in total CoA levels (4). Importantly, the redundant ketopantoate

reductase activity of the branched-chain amino acid biosynthetic enzyme, acetohydroxyacid
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isomoreductase (IlvC), produces sufficient pantoate to support CoA biosynthesis (5). Thus, a panE
mutant maintains ~ 10 % of wild type CoA levels due to IlvC ketopantoate reductase activity.
Previous work identified a link between intracellular CoA levels and thiamine
biosynthesis (Figure C.1). Thiamine pyrophosphate is an essential cofactor, and is made of two
independently synthesized moieties, 4-methyl-5-(2-hydroxyethyl)-thiazole phosphate (THZ-P)
and 4-amino-5-(hydroxymethyl)-2-methylpyrimidine phosphate (HMP-P). Mutations in panE
reduce CoA levels in the cell and cause a conditional HMP-P auxotrophy in S. enterica (6, 7).
Disruption of panE only results in an HMP-P auxotrophy when flux through the shared
purine/HMP-P biosynthetic pathway is compromised by eliminating or inhibiting the first shared
pathway enzyme, PurF (4, 6, 7). Purines repress expression of purF and allosterically inhibit the
PurF enzyme (8-10). The effect of CoA levels on thiamine production was narrowed down to the
conversion of AIR to HMP-P in vivo (11), which is catalyzed by the HMP-P synthase ThiC (12,
13). ThiC is a member of the radical S-adenosylmethionine (SAM) superfamily of enzymes that
use a [4Fe-4S] cluster to initiate radical catalysis (12, 13). CoA and acetyl-CoA do not exhibit
any demonstrable effect on ThiC activity in vitro (14). Thus, an unknown connection exists
between CoA and ThiC in vivo. To better understand this link, a genetic approach was taken to
observe mutations that could restore growth to a purine-sensitive panE strain. To exacerbate the
growth defect, wild-type thiC was replaced with previously described alleles (¢2iC*) encoding
variants with altered ThiC activity (15). In this compromised background, suppressors were
isolated that restored growth to the thiC* panE mutant on minimal glucose medium. Perhaps
unsurprisingly, suppressors were isolated that contained mutations in the i/vC transcriptional

regulator, i/vY. The mutations isolated in i/vY are expected to increase i/vC transcription, leading
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to greater ketopantoate reductase activity, increased CoA levels and improved thiamine

production.

C.2 MATERIALS AND METHODS

Bacterial strains, media and chemicals. All strains used in this study are derivatives of
Salmonella enterica serovar Typhimurim LT2 and are listed with their genotype in Table C.1.
Tnl0d(Tc) refers to the transposition defective mini-Tn/0 (Tn/0A16 A17) described by Way et
al. (16). MudJ refers to the Mud1734 transposon described previously (17). Tn/0d-Cm refers to
the transposition defective Tn/0 specifying chloramphenicol resistance (18).

No-carbon E medium (NCE) supplemented with ImM MgSO4 (19), trace minerals (20) and
glucose (11mM) as the sole carbon source was used as minimal medium. Difco nutrient broth
(NB) (8g/liter) with NaCl (5g/liter) and Luria-Bertani broth (LB) were used as rich media. Difco
BiTek agar (15g/L) was added for solid medium. When necessary the branched-chain amino acids
leucine, isoleucine and valine (plus ketoisovalerate) were added at a final concentration of 0.3 mM.
Antibiotics were added as needed to reach the following concentrations in rich and minimal
medium, respectively: tetracycline 20 and 10 ug/ml; ampicillin 30 and 15 ug/ml; and
chloramphenicol 20 and 5 ug/ml. Arabinose (0.1 %) was added to cultures when necessary for
induction of the araBAD promoter.

Genetic methods. All transductional crosses were performed using the high-frequency general
transducing mutant of bacteriophage P22 (HT105/1, int-201) (21). Methods for performing
transductional crosses, purification of transductants from phage and the identification of phage-

free recombinants have been described previously (6, 22). All mutant strains were constructed
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using standard genetic techniques. Gene replacements were made using the A-Red recombinase
system described by Datsenko and Wanner (23).

Mutant isolation. Five cultures each of DM 13651 (zxx-8029::Tn10d(Tc) thiC1128 panE::Cm)
and DM 13652 (zxx-8029::Tn10d(Tc) thiC1129 panE::Cm) were grown overnight in NB medium.
Cells were pelleted and resuspended in an equal volume of saline solution (85mM). Approximately
10® cells from each cell suspension were spread onto solid minimal glucose medium. DES (5 pl)
was spotted in the middle of plates containing DM13652. Plated cultures were incubated at 37° C
for a period of ~72 hours. The resulting mutant colonies were streaked out on non-selective
medium. Phenotypes were confirmed by patching mutant isolates to non-selective rich medium,
which were then replica-printed to selective plates after a period of 6-12 h at 37 °C. A
representative mutant strain displaying robust growth on minimal glucose medium, DM13897
(zxx-8029::Tn10d(Tc) thiC1129 panE::Cm ilv¥Y3213), was selected for mapping. First, the
chloramphenicol marker was resolved FRT-site recombination by transforming the strain with
pCP20 (23). The plasmid was cured and the phenotype was reconfirmed. The chloramphenicol-
sensitive strain (DM13963) used to generate a pool of ~60,000 cells with random Tn/0d-Cam
insertions throughout the chromosome. A P22 lysate grown on this pool and standard genetic
approaches identified Tn/0d-Cam insertions linked to the causative suppressor mutation. The site
of insertion was determined by sequence analyses using degenerate primers and those specific to
the Tn/0d-Cam (24). DNA sequence was obtained at the University of Wisconsin Biotechnology
Center. Transductional crosses confirmed that the Tn/(0d-Cam linked to the originally mapped
suppressor was linked to the other suppressors described here.

Phenotypic analysis. Nutritional requirements were determined in liquid growth. Strains

to be analyzed were grown in NB broth overnight. Cultures were pelleted and resuspended in an
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equal volume of saline. Aliquots (5 pl) of the cell suspension were used to inoculate 200 pl of the
desired medium contained in each well of a 96-well microtitre plate. Cultures were grown at 37
°C while shaking at 250 rpm using the Biotek EL808 ultra microplate reader. Cell density was
measured as the absorbance at 650 nm. The specific growth rate was determined as [u =
In(X/Xo)/T1], in which X is the initial optical density during the linear, X is the final optical density
during the linear growth phase and 7 is time.

Molecular methods. The i/vY gene was amplified by PCR with Herculase II Fusion DNA
polymerase (Agilent) using primers STM4195 Ncol F (5’-GAGACCATGGCCATGCTCGCCG
TCATTACC-3’) and STM4195 Xbal R (5’-GAGATCTAGATTAATTTACC TTTGCCGTTT-
3’). The resulting PCR product was gel purified, digested with Ncol (Promega) and Xbal
(Promega) and ligated into Ncol/Xbal-cut pBAD24 (25). Constructs were transformed into
Escherichia coli strain DH5a and screened for vectors containing inserts. Plasmid inserts were
confirmed by sequencing. Plasmids containing the appropriate insert were purified and

transformed into the relevant strains.

C.3 RESULTS AND DISCUSSION

ThiC variants cause a pantothenate or thiamine auxotrophy in a ApanE background.
A previous report described “adenine sensitive” ThiC variants (ThiC***'* and ThiC"**"™) based
on their inability to support thiamine-independent growth when adenine was added to the growth
medium (15). Preliminary work described growth properties of these strains (26); the ThiC variant
strains were assessed for their ability to support thiamine-independent growth. In strains containing
ThiC variants and a lesion in panE, either pantothenate or thiamine were required to support

growth (Table C.2). This finding is consistent with previous findings demonstrating subtle effects
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of CoA on ThiC activity; ThiC must be compromised in other ways (i.e. less-active ThiC variants)
to exacerbate the CoA-dependent thiamine phenotype. Taken together, the combination of
ThiC™'®* or ThiC"?*"™ with a lesion in panFE generated strains unable to grow on minimal glucose
medium. These strains were used to isolate suppressors to explore unforeseen connections between
CoA levels and flux through ThiC.

Suppressors of panE ThiC-variant strains have mutations in ilvY. Multiple suppressors
were isolated and triaged according to redundant growth phenotypes. Growth of a representative
suppressor (DM13897) was compared to the respective thiamine-deficient parent strain
(DM13652) in minimal glucose medium (Figure C.2). The parent strain was unable to grow
without thiamine or pantothenate, while the suppressor grew on minimal glucose medium alone.
Thus, the suppressor restored thiamine biosynthesis either directly or indirectly. The suppressor
mutation from DM 13897 was mapped and identified as a point mutation in i/vY, changing basepair
703 from a C-to-A, corresponding to amino acid change L235M (Figure C.3). Suppressors linked
to the same region of the chromosome in other isolates also contained mutations in i/vY. DM13892
had a G-to-T mutation at basepair 272, corresponding to amino acid change G92V and DM 13896
a G-to-A transition at basepair 710, corresponding to amino acid change C237V. IlvY is a positive
regulator of ilvC; ilvY is expressed divergently from ilvC and the ilvYC locus represents a
prototypic LysR-type regulated system (27). IlvY binds to the ilvC operator but requires the
binding of IlvC substrates (either ai-acetolactate or ai-acetohydroxybutyrate), acting as coinducers,
to activate transcription of i/vC (28). The residue changes in the observed IlvY variants either fall
within or just upstream of the predicted effector binding domain. In E. coli, amino acid
substitutions in the effector binding domain led to constitutive expression of i/vC (29). Therefore,

the IlvY variants described here are predicted to activate constitutive i/vC expression.
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Overexpression of ilvC or an ilvY suppessor allele, but not wild-type ilvY, restores
growth to the panE ThiC-variant strain. A representative i/vY allele (i/v¥Y3213) was cloned into
pBAD?24 to test if the mutation in i/vY correlated with overexpression of i/vC. The expression of
ilvC from a pBAD plasmid restored growth to a thiamine-limited panE thiC1129 strain
(DM13994) on minimal glucose medium (Figure C.4). Similarly, expression of plasmid borne
ilvY3213 restored growth to strain DM13996 on minimal glucose medium (Figure C.4).
Importantly, plasmid borne expression of wild-type i/vY failed to restore growth. Taken together,
these data indicate that i/v¥3213 is dominant, as expression of i[v¥Y3213 in an ilvY" background
restored growth to the thiamine-deficient parent strain. Furthermore, the similar phenotype
achieved by expressing ilvC or ilvY3213 in trans is consistent with i/v¥Y3213 serving to
constitutively activate ilvC expression. Moving forward, reporter assay experiments will be
performed by fusing the i/vC promoter to lacZ and assessing the impact on the described IlvY
variants on i/vC promoter output. Finally, total intracellular CoA levels will be assessed in each of
the parent strain and suppressor strain backgrounds to determine if the reported i/vY alleles restore
thiamine biosynthesis by increasing CoA levels. Given current data, we propose the model
depicted in figure C.5, where mutations in the i/vY effector binding domain produce constitutively-
active variants capable of inducing expression of i/vC, even in the absence of coinducer molecules.
The constitutive expression of i/vC is expected to increase IlvC-dependent ketopantoate reductase

activity, leading to improved CoA biosynthesis in the panFE strain background.
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TABLE C.1. Bacterial strains

Strain Genotype
LT2 Wild type
DM13650 zxx-8029::Tn10d(Tc) panE::Cm
DM13651 zxx-8029::Tn10d(Tc) thiC1128 panE::Cm
DM13652 zxx-8029::Tn10d(Tc) thiC1129 panE::Cm
DM13892 zxx-8029::Tn10d(Tc) thiC1128 panE::Cm ilvY3215
DM 13896 zxx-8029::Tn10d(Tc) thiC1129 panE::Cm ilvY3214
DM13897 zxx-8029::Tn10d(Tc) thiC1129 panE::Cm ilvY3213
DM13931 zxx-8029::Tn10d(Tc) thiC1129 ApanE
DM13956 zxx-8029::Tn10d(Tc) thiC1129 ApanFE zxx-3911::Tnl0(Cm)
DM13957 zxx-8029::Tn10d(Tc) thiC1129 ApanE zxx-3911::Tnl0(Cm) ilvY3213
DM13963 zxx-8029::Tn10d(Tc) thiC1129 ApanE ilvY3213
DM13993 zxx-8029::Tn10d(Tc) thiC1129 ApanE / pPBAD24
DM13994 zxx-8029::Tn10d(Tc) thiC1129 ApanE / pPBAD24-ilvC
DM13995 zxx-8029::Tn10d(Tc) thiC1129 ApanE / pPBAD24-ilvY
DM13996 zxx-8029::Tn10d(Tc) thiC1129 ApanE / pPBAD24-ilvY3213
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TABLE C.2. Growth of panE strains containing “adenine-sensitive” ThiC variants.”

ThiC Specific Growth Rate Final Cell Yield
variant Min + Pant + Thi Min + Pant + Thi

DM13650  ThiCVT 0.41 0.67 0.50 0.75 0.84 0.71
DM13651 ThiCE¥%  0.03 0.67 0.50 0.15 0.89 0.75
DM13652 ThiCY*¥™  0.01 0.70 0.54 0.14 0.88 0.77

Strain

“ Strains were grown in NCE medium supplemented with glucose (11 mM) and the indicated
additions. Min, minimal medium; Pant, pantothenate; Thi, thiamine. Growth rate is reported as p
= In(X/Xy)/T, and the final cell yield is A5 after 12 h of growth. Data shown are the average of

three independent cultures. All standard deviations were less than 0.03.
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FIGURE C.1. Connection between ThiC-dependent thiamine production and coenzyme A.
(Left) The thiamine pathway branches off of the purine biosynthetic pathway at the branch-point
metabolite aminoimidazole ribotide (AIR). ThiC catalyzes synthesis of HMP-P from AIR, which

is subsequently condensed with THZ-P to form thiamine-pyrophosphate. (Right) Coenzyme A is

synthesized from pantothenate in five steps. The production of the pantoate is predominantly

catalyzed by PanE. The branched-chain amino acid biosynthetic enzyme acetohydroxyacid

isomoreductase (IlvC) has ketopantoate reductase activity as well.
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FIGURE C.2. Suppressor mutations restore growth to a thiC1129 panE::Cm (DM13652)
strain on minimal glucose medium. The parent strain (circles) is unable to grow on minimal
glucose medium, but a representative suppressor (DM13897) restores growth on minimal
glucose medium (diamonds). The strains grow equally well when thiamine (100 nm) or
pantothenate (100 pM) are added to growth medium (squares). Each growth curve displays

representative data from three independent cultures.
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FIGURE C.3. Protein alignment of wild-type IlvY with IlvY variants from suppressor
mutants. The solid underlined section indicates the N-terminal helix-turn-helix and the dashed
underline section identifies the C-terminal substrate binding domain. Variant residues in IlvY "

(ilvY3215), IIvY ™ (ilvy3213), and TIvY“*"" (ilv¥3214) are indicated above their position in

the IlvY primary sequence.
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FIGURE C.4. Expression of ilvY3213 or ilvC, but not wild-type ilvY, restores growth to a
thiC1129 ApankE strain grown on minimal medium. All strains were grown in glucose minimal
medium containing 0.1 % arabinose. Growth of a thiC1129 ApanE strain containing empty
pBAD24 (DM13993; open squares), pBAD24-ilvC (DM13994; triangles), pBAD24-ilvY
(DM13995; circles) and pPBAD24-i/vY3213 (DM13996; open diamonds) are plotted as a function

of time. Data are representative of three independent cultures.
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FIGURE C.5. Model of constitutive IlvY activation of IlvC production. In an “adenine-
sensitive” ThiC-variant strain, disruption of panE reduces coenzyme A levels, limiting flux
through ThiC and starving the cell for thiamine. The IlvY variants described here are predicted to
constitutively activate expression of i/vC, enhancing ketopantoate reductase activity in the cell,

leading to increased CoA levels that improve ThiC-variant activity to restore thiamine production.
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