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Abstract
Genetic dissection of bacterial strategies to navigate corrinoid availability
by

Rebecca Rae Procknow
Doctor of Philosophy in Microbiology
University of California, Berkeley
Professor Michiko E. Taga, Chair

Microbial communities and the interactions that comprise them have impacts that reach far
beyond the microscopic. From agriculture to biogeochemical cycling, microbial communities
play a key role in processes that sustain life on Earth. A microbe may interact with a neighboring
organism in a number of ways that range from the mutualistic to the antagonistic. While the
complexity of these interactions makes untangling them a challenge, homing in on one piece of
the puzzle allows us to begin to understand microbial communities as a whole. A key process
that sustains communities is the sharing of nutrients. The study of corrinoids, the vitamin B2
family of cofactors, has been proposed as a model for studying nutrient sharing interactions in
microbial communities. Corrinoids provide a lens with which to view nutrient sharing
interactions at many scales. In this dissertation, I use corrinoid biology to study a mechanism for
sensing and responding to corrinoids at the molecular scale and to probe the trade-off between
two methionine synthases at the organismal scale.

In the first chapter I position the study of corrinoids as a model shared nutrient by reviewing
corrinoid biology at the molecular, organismal, and community scales. I review both what is
known and describe outstanding questions at each scale. This provides a comprehensive look at
the state of the field of corrinoid biology.

In the second chapter I dissect the regulatory mechanisms of several corrinoid riboswitches and
present the first corrinoid riboswitch known to activate gene expression. Riboswitches are the
dominant method of corrinoid-based gene regulation used by bacteria. They rely on two
functional domains, the aptamer domain responsible for ligand binding and the expression
platform which contains structures responsible for regulating gene expression. Corrinoid
riboswitches were known to rely on a kissing loop interaction for communication between these
two domains, but the structural changes in the expression platform conferred by ligand binding
by the aptamer domain were unknown. I used a fluorescent reporter to uncover the alternative
structures responsible for gene regulation in a repressing and novel activating corrinoid
riboswitch. Finally, I demonstrated our understanding of the regulatory mechanisms by
engineering several synthetic activating corrinoid riboswitches.

In the third chapter I examine the effects on fitness of bacterial strains expressing either the
corrinoid-independent or corrinoid-dependent methionine synthase. Of the two enzymes, the
corrinoid-dependent methionine synthase, MetH, is the more efficient with a 50-fold higher
turnover rate. However, the corrinoid-independent methionine synthase, MetE, does not rely on
corrinoids which relatively few bacteria are predicted to produce. It is unknown whether
expressing the more efficient enzyme, MetH, would confer a fitness advantage over relying on
MetE for methionine synthesis in the presence of corrinoids. I competed Escherichia coli strains
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expressing either MetE or MetH in a variety of conditions and found that in most conditions, the
MetE-expressing strain comprised the majority of the coculture. These results are in contrast to
what is found in the literature about the susceptibility of MetE to certain stress conditions.

Together, this work demonstrates the breadth of study facilitated by corrinoids as a model
nutrient. At the molecular scale, I presented novel insights about the mechanisms of regulation
by corrinoid riboswitches, one of the most widespread riboswitches among bacteria. At the
organismal scale, I explored the trade-off between a highly efficient methionine synthase and a
methionine synthase that is unrestricted by a reliance on cofactor that is costly to produce.
Through our increased understanding of corrinoid biology we increase our understanding of
microbial interactions and their effects on important global processes.
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1. The corrinoid model for dissecting microbial community
interactions across scales

Corrinoids are a family of cofactors that can be used as a model nutrient to study interactions
among microbial communities. Their importance at the molecular, organismal, and community
scales allows us to disentangle the complexity of how nutrients are sensed, used, and shared by
microbes. In this chapter, | will define work that has been done at each scale.

Zoila I. Alvarez-Aponte'*, Rebecca R. Procknow*, Michiko E. Taga*

* These authors contributed equally to this work.

! Department of Plant and Microbial Biology, University of California, Berkeley, Berkeley, CA,
94720, United States of America

# Corresponding author email: taga@berkeley.edu

Under review with the journal Annual Review of Microbiology. The text of this chapter was an
invited review in the journal Annual Review of Microbiology. It is in editorial review and will be
published in Fall 2025.

Abstract

Microbial communities in different environments have significant impacts on global nutrient
cycling and the health of host organisms. However, the complexity of microbial communities
makes it difficult to investigate how the interactions between numerous microbial species, each
with distinct features and metabolic capabilities, impact global processes. In this review, we
describe the corrinoid model for investigating microbial community interactions across scales,
from individual microbes to complex natural communities. Corrinoids, the cobalamin family of
organometallic cofactors, are required for numerous metabolic processes across all domains of
life but are produced only by a fraction of bacterial and archaeal species. This structurally
diverse set of shared nutrients influences community structure in different ways. Knowledge
about corrinoid biology at each scale informs and reinforces a robust model that can be expanded
to increase our understanding of microbial communities.



1.1 Introduction

Microbial communities inhabit nearly all of Earth’s environmental and host-associated niches.
They are key drivers of Earth’s biogeochemical cycles, the health of agricultural crops, digestion
in animals, and the human immune system. The complexity of these communities leaves much to
be discovered about how they function: how do numerous individual microbes, each with distinct
genetically encoded capabilities, interact with one another to form communities capable of
impacting global processes?

One key aspect of microbial communities that governs their function is nutrient-sharing
interactions. Many microbes rely on metabolic byproducts of other community members for use
as carbon, nitrogen, and energy sources and use amino acids or cofactors produced by others to
fulfill their metabolic needs (1-3). Interactions between microbes shape their communities, and
in turn, influence the surrounding environment (4). Understanding how the metabolic capabilities
of individual microbes influence these interactions will be a key to harnessing the potential of
microbial communities to address global challenges such as climate change.

In this review, we focus on corrinoids — the cobalamin family of cofactors — which have emerged
as a model for studying nutrient-sharing interactions within microbial communities (5-7). This
model is particularly beneficial for investigating the mechanisms that drive community structure
because it can be applied across scales of complexity. At the molecular scale, production and use
of corrinoids and the genes, enzymes, and regulatory systems that control them can be dissected
in specific organisms. At the organismal scale, corrinoid-specific metabolic capabilities influence
how microbes grow in different conditions. At the community scale, corrinoid-based interactions
collectively shape community structure and function. We present the corrinoid model as a
framework for dissecting microbial interactions and community structure across scales.

1.2 Corrinoids as a model nutrient

1.2.1 Structurally diverse corrinoids are produced by different microbes and have been
detected in communities

Cobalamin (vitamin B12) was first discovered a century ago as an essential component of the
human diet (8, 9). A cobalt-containing modified tetrapyrrole, cobalamin functions as a cofactor
that harnesses the reactivity of the central cobalt ion to perform radical-based and methyltransfer
reactions (10, 11) (Figure 1.1A). Unlike other vitamins, cobalamin is produced only by certain
bacteria and archaea (11-13). Also unusual is that while some microbes produce cobalamin,
others produce variants with different lower ligands — collectively known as cobamides — that
can carry out the same chemical reactions (14) (Figure 1.1B). Cobamides are a subset of
corrinoids that are distinguished by the presence of an upper and a lower axial ligand and are
active as enzyme cofactors. Here, we use the term corrinoid to include cobamides and late
precursors such as cobinamide (Cbi), while the term cobamide specifically refers to the active
cofactor form (Figure 1.1A).

Reactions catalyzed by cobamide-dependent enzymes include those involved in methionine
synthesis, carbon and nucleotide metabolism, reductive dehalogenation, natural product
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biosynthesis, and methanogenesis (15-18). Diverse corrinoids have been detected in various
host-associated and environmental samples, indicating they are widely used metabolites (19)
(Figure 1.1C). Nonetheless, cobalamin and Cbi are the only commercially available corrinoids;
other corrinoids must be purified from bacterial cultures for use in experimental studies (20).

1.2.2  Corrinoids are shared nutrients

Similar to other cofactors such as thiamin, biotin, and folate, corrinoids are produced only by a
fraction of the microbes that require them, indicating that they are shared among microbes (21—
23). Genomic analyses of different sets of bacteria have all concluded that those predicted to be
capable of de novo corrinoid biosynthesis (“producers”) are a minority of the species present in a
particular environment and across bacteria as a whole (Figure 1.1D). The largest bacterial
genome dataset evaluated for corrinoid production and use to date estimated that 86% of
sequenced bacterial species require corrinoids and of these, less than half are predicted corrinoid
producers (23). Experimental studies of co-cultured microbes have demonstrated sharing of
corrinoids between producers and dependent microbes (24—-33). The mechanisms of corrinoid
sharing at the community scale are unknown but are an active area of research.

1.2.3  Corrinoid preferences are reflected by differential growth and metabolism

Just as humans are metabolically primed to use cobalamin more readily than other corrinoids,
most microbes have corrinoid preferences that are reflected in their growth (34). For example,
Escherichia coli and Bacteroides thetaiotaomicron can use all or some tested corrinoids but vary
in the relative concentrations required to support growth (Figure 1.1E, F). An exception is
Akkermansia muciniphila, which does not exhibit corrinoid preferences because it remodels all
cobamides to a single form (35) (see section 3.5) (Figure 1.1G). The corrinoid preferences
observed in laboratory cultures suggest that the combinations of corrinoids in different
environments can have distinct impacts on bacterial growth and metabolism (19, 34) (Figure
1.1C).

1.3 The molecular scale: corrinoid biosynthesis, dependence, and specificity

Environmental corrinoid diversity can influence microbes at the molecular level in multiple
ways. It is thought that microbial corrinoid preferences are due to the specificity with which
cobamide-dependent enzymes, transporters, adenosyltransferases, and regulatory systems
interact with particular corrinoids (36). These molecular factors are discussed separately in this
section.
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Figure 1.1. Corrinoids as a model nutrient. (A) The chemical structure of cobalamin.
Cobinamide (Cbi) is an incomplete corrinoid that lacks part of the nucleotide loop including the
lower ligand. Upper ligands (Adenosyl, Methyl, Cyano, and Aquo) are shown in the square. (B)
Cobamide lower ligands and the the structural categories to which they belong (14, 36, 42, 118,
135, 136) The name of the lower ligand is given below each structure and the abbreviated cobamide
name is shown in bold lettering for those that are included in other parts of this figure. (C)
Corrinoid diversity as measured in different environments (19). (D) Fraction of genomes that were
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independents (23). (E) Corrionid-dependent growth of Escherichia coli, (F) Bacteroides
thetaiotaomicron, and (G) Akkermansia muciniphila illustrate different corrinoid preferences (34).



1.3.1 Cobamide-dependent enzymes are diverse in their functions

Cobamide-dependent enzymes are found in all domains of life and are involved in diverse
metabolic processes (15-18). While the lower ligand can impact binding and reactivity, the
upper ligand (Figure 1.1A) is the part of the molecule involved in catalysis. Cobamide-dependent
isomerases, typically involved in fermentation, use cobamides with a 5’-deoxyadenosy! upper
ligand to generate a radical to initiate carbon skeleton rearrangements and other reactions (15,
18). Methyltransferases use cobamides to transfer methyl groups from a methyl donor to a
substrate, transiently generating a cobamide with a methyl group as the upper ligand
(methylcobamide) during each catalytic cycle (15, 18). These enzymes include methionine
synthase, the most widespread cobamide-dependent enzyme, and multiple enzymes involved in
methanogenesis and other one-carbon metabolisms (23). A third cobamide-dependent enzyme
class uses cobamides with no upper ligand, instead directly using the cobalt ion to facilitate
catalysis (16). These enzymes include reductive dehalogenases, involved in the detoxification of
aromatic and aliphatic chlorinated organic compounds, and epoxyqueuosine reductase, which
performs the final reaction in the synthesis of queuosine, a modified nucleoside in tRNA (16,
37).

The Bi2-dependent radical S-adenosylmethionine (B12-rSAM) enzymes represent a fourth class
of cobamide-dependent enzymes. B1>-rSAM enzymes enlist two cofactors, SAM and a
methylcobamide, to catalyze a variety of reactions (38). More than 200,000 predicted B1>-rSAM
enzymes have been found, predominantly in bacterial genomes (38). For most, the substrate,
product, and catalytic mechanism are unknown (17). Known reactions are functionally diverse
and include the biosynthesis of vitamins, cofactors, and antibiotics, as well as protein post-
translational modifications (17, 38). In the 20 years since the B1>-rSAM enzymes were first
characterized (39), much progress has been made towards understanding this novel enzyme
class. However, the structure, chemistry, cobamide preferences, and metabolic functions of most
B12-rSAM enzymes remain to be elucidated.

Cobamide preferences have been studied in several enzymes. In vitro studies have shown that
methylmalonyl-CoA mutase (MCM) orthologs from different organisms have different cobamide
preferences (36, 40, 41). These studies have shown that Even small differences in lower ligand
structure can greatly impact corrinoid-enzyme binding (36). Further, MCM orthologs from
different bacteria and from humans have distinct binding affinities for different cobamides,
suggesting that certain sequence differences between orthologs exist that confer distinct
preferences (36, 42). Other examples of corrinoid preference in enzymes have been observed for
MetH, glutamate mutase, ethanolamine ammonia lyase, and 2-methyleneglutarate mutase (41,
43-46). These observations highlight the influence of cobamide structure on enzyme function
and implicate cobamide preferences in enzymes as major contributors to preferences at the
organismal scale.

1.3.2 Biosynthesis of corrinoids results in diverse structures

De novo corrinoid biosynthesis in bacteria requires approximately 30 genes (11, 47). The first set
of steps involves assembling uroporphyrinogen 11, a precursor shared with other tetrapyrrole
biosynthesis pathways (11, 47). These steps are followed by corrin ring synthesis via either an
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anaerobic or aerobic route (11, 47). The cobalt ion is installed prior to ring modifications in the
anaerobic pathway and after completion of these modifications in the aerobic pathway (11, 47).
Adenosylation at the upper (B) ligand position occurs next to form adenosylcobyric acid (47).
Finally, nucleotide loop assembly is followed by the attachment of the lower (o) ligand to form
the cobamide (11, 47). Some archaea are known to make corrinoids using biosynthesis genes
homologous to those from the bacterial pathway, but all the enzymes involved have yet to be
characterized (48-52).

The diversity of cobamides produced by different organisms stems from the ability to synthesize
and attach different lower ligand bases (Figure 1.1B). Unlike the purine and phenolic bases,
which have other roles in metabolism, the benzimidazole bases are thought to be specific to
cobamides and have enzymes dedicated to their production. 5,6-dimethylbenzimidazole (DMB),
the lower ligand of cobalamin, is synthesized aerobically from a flavin cofactor by the BluB
enzyme (53-55). One quarter of sequenced bacterial genomes contain bluB homologs (23),
suggesting widespread production of cobalamin, though it is not known how many are non-
functional pseudogenes, as recently characterized in a Roseovarius species (32). The anaerobic
biosynthesis of DMB requires the bzaABCDE or bzaFCDE genes, responsible for conversion of
the purine precursor 5-aminoimidazole ribotide to DMB (56, 57). The three intermediates in this
pathway, 5-OHBza, 5-OMeBza, and 5-OMe-6-MeBza, are also found as lower ligands, and
organisms that produce these cobamides have the corresponding sets of bza genes in their
genomes (56) (Figure 1.1B and C).

Approximately 13% of bacterial species are predicted “salvagers” that import corrinoid
precursors and use them as building blocks to make cobamides (23, 58). This strategy is thought
to reduce the cost of biosynthesis. The genomes of salvagers contain an incomplete corrinoid
biosynthesis pathway, lacking one or more initial steps but possessing genes for later steps in the
pathway (23). Experimentally, salvagers are defined by the ability to grow and produce a
cobamide when certain precursors such as 5-aminolevulinic acid or Cbi are available (7, 23, 26,
58-61). a-ribazole, the activated form of DMB, can also be salvaged to form cobalamin when
late steps in the pathway are absent (62). Cbi and a-ribazole have been detected in environments
such as soil, animal gastrointestinal tracts, and ocean waters, suggesting they are available for
uptake by salvagers (19, 32, 63, 64).

1.3.3  Corrinoid uptake is an active process

Efficient corrinoid uptake from environments with limiting corrinoid concentrations requires
active transport. The Btu(B)FCD system is the most widespread corrinoid uptake system in
bacteria (65), consisting of the ABC-type transport complex BtuFCD and, in Gram-negative
bacteria, the TonB-dependent outer membrane transporter BtuB (11, 66—68). In vitro studies of
E. coli BtuB show that it interacts with the corrin ring, and thus is not specific for corrinoids with
particular upper or lower ligands (69, 70). Likewise, a Bacillus subtilis strain that overexpresses
btuFCD imports cobamides and Chi non-specifically (44). An alternative ECF-type transporter
coupled with the corrinoid-specific substrate-binding protein CbrT was found to transport
corrinoids in Lactobacillus delbrueckii (71). Additionally, the nonspecific transporter BacA can
transport cobalamin bidirectionally in Mycobacterium tuberculosis (72, 73). It remains unknown
whether these transporters are specific for particular corrinoids.
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Research on corrinoid uptake in Bacteroides species has introduced additional components of the
Btu system. BtuG is an outer membrane protein that binds cobalamin and cobinamide with
remarkably high (femtomolar) affinity and is thought to transfer extracellular corrinoids to BtuB
for transport (74, 75). BtuH is a cobalamin-binding protein found in Bacteroides that has no
known function but is often encoded in operons containing BtuB (76). BtuM, an inner membrane
protein in Thiobacillus denitrificans, has the ability to transport cobalamin and is thought to
decyanate it (77).

The influence of transport on corrinoid preferences has been studied mostly in Bacteroides
species. Most human gut Bacteroides genomes contain multiple btuB paralogs with highly
divergent sequences, suggesting they may be specialized for different corrinoids (65). These
paralogs can confer corrinoid-dependent competitive advantages for cells grown with different
corrinoids (see section 5.2).

1.3.4 Adenosylation occurs following uptake

Adenosylation is a step in biosynthesis that readies corrinoids for catalysis by enzymes that use
cobamides with a deoxyadenosyl upper ligand (adenosylcobamides, Figure 1.1A) (16). The
reactivity of adenosylcobamides, which uniquely enables them to facilitate radical chemistry,
also makes the upper ligand labile, dissociating readily upon exposure to light (43, 78). Thus, the
most common form of cobalamin in the environment is hydroxocobalamin (OHCbI) (79).
Cyanocobalamin, the vitamin form of cobalamin, has a more stable cyanide ion as the upper
ligand (Fiure. 1.1A).

Most bacteria adenosylate imported corrinoids via one of three types of adenosyltransferases,
which vary in sequence and bind substrates in different conformations. These enzymes, present
in 76% of sequenced bacterial species, have been mostly studied in Salmonella enterica, which
encodes all three classes: CobA, EutT, and PduO (23, 80). CobA is involved in the de novo
synthesis of AdoCbl, while EutT and PduO are co-expressed with adenosylcobamide-dependent
enzymes required for the metabolism of specific substrates (80). An additional function of
adenosyltransferases is that of chaperones that deliver the adenosylcobamide to cobamide-
dependent enzymes (80, 81), which may explain their genetic association with specific
cobamide-dependent metabolic processes.

The ability of bacteria to use diverse corrinoids suggests adenosyltransferases can act on many
different corrinoids, but this has yet to be verified. In support of this inference, corrinoids with
different lower ligand structures can be recovered in their adenosylated form from a B. subtilis
btuFCDR overexpression strain cultured with cyanated corrinoids (44). Further, mutations that
increase expression of the adenosyltransferase BtuR enable E. coli to grow more robustly with a
less-preferred corrinoid (82). These observations suggest that bacteria can adenosylate diverse
corrinoids, and that adenosylation may play a part in defining bacterial corrinoid preferences.

1.3.5 Remodeling enables conversion of different cobamides to a preferred form
Corrinoid-dependent organisms are reliant on the corrinoids available in their environment,

which could pose a vulnerability if their preferred corrinoids are unavailable. Thus, some
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bacteria, archaea, and microalgae have developed cobamide remodeling as a strategy to make
use of any available cobamide, regardless of its structure, while avoiding the metabolic burden of
de novo biosynthesis. Remodeling involves removing a portion of the nucleotide loop, including
the lower ligand, and replacing it with a different lower ligand (58, 83). The three remodeling
enzymes characterized to date are each unique in their sequence, structure, reaction catalyzed,
and substrate specificity (58). ChiZ hydrolyzes the amide bond in the nucleotide loop and is the
most widespread, found in diverse bacteria and archaea (83, 84). ChiR, which hydrolyzes the
ribose-phosphate bond in the nucleotide loop, was discovered in A. muciniphila, and homologs
are present in a number of bacterial species (35). Following the CbiZ or CbiR hydrolysis
reaction, additional enzymes involved in the final steps of corrinoid biosynthesis are required to
rebuild the cobamide with a more favorable lower ligand. A third remodeling function has been
discovered in Vibrio cholerae. A variant form of CobS, an enzyme required for the final step in
corrinoid biosynthesis, is involved in “direct remodeling” by both removing and replacing the
lower ligand in a cobamide (85, 86). The differences among the three remodeling enzymes
suggest that each evolved independently from the others (35), highlighting the importance of
lower ligand structure on bacterial fitness. A fourth remodeling enzyme likely exists in algae but
has not been identified (87), further reinforcing microbes’ need to obtain corrinoids that function
robustly in their metabolism. The ability of microbes to alter corrinoid structure could impact
environmental corrinoid profiles.

1.3.6  Regulation of corrinoid-dependent processes is mediated by riboswitches

Bacteria rely on a fine-tuned and rapid regulatory mechanism to respond to changing corrinoid
availability. Riboswitches, segments of mMRNA that regulate gene expression by directly binding
to an intracellular metabolite, are the predominant method of corrinoid-responsive regulation in
bacteria (88, 89). Most corrinoid riboswitches are involved in maintaining homeostasis by
reducing the expression of genes that become unnecessary when corrinoids are present in excess,
such as those involved in corrinoid transport, biosynthesis, and corrinoid-independent redundant
pathways (89-92).

While most riboswitch classes are defined by their ability to recognize a single molecule with
high specificity, corrinoid riboswitches have the unique ability to respond to corrinoids with
different lower ligand structures (44). Two corrinoid riboswitch classes are defined by their
affinity for corrinoids with either a large (5’-deoxyadenosyl) or small (methyl, cyano, and aquo)
upper ligand (90, 93, 94). Likewise, riboswitches can be classified into two subclasses based on
their affinity for different lower ligands. The “promiscuous” subclass responds equally to Cbi
and to cobamides with various lower ligands, while the “semi-selective” subclass responds only
to certain cobamides and displays preferences for specific lower ligands (44). For one riboswitch
studied in depth from Priestia megaterium, the corrinoid responsiveness is tuned to the
preferences of the organism’s cobamide-dependent enzyme (44). This suggests that bacteria have
evolved to maintain a delicate balance between regulation and function in order to respond to
different corrinoids in their environment.

Though the majority of corrinoid riboswitches repress gene expression to maintain homeostasis,
a riboswitch that activates gene expression in response to corrinoids was recently discovered.
This riboswitch responds preferentially to Cbi and regulates the expression of cobT, a gene
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required for activating the lower ligand before attachment to a precursor derived from Cbi (95).
Thus, the riboswitch is tuned for maximal activation in response to a CobT substrate. Additional
corrinoid riboswitches have been found upstream of unknown genes and genes involved in
processes not known to use corrinoids (92), suggesting there is more to learn about corrinoid-
based regulation and function.

1.4 The organismal scale: Defining ecological roles of individual organisms

The corrinoid-specific metabolism an organism encodes at the molecular scale influences growth
and metabolic capabilities at the organismal scale. In this section, we use the categories of
“dependent”, “independent”, and “producer” as a framework for nutrient interactions between
species. Each of these roles can be defined genomically based on the presence or absence of
specific genes, and experimentally based on the results of laboratory growth assays (96). A new
subcategory of producers, “providers”, has been differentiated by the ability to release corrinoids
to the extracellular environment (31, 96, 97). While corrinoid metabolism is common to

organisms in all three domains, it has been most extensively characterized in bacteria.

1.4.1 “Dependents’ use but cannot synthesize their own corrinoids

Dependents are defined as organisms that carry out corrinoid-dependent processes but cannot
synthesize corrinoids. While the term “auxotroph” refers to organisms with an absolute
requirement for a nutrient they are incapable of synthesizing, the dependent category additionally
includes those for which the nutrient expands the organism’s metabolic capabilities. Dependents
can be characterized genomically based on the presence of one or more genes encoding
cobamide-dependent enzymes and absence of a complete set of genes necessary for biosynthesis
(23). Experimentally, they can be defined as organisms that grow or carry out a particular
metabolic process only when a corrinoid is provided (96). Corrinoid dependence is widespread,
including most eukaryotes and approximately half of bacterial species (11, 23). Corrinoid
“salvagers” are a subset of dependents that import and use corrinoid precursors to synthesize
cobamides (see section 3.2).

Dependence can vary based on which cobamide-dependent reactions an organism carries out.
First, some organisms encode corrinoid-dependent functions that are not essential, but enable
them to access certain resources when corrinoids are available (23, 98). This is the case for the
catabolism of ethanolamine, propanediol, and certain amino acids, which are not available in all
environments, but having the ability to use them as a nutrient source represents an opportunity
for niche expansion (99). In addition, corrinoid-independent alternatives exist for some
corrinoid-dependent pathways such as methionine synthesis and ribonucleotide reductase (23,
100-103). Compared to some cobamide-dependent enzymes, the cobamide-independent
alternatives can be less resilient because of an inability to function under certain stress conditions
(104-108). This suggests an evolutionary tradeoff between reliance on external corrinoids or
corrinoid-independent alternatives that function in limited conditions. Finally, the cobamide-
dependent epoxyqgueuosine reductase QueG, which catalyzes a post-transcriptional tRNA
modification, can be inactivated without an observable growth phenotype in E. coli (37), despite
its presence in over half of sequenced bacterial species (23). Given that bacteria exist that lack
cobamide-dependent enzymes except QueG (23), QueG may have an unknown but important
role under environmental conditions that are not mimicked by laboratory culture.
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Organisms with no cobamide-dependent enzymes and no biosynthesis pathway are considered to
be corrinoid-independent (23). They can be defined genomically by the absence of cobamide-
dependent enzymes and biosynthetic genes, and experimentally by growth without added
corrinoid and the absence of corrinoid production (96).

1.4.2  “Producers” synthesize corrinoids de novo

Corrinoid producers are defined genomically as encoding a complete biosynthesis pathway, and
experimentally, by detecting corrinoids in microbial cultures without corrinoid supplementation
(23, 96). Until recently, all genomically predicted producers were found to encode one or more
cobamide-dependent enzymes in their genomes (23); the one exception is a soil archaeal
metagenome-assembled genome (109). Many producers have corrinoid uptake genes which
presumably allow them to circumvent the energetic burden of corrinoid biosynthesis by
importing corrinoids when available and downregulating biosynthesis (65).

Corrinoid producers typically synthesize a single corrinoid, though some produce two or more,
including organisms that produce different corrinoids under different conditions. An example of
the latter is Propionibacterium freudenreichii, which synthesizes the corrin ring via the
anaerobic pathway and the lower ligand DMB via the oxygen-dependent synthase BluB (110,
111). This leads to production of [Ade]Cba under anoxic conditions and cobalamin under
microoxic conditions (110-112). Because corrinoid structure can depend on the growth
condition, it remains unknown which corrinoids microbes produce in their natural communities
where conditions differ from laboratory culture.

In the laboratory, most producers can attach non-native lower ligands, including synthetic lower
ligands, when they are added to growth media. This process is known as guided biosynthesis and
was initially developed for production of commercially unavailable corrinoids (20, 63, 113).
Guided biosynthesis can enable a producer to synthesize a corrinoid that functions more
efficiently for its metabolism than its native corrinoid (114). Conversely, guided biosynthesis can
result in production of a corrinoid that does not efficiently support metabolism, resulting in
growth arrest (115-118). Because DMB has been detected in soil (79), and DMB and other
benzimidazoles have been found in multiple environments, it is possible that guided biosynthesis
occurs in natural environments (119). Thus, production of free lower ligand bases, coupled with
guided biosynthesis by producers, may influence the structures of corrinoids produced in
microbial communities.

1.4.3  “Providers” are the subset of producers that share corrinoids with other microbes

Producers are the only source of corrinoids for dependents, yet the corrinoids they synthesize are
not always available to other community members. Experiments with producer bacteria isolated
from marine and soil environments found that only a subset of producers release corrinoids into
culture supernatants or support dependent growth in coculture (96, 97). These producers form the
novel subcategory of “providers” (31, 96, 97). Corrinoid providers likely play a key ecological
role because they sustain dependents in communities.
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The mechanisms of corrinoid release from provider cells remain unknown. Bacteriophage lysis
has been proposed as a general mechanism of releasing intracellular nutrients, based on the
ability of phage lysates to robustly support the growth of certain amino acid auxotrophs (120)
and the temporal correlation between prophage induction of a marine Roseovarius and corrinoid
providing to Colwellia (32). Additionally, the general transporter BacA was recently found to be
capable of transporting cobalamin bidirectionally, suggesting it could mediate corrinoid release
(72). Finally, it is possible that corrinoids leak out of cells or are actively exported, possibly to
protect cells from harmful buildup of corrinoids or to support the growth of a mutualistic partner
(121). When corrinoid providing is part of a co-evolved mutualism, specific partners may trigger
corrinoid release through chemical or physical signals (25, 28).

1.5 The community scale: Corrinoid-based interactions among microbes in laboratory
cocultures and natural communities

While 86% of all sequenced bacterial species are predicted to use corrinoids (23), only 21% to
53% are predicted producers across different environments (Figure 1D) (22, 23, 65, 92, 109, 122,
123). This disparity suggests that few producers support the majority of the community through
corrinoid production and release. Without access to corrinoids, many corrinoid-dependent
bacteria would presumably cease to fulfill their ecological roles. Thus, it stands to reason that
corrinoid-sharing interactions are essential for microbial community function. Corrinoid sharing
has been studied in co-cultures and in multi-member communities.

Research on corrinoids at the molecular and organismal scales has enabled genomic predictions
and hypotheses about corrinoid-based interactions at the community scale. Metagenomic
analyses of soil, ocean, and skin microbial communities have revealed that producer species are
relatively scarce, while dependent species abound (Figure 1.1D) (22, 23, 65, 79, 92, 109, 122—
124). While the focus of these studies is on ratios of species, more work is needed to understand
the relationships between producers and dependents in different environments. The low ratio of
producer to dependent species, which means an even lower ratio of providers to dependents,
suggests that on average, each provider supports the corrinoid-dependent metabolism of several
dependents. However, given that these studies did not account for differences in the population
size of each species, the ratio of producer to dependent cells is not known.

1.5.1 Corrinoids are shared between producers and dependents in coculture

Laboratory co-cultures have demonstrated that corrinoid sharing occurs between pairs of
microbes (24, 27, 29, 31). Several algae-bacteria co-cultures provide examples of corrinoid-
mediated symbioses; bacteria provide a corrinoid to algae in exchange for nutrients such as fixed
carbon or other B vitamins (25, 28). Bacteria have also been shown to provide corrinoids to other
bacteria, which can have implications for environmentally relevant processes such as
methanotrophy and bioremediation by allowing for growth of corrinoid-dependent organisms
responsible for carrying out these processes (27, 30, 33). In addition to interactions between
producers and dependents, two recent examples provide evidence of cooperation between
salvager and dependent microbes. One study used engineered E. coli strains to show that a
salvager could provide cobalamin to a dependent and support its growth (26). A second study on
marine bacteria showed that two bacterial strains, one that provided a-ribazole and another that
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provided Cbi, cooperated to support each other’s growth and that of a corrinoid-dependent
diatom (32). These examples of cooperation by sharing corrinoids and corrinoid precursors
illustrate that corrinoid sharing can occur between two microbes and suggest it could be an
important feature of interaction networks in complex communities.

1.5.2  Microbial communities are shaped by corrinoid preferences

Given that the growth of individual bacteria is influenced by corrinoid structure (34) (Figure
1.1E, F, G), an outstanding question is whether corrinoids can influence bacterial growth in the
context of a community. It stands to reason that an increase in abundance of a certain corrinoid
could alter the composition of a community by conferring a growth advantage to the microbes
that prefer it. One study presented functional links between corrinoid transport and competition
between bacteria (65). When mutants of B. thetaiotaomicron containing a single btuB paralog
competed in media containing different corrinoids, clear corrinoid-specific advantages were
conferred by different btuB paralogs (65). In Bacteroidetes, btuB homologs are highly divergent
and are often found on mobile genetic elements (65, 125), suggesting that genetically sampling
diverse btuB homologs among a population is advantageous. These observations suggest that
competition for corrinoids is important for shaping gut microbial communities.

Recent studies have shown the effects of adding corrinoids to different microbial communities,
though most have focused only on the impact of adding cobalamin. In ocean mesocosms,
cobalamin addition altered community composition at the phylum level (126). In mice,
cobalamin supplementation resulted in a dramatic decrease in Bacteroidetes and had minimal
effects on other taxa in the gut (127). Additional studies that compared cobalamins with different
upper ligands found that the upper ligand can also affect community composition, particularly
Bacteroidetes levels (128, 129). This is consistent with the observation that Bacteroidetes are
broadly corrinoid-dependent (23). The impact of adding cobalamin may be due to gut
environments containing relatively low levels of cobalamin and other benzimidazolyl cobamides
(19, 63, 64), though the corrinoid composition of the gut environments in these studies were not
measured.

To date, one study has investigated the impact of lower ligand diversity on microbial
communities (109). In microcosms derived from a grassland soil, where cobalamin is the most
abundant corrinoid, the addition of corrinoids other than cobalamin resulted in a significant but
transient shift in the bacterial 16S community composition. Similarly, in enrichment cultures
derived from the same soil, 20% of microbial orders were influenced by corrinoid treatment
(109). These results indicate that soil microbial communities respond to corrinoids not already
present in their environment, but recover from these perturbations over time. The marked effect
of adding different corrinoids highlights the influence of corrinoid structure on bacterial growth,
even in a complex community where numerous metabolic processes occur. Corrinoid
amendment studies showcase the importance of corrinoids for bacterial growth and validate the
utility of corrinoids as model nutrients. Building on this knowledge by dissecting how corrinoid
addition influences individual microbes that shape the community could lead to future
applications of corrinoids as tools to modulate community structure and function.
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1.6 Corrinoids as a model for interaction studies across scales

In this review, we have demonstrated how the Ecosystems

molecular, organismal, and community scales build Impact on host & environment

on each other to provide a framework for

understanding nutrient sharing interactions. Figure Microbial communities

1.2 illustrates how the model nutrient approach B L el |2
contributes to the understanding of microbial & . . . 3
community interactions across scales of complexity. g | | Higher °r.der.'"te.ra°t'°"s : 3
Using the corrinoid model, characterization of 2 Synthefic microbial consortia 8
corrinoid production and use at the molecular scale § Binary interactions 2
enabled the development of the producer/dependent E T I I §
framework, which in turn serves to define = 5
interactions at the community scale. Thus, the Bacterial growth & physiology ~ —
corrinoid model has begun to generate a deeper Monoculture growth

understanding of microbial community interactions.

Outstanding questions remain at each scale that Molecular mechanisms

represent areas for future research. Genstics, biochemistry

At the molecular scale, the ability to make sequence-

based predictions about an organism’s corrinoid Figure 1.2. The corrinoid
preferences remains elusive. Although clear patterns model increases understanding
have been observed in the structure-function of nutritional interactions

relationships between corrinoid structure and bindingto ~ across scales.

enzymes, identifying specific sequence motifs that

confer these corrinoid preferences has not yet been achieved. Developing tools to predict
corrinoid preferences for cobamide-dependent enzymes, transporters, and riboswitches will
enable better predictions of metabolic interactions and ecological roles in communities.

At the organismal scale, many microbes encode both a cobamide-dependent enzyme and its
cobamide-independent counterpart — for example, both methionine synthase genes metE and
metH are found in 43% of bacterial genomes (23) — but the advantage of having both is
unknown. Biochemical studies have shown that the cobamide-dependent methionine synthase is
more efficient than its independent counterpart, and loss of METE confers a fitness advantage in
the alga Chlamydomonas reinhardtii, suggesting a tradeoff between reliance on an externally
supplied corrinoid and use of an inefficient enzyme (104, 130). Alternatively, it may be
beneficial to have more than one enzyme capable of performing the same function. Additionally,
while bacterial corrinoid biology is well characterized, knowledge about archaeal corrinoid
biology lags behind, despite genomic evidence that archaea may represent a large proportion of
corrinoid producers (131, 132).

Additional questions remain regarding the evolution of nutritional dependence that may be
answered by continued investigation of corrinoid production and dependence. How the roles of
producer and dependent emerge and are maintained are complex questions that require further
study. The evolution and maintenance of nutritional dependence is supported by the Black Queen
hypothesis, which suggests that the loss of the corrinoid biosynthesis pathway may be favored
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when corrinoids are made available by producers (133), though it is still not known how
corrinoids are released from cells. Likewise, corrinoid structural diversity can be explained by
the nutrient encryption hypothesis (134), which proposes structural diversification as a way to
limit other organisms from accessing a nutrient. The impact of diverse corrinoids on community
structure also requires further study. Ongoing work suggests that corrinoids could be used to
modulate microbial communities by leveraging bacterial corrinoid preferences to promote or
inhibit growth of specific organisms. Probing interaction mechanisms in increasingly complex
synthetic consortia will be an important step toward this goal.

While application of the model nutrient approach at the three scales we have presented has
offered extensive knowledge about microbial interactions, we have yet to apply the model to
understand the effects of interactions beyond the community level. Microbial community
interactions are known to impact the ecosystem scale by influencing host health and global
nutrient cycling (Figure 1.2). Future work across scales will likely reveal how corrinoid-based
microbial community interactions impact host and ecosystem processes, expanding the corrinoid
model to new scales.

Acknowledgements

We thank Bernhard Krautler, Eleanor Wang, and Kenny Mok for pointing us to foundational
literature. We thank members of the Taga Lab for helpful discussions and Kenny Mok, Eleanor
Wang, Dennis Suazo, Farrah Sherdil, and Zachary Hallberg for critical reading of the
manuscript. This work was supported by NIH grant R35GM139633 to MET.

Conclusion
The framework of the molecular, organismal, and community scales | described in this chapter
can be used to study and understand corrinoid sharing in microbial communities. In the

following chapters | address research questions at the molecular and organismal scales which
serve to deepen understanding of the importance of corrinoids.
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2. Genetic dissection of regulation by a repressing and novel
activating corrinoid riboswitch enables engineering of synthetic
riboswitches

In this chapter, | address a research question at the molecular scale involving riboswitches which
are used by bacteria to sense and respond to the presence of corrinoids. The ability of a
bacterium to know when corrinoids have entered the cell allow for the efficient regulation of
corrinoid-related gene expression. Studying how bacteria use corrinoids to for gene regulation is
important for understanding the role of corrinoids in microbial communities.
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Abstract

The ability to sense and respond to intracellular metabolite levels enables cells to adapt to
environmental conditions. Many prokaryotes use riboswitches — structured RNA elements
usually located in the 5° untranslated region of mRNAs — to sense intracellular metabolites and
respond by modulating gene expression. The corrinoid riboswitch class, which responds to
adenosylcobalamin (coenzyme B12) and related metabolites, is among the most widespread in
bacteria. The structural elements for corrinoid binding and the requirement for a kissing loop
interaction between the aptamer and expression platform domains have been established for
several corrinoid riboswitches. However, the conformational changes in the expression platform
that modulate gene expression in response to corrinoid binding remain unknown. Here, we
employ an in vivo GFP reporter system in Bacillus subtilis to define alternative secondary
structures in the expression platform of a corrinoid riboswitch from Priestia megaterium by
disrupting and restoring base-pairing interactions. Moreover, we report the discovery and
characterization of the first riboswitch known to activate gene expression in response to
corrinoids. In both cases, mutually exclusive RNA secondary structures are responsible for
promoting or preventing the formation of an intrinsic transcription terminator in response to the
corrinoid binding state of the aptamer domain. Knowledge of these regulatory mechanisms
allowed us to develop synthetic corrinoid riboswitches that convert repressing riboswitches to
riboswitches that robustly induce gene expression in response to corrinoids. Due to their high
expression levels, low background, and over 100-fold level of induction, these synthetic
riboswitches have potential use as biosensors or genetic tools.
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Importance

In addition to proteins, microbes can use structured RNAs such as riboswitches for the important
task of regulating gene expression. Riboswitches control gene expression by changing their
structure in response to binding a small molecule and are widespread among bacteria. Here we
determine the mechanism of regulation in a riboswitch that responds to corrinoids — a family of
coenzymes related to vitamin B12. We report the alternative RNA secondary structures that
couple corrinoid sensing with response in a repressing and novel activating corrinoid riboswitch.
We then applied this knowledge to flipping the regulatory sign by constructing synthetic
riboswitches that activate expression to a higher level than the natural one. In the process, we
observed patterns in which sequence, in addition to structure, impacts function in paired RNA
regions. The synthetic riboswitches we describe here have potential applications as biosensors.

2.1 Introduction

Organisms rely on gene regulation to direct resources toward the physiological needs of the
moment. Metabolites are often sensed via metabolite-binding receptor proteins, but bacteria also
sense and respond to metabolites using metabolite-binding RNAs known as riboswitches (135,
136). Riboswitches are structured RNAs, usually located in the 5” untranslated region (UTR) of
MRNAs, that change conformation to either promote or prevent gene expression in response to
direct binding of an effector (91). They often regulate genes related to the synthesis, transport, or
use of the effector to which they respond (137). Since their discovery in 2002, over 50 riboswitch
classes have been characterized that respond to a range of effectors including amino acids, metal
ions, nucleotides, and vitamins (91, 138-143). In addition to their natural forms, synthetic
riboswitches have also been developed for use as biological tools (144, 145).

All riboswitches have two domains that communicate with each other via the formation of
alternative secondary structures. Binding of the effector to the aptamer domain induces the
formation of secondary structures in the expression platform domain that influence either
translation or transcription elongation of downstream genes (136). In translational riboswitches,
a hairpin can form in the expression platform that sequesters the ribosome binding site (RBS) to
prevent translation, while the expression platform in transcriptional riboswitches can form an
intrinsic transcription terminator hairpin. Most known riboswitches downregulate gene
expression in response to effector binding (repressing riboswitches), but some have been found
to induce expression (activating riboswitches).

The corrinoid riboswitch class (originally named adenosylcobalamin, cobalamin, or B12-
riboswitches) is among the most widespread in prokaryotic genomes (89, 91). All known
corrinoid riboswitches repress translation or transcription of genes for cobalamin biosynthesis,
uptake, cobalamin-independent isozymes, or other functions in response to cobalamin binding
(92). Like other riboswitch classes, corrinoid riboswitches can distinguish between structurally
similar metabolites such as different cobalamin forms containing either a large (deoxyadenosyl)
or small (methyl or hydroxyl) upper axial ligand (90). However, unlike other riboswitch classes,
the effectors for corrinoid riboswitches are a group of naturally occurring variants of cobalamin —
corrinoids with variation in the lower axial ligand — and we previously found that corrinoid
riboswitches can respond to multiple corrinoids (44).
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Another unusual feature of corrinoid riboswitches is that they rely on a tertiary base-pairing
interaction (Kissing loop) between loops L5 of the aptamer domain and L13 of the expression
platform for effector sensing and repression of gene expression upon cobalamin binding (146,
147). Previous studies of the E. coli btuB and env8HyCbl riboswitches demonstrated that the
kissing loop interaction modulates the formation of the RBS hairpin to prevent translation (146,
147). Specifically, kissing loop formation stabilizes the P13 stem, which promotes the formation
of the RBS hairpin, while translation occurs when P13 formation is not stabilized by the kissing
loop (147). X-ray crystal structures of translational and transcriptional corrinoid riboswitches
resolve the effector-bound states, often including a kissing loop, but these crystal structures do
not include other parts of the expression platform such as the RBS hairpin or terminator (90, 93,
94). It is not known how the effector-binding state promotes the formation of alternative
secondary structures in the expression platform, leading to inhibition of translation or
transcription (88). It is also unknown whether the kissing loop modulates the formation of the
terminator hairpin in transcriptional riboswitches, as most prior studies focused on corrinoid
binding and structural conformations in translational riboswitches (93).

Here, we have determined how the effector binding state of the aptamer domain of a model
corrinoid riboswitch triggers the formation of alternative RNA structures in the expression
platform. Whereas previous studies primarily relied on in vitro biochemical and structural
approaches, the present study examines the regulatory mechanisms of transcriptional corrinoid
riboswitches using an in vivo approach, which enabled us to measure the impacts of dozens of
mutant riboswitches on regulation in an intracellular context. By constructing targeted mutations
predicted to disrupt and restore base-pairing interactions in the expression platform of the
Priestia (formerly Bacillus) megaterium metE riboswitch, we identified two alternative structural
states in the expression platform that couple corrinoid detection to transcription. We additionally
present the discovery of the first known corrinoid riboswitch that activates gene expression in
response to corrinoid binding and identify the alternative structural states involved in its
corrinoid response. Studying a repressing and an activating riboswitch allowed us to apply the
‘rules’ of the two regulatory strategies to flip the regulatory sign of the repressing riboswitch to
create synthetic riboswitches that activate gene expression in response to cobalamin. Some of
these synthetic activating riboswitches have a higher maximum expression and fold change than
the natural activating riboswitch and could be used as corrinoid-detecting biosensors or
regulatory systems.
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2.2 Results

2.2.1 Model for corrinoid-responsive regulation in the P. megaterium metE riboswitch

We chose to dissect the regulatory mechanism of the P. megaterium metE riboswitch due to its
high fold repression (26-fold) in our B. subtilis GFP reporter system (44). This riboswitch
downregulates GFP expression in response to cobalamin binding in a dose-dependent manner
(Figure 2.1A) and is predicted to be a transcriptional riboswitch (44). We developed a model for
the formation of competing structures in the expression platform based on predicted secondary
structures in the expression platform (Figure 2.1B and Figure 2.2A and B) (89, 148). According
to this model, a kissing loop forms between L5 and L13 when the aptamer domain is bound to a
corrinoid. The P13 stem, when stabilized by the kissing loop, is predicted to promote the
formation of a terminator hairpin. In the absence of corrinoid binding, we predict that a portion
of the 3’ side of the P13 stem pairs with part of the 5’ side of the terminator stem, forming an
antiterminator that prevents the formation of the terminator hairpin. This model contrasts with
models of other corrinoid riboswitch expression platforms, which are proposed to form
alternative structures with bases from the aptamer domain or other portions of the expression
platform (93, 94, 147). To test different aspects of the model, we disrupted and restored Watson-
Crick-Franklin complementary base-pairing interactions predicted to stabilize one of the two
predicted conformations.

2.2.2  Mutational analysis defines the kissing loop in the P. megaterium metE riboswitch

To determine the mechanism of regulation in the P. megaterium metE riboswitch, we first
mutated each base in the predicted kissing loop and measured its impact on GFP expression in
the B. subtilis reporter assay. The sequence of L5 exactly matches the UCCCG consensus
defined by McCown et al. 2017 (89), and the predicted L5-L13 kissing loop contains five
contiguous and complementary base pairs (Figure 2.1C), as in the E. coli btuB translational
riboswitch (147), but distinct from the env8 translational riboswitch, which contains both a
mismatch and a bulge (146).

We found that some of the mutations in L5 and L13 of the P. megaterium metE riboswitch result
in constitutive GFP expression, indicating a disruption in the ability to sense and respond to
corrinoid, while other mutations have little or no impact on expression despite all L5 bases being
highly conserved (Figure 2.1D, E). According to these results, the base pairs in L5-L13 that are
most involved in the kissing loop interaction are G72:C185, C71-:G186 and, to a lesser extent,
C70-G187. Mutation of C69 or G188 had a minimal effect on function, and we observed no
effect of mutating U68 or A189. Double mutants that restore the G72-C185, C71-G186 and
C70-G187 base-pairing interactions resulted in a complete or nearly complete rescue of the
regulatory response, confirming that these base pairs are important for responding to the
corrinoid binding state of the aptamer domain (Figure 2.1F). Together, these results define the
functional bases of the kissing loop in this riboswitch as bases C70-C71-G72 in L5 and C185-
G186-G187 in L13.
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Figure 2.1. Model for the regulatory mechanism of the repressing P. megaterium metE riboswitch and
dissection of the kissing loop. (A) Dose response of the P. megaterium metE riboswitch to cobalamin
in the B. subtilis GFP reporter. (B) A model for the effector-bound (left) and unbound (right)
conformations of the riboswitch generated using the approach described in the Riboswitch
Manipulation section of the Methods. The effector-bound state is depicted with cobalamin (blue
parallelogram) and the kissing loop (KL) interaction between loop (L) 5 and L13. Bases belonging to
the paired stem (P) 13 and terminator hairpins are depicted as pink or blue in both structures,
respectively. The full, numbered sequence and predicted structure of this riboswitch can be found in
Figure 2.2. (C) The wildtype kissing loop sequence. Base numbers are relative to the first base in the
P1 stem. The influence of point mutations in (D) L5, (E) L13, or (F) combined point mutations in L5
and L13 meant to restore the kissing loop interaction was measured in the B. subtilis GFP reporter
system without (white) or with (blue) addition of 100 nM cobalamin. Genotypes and sequences are
listed in Table S1. Data from four or more biological replicates are shown; bars and error bars
represent mean and standard deviation, respectively.
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Figure 2.2. Sequences and predicted structures of the P. megaterium metE and A. halodurans cobT
riboswitches. Models were constructed manually and guided by computer-generated predictions using
the StructureEditor program (22). Bases are color coded (adenine, red; guanine, blue; uracil, yellow;
cytosine, green). Black arrows show the locations of the mutations made in this study. (A) The
effector-bound state of the P. megaterium metE riboswitch. (B) The effector-unbound state of the P
megaterium metE riboswitch. (C) The effector-bound state of the 4. halodurans cobT riboswitch. (D)
The effector-unbound state of the A. halodurans cobT riboswitch. The KL is represented with pink
lines.

2.2.3 Dissection of the expression platform of the P. megaterium metE riboswitch by
mutational analysis

Having established that L13 is part of the kissing loop, we next investigated the mechanism of
regulation by alternative RNA conformations in the expression platform by disrupting and
restoring predicted base-pairing interactions in the P13, antiterminator, and terminator stems
(Figure 2.3A). We chose to disrupt G-C pairs in the middle of each stem by changing each base
to its Watson-Crick-Franklin complement. First, we introduced two C to G point mutations in the
5 side of the P13 stem. According to the model, mutations at these positions would disrupt the
P13 stem, allowing the antiterminator to form and thus preventing stabilization of the terminator.
As predicted, these mutations result in constitutive expression (Figure 2.3A). Next, we
introduced two G to C point mutations in the complementary bases on the 3’ side of the P13
stem. In addition to disrupting the P13 stem like the mutations in the 5’ side, these mutations are
predicted to disrupt the antiterminator stem, allowing the terminator to form under all conditions.
Indeed, this strain has low GFP expression, suggesting the terminator can form even in the
absence of corrinoid binding (Figure 2.3A). We then aimed to restore complementary base-
pairing in the P13 stem by combining the mutations in the 5’ and 3’ sides of the P13 stem. As
expected, we observed a strong non-inducible phenotype, as this mutant is predicted to be unable
to form the antiterminator despite the restoration of base-pairing in the P13 stem (Figure 2.3A).

We next made mutations predicted to disrupt the terminator stem. Strains harboring two point
mutations in either the 5’ or 3’ sides of the terminator stem were predicted to express GFP
constitutively. These strains showed increased expression in the presence of cobalamin, as
expected, but retained some inducibility (2.3-fold and 1.5-fold, respectively), suggesting the
mutations partially disrupt terminator function (Figure 2.3A). We then combined the mutations
in the 5” and 3’ sides of the terminator stem, which is predicted to restore complementary base-
pairing in the terminator hairpin with the antiterminator stem remaining disrupted, resulting in a
non-inducible phenotype. We observed 6-fold reduced expression in the absence of cobalamin,
consistent with an inability to form the antiterminator (Figure 2.3A). These results are consistent
with the model shown in Figure 2.1B.

As an ultimate test of the model for regulation by this riboswitch, we combined the mutations on
the 5” and 3’ sides of P13 and the terminator. This mutant is expected to restore base-pairing in
the P13, terminator, and antiterminator stems, and as a result, restore corrinoid-responsive
regulatory function. Despite having eight mutations in a structurally complex regulatory domain,
this “compensatory’” mutant showed an inducible phenotype, indicating restored regulatory
function (Figure 2.3A). This result provides strong evidence in support of our model for the
regulatory mechanism of this riboswitch.
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Figure 2.3. Dissection of the expression platform of the repressing P. megaterium metE riboswitch.
(A) Influence of point mutations in P13, the terminator, or both stems on gene expression in the B.
subtilis GFP reporter system without (white) or with (blue) addition of 100 nM cobalamin. The label
for each mutant includes the mutated region or the specific mutation, or both. Base numbers are
relative to the first base in the P1 stem. For each mutant, a diagram of the P13 (pink) and terminator
(blue) hairpins is shown below for the predicted effector-bound conformation and the lower part of the
antiterminator stem (pink paired with blue) for the effector-unbound conformation, with the location
of each mutation shown as a yellow circle. (B) Phenotypes of mutants designed to close the internal
loop in P13. (C) Theoretical AG of the wildtype P13, antiterminator, and AAG177-179CU P13 stems
calculated in the Structure Editor program (22). Data from four or more biological replicates are
shown; bars and error bars represent mean and standard deviation, respectively.
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2.2.4 Examining the unpaired regions of the expression platform of the P. megaterium metE
riboswitch

Our model predicts the presence of an additional structured region containing a large bulge,
located between P13 and the terminator in the bound state, which forms the top of the
antiterminator in the unbound state (Figure 2.1B). We found that the large bulge is dispensable
for regulation, yet deletion of the entire structured region impacted both repression and maximal
expression, suggesting it is important for function

(Figure 2.4). Figure 2.4. Changes to the structured
internal region in the expression
platform of the P. megaterium metE
riboswitch. Gene expression was
measured without (white) or with
(blue) addition of 100 nM cobalamin
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switching relies on the formation of alternative stem-
loops in response to the corrinoid-binding state of the aptamer domain (Figure 2.1B). Implicit in
the model is that the antiterminator should be more stable than P13 in the absence of the Kissing
loop interaction. In this riboswitch, P13 contains an internal loop that we predict sufficiently
destabilizes P13 in the absence of the kissing loop to favor formation of the antiterminator stem.
To test this aspect of the model, we replaced the three bases in the 5’ side of the internal loop
with two bases complementary to the two bases in the 3’ side of the loop, resulting in a closed
stem predicted to be more stable than the antiterminator. This mutant showed very low
expression (Figure 2.3B, AAG177-179CU), indicating the stabilized P13 stem prevents
antiterminator formation, thus promoting formation of the terminator regardless of the corrinoid-
binding state of the aptamer domain. This phenotype is independent of the kissing loop, as
disruption of the kissing loop did not influence the phenotype of this mutant (Figure 2.3B, C70G,
AAG177-179CU). Our model for regulatory switching is further supported by calculations of the
stability of the wild type and mutant P13 and antiterminator stems. Using the Structure Editor
program (148), we estimated the free energy of each predicted stem and found that the
antiterminator stem is estimated to be more stable than the wildtype P13 stem, but less stable
than the closed AAG177-179CU P13 stem (Figure 2.3C). Taken together, our mutational
analysis of this riboswitch established the interdependent roles of the kissing loop, P13,
antiterminator, and terminator stem in regulating gene expression in response to corrinoid
binding.
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2.2.5 A model for regulation via a novel activating corrinoid riboswitch

In the course of our study of corrinoid riboswitches from diverse bacteria, we have discovered
the first known riboswitch that activates gene expression in response to corrinoids, located
upstream of the cobalamin lower ligand activation gene cobT in the bacterium Alkalihalobacillus
(formerly Bacillus) halodurans. This riboswitch responds to cobinamide (Cbi), a corrinoid
lacking a lower ligand, with 8-fold induction and has low maximal expression in the B. subtilis
GFP reporter system (Figure 2.5A). This sequence was previously annotated as a cobalamin
riboswitch in a bioinformatic study, but its function has not been experimentally validated (149).
We investigated the regulatory mechanism of the A. halodurans cobT riboswitch, both to
understand how corrinoid binding is coupled to activation and to compare its mechanism with
that of the P. megaterium metE riboswitch. We propose a model in which L5 and L13 form a
kissing loop that stabilizes P13 when a corrinoid is bound to the aptamer domain, as in the P.
megaterium metE riboswitch (Figure 2.5B and Figure 2.2C and D). Unlike the repressing
riboswitch, however, P13 and the transcription terminator are mutually exclusive in this model,
and thus P13 functions as an antiterminator upon corrinoid binding. We tested the model by
introducing mutations predicted to disrupt and restore the kissing loop, P13, and the terminator,
using the B. subtilis GFP reporter.

2.2.6  The activating cobalamin riboswitch relies on a kissing loop

Our model predicts that, like other corrinoid riboswitches, the A. halodurans cobT riboswitch
relies on a kissing loop for sensing and responding to corrinoids, and therefore disruption of the
kissing loop should prevent the riboswitch from activating gene expression. The predicted L5
sequence, GCCCG, is similar to the reported UCCCG consensus sequence. This loop could form
base-pairing interactions with four of the ten bases in the predicted L13 sequence, UGGC, with
an unpaired C creating a bulge in L5, as observed previously in L13 of the env8HyCbl
riboswitch (Figure 2.5C) (146). We found that single point mutations in any of the predicted
kissing loop bases disrupted regulatory function, suggesting all are involved in corrinoid-
responsive regulation. Mutation of G54, C56, or G58 in L5 or G174, G173, or U172 in L13 to
their Watson-Crick-Franklin complement disrupted kissing loop function in the expected way,
resulting in non-inducible GFP expression indicative of an inability to sense or to respond to
corrinoids (Figure 2.5D, E). However, mutation of C55 or C57 in L5 or C175 in L13 to their
Watson-Crick-Franklin complement, or mutation of U172 to G, resulted in expression levels
exceeding that of the wildtype riboswitch, suggesting that the terminator was prevented from
forming in these mutants (Figure 2.5D, E). These are the only mutants with the potential to form
four consecutive base pairs, likely a more stable structure than the wildtype kissing loop. Thus,
our results suggest that a kissing loop containing four consecutive base pairs stabilizes P13 to the
extent that the riboswitch is rarely able to adopt the unbound conformation, similar to the closed-
bulge mutant (g) of the env8HyCbl riboswitch made by Polaski et al. (146). The 54C-C175G
double mutant, which is also predicted to be capable of forming four consecutive base pairs,
similarly showed expression levels higher than the wild type (Figure 2.6). In contrast, double
mutants C55G-G174C and C56G-G173C show non-inducible expression despite restoring four
base pairs with a bulge, suggesting that both the strength of the kissing loop interaction and the
specific bases contained in L5 and L13 contribute to sensing and responding to corrinoid bound
by the aptamer domain. Overall, our results support a model in which the bases in L5 and L13
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form a Kkissing loop containing a bulge to stabilize P13 when corrinoid is bound to the aptamer
domain and allow the terminator to form when corrinoid is absent (Figure 2.5B).
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Figure 2.5. Model for the regulatory mechanism and dissection of the novel activating 4. halodurans
cobT riboswitch. (A) Dose response of the A. halodurans cobT riboswitch to cobinamide (Cbi) in the
B. subtilis GFP reporter. (B) A model for the effector-bound (left) and effector-unbound (right)
conformations. The effector-bound state is depicted with Cbi (black parallelogram) and the kissing
loop (KL). The color scheme follows that of Fig. 2.1, but with the region common to P13 and the
terminator shown in purple. (C) Diagram of the kissing loop depicting the hypothesized bulge at C57.
Base numbers are relative to the first base of P1. The influence of point mutations in (D) L5 and (E)
L13 on gene expression was measured in the B. subtilis GFP reporter system without (white) or with
(blue) addition of 100nM Cbi. Data from four or more biological replicates are shown; bars and error
bars represent mean and standard deviation, respectively.

2.2.7 Alternative pairing between bases in P13 and the terminator is responsible for the
activating mechanism

We tested this aspect of the model by disrupting and restoring the stems of P13 and the
terminator. We found that mutating a single base in the 5’ side of the P13 stem (G168C) results
in a non-inducible phenotype, consistent with P13 functioning as an antiterminator (Figure 2.7).
In contrast, changing a single base in the sequence shared by the 3’ side of the P13 stem and the
5’ side of the terminator stem (C181G) results in a constitutive phenotype, as expected, due to
disruption of the terminator stem (Figure 2.7). Disrupting a single base in the 3’ side of the
terminator stem (G200C) also results in constitutive expression, but at an expression level 5.3-
fold higher compared to disruption of the 5’ side of the terminator, suggesting the sequence
context of the terminator influences its strength (Figure 2.7). The phenotypes of these three
single mutants support the hypothesis that P13 and the terminator are alternative secondary
structures that inversely influence gene expression.

The G168C, C181G double mutant was expected to restore the P13 stem but retain the
constitutive phenotype of the single C181G mutant due to the disruption of the terminator. This
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strain shows higher uninduced and induced expression than wild type, with 2.4-fold induction
with Cbi addition, suggesting that the terminator retains partial function, allowing some
corrinoid-dependent regulation via the restored P13 (Figure 2.7). The C181G, G200C double
mutant was expected to have a non-inducible phenotype due to the restored terminator stem and
disrupted P13. This mutant was unable to respond to corrinoid addition, but its intermediate level
of expression suggests the restored terminator hairpin is weaker than the wildtype terminator
(Figure 2.7). In the triple G168C, C181G, G200C mutant, nearly 2-fold activation is restored,
suggesting that both P13 and the terminator retain partial function in this strain (Figure 2.7).
Overall, these results support the proposed regulatory model, and additionally reveal that both
the ability to form alternative structures and the sequences within these structures contribute to
the switching function of this riboswitch.
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Figure 2.7. Dissection of the expression platform of the novel activating A. halodurans cobT
riboswitch. The influence of mutations in P13, the terminator, or both stems on gene expression was
measured in the B. subtilis GFP reporter system without (white) or with (black) addition of 100nM
Cbi. (Bottom) Diagrams of P13 in the predicted effector-bound state and the terminator in the
predicted unbound state are shown with the location of each mutation as in Figure 2.3. The purple
region shows the bases that belong to both P13 and the terminator. Data from four or more biological
replicates are shown; bars and error bars represent mean and standard deviation, respectively.

2.2.8 Corrinoid riboswitches are diverse in sequence and mechanism

Having established and tested models for corrinoid-responsive regulation in one repressing and
one activating riboswitch, we sought to understand the extent to which other corrinoid
riboswitches may function via the same mechanism. We generated models for the formation of
competing structures in the expression platform of two repressing corrinoid riboswitches from
Sporomusa ovata and tested them by mutational analysis. The S. ovata cobT riboswitch
responded as predicted when disrupting and restoring P13, but the compensatory mutant did not
restore function (Figure 2.8 and 2.9). In contrast, the mutations predicted to disrupt and restore
regulation in the the S. ovata nikA riboswitch did not result in predicted phenotypes, indicating
this riboswitch functions via a different mechanism. We hypothesize that multiple alternative
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base-pairing strategies exist for sensing and responding to corrinoids, due to the remarkable
diversity in corrinoid riboswitch sequences (149—151). This diversity is apparent when
comparing the lengths of each subdomain in the 38 corrinoid riboswitches we previously studied
in the B. subtilis GFP reporter assay (Figure 2.10) (44). For example, P13 stems range from six
to 17 bases in length, and the region between P13 and the terminator, which contains the
antiterminator in the P. megaterium metE riboswitch, ranges from zero to 82 bases (Figure 2.10).
Thus, it is likely that numerous mechanisms exist for coupling corrinoid binding to gene
regulation.
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Figure 2.8. Dissection and predicted structure of the repressing S. ovata cobT riboswitch. The
influence of point mutations in L5, L13, P13, and the terminator on gene expression was measured in
the B. subtilis GFP reporter system without (white) or with (blue) addition of 100nM cobalamin. The
label for each mutant includes the mutated region or the specific mutation, or both. Base numbering is
relative to the first base in the structure. Models constructed manually and guided by computer-
generated predictions using the StructureEditor program are shown below (22). Bases are color coded
(adenine, red; guanine, blue; uracil, yellow; cytosine, green). Black arrows show the locations of the
mutations made in this study. Data from four or more biological replicates are shown; bars and error
bars represent mean and standard deviation, respectively.
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Figure 2.9. Dissection and predicted structure of the repressing S. ovata nikA riboswitch. The NikA
protein has been annotated as a nickel transporter in E. coli but its function in S. ovata has not been
reported. Mutations in the predicted kissing loop and P13 of the S. ovata nikA riboswitch grown
without (white) or with (blue) addition of 100 nM cobalamin. The label for each mutant includes the
mutated region or the specific mutation, or both. Base numbering is relative to the first base in P1.
Models constructed manually and guided by computer-generated predictions using the StructureEditor
program are shown below (22). Bases are color coded (adenine, red; guanine, blue; uracil, yellow;
cytosine, green). Black arrows show the locations of the mutations made in this study. Data from four
or more biological replicates are shown; bars and error bars represent mean and standard deviation,

respectively.
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Figure 2.10. Diversity in the subdomain lengths in corrinoid riboswitches. Each point represents the
length of the indicated region in one of 38 corrinoid riboswitches based on the multiple sequence
alignment reported in Kennedy et al. 2022. Paired stems (P), loops (L), and junctions (J) are labeled.
Colored dots in the expression platform subdomains show the location of the repressing P. megaterium
metE (blue), S. ovata cobT (green), and S. ovata nikA (red) riboswitches. Bars represent the mean
length. The ' label represents the 3’ side of a stem; the 5’ side is unlabeled.

2.2.9 Flipping the regulatory sign using synthetic expression platforms.

A comparison of the regulatory mechanisms for the two riboswitches investigated in this work
shows that the main mechanistic difference between the repressing and activating riboswitches is
in the nature of the antiterminator: in the repressing riboswitch, it is a structure that forms only
when P13 does not form, while in the activating riboswitch the antiterminator is P13 itself. We
tested whether these regulatory “rules” can be applied to the design of synthetic riboswitches by
attempting to flip the regulatory sign of a repressing or activating riboswitch. In the B. subtilis
yitJ repressing SAM riboswitch, the regulatory sign was flipped by replacing the expression
platform with a modified one from the B. subtilis pbuE activating adenine riboswitch (152).
However, the kissing loop interaction between the aptamer and expression platform domains in
the corrinoid riboswitch makes it less likely that simply exchanging the expression platform will
preserve regulatory function.
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Figure 2.11. Chimeric and synthetic riboswitches effectively flip the regulatory sign. (A) Chimeric
riboswitches were constructed by fusing the P. megaterium metE aptamer with the A. halodurans cobT
expression platform, and gene expression was measured in the B. subtilis GFP reporter system with no
corrinoid (white), or with addition of 100 nM cobalamin (blue), or Cbi (black). P. megaterium metE
riboswitch sequences are shown in green and A. halodurans cobT sequences in black in the diagrams
below, depicting the effector-bound conformation. Kissing loops were preserved by changing either L5
(Riboswitch A) or L13 (Riboswitch B). (B) Synthetic riboswitches were constructed by appending the
P. megaterium metE aptamer with combined portions of the expression platforms of the P. megaterium
metE and A. halodurans cobT riboswitches. Insets of the wildtype A. halodurans cobT riboswitch and
synthetic riboswitches K, L, M, and N are shown above the respective strains. Diagrams of the
expression platform of each riboswitch construct in the bound (top) and unbound (bottom)
conformations are shown below. Numbers represent sequences from P13 (pink and purple) and the
terminator (blue and purple) from either the P. megaterium metE (numbered 1-9) or 4. halodurans cobT
(10-13) riboswitch. Sequence 12 includes both the loop and part of the terminator stem. Sequences
designated with a ‘+’ are entirely synthetic and are the reverse complement of L13 of the P. megaterium
metE riboswitch. Riboswitches with an asterisk (G, H, I, and K) showed the highest fold change. Data
from four biological replicates are shown bars and error bars represent mean and standard deviation,
respectively. Sequences of chimeric and synthetic riboswitches can be found in Table S1.
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We constructed a series of engineered expression platforms fused to the aptamer domains of the
P. megaterium metE or A. halodurans cobT riboswitches using two strategies. First, we created
chimeric riboswitches by replacing the entire expression platform of one riboswitch with the
other and swapping the sequence in L5 or L13 to preserve the kissing loop interaction. The two
chimeric riboswitches designed to activate gene expression in response to corrinoid addition
induced GFP expression by 6- and 112-fold in response to cobalamin (Figure 2.11A,
riboswitches A and B, respectively). Consistent with corrinoid selectivity being encoded in the
aptamer domain, these chimeric riboswitches retained selectivity for cobalamin, as they showed
little or no response to Chi (Figure 2.11A). The two chimeric riboswitches designed to repress
GFP expression did not respond to corrinoid addition (Figure 2.12A).

In a second strategy, we constructed 20 synthetic expression platforms composed of P13,
antiterminator, and terminator hairpins, with different combinations of sequences and lengths.
Seven of the 12 synthetic riboswitches designed to activate GFP expression showed induction in
response to cobalamin. Notably, these synthetic riboswitches ranged from 8- to over 24-fold
induction, higher than in the wildtype A. halodurans cobT riboswitch, which was activated 6-fold
(Figure 2.11B). These riboswitches responded only to cobalamin, indicating that, like the
chimeric riboswitches, corrinoid selectivity was encoded in the aptamer domain (Figure 2.11B).
There appears to be no correlation between fold induction or expression level and any specific
sequence, length of subdomains, or accessory structures among the synthetic riboswitches.
Further, none of the synthetic riboswitches designed to convert the A. halodurans cobT
riboswitch to a repressing riboswitch showed a response to corrinoid (Figure 2.12B).
Nevertheless, these results demonstrate that the mechanistic rules discovered for the activating
riboswitch — namely, the formation of alternative structures containing P13 stabilized by the
kissing loop in the corrinoid-bound form versus the terminator hairpin in the unbound form — can
be applied to design a variety of synthetic riboswitches with higher maximal expression and fold
activation than the naturally occurring activating riboswitch of A. halodurans.

2.3 Discussion

Riboswitches are remarkable in their ability to undergo conformational changes in response to
direct binding to a small molecule. As the first discovered riboswitch, the corrinoid riboswitch
has been studied extensively with a range of biochemical techniques, structural approaches, and
reporter assays (44, 90, 91, 93, 94, 146, 147, 153—-155). Here, we gain insight into structural
features in the expression platform that influence gene expression by measuring riboswitch
function within the natural context of the bacterial cytoplasm. By changing sequences that
disrupt or preserve secondary structures, we defined the alternative secondary structures that
couple effector binding to transcription in a model repressing riboswitch and a novel activating
riboswitch. Applying these themes to the design of synthetic riboswitches showed that new
riboswitches can be built using the regulatory scheme we identified.
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Figure 2.12. Chimeric and synthetic repressing riboswitches composed of the repressing P.
megaterium metE and activating A. halodurans cobT riboswitches. A) Chimeric riboswitches were
constructed by fusing the A. halodurans cobT aptamer with the P. megaterium metE expression
platform, and gene expression was measured in the B. subtilis GFP reporter system with no corrinoid
(white), or with addition of 100 nM cobalamin (blue), or Cbi (black). P. megaterium metE riboswitch
sequences are shown in green and A. halodurans cobT sequences in black in the diagrams below,
depicting the effector-bound conformation. Kissing loops were preserved by changing either L5
(Riboswitch P) or L13 (Riboswitch O). (B) Synthetic riboswitches were constructed by fusing parts of
P13 and the terminators of the P. megaterium metE and A. halodurans cobT riboswitches. The
diagrams below depict the expression platform of each riboswitch construct in the bound (top) and
unbound (bottom) conformations. Numbers represent sequences from P13 (pink) and the terminator
(blue). Data from four or more biological replicates are shown; bars and error bars represent mean and
standard deviation, respectively.
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We present here the discovery and dissection of the first corrinoid riboswitch known to activate
gene expression in the presence of a corrinoid. Common to both repressing and activating
corrinoid riboswitches are their reliance on a kissing loop to drive formation of alternative
secondary structures to sense and respond to corrinoids. Historically, corrinoid riboswitches have
been known to repress the expression of genes for corrinoid biosynthesis and uptake to maintain
homeostatic intracellular corrinoid levels (137). The presence of an activating corrinoid
riboswitch upstream of the corrinoid biosynthesis gene cobT in A. halodurans diverges from this
trend. Riboswitches have been found upstream of cobT in many other bacteria, but all of those
tested previously repress gene expression upon corrinoid binding (44). cobT functions in the late
stages of corrinoid biosynthesis by phosphoribosylating the lower ligand base to be attached to
Cbi to form a complete corrinoid (156). We hypothesize the difference in regulatory sign
between the A. halodurans cobT riboswitch and other cobT riboswitches lies in their selectivity.
Other cobT riboswitches tested to date respond most strongly to complete corrinoids (44), which
could signal that cobT expression is no longer needed and should be repressed. In contrast, the A.
halodurans cobT riboswitch responds most strongly to Cbi, which is a substrate for enzymes
downstream of CobT in the synthesis pathway. Thus, this riboswitch may enable the cell to sense
and respond to increased Cbi levels by increasing cobT expression in order to complete the final
stages of corrinoid biosynthesis.

Overall, our results demonstrate that the main driver of corrinoid riboswitch function is the
relative stabilization of alternative secondary structures that promote or prevent transcription
elongation. Our results additionally reveal that the sequences within the stems can affect
function. For example, changing a single G base on the 5’ side of the terminator of the A.
halodurans cobT riboswitch affects expression differently from a change in its complement on
the 3’ side (Figure 2.7). We further observed the effect of sequence location when testing
synthetic riboswitches G and K (Figure 2.11B): swapping sequences 2 and 3 in the P13 stem
while preserving the same secondary structure and nucleotide content led to differences in
expression, again suggesting that the sequence context within hairpins impacts function. The
mechanistic basis of these differences should be the subject of future study.

Our experimental results, coupled with the variability in the lengths of hairpins and junctions
between hairpins in the expression platform, highlight the versatility of RNA in adopting
multiple strategies for achieving the same outcome. The P. megaterium metE riboswitch, for
example, relies on a large internal structured region between P13 and the terminator for
regulatory function. This region of the expression platform is the most variable in length across
corrinoid riboswitches, suggesting there are diverse strategies for using alternative secondary
structures to regulate expression rather than a single universal mechanism of corrinoid riboswitch
regulatory function. Several different models of competing secondary structures in the
expression platform have been proposed previously (93, 94, 147) and additional mechanisms
likely remain to be discovered.

We used the mechanistic rules we uncovered in the mutational analysis of repressing and

activating riboswitches to design synthetic riboswitches that convert a repressing riboswitch to

an activating riboswitch. The range in corrinoid response in the synthetic riboswitches was

surprising, particularly given that they all showed higher maximal expression and most showed

higher fold induction than the natural activating riboswitch. Due to their stronger signal, these
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synthetic riboswitches could potentially be used to detect corrinoids in live cells, food, patient
samples, and other samples of interest, or as tools to control gene expression. In light of this,
naturally occurring expression platforms can be better utilized as blueprints for engineering
precise and robust biosensors and gene regulatory devices.

2.4 Materials and Methods

Riboswitch sequence manipulation:

Secondary structures in the aptamer domain were annotated manually based on the consensus
sequence reported in McCown et al. 2017 (89). The P13, terminator, and other stems in the
expression platform were annotated using predictions from the StructureEditor program of
RNAstructure 6.2 (148). All riboswitch mutant constructs were designed in Benchling. Synthetic
expression platforms were designed by combining sequences from the P13 and terminator stems
from the P. megaterium metE and A. halodurans cobT riboswitches. The L13 sequence was
sourced from the same riboswitch as the aptamer domain. The P13 stem adopted the five base
stem or split ten base stem structure as the two wildtype riboswitches. The terminator was
designed to either pair with or overlap with the P13 stem. For the synthetic repressing
riboswitches, the 3’ side of P13 paired with the 5’ side of the terminator. For the synthetic
activating riboswitches, the 3’ side of P13 shared sequence with the 5’ side of the terminator.

Strain construction:

All B. subtilis reporter strains were derived from KK642 (Em his nprE18 aprE3 egISA102
bglT/bgISAEV lacA::PxylA-comK loxP-Pveg-btuFCDR queG::loxP) which was derived from
strain 1A976 of Zhang et al. (44, 157). All riboswitch mutant constructs were ordered as eBlocks
from IDT (Benchling links in Table S1). Each was designed to contain the full-length riboswitch
with homology to pKK374 at the Nhel (NEB) cut site (44). Linearized pKK374 and the eBlocks
were assembled via Gibson assembly. Plasmids were then transformed into XL1-Blue competent
cells (UC Berkeley Macrolab) and plated on LB with 100 pg/mL ampicillin. Plasmids from three
or four colonies were purified and Sanger sequenced at the Barker DNA Sequencing facility.
Plasmids with the correct sequence were linearized with Scal-HF (NEB) and transformed into
the B. subtilis fluorescent reporter strain KK642 where they were integrated into the
chromosome at the amyE locus and plated on LB with 100 pg/mL spectinomycin. Successful
integration was confirmed by PCR.

Riboswitch fluorescent reporter assay:

The B. subtilis fluorescent reporter strain used in this study and the corrinoid addition assay of
riboswitch reporter constructs were developed by Kennedy et al. 2022 (44). Strains containing
each riboswitch construct were grown from colonies in LB in a 96-well 2 mL deep well plate and
shaken in a benchtop heated plate shaker (Southwest Science) at 37 °C until the cultures reached
an optical density at 600 nm ODeoo of 1.0, usually after 4-5 hours. Cultures were then diluted to a
starting ODgoo Of 0.05 into a 96-well microtiter plate (Corning) with either 100 nM
cyanocobalamin or dicyanocobinamide (abbreviated as Cbi) or no corrinoid. Plates were shaken
for five hours at 37 °C. A single end point reading of absorbance at 600 nm and GFP
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fluorescence (excitation/emission/bandwidth = 485/525/10 nm) were measured with a Tecan
Infinite M1000 Pro plate reader. Data were plotted and analyzed in GraphPad Prism 9.
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Conclusion

In this chapter, | uncovered the regulatory mechanism of several corrinoid riboswitches and used
this knowledge to create synthetic corrinoid riboswitches that activate gene expression. At the
molecular scale, the deeper understanding of corrinoid-based regulation and development of new
tools for sensing and responding to corrinoids could be used to study direct interactions between
corrinoids producers and dependents in microbial communities.
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3. Testing the effects on fitness of the corrinoid-dependent and -
independent methionine synthases

In this chapter, | address a research question at the organismal scale about the corrinoid-
dependent and -independent methionine synthases. Understanding the advantages conferred to a
bacterium by each synthase informs the role that organism may play in a microbial community.
Since many organisms have both methionine synthases it is important to differentiate the impact
of each enzyme on the fitness of a bacterium.

Rebecca R. Procknow! and Michiko E. Taga®

!Department of Plant & Microbial Biology, University of California Berkeley, Berkeley, CA
USA

Abstract

In the bacterial domain, the two predominant methionine synthases have been well characterized.
MetH, the cobalamin-dependent enzyme, is known to be more efficient at carrying out the
reaction to produce methionine than MetE, the cobalamin-independent enzyme. It has been
assumed that the higher efficiency of MetH would result in a fitness advantage despite the
reliance on a cofactor not produced by many microbes. I sought to test the hypothesis of higher
enzyme efficiency resulting in a fitness advantage for the organism by competing single
methionine synthase knockout strains of E. coli against each other in various conditions. I find
that, contrary to the literature and our hypotheses, the MetE" strains often outcompete the MetH"
strains. Additionally, I hypothesized that, considering the presence of both MetE and MetH in
over 40% of bacterial genomes, an organism that expresses both methionine synthases would
have an advantage over those with only one methionine synthase. I find there may be an
advantage to expressing both enzymes. Overall, this study demonstrates an increased need for
understanding the effects of molecular mechanisms on organism fitness in bacterial interactions.

3.1 Introduction

Methionine synthesis is a required process for most organisms. Across the tree of life, two
enzymes, MetE and MetH, battle for the limelight when it comes to making this essential amino
acid. Plants use MetE while animals, including humans, use MetH (158, 159). The key difference
between the two is that MetH uses cobalamin as a cofactor to complete the methionine synthesis
reaction while MetE does not (159). Bacteria, along with algae and a subset of fungi, are a
special case in that both MetE and MetH are observed among members of these taxonomic
groups (23, 160).

When comparing the two enzymes, MetH is considered to be the more efficient methionine
synthase for several reasons. The first is that the kca of MetH is nearly 50-fold higher than the Aca
of MetE (161, 162). Additionally, biochemical studies of MetE show susceptibility to oxidative
stress and aggregation under high temperatures (105, 106). Further evidence pointing to the
preferred status of MetH is that metE is often regulated by a corrinoid riboswitch such that when
corrinoids are present, metE expression is turned off (44, 92). Thus, when the presence of
corrinoids enables MetH to function, the downregulation of metE promotes the use of MetH.
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Though the existing biochemical data point to the superiority of MetH, it is unknown whether the
differences between these enzymes confer an advantage to bacteria expressing MetH over those
expressing MetE.

Another feature of the bacterial domain is that 43% of sequenced bacterial species encode genes
for both MetE and MetH (163). Though MetH appears to be the kinetically superior enzyme, it is
possible that many organisms have kept both due to a potential advantage in having MetE in
times of corrinoid scarcity. The fact that most bacteria cannot synthesize corrinoids de novo lends
credence to this possibility (163). It is not understood why so many bacteria encode both
methionine synthase genes or whether it is advantageous to have both synthases instead of just
one.

Here I test two hypotheses. First, I test the assumption that the higher enzymatic efficiency of
MetH confers a fitness advantage by competing two strains of Escherichia coli, each encoding
only MetE or MetH. Using either antibiotic selection or fluorescence to distinguish the strains, I
carry out the competitions in various experimental conditions designed to induce stress on the
bacteria. Overall, I find that neither strain outcompetes the other and, in some conditions, the
strain encoding MetE slightly outcompetes the strain encoding MetH. Second, I test the
hypothesis that expressing both methionine synthases confers an advantage, and I find a small
potential advantage to having both.

3.2 Results
3.2.1 Competitions of MetE" strain against MetH" strain

Though many studies have focused on the properties of the purified MetE and MetH enzymes,
none have directly considered the effect of their differences on the fitness of the organism. To
address whether expressing MetH confers a fitness advantage, I first conducted a coculture
competition assay by competing a metH::Kan"® strain (hereafter labeled MetE*-Kan®) with a
AmetE strain (labeled MetH"-Kan®) in the presence and absence of cobalamin and of methionine
(Figure 3.1). When neither cobalamin nor methionine was added, I expected only the MetE™-
Kan® strain to grow because the MetH"-Kan® strain is unable to synthesize methionine in the
absence of a corrinoid. If MetH does confer an advantage, I expect the MetH"-Kan® strain to
outcompete the MetE*-Kan® strain in the presence of cobalamin. When methionine is added, I
expect neither strain to have an advantage.

In the absence of cobalamin and methionine, the MetE*-Kan® strain outcompetes the MetH"-
Kan® strain demonstrating that, in addition to MetH"-Kan® being unable to synthesize
methionine, MetE"-Kan® is not sharing methionine in the coculture. In contrast to our
hypothesis, I observed that MetE*-Kan® makes up 61% of the total culture when cobalamin is
added, indicating MetE confers a slight advantage (Figure 3.1). When methionine is added, I see
neither strain having the advantage, as expected.

I then considered whether performing the competition in growth conditions that caused stress on
MetE would reveal an advantage of expressing MetH. In a prior study, a Tn-seq experiment
showed that AmetH E. coli mutants have lower fitness in mannitol. Because MetE was the only
methionine synthase working in this mutant, I hypothesized growth in mannitol was putting
stress on MetE through an unknown mechanism. For this reason, I performed the competition in
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M9 mannitol (Figure 3.2). Additionally, I tested the competition in two concentrations of
cobalamin to ensure saturating conditions for MetH.
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g 2x1010_] ' OJo (MetE"-Kan")
= T ’%‘ =LB colonies- _
a o LB Kan colonies
% 0= (MetH*-Kan®)
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Figure 3.1. Coculture of MetE*-Kan® and MetH"-Kan® E. coli in M9 glycerol. Cocultures were grown
with no addition, 1 nM cobalamin, or 0.02 mg/mL methionine and plated after 24 hours on LB plates
and LB Kan plates. Viable cell numbers (CFU/mL) was calculated using dilution track plating.
Number of colonies on LB Kan (black) were subtracted from the number of colonies on LB to
approximate the number of colonies on LB represented by the MetH'-Kan® strain (white). The number
of colonies that grew on LB Kan were taken as a percentage of colonies that grew on LB to evaluate
the percentage of the coculture made up of the MetE*-Kan® strain.

As was the case in M9 glycerol, the colony counts in the no addition condition reflects the
inability for the MetH'-Kan® strain to grow without cobalamin or methionine. In 1 nM
cobalamin, neither strain outcompetes the other with approximately 50% of colonies being
MetE*-Kan®. In contrast, MetE"-Kan® was slightly outcompeted by MetH*-Kan® in the presence
of both 10 nM cobalamin and methionine (Figure 3.2). This demonstrates that MetE*-Kan® is at
a disadvantage in M9 mannitol.
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To continue studying the effects of various stress conditions on the competition, I added the
fluorescent markers CFP and YFP on plasmids to both AmetE and AmetH strains. I performed an
experiment similar to that shown in Figure 3.1 with these strains to validate the use of the
fluorescent markers in coculture competitions (Figure 3.3). Here, instead of reporting the number
of Kan® colonies, I report the percentage of the coculture comprised of the strain with CFP. In
order to account for any growth differences caused by the fluorescent proteins I performed

Figure 3.2. Coculture of MetE*-Kan® and MetH*-Kan® E. coli in M9 mannitol. Cocultures were grown
with no addition, 1 nM cobalamin, or 0.02 mg/mL methionine and plated after 24 hours on LB plates
and LB Kan plates. CFU/mL was calculated using dilutioRig#ek HRuRgcinipadkeefsteti@fon LB
Kan (black) were subtracted from the number of colonies bordsaedppieslimnes hirningbarbase
colonies on LB represented by the MetH*-Kan® strain (whibOcKhidbesadi: Sotaines ahsteddMesH -
LB Kan were taken as a percentage of colonies that grew oh E B ferdoadudteattc eree sRip@siingea CFP

coculture made up of the MetE*-Kan® strain. expressing plasmid. Labeling format applies
to all other strains. Cocultures were grown in

competition experiments with reciprocal pairings of eaply motioningisyntes st lkaackentwhitl),
each fluorophore. 10 nM cobalamin (blue), or 0.02mg/mL
methionine (black). Fluorescence of each
marker was normalized to A600 using a
100 £ standard curve and percentage of the
coculture comprised of the CFP expressing
o noaddition  strain was calculated.

50 @ cobalamin

ﬁ i ® methionine
0
1 bed

MetH*-CFP + MetH*-YFP +
MetE*-YFP MetE*-CFP

%CFP strain

In the fluorescent coculture experiment I see results that are similar to the colony count pilot in
MO glycerol in the presence of 10 nM cobalamin. In the no addition condition, I see the MetE"
strain dominate the coculture in both pairings. In the presence of cobalamin, I again see the
MetE" strain having a slight advantage over the MetH" strain. The same is true in the presence of
methionine. I conclude the use of fluorescent markers yields the same results as colony counting
in this system.
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3.2.2 Exploiting oxidative stress effects on MetE in competition

It is known that oxidation of MetE inactivates the enzyme in vitro (105). For example, in a prior
study, when the enzyme was treated with glutathione, inactivation was traced to glutathionylation
of a cystine residue near the active site (105). Additionally, because of the methionine deficiency
caused by the inactivation of MetE, adding methionine could rescue a growth defect caused by
hydrogen peroxide in wildtype E. coli. I conducted a similar experiment with a range of
hydrogen peroxide concentrations to validate this result (Figure 3.4). Additionally, I
hypothesized the addition of cobalamin would allow E. coli to use MetH to circumvent the
inactivation of MetE. I tested each of these conditions on both wildtype E. coli and a
metH::KanR strain in order to distinguish the effects of MetH from the other corrinoid-dependent
enzymes expressed by E. coli in oxidative stress conditions (Figure 3.4).

As in the previous study, I indeed saw that methionine addition rescued a hydrogen peroxide-
induced growth defect at 6 mM H»O; in both wildtype MG 1655 E. coli and metH.::Kan® (Figure
3.4A). In wildtype, I see the presence of cobalamin slightly improves growth, though not to the
extent of methionine. In contrast, growth of metH::Kan® in the presence of cobalamin is
indistinguishable from growth in the absence of both cobalamin and methionine. Together, these
results suggest that, in wildtype E. coli, MetH is compensating for the inactivation of MetE under
oxidative stress and that the growth increase seen in the presence of cobalamin is likely due to
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MetH and not other cobalamin-dependent enzymes. These effects are also seen at other
concentrations of hydrogen peroxide (Figure 3.4B)
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Figure 3.4. Growth curves of wildtype MG1655 and metH::Kan® E. coli in M9 glycerol with oxidative
stress induced by hydrogen peroxide. E. coli was grown without (open circles) or with (closed circles)
hydrogen peroxide added at hour 7 and with no addition (grey) or with 10 nM cobalamin (blue) or
0.02mg/mL methionine (black). Hydrogen peroxide was added at either 6 mM (A) or other
concentrations (B) shown on the left.

I then returned to the question of whether MetH confers an advantage over MetE in stress
conditions by competing the fluorescent knockout strains in hydrogen peroxide (Figure 3.5). I
hypothesized that the MetH" strain would outcompete the MetE" strain in the presence of
cobalamin due to the inactivation of MetE when exposed to hydrogen peroxide. If oxidative
stress did not result in a growth disadvantage for the MetE" strain, I expected the results of the
competition to be the same across conditions. Additionally, I added a hypersaturating
concentration of cobalamin (100 nM) to ensure cobalamin was not limiting for MetH.

I see no difference in the composition of the coculture across two concentrations of hydrogen
peroxide, indicating that each strain had the same response to the oxidative stress. Further, I see
the MetE" strains making up a higher percentage of the cocultures. These results are not
supported by the literature and point to the need for a greater understanding of the effects of
oxidative stress on MetE and MetH.
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Figure 3.5. Reciprocal cocultures of fluorescent, single methionine synthase knockouts in E. coli.
Strains labeled MetH"-CFP refer to a AmetE strain containing a CFP expressing plasmid. Labeling
format applies to all other strains. Cocultures were grown in M9 glycerol with either no addition
(white) or in the presence of 10 nM cobalamin (light blue), 100 nM cobalamin (dark blue) or 0.02
mg/mL methionine (black) and passaged every 24 hours. 7 hours after the inoculation of each passage,
water (left), 0.75 mM (middle), or 3 mM (right) hydrogen peroxide was added to the cocultures.
Fluorescence of each marker was normalized to Ao using a standard curve and percentage of the
coculture comprised of the CFP expressing strain was calculated.
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3.2.3  Competition of strains expressing each methionine synthase in sodium acetate

In E. coli, MetE is implicated in susceptibility of the organism to acetate stress due to the
accumulation of its substrate, homocysteine, in the presence of acetate (164). Further evidence
for this implication was found in a prior study showing that mutating certain residues in MetE
increased the ability of E. coli to tolerate acetate stress (165). Thus, I sought to compete the
fluorescent single knockouts in the presence of sodium acetate to determine whether MetH "
would have an advantage (Figure 3.6). I hypothesized that if sodium acetate inhibited MetE, the
strain expressing MetE would be at a disadvantage in the presence of cobalamin compared to the
strain expressing MetH. If acetate stress had no effect on MetE I would expect to see no
difference in the coculture composition.

Once again, I see that the MetH" strain does not confer a fitness advantage when in competition
with a MetE" strain. The presence of sodium acetate has little to no effect on the coculture
composition in the presence of cobalamin. Additionally, I see the MetE" strains outcompeting the
MetH" strains.
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Figure 3.6. Reciprocal cocultures of fluorescent, single methionine synthase knockouts in E. coli.
Cocultures were grown in M9 glycerol with either no addition (white), 10 nM cobalamin (blue), or
0.02 mg/mL methionine (black) added and passaged every 24 hours. Added to the cocultures was
either nothing (left) or 20mM sodium acetate (right). Fluorescence of each marker was normalized to
Asoo using a standard curve and percentage of the coculture comprised of the CFP expressing strain
was calculated.
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3.2.4 Testing advantage of expressing two methionine synthases over expressing one

With most results thus far pointing to MetE conferring an advantage despite its inefficiency
compared to MetH, I wondered if it was more advantageous for E. coli to express both
methionine synthases rather than only the more efficient enzyme. To address this question, I
competed the wildtype strain against each methionine synthase knockout (Figure 3.7). If
expressing both enzymes conferred an advantage over expressing only MetE or MetH I expected
the wildtype strain to make up more than half of the coculture. If there was no advantage to
expressing both then I expect the coculture to be composed of equal amounts of each strain.

Against both single knockouts, the percentage of the coculture represented by WT-CFP increases
slightly over time in the presence of cobalamin. Further testing is needed to determine whether
having both methionine synthases could offer a slight fitness advantage in the presence of
cobalamin.
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Figure 3.7. Reciprocal cocultures of fluorescent wildtype MG1655 E. coli and single methionine
synthase knockouts. Cocultures of wildtype and MetH" E. coli (A) or wildtype and MetE" E. coli (B)
were grown in M9 glycerol with either no addition (white), 10 nM cobalamin (blue), or 0.02 mg/mL
methionine (black) added and passaged every 24 hours. Fluorescence of each marker was normalized
to A600 using a standard curve and percentage of the coculture comprised of the CFP expressing
strain was calculated.
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3.3 Discussion

The bacterial methionine synthases are often used to identify dependence on corrinoids but little
work has been done to disentangle the effects of their differences on fitness (98, 163). Here, I
tested whether the higher enzymatic efficiency of MetH compared to the relative inefficiency of
MetE resulted in a fitness advantage when strains expressing one or the other methionine
synthase were competed in a coculture. In the majority of conditions tested, I found that neither
strain made up a majority of the coculture or the MetE" strain had an advantage and outcompeted
the MetH" strain. The only condition in which the MetH" strain outcompeted the MetE" strain
was in M9 mannitol + cobalamin. That MetE did not confer a disadvantage in the presence of
hydrogen peroxide, a condition known to inactivate the enzyme, was surprising given previous
studies. It is thought that MetE and MetH arose independently and little work has been done to
address why both enzymes remain widely in use and why so many bacteria encode both (101,
163). However, competing the wildtype strain expressing both enzymes against each single
knockout strain shows there may be an advantage to having both MetE and MetH.

Indeed, there is a similar case in fruit flies where the perceived superiority of one enzyme did not
translate to measurable advantages for the organism (166). The modern alcohol dehydrogenase
(ADH) enzyme was widely accepted to be superior to the ancestral ADH due to evidence
showing higher catalytic activity and selection pressure on the enzyme (166). However, when the
reconstructed ancestral allele was compared to extant alleles, no difference was found in the
biochemical, physiologic, and fitness effects (166). It is possible that the MetH" strain
unexpectedly being outcompeted by the MetE" strain in several conditions is another instance of
in vitro enzyme differences not resulting in equivalent fitness effects.

When competing the single knockout strains, I did not take into account any effects of regulation
of MetE or MetH. Since it is unknown whether the cells are expressing the amount of each
enzyme required to make equal amounts of methionine, it is possible that leaving the wildtype
regulation machinery intact could mask any effects of the higher efficiency of MetH. To rectify
this, a future study could involve swapping the native promoter and 5 UTR of each enzyme with
a constitutive promoter.

3.4 Methods
Strain construction

All E. coli strains are MG1655 derivatives. E. coli metE::Kan® and metH::Kan® were
constructed by introducing the metE:Kan® or metH::Kan® allele from donor strains JW3805 or
JW3979 respectively into MG1655 by P1 transduction (167, 168). The Kan® cassette was
removed to make AmetE and AmetH strains (168). To construct the fluorescent strains, pETMini
plasmids containing CFP or YFP (26) were electroporated into the AmetE and AmetH strains.

Growth and culturing

All strains were precultured in M9 medium with 0.4% glycerol and 0.02 mg/mL methionine for
use in all competition assays (165, 169). Assays were performed in M9 medium with either 0.4%
glycerol or 2.5 mM mannitol. The following supplements were added as referenced in the text: 1
nM, 10 nM, or 100 nM cyanocobalamin; 0.02 mg/mL methionine; 0.75 mM, 1.5 mM, 3 mM, 6
mM, or 12 mM hydrogen peroxide; or 20 nM sodium acetate.

46



For colony counting competition assays, cocultures were plated on LB agar and LB agar with 25
pg/mL kanamycin (LB Kan25).

For oxidative stress growth curves, strains were precultured in M9 with 0.4% glycerol.
Competition measured with CFU/mL

Cocultures from each condition were diluted and 10uL of 10-fold dilutions were track plated on
both LB and LB Kan25 plates (170) at both time 0 and 24 hours after inoculation. Tracks were
allowed to dry in the biosafety cabinet before growing overnight at 37 °C. Colonies were
counted after 24 hours of growth on plates and CFU/mL were calculated and normalized to To.
Results were interpreted as follows. Growth on LB represents colonies from both strains and
makes up the total colonies in a plated coculture. Growth on LB+Kan represents only colonies
from the MetE* (metH::Kan®) strain in a plated coculture. The difference between LB colonies
and LB+Kan colonies should represent the colonies from the MetH" strain.

Competition measured with fluorescence

Competition of MetE"™-CFP and MetH'-YFP or MetE"-YFP and MetH'-CFP were performed as
previously described (82). Strains were precultured in M9 glycerol and supplemented with 0.02
mg/mL methionine. They were washed in M9 glycerol once and then resuspended in M9
glycerol. Cocultures were grown in clear 96 well plates and shaken at 37 °C in a benchtop plate
shaker (Southwest Science). Fluorescence and Agoo were measured in black wall glass bottom 96
well plates (Corning). Cultures were passaged every 24 hours by transferring S8uLL from each well
into a plate with fresh media. Normalized CFP fraction was calculated using standard curves
generated from the 24-hour timepoint.

Oxidative stress growth curves

Wildtype and metH: :Kan® were precultured in M9 glycerol and inoculated into M9 glycerol +/-
methionine or 1 nM cyanocobalamin at ODeoo 0.02 in 96 well plates and shaken at 37 °C. At 7
hours post inoculation, 2 uLL of water or hydrogen peroxide were added to the wells to a final
concentration of 0.75 mM, 1.5 mM, 3 mM, 6 mM, or 12 mM. Agoo was measured every 15
minutes with shaking on the Biotek Synergy 2 plate reader for 24 hours.
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Conclusion

In this chapter, I found that neither methionine synthase offers particular advantages over the
other which is in contrast to findings in the literature. At the organismal scale, understanding that
MetE and MetH have similar impacts on E. coli could inform how we understand the
composition and roles of members in a microbial community. Further study is needed to solidify
these findings.
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4. Conclusion

As the first discovered riboswitch class and the second most widespread riboswitch in bacteria,
much has been studied about corrinoid riboswitches (89, 91). Before my research, it was known
that corrinoid riboswitches require a kissing loop interaction to repress gene expression (91,
147). However, it was not known how, upon ligand binding, the kissing loop interaction led to
the formation of structures in the expression platform required for regulation of gene expression.
Additionally, it was known that riboswitches rely on alternative secondary structure
conformations to perform the “switching” of gene expression. But these structures and their
relationships to one another were an outstanding question among corrinoid riboswitches with
several models having been proposed (88, 93). By leveraging an in vivo reporter system, [ was
able to build off the extensive existing body of in vitro biochemical work on riboswitch
secondary structures to fill the gap for one corrinoid riboswitch from P. megaterium. Additional
work to uncover the mechanisms of a greater number of corrinoid riboswitches would broaden
our understanding of corrinoid-based regulation in bacteria.

Previous to the publishing of this work, all corrinoid riboswitches were known to repress gene
expression. In my studies I describe the regulatory mechanism of the first known corrinoid
riboswitch to activate gene expression. I demonstrated that, like other corrinoid riboswitches, the
activating riboswitch relies on a kissing loop interaction between the aptamer and expression
platform. In vitro work to resolve the structures and binding capabilities of this riboswitch will
be necessary to fully understand this novel mechanism. Additionally, there are likely other
activating corrinoid riboswitches that exist and their discovery could aid in the use of these
natural devices as synthetic tools.

By synthesizing the knowledge I gained from dissecting these corrinoid riboswitches I was able
to build seven synthetic activating corrinoid riboswitches that successfully sensed and responded
to the presence of corrinoids. Most of these had a higher maximal expression and greater fold
change activation than the natural activating riboswitch. In addition to demonstrating an
understanding of the regulatory mechanism of the novel activating corrinoid riboswitch, these
synthetic riboswitches also have potential use as tools for further study of corrinoid biology and
corrinoid-based microbial interactions. Applications include use as sensors for corrinoids in the
presence of a corrinoid provider and use as an imaging tool to track the diffusion of corrinoids in
a community. Indeed, this premise has already led to the development of an independent project
by former undergraduate researcher Lesley Rodriguez who attempted to design corrinoid
biosensors responsive to a range of corrinoid structures. Because the diversity of those
biosensors was limited, this is still an area of potential development.

The structures, mechanisms, and efficiencies of MetE and MetH, the enzymes that synthesize
methionine, are well characterized (101, 159, 161, 162). MetE, the corrinoid-independent
methionine synthase, is known to be less efficient and susceptible to oxidative stress and
implicated in the low tolerance to acetate stress in E. coli (105, 165). MetH, while dependent on
corrinoids to carry out methionine synthesis, is known to be more efficient (161). It was not
known whether the higher efficiency of MetH conferred a fitness advantage for those bacteria
that express it. My results thus far show a MetE" E. coli strain has the advantage over a MetH" E.
coli strain in most conditions, including conditions known to inactivate or otherwise put stress on
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MetE. These findings are not supported by the literature suggesting there is still much to be
explored about these enzymes.

Due to the ongoing nature of this project, there are many opportunities for further study. As
discussed in chapter three, it’s possible the wildtype regulation machinery was masking the
effects on fitness of the enzymes themselves. Therefore, it would be pertinent to repeat the
competition assays in the same array of conditions using strains with metE and metH expressed
under the same constitutive promoter. To understand whether the fitness effects of expressing
MetE or MetH extend to other species, the future direction of this project should include
performing similar competition assays using knockout strains of organisms that also encode both
MetE and MetH, particularly those in which metE is regulated by a corrinoid riboswitch. These
studies should also ensure that regulation is not playing a role in the observed results. However,
it’s possible that methionine synthases encoded by organisms containing both MetE and MetH
have evolved to coexist with one another. Therefore, it would also be interesting to compete
closely related organisms that only encode MetE or MetH.

For those strains and conditions which result in a MetH" strain outcompeting a MetE" strain,
further competitions conducted in the presence of corrinoids other than cobalamin would
highlight yet another facet of how methionine synthases influence fitness. Growth in the
presence of a corrinoid unusable by MetH would leave a MetE" strain with the advantage. Such
work may provide further reasoning for the ubiquity of both enzymes in the bacterial and other
domains. Finally, there are several other processes which can be carried out by both a corrinoid-
dependent and -independent enzyme. It would strengthen future studies about the role of
corrinoid-dependent enzymes on bacterial fitness to conduct such competitions with different
pairs of enzymes.

The work I have described in this dissertation has advanced our understanding of corrinoids as a
model nutrient and presents opportunities to continue expanding our knowledge of corrinoid-
based microbial interactions.
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