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Abstract

Uncovering how bacteria sense and respond to chemically diverse corrinoids through cobalamin
riboswitch gene regulation

by
Kristopher J. Kennedy
Doctor of Philosophy in Microbiology
University of California, Berkeley

Professor Michiko E. Taga, Chair

Cells actively sense and integrate information about their internal and external environments to
execute adaptive physiological responses. This makes it possible to survive fluctuating and
oftentimes harsh environmental conditions. Controlling the expression of genes is part of this vital
cellular process. Indeed, since the birth of molecular biology theory, a multitude of cellular
mechanisms have been found to control virtually every aspect of the flow of genetic information
from DNA to RNA to functional proteins. The revelation that RNAs are more than just passive
messengers between DNA and proteins was a turning point in the field of molecular biology. We
now recognize that many types of RNA actively fold into complex three-dimensional structures to
carry out important cellular functions with sophistication, precision, and efficiency that rivals
proteins. A prime example are riboswitches — structured noncoding RNAs that sense specific small
molecule effectors by direct binding and function as cis-regulatory genetic switches. My
dissertation research focuses on the forms and functions of the cobalamin riboswitches and how
they are impacted by the exceptional chemical diversity of naturally occurring variants of
cobalamin known as corrinoids.

I begin the first chapter with a broad overview of bacterial gene regulation with specific emphasis
on mechanisms of transcriptional and translational control. This sets the stage for delving into the
distinctive elements of riboswitch structure, mechanism, and function. I also describe how various
riboswitch classes connect to the cellular processes which they control. Lastly, I describe in detail
the cobalamin riboswitch class and the roles that corrinoids play in bacterial physiology.

The second chapter describes the bulk of my endeavors as a graduate student researcher in the
Taga Lab examining the corrinoid specificity of cobalamin riboswitches. The large number of
bacterial metabolic pathways that involve corrinoids and the numerous types of corrinoid cofactors
and intermediates present a puzzle as to how cells can effectively use cobalamin riboswitches to
control their corrinoid-related physiology. The approach I took leveraged two strengths of the Taga
Lab’s expertise: bacterial molecular genetics and biochemical production of commercially
unavailable corrinoid molecules. I engineered an in vivo fluorescence reporter system to measure
the responses of several cobalamin riboswitches to several corrinoids. From the patterns of
corrinoid selectivity that I observed in my experiments, I developed a mechanistic hypothesis for



corrinoid specificity of cobalamin riboswitch-based gene regulation in bacteria. Furthermore, |
propose a regulatory strategy that attempts to explain how corrinoid specificities of gene regulation
and bacterial physiology are functionally connected.

In the third chapter, I explore the functional versatility of cobalamin riboswitches. As the second
most prevalent class of riboswitches, I speculated that novel functional variations should arise from
the diversity of cobalamin riboswitch sequences. To increase the likelihood of finding uncommon
functional variants, I focused on atypical cobalamin riboswitch regulon architectures among
bacterial species that specialize in corrinoid metabolism. This rationale enabled me to successfully
identify a novel activator cobalamin riboswitch, dissect modular functionalities of tandemly linked
cobalamin riboswitches, and develop new hypotheses about corrinoid-specific physiology.

Together, my research studies constitute a step towards reconciling the apparent oversimplicity of
current cobalamin riboswitch models with the intrinsic complexity of the cellular processes they
control.



Dedicated to my son Vladimir,

for reminding me each day of life’s wonderful strangeness
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Chapter 1 — An introduction to bacterial gene regulation with an emphasis on riboswitches

1.1 A brief overview of bacterial gene regulation
1.1.1 The central dogma of molecular biology

In the study of biology, we refine, reframe, and ultimately return to a prominent description of how
genetic information flows within cells: the central dogma of molecular biology (CDMB) [1].
Today, the CDMB is a collective understanding of the fundamental way that cells carry out the
molecular actions of life. The model is understood to mean that genetic information flows
directionally from DNAs that are transcribed to RNAs that are translated to proteins. While there
are important cases in which the information flows in different directions, the CDMB describes
the rudiments. Built upon and intertwined with the CDMB are a multitude of ways in which cells
control the flow of genetic information. These strategies are collectively referred to as ‘gene
regulation’. Simply put, gene regulation is the essential way that cells have evolved to express the
right genes, at the right time, and in the right place. In this introductory chapter of my dissertation,
I provide a broad overview of gene regulation and the mechanisms by which they occur in bacteria.
Due to the enormous amount of knowledge that has accumulated on this topic, this overview does
not aim to be complete. Rather, it should serve to highlight several of the major developments in
our understanding of gene regulation and provide a backdrop for my particular research interests
and approaches to studying the functions of a special bacterial gene regulatory element — the
cobalamin riboswitch.

The history of microbial gene regulation began with the formative bacterial physiological studies
of Jacob and Monod, and the ensuing molecular biological work of Gilbert and Miiller-Hill [2-5].
Together, their insights provided the initial descriptions of the molecular basis by which cells sense
a specific environmental factor (lactose) and respond in a precise physiological manner (induction
of lactose catabolism) — or in other words, how cells express the right genes at the right time and
place. Subsequent decades of research in microbial physiology, genetics, molecular biology, and
other fields have revealed a vast range of sophisticated gene regulatory schemes across all domains
of life [6]. The flow of genetic information in the CDMB occurs by two basic cellular processes:
transcription of a DNA template to a messenger RNA (mRNA) by the RNA polymerase (RNAP)
complex, and translation of an RNA to a protein by the ribosome complex. At every step of these
processes, there exist regulatory mechanisms that act in concert with the CDMB machinery. It is
useful to think of these mechanisms in terms of the actions of DNA, RNA, protein, and other
molecular factors in the cell. In this brief overview, I will focus primarily on the RNA- and protein-
based regulatory mechanisms that act at each stage of gene expression.

1.1.2  Regulation of transcriptional initiation

Efficient transcriptional initiation of a bacterial operon requires the assembly of an RNAP
holoenzyme complex at a promoter site. The RNAP catalytic core complex is composed of two
small a subunits and two subunits (known as 3 and 3”), which together are sufficient to transcribe
RNA from a template DNA sequence. The complete RNAP holoenzyme contains the catalytic
core and an additional bound accessory protein called a sigma factor, which is required for efficient
initiation of transcription. The most basic level of gene regulation occurs by controlling how
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frequently transcription of an operon initiates. The binding affinity between a promoter DNA
sequence and the RNAP components is a major determinant of transcription initiation frequency.
Furthermore, in many bacteria there are different types of sigma factors within the cell that form
complexes with the RNAP catalytic core. The differences in protein structure between alternative
sigma factors allow them to recognize different promoter sequences. In general, a bacterial genome
encodes several different sigma factors, but relies on one primary ‘housekeeping’ sigma factor to
carry out transcription of most operons. The less frequently used sigma factors are called
‘alternative sigma factors’. Alternative sigma factors will typically bind to a small subset of
promoters with specific sequences. The subset of operons that are regulated by a given alternative
sigma factor are often functionally related. For example, the E. coli genome encodes seven sigma
factors, with 6® being its main sigma factor for general transcription. The alternative sigma factor
oM of E. coli is specifically active and recruited to promoters of operons containing genes involved
in nitrogen metabolism, whereas E. coli 6° is recruited to operons containing genes involved in
stationary phase stress response [7-9]. The concept of how sigma factors in the RNAP holoenzyme
bind to promoters to initiate transcription is relatively simple. However, the mechanisms by which
sigma factors are regulated in response to cellular stress are complex and varied. Most commonly,
under normal cellular conditions, an alternative sigma factor is not expressed or is in an inactive
state due to binding to a cognate anti-sigma factor. Under stress conditions the anti-sigma factor
directly senses or is indirectly stimulated by a relevant stress signal, which decreases its ability to
bind and suppress its cognate sigma factor. Different species of bacteria contain different numbers
and types of sigma factors that regulate a variety of physiological processes. At this broadest level
of transcriptional gene regulation, specificity between sigma factors and promoters within an
organism are likely reflective of large swaths of its evolutionary history.

More refined and complex control of transcriptional initiation can be found in the form of
accessory factors known as transcription factors. Beyond the core assembly of the transcription
initiation complex are transcription factors which bind near promoter sequences and regulate gene
expression but are not strictly required for basal transcription initiation. Thus, transcription factors
provide an additional layer of regulation to the transcriptional initiation activity of RNAP. A
transcription factor can be categorized as an ‘activator’ or ‘repressor’ based on whether its binding
to the promoter region causes transcription initiation frequency to increase or decrease,
respectively. A classic example of a transcription factor is Lacl, the repressor of the lac operon of
E. coli. In the absence of lactose, Lacl protein binds to a specific region of the lac promoter called
the operator sequence. The operator sequence overlaps with part of the promoter. Thus, when Lacl
binds to the operator, RNAP holoenzyme is unable to bind and assemble at the lac promoter,
thereby repressing expression of the operon. When lactose is present, it is converted in the cell to
allolactose which allosterically binds Lacl protein. A change in conformation in Lacl when bound
to allolactose decreases its binding affinity for the /ac operator. Thus, RNAP can be recruited to
the promoter to initiate transcription. The logic of this regulation is that the lactose catabolic genes
encoded by the lac operon are only expressed when lactose is available in the cell as a carbon
source. Otherwise, the cell conserves the costs of synthesizing lactose catabolic enzymes by
repressing their transcription [10]. In a bacterial genome, there can be hundreds of functionally
diverse transcription factors. Furthermore, a single promoter sequence often interacts with multiple
transcription factors. Thus, the diversity of promoter architectures, sigma factors, and transcription
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factors acting in concert provide a high degree of sophistication in the control of bacterial
transcription initiation.

1.1.3  Co-transcriptional and post-transcriptional gene regulation

The process of ending the transcription of an mRNA by RNAP is yet another versatile control
strategy. There are two main mechanisms of termination that occur widely across bacteria: rho-
dependent and rho-independent termination. As their names suggest, the involvement of a protein
factor called rho distinguishes these two termination mechanisms. Rho-dependent termination
directly involves components of both transcription and translation as these processes are spatially
and temporally coupled in bacteria. For that reason, I will explain mechanistic details of rho-
dependent termination at the end of Section 1.4 where I describe several translational mechanisms
of gene regulation.

The primary factor of rho-independent termination is the secondary structure of the mRNA as it is
being transcribed. For this reason, rho-independent termination is also called intrinsic termination.
The structure of the intrinsic terminator signal is rather simple: a short RNA hairpin structure
immediately followed by a short uracil-rich tract of about 8 nucleotides. The stem of the terminator
hairpin is typically GC-rich and five to seventeen base pairs in length, and the loop is three to ten
nucleotides in length [11, 12]. Although the exact mechanistic details of how this structure impedes
RNAP transcription are still being worked out, the simple structure of the terminator is relatively
easy to predict and test experimentally. While an intrinsic terminator is sufficient to terminate
transcription, its potency is often enhanced by intrinsic termination factor proteins NusA and NusG
[13, 14]. These are highly conserved RNA binding proteins that specifically recognize, bind, and
stabilize the intrinsic termination structure to increase the probability of transcription termination
when encountered by RNAP. The simple structure and efficient mechanism of the intrinsic
terminator makes it a versatile regulator that exists in several different contexts of transcriptional
elongation. Most commonly, intrinsic terminators are at the 3’ untranslated region (3°’UTR) of an
operon after the final open reading frame to define the end of the total expressed unit. However,
intrinsic terminators can also be found among the open reading frames of polycistronic operons to
suppress the basal transcription of downstream genes. Intrinsic terminators are also utilized within
the specialized regulatory RNAs: attenuators and riboswitches.

Transcriptional attenuators are found in the 5’ untranslated region (5’UTR) of many bacterial
operons and can act as specific sensors of intracellular and environmental cues [15]. They are cis-
regulators of the operon in which they are located. One of the most well-studied transcriptional
attenuator regulates the #7p operon of Bacillus subtilis [16, 17]. The 5’UTR of the #rp transcript
contains an RNA sequence that folds into one of two mutually exclusive secondary structures
known as the OFF and ON structures. The OFF structure prematurely terminates transcription of
downstream structural genes in the #7p operon by stabilization of an intrinsic terminator hairpin
upstream of the first open reading frame. The ON structure permits transcriptional readthrough of
the terminator sequence by stabilization of an anti-terminator structure. The choice of folding into
the ON or OFF structure is dependent on whether the RNA is bound to a tryptophan-sensing factor
known as the #p RNA-binding Attenuation Protein (TRAP). TRAP senses high tryptophan
concentrations in the cell by directly binding tryptophan molecules. The tryptophan-bound TRAP
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structure specifically binds and stabilizes the OFF structure of the #p attenuator. Thus, at
sufficiently high intracellular levels of tryptophan, expression of the t7p genes is repressed, thereby
conserving the cost of their expression. A variety of other attenuation mechanisms have been
discovered, demonstrating their effectiveness as sensory systems to regulate bacterial gene
expression [15, 18].

Riboswitches are RNAs that function in a very similar fashion as attenuators, except without the
involvement of any cue-sensing protein factor like TRAP. Instead, the riboswitch RNA directly
senses the relevant molecular cue to influence downstream regulatory structures including intrinsic
terminators and translational control structures. The various classes, mechanisms, and functions of
riboswitch RNAs will be discussed extensively in section 2 of this chapter and later on in chapters
2 and 3.

1.1.4 Translational control of gene expression

Similar to transcription, the fundamental components of translation provide a basal level of gene
regulation, while accessory gene regulatory elements provide additional layers of control at
different stages of translation. Translation of a gene begins with an initiation phase where
ribosomal components are recruited and assembled at a ribosome binding site (RBS) of an mRNA
transcript. Initiation is a highly coordinated process that results in an initiation complex containing
the 70S ribosome (composed of the large 50S and small 30S subunits) loaded with a specialized
transfer RNA (tRNA) for translating the first methionine codon. Three initiation factor proteins
(IF1, IF2, and IF3) are also required to coordinate the loading of the initial tRNA [19]. The first
step in the translation initiation phase is the recruitment of the 30S subunit to the RBS by
complementary base pairing. Unlike the RNAP subunits, the ribosomal subunits are each
composed of both RNA (rRNAs) and small ribosomal proteins, with the rRNAs providing the
main tertiary structural folds and the catalytic mechanism of peptide bond formation. The RBS
contains a short sequence of about six nucleotides known as the Shine Dalgarno (SD) sequence,
which is complementary to a conserved nucleotide sequence of the 16S rRNA component of the
30S subunit known as the anti-Shine Dalgarno sequence (anti-SD) [20, 21]. In general, deviations
away from a consensus SD sequence will decrease the basal translational initiation rate of a gene
[22]. Thus, variations in SD sequences provide a mechanism for regulating the basal translation
initiation rate on a gene-by-gene basis [23]. After the initiation complex is assembled at the RBS,
translation shifts to the elongation phase in which the ribosome reads the codon sequence to
synthesize the polypeptide chain. The translational elongation rate of a polypeptide sequence is
dependent on the complex interplay between codon usage, amino acid concentrations, tRNA
concentrations, post-transcriptional modifications of tRNAs, and other factors [24]. Although
these factors are numerous and play essential roles in ultimately producing the final products of
the CDMB, the translational elongation phase is not controlled in any direct manner by riboswitch-
based gene regulation. Thus, I will move on to describe two more major forms of bacterial gene
regulation.

Small bacterial RNAs (sSRNAs) are a prevalent and versatile type of gene regulatory factor that can
regulate bacterial translation, as well as the stability of mRNAs [25]. In fact, SRNAs can also



modulate the activities of protein targets by direct binding. Unlike cis-acting transcriptional
attenuators and riboswitches, which directly regulate downstream genes in their operon, SRNAs
regulate genes in trans, often targeting multiple operons distributed throughout a genome. In many
cases, SRNAs target mRNA transcripts by complementary base pairing within the RBS and start
codon sequences. This effectively sequesters the RBS region by preventing ribosomal binding to
inhibit translation initiation of the target gene. Expression is additionally repressed because the
sRNA-mRNA complexes are also degradation signals for RNases. In many cases, specific
chaperone proteins bind SRNAs to help direct their interaction with target mRNAs and to protect
the SRNAs from degradation by RNases before reaching a target mRNA. The most well-studied
sRNA chaperone is Hfq [26]. This RNA binding protein is ubiquitous among bacteria. Through
the numerous sSRNAs that it chaperones, Hfq has been shown to coordinate complex physiological
processes including general growth, stress responses, virulence, quorum sensing, and many others
[27-31].

The last gene regulatory mechanism to be discussed in this section is rho-dependent transcriptional
termination, which terminates transcription of mRNAs that are not being actively translated by
ribosomes. Interestingly, this mechanism relies on the coupling of transcription and translation. In
bacteria, transcription and translation are spatiotemporally coupled because ribosomes begin
translating mRNA transcripts while in the process of being fully transcribed by RNAP. This differs
from eukaryotes where transcription and translation take place in distinct cellular compartments
and thus translation of a gene product begins after an mRNA is fully transcribed. The highly
conserved bacterial termination factor rho is a homo-hexameric protein complex that binds to
mRNAs as they are being actively transcribed by RNAP. The presence of ribosomes bound to an
mRNA precludes rho from effectively binding rho utilization (rut) sites commonly distributed
throughout mRNA transcripts. Once rho binds to a nascent mRNA at a rut site, it begins
translocating along the transcript in the 3’ direction towards the RNAP complex. Transcriptional
termination is triggered if rho reaches the mRNA exit site of the transcribing RNAP. The exact
mechanistic details of how rho causes the termination are still being actively investigated.
However, several transcriptomic studies show that rho-dependent termination is a potent and
widely occurring form of gene regulation in bacteria. Any process that impedes translation of an
mRNA transcript by preventing or disrupting ribosomal binding to that transcript may additionally
cause transcriptional termination. Like intrinsic termination, the process of rho-dependent
termination is embedded within the mechanisms of other gene regulatory elements including
sRNAs and riboswitches.

The past several decades of molecular biology research have revealed the intricate and highly
coordinated nature of bacterial transcription and translation. At every step of these processes, it
appears that bacteria have evolved gene regulatory mechanisms to precisely control the flow of
genetic information. As I move on to Section 2, I will refer back to key mechanisms highlighted
above, which are either part of or are intimately tied to riboswitch-based regulation.



1.2 Riboswitch-based gene regulation
1.2.1 Introduction to riboswitch structure and function

Since their initial discovery two decades ago, riboswitches have emerged as efficient and
widespread gene regulatory elements that sense and respond to a wide range of molecular cues.
Much like transcriptional attenuators, riboswitches are cis-regulatory structured RNAs found
within the 5'UTR of bacterial mRNAs. They also modulate the expression of the downstream
structural genes of their mRNA transcript. The key distinction between riboswitches and
attenuators is that riboswitch RNAs sense small molecule effectors by direct binding, whereas
attenuators rely on a protein chaperone to indirectly sense its effector. Riboswitch RNAs are
composed of two functional domains: the effector-binding domain called the aptamer, and the
regulatory domain called the expression platform. The aptamer domain folds into a specific tertiary
structure enabling it to bind a specific small molecule effector. The expression platform modulates
intrinsic transcriptional termination or translation initiation of downstream gene targets in response
to changes in aptamer structure upon binding the effector (Figure 1.1). Riboswitch classes are
named by their cognate effector molecules which are commonly primary metabolites such as
organic cofactors, nucleosides, amino acids, and essential metals (Figure 1.2). Currently, there are
at least 22 major confirmed classes of riboswitches, some of which have multiple subtypes with
distinct effector specificities and/or phylogenetic origins. In the following sections, I will describe
various mechanisms and configurations that riboswitches use to sense their cognate effectors and
regulate gene expression. Then, I will highlight specific examples of riboswitches and the roles
they play in bacterial physiology.

1.2.2  Kinetic and thermodynamic control of transcriptional and translational riboswitches

Most riboswitches are predicted to regulate downstream target genes of their mRNA transcript
either by a transcriptional termination or translational control mechanism. The regulatory
outcomes of both mechanisms appear the same - genes are either expressed or repressed like an
ON/OFF switch. However, the details of each mechanism have important implications for the
conditions under which they can operate and the types of organisms in which they can function.
In translational riboswitches, the translation initiation rate of a target gene is modulated by
controlling the accessibility of the RBS to the ribosome by way of a hairpin structure containing
the RBS sequence (Figure 1.1A). When the hairpin is formed, the RBS is sequestered, and the
ribosome is unable to bind. Thus, translation initiation is inhibited. In contrast, transcriptional
riboswitches control the rate of premature termination of the transcript by controlling the formation
of an intrinsic terminator hairpin in the expression platform (Figure 1.1B).

The mechanism of transcriptional riboswitches is often described as a kinetically driven process
whereas the translational riboswitch mechanism is described as thermodynamically driven. Time
is the main factor that distinguishes the kinetic and thermodynamic features of these mechanisms.
In general, it appears that transcriptional riboswitches are more likely to be kinetically driven
because there are only a few seconds from when the RNAP begins transcribing the expression
platform to when it reaches the transcriptional terminator sequence. Within this short window of
time, the effector must bind the aptamer and then the aptamer and expression platform structures



must fold into their effector-bound conformations. The speed, accuracy, and robustness of these
RNA folding steps determine the proportion of prematurely terminated transcripts to full-length
transcripts, and ultimately the expression level of the target genes [32, 33].

In contrast, translational riboswitches are more likely to be thermodynamically driven because
there is a much longer time period in which effector-aptamer binding and RNA folding processes
are relevant, with the translational switching mechanism likely to continue long after the RNAP
has finished synthesizing the transcript. With the longer timeframe for binding and RNA folding
to take place, the system transitions from a state of fast initial kinetics to a state tending towards
equilibrium. Thus, the equilibrium rates of effector binding and unbinding, and the energetic
favorability of the ON and OFF RNA folds are major determinants of the rate of translational
initiation. However, initial co-transcriptional folding of translational riboswitch structures still
plays a major role in producing correctly folded RNAs [34, 35].

There is one more layer of complexity for translational riboswitches that must be considered. As
a result of inhibiting translation initiation, there is likely a significant increase in rho-dependent
termination and RNase-mediated decay of the regulated RNA transcript [36]. While this has been
observed in few specific riboswitches, the extent to which this generally occurs is still unclear [37].
If gene repression by translational riboswitches is commonly followed by rho-dependent
termination and/or mRNA decay, then this would provide a robust means for translational
riboswitches to effectively control the expression of all the structural genes within an operon, not
just the very first one. Interestingly, a recent report suggests that for B. subtilis, the transcription
and translation process is not as tightly coupled as previously assumed [38]. Thus, rho-dependent
termination may not be a fundamental feature of riboswitch-based gene expression in some
bacteria, particularly the Firmicutes phylum.
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1.2.3  Less prevalent riboswitch mechanisms and features

Although the vast majority of riboswitches are predicted to control transcriptional termination or
translation, there are notable cases of riboswitches that use other regulatory mechanisms [39].
These include modulation of self-cleaving ribozyme activity in glmS riboswitches, mRNA splicing
of certain thiamin pyrophosphate (TPP) riboswitches, and indirect control of gene targets by
sRNAs by special cases of cobalamin riboswitches [40-46]. While these mechanisms and features
are less common among riboswitches, they demonstrate the versatility of riboswitches as a form
of gene regulation.

Another uncommon, but noteworthy feature of riboswitches is tandem configuration where
multiple riboswitches are linked in series to regulate a single operon. Bioinformatic predictions
suggest that tandem riboswitches are configured as doublets of the same or different classes of
riboswitch [47]. In fact, no tandem arrangements of greater than two riboswitches have been
identified in comparative genomic studies. However, one case of a naturally occurring tandem
triplet riboswitch from a specific environmental strain isolate of Bacillus thuringiensis has been
reported [48]. This triple tandem riboswitch is composed of three transcriptional riboswitches of
the same class which sense the effector molecule cyclic-di-guanosine monophosphate (c-di-GMP).
The tandem configuration of this riboswitch was shown to increase the sensitivity to c-di-GMP by
lowering the concentration of c-di-GMP required to trigger gene regulatory switching. The
modular architecture and functional consequences of tandem riboswitch arrangement will be
discussed in further detail in Chapter 3.

1.2.4  Nucleoside and nucleotide sensing riboswitches

Perhaps the simplest metabolites to envision as riboswitch effectors are nucleosides and
nucleotides. After all, a riboswitch RNA is composed of nucleotides that interact with each other
through base-pairing and stacking interactions to produce secondary and tertiary structures. It
seems that a structured RNA should be well-suited for detecting free nucleobases by direct binding.
Indeed, several classes of riboswitches detect nucleosides, nucleoside precursors, as well as
nucleotide-derived signaling molecules [49].

The purine riboswitch class detects adenine and guanine nucleosides to regulate genes of purine
biosynthesis, interconversion, and transport [50]. The purine riboswitch aptamer secondary
structure is composed of three base-paired helices (P1, P2, and P3) that form around a three-way
junction serving as the effector binding site. Conserved residues within the three-way junction
form a binding site for the purine effector, and a single conserved position in the binding site varies
as either uracil or cytosine to mediate selective effector detection by Watson-Crick base pairing to
adenine or guanine, respectively. The effector selectivity of a purine riboswitch can be accurately
predicted solely based upon the presence of cytosine or uracil at this conserved position [51, 52].

Interestingly, both repressor and activator purine riboswitches exist. In both cases, purine binding
to the aptamer stabilizes formation of the P1 stem. In activator purine riboswitches, P1 stem
stabilization promotes formation of an anti-terminator or anti-RBS hairpin structure to disrupt an
intrinsic terminator hairpin or RBS hairpin, thereby upregulating gene expression. Repressor
purine riboswitches do the opposite, with P1 stabilization disrupting the anti-terminator or anti-
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RBS structures and promoting the terminator or RBS hairpin [49, 53, 54]. Effector-dependent
stabilization of a conserved P1 stem to direct the structural formation of the expression platform
is a common mechanism found across many riboswitches, not just the purine class. Purine
riboswitches that regulate purine biosynthesis operons tend to repress gene expression in response
to purines as a feedback inhibition mechanism to maintain homeostatic purine production. In
contrast, purine riboswitches upregulate purine efflux transporters in response to
overaccumulation of purines in the cytoplasm [53, 55].

The pre-queuosiner (PreQ1) riboswitch class detects PreQl, a precursor to the nucleoside
queuosine. Queuosine is produced de mnovo as a post-transcriptional modification of 7-
deazaguanine (itself a post-transcriptional modification of guanine) in the wobble position of
certain tRNA anticodons [56, 57]. This hyper-modification of the wobble position to queuosine
has been shown to increase translational efficiency of tyrosine, aspartic acid, asparagine, and
histidine in bacteria, fungi, plants, and animals. Intriguingly, only bacteria are known to produce
queuosine de novo, while eukaryotes must salvage queuine (the nucleobase derivative of
queuosine) from their environment. This had led to speculation that queuine may be an essential
micronutrient in humans and other animals [58, 59]. Bacteria detect intracellular PreQ1 with
riboswitches in order to control the expression of queuosine biosynthetic genes and transporters
[60, 61]. Much like the purine riboswitches, PreQ1 riboswitches direct the formation of regulatory
structures of the expression platform by effector binding-dependent stabilization of a conserved
P1 stem [61]. There are three major subclasses of PreQ1 riboswitches (named PreQ1-I, PreQ1-II,
and PreQ1-III) with distinct folds, suggesting that they may have evolved independently [62-64].
There are also independently evolved isoenzymes in the biosynthetic pathway of queuosine [57,
65-67]. Yet curiously, disruption of queuosine biosynthesis has not been strongly associated with
any growth major defects in bacteria [68]. Although the genuine physiological significance of
queuosine remains unclear, the multiple paths that have evolved to control its production
underscore its importance.

Several nucleotide-derived bacterial signaling molecules such as cyclic dinucleotides, guanine
tetraphosphate (ppGpp), and 5-aminoimidazole-4-carboxamide riboside 5’-triphosphate (ZTP) are
also detected by riboswitches [69-72]. The riboswitches that sense cyclic di-guanosine
monophosphate (c-di-GMP) and cyclic di-adenosine monophosphate (c-di-AMP) are
phylogenetically distinct classes. Two riboswitch classes, c-di-GMP-I and c-di-GMP-II,
specifically recognize c-di-GMP, whereas a single c-di-AMP riboswitch class detects c-di-AMP.
Unlike the purine riboswitches, each of the cyclic dinucleotide riboswitches relies on a
combination of canonical and noncanonical base pairing and base stacking interactions between
aptamers and effectors to achieve selective binding [73-75]. Interestingly, a subclass of c-di-GMP-
I riboswitches found in the Geobacter genus have altered selectivity that permits either
promiscuous binding to both c-di-GMP and cyclic AMP-GMP, or selective binding for cyclic
AMP-GMP. The changes in selectivity are primarily achieved by nucleotide variation of a single
conserved residue in the aptamer that base pairs with the effector [76, 77].

1.2.5 Amino acid sensing riboswitches
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Three amino acids (lysine, glutamine, and glycine) have been identified as riboswitch effectors.
The initial discoveries of the lysine and glycine riboswitches were unexpected. Given that amino
acids are much smaller molecules than the previously known nucleoside and organic cofactor
effectors, it was surprising that structured RNAs could discriminate lysine and glycine from the
eighteen other standard amino acids [78]. The lysine riboswitches have typical characteristics of
riboswitches in that they regulate genes involved in the synthesis and uptake of lysine and they
operate by transcriptional termination and translational control mechanisms [60, 79-81]. The
glutamine riboswitches are similarly hypothesized to regulate biosynthesis and transport of
glutamine. However, precise regulatory mechanisms of glutamine riboswitches have not been fully
elucidated [82, 83].

Glycine riboswitches are unusual in that they commonly contain a double tandem aptamer domain
fused to a single expression platform, although some glycine riboswitches contain a more typical
architecture of a single aptamer fused to an expression platform. Initially, it was suggested that the
double aptamer configuration served a cooperative binding mechanism, perhaps to increase
glycine sensitivity [84]. Subsequent in vitro biochemical and in vivo studies showed that the
binding properties of glycine to singlet glycine aptamers is similar to doublet aptamers, so it is
unclear what functionality, if any, the tandem double aptamer configuration serves [85-88].
Interestingly, a recent phylogenetic analysis suggests that the ancestral glycine riboswitch was a
double aptamer type and that single aptamer glycine riboswitches are evolutionary descendants
[89]. Another other notable feature of glycine riboswitches is that they commonly operate as
activators of genes required for glycine degradation and efflux. Mutation of glycine riboswitches
in B. subtilis led to severe growth inhibition in high glycine conditions, suggesting that excess
glycine is toxic to cells. Thus, rather than controlling biosynthesis of glycine via feedback
inhibition, it appears that glycine riboswitches activate genes to counter toxic over-accumulation
of glycine. [85, 90].

1.2.6 Metal and fluoride sensing riboswitches

Divalent metals are essential structural cofactors and coenzymes in bacteria. However, excess
intracellular concentrations of these metals can be highly toxic to cells. Therefore, intracellular
metal concentrations are tightly regulated in bacterial cells. Riboswitches are one of several
regulatory systems that bacteria employ to sense and respond to fluctuating metal concentrations
[91]. The currently known classes of metal sensing riboswitches are magnesium (Mg>")
riboswitches, manganese (Mn?") riboswitches, and Nickel/Cobalt (NiCo) riboswitches [92]. Mg?*
riboswitches bind divalent metals promiscuously with relatively low affinity. Intracellular Mg?*
concentrations are normally in the high uM to low mM range, whereas other divalent metals are
maintained at low pM or below. Thus, Mg*" is considered to be the physiologically relevant
effector of the Mg?* riboswitches. Notably, the Mg?" riboswitch aptamer contains binding sites for
four Mg?" ions. Binding of Mg?" to riboswitches typically represses Mg?" uptake genes to prevent
overaccumulation of Mg?" from the extracellular environment [93].

Mn?" riboswitches commonly regulate Mn** uptake and efflux genes to maintain homeostatic
intracellular Mn?" concentrations. Mn?" toxicity typically results from Mn** competing with iron
binding to iron-dependent enzymes. Tolerance of Mn?" varies greatly between bacterial species
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depending on which iron-binding proteins are required for cell survival in a given environment
[94]. Like the Mg?" riboswitches, Mn*" riboswitch aptamers contain multiple Mn?" ion binding
sites. Structural probing of the Mn*" riboswitch aptamer and analysis of the crystal structure
suggests that the effector binding sites of the Mn?" aptamer allow selective binding of Mn** and
exclusion of Mg?*. However, the precise mechanism of selectivity remains unclear [95, 96]. The
NiCo riboswitch operates in a similar manner to the Mg?* and Mn** riboswitches, with the aptamer
containing multiple effector binding sites, and having metal transport proteins as regulatory
targets. The NiCo riboswitches help bacterial cells maintain intracellular concentrations of Ni**
and Co?" in the sub pM to low pM range [97].

The last riboswitch to mention in this section is the fluoride (F) riboswitch. Fluorine is not a metal,
but rather a highly reactive halogen that is potently toxic to bacteria. There are no known beneficial
roles of F~ in bacterial physiology. The F~ riboswitch senses intracellular F~ to activate expression
of efflux pumps that expel toxic fluoride compounds from the cell. Although named a F
riboswitch, the effector of these riboswitches is actually magnesium fluoride, which itself'is a toxic
compound that readily forms in the cytoplasm [98, 99].

1.2.7 Organic cofactor sensing riboswitches

Several riboswitch classes detect organic cofactors and related metabolites. These cofactors
include cobalamin (Cbl), flavin mononucleotide (FMN), S-adenosylmethionine (SAM), S-
adenosylhomocysteine (SAH), molybdenum cofactor (MoCo), tetrahydrofolate (THF), and
thiamin pyrophosphate (TPP) [60, 100]. As seen in the riboswitches already discussed, organic
cofactor riboswitches regulate genes involved in the biosynthesis and uptake of their cognate
effector molecules in order to maintain homeostasis [101]. These riboswitches also operate by the
typical transcriptional termination and translational control mechanisms [102]. Here, 1 will
highlight just a few of the organic cofactor riboswitches that have notable structural and functional
features that are distinct from the riboswitches previously discussed. The cobalamin riboswitch
(Cbl-riboswitch) will be discussed in detail in Section 3.

SAM is an essential enzyme co-substrate required for numerous challenging methyl transfer and
methylation reactions in all organisms. SAM donates methyl groups or forms radicals to catalyze
biochemical reactions including the modification of DNA, RNA, proteins, and lipids, as well as
the synthesis of many secondary metabolites. In many cases, methyltransferase reactions
demethylate SAM to produce SAH, which cannot serve as a methyl donor. Thus, SAH must be
catabolized to homocysteine and adenosine and fed back into SAM biosynthesis to regenerate a
methyl donor [103]. Bacteria use SAM-specific, SAH-specific, and promiscuous SAM/SAH
riboswitches to sense the intracellular concentrations of SAM and its demethylated byproduct SAH
[104-107]. In concordance with the fundamental role of SAM in cell physiology, there are four
known classes of SAM-specific riboswitches that are thought to have evolved independently in
bacteria. X-ray crystal structures of the aptamer domains of SAM- and SAH-specific riboswitches
have revealed mechanisms of effector specificity. SAM-specific binding is achieved by
interactions between residues in the effector binding site and the sulfonium cation of SAM [107].
In contrast, the SAH riboswitch achieves specificity by steric effects, in which the effector binding
site allows binding of the less bulky and uncharged aminocarboxypropyl side chain of SAH but
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excludes the bulkier and charged SAM side chain [104, 105]. Effector promiscuity of the
SAM/SAH riboswitch results from an overall lack of interaction between the RNA and the
aminocarboxypropyl side chain [105].

Flavin coenzymes are a group of chemically related metabolites including FMN, flavin adenine
dinucleotide (FAD), and riboflavin. The core chemical feature of flavins is the isoalloxazine
tricyclic ring structure. Numerous essential biochemical reactions are catalyzed by FMN, FAD,
and several naturally occurring modified forms of FMN and FAD [108]. Although many flavins
exist, FMN appears to be the only flavin coenzyme that is directly detected by riboswitches to
maintain homeostatic flavin concentrations in bacterial cells [109, 110]. The secondary metabolite
roseoflavin is an interesting example of an antibiotic that targets riboswitches as a primary mode
of action [111, 112]. Roseoflavin was discovered as a natural product of Streptomyces davawensis
that inhibits growth of other bacterial species. B. subtilis takes up roseoflavin and chemically
modifies it to roseoflavin mononucleotide (RoFMN) and roseoflavin adenine dinucleotide
(RoFAD). RoFMN and RoFAD bind FMN- and FAD-dependent enzymes, respectively, but are
inactive cofactors [113, 114]. Surprisingly, it was observed that S. davawensis does not resist its
own roseoflavin by preventing production of inactive cofactor forms . Instead, it was found that
the S. davawensis FMN riboswitch that regulates flavin biosynthesis is insensitive to ROFMN,
whereas the B. subtilis FMN riboswitches are sensitive to RoFMN [115]. Indeed, B. subtilis
mutants selected for growth in the presence of roseoflavin had mutations in the FMN riboswitch,
and overproduced active flavins to overcome roseoflavin toxicity. The discovery of the mode of
action of roseoflavin has significant implications in drug development, as it demonstrated that
riboswitches can be effectively targeted by antibiotics [116, 117].

The TPP riboswitch is the most prevalent class of riboswitch among bacteria. It is also the only
riboswitch commonly found in eukaryotes including fungi and plants, though it is not present in
animals [118]. TPP-dependent enzymes are required for several essential biochemical reactions of
carbohydrate and amino acid metabolism. The TPP riboswitches of bacteria operate by
transcriptional termination and translation control, but in eukaryotes TPP riboswitches modulate
alternative splicing to regulate target gene expression [119]. In the fungus Neurospora crassa, TPP
riboswitch activity results in alternatively spliced transcripts containing distinct translational start
sites and different open reading frames [41]. In Arabidopsis thaliana, the alternative spliceforms
produced by this mechanism differ in stability, thus modulating gene expression by controlling the
quantities of transcript [42].

1.3 Cbl-riboswitch regulation of corrinoid-related metabolism
1.3.1 Structures and functions of Cbl-riboswitches and their effectors

Cbl-riboswitches are the second most abundant class of riboswitches among bacteria [64]. They
commonly regulate genes involved in or related to the biosynthesis, transport, and usage of Cbl,
an enzyme cofactor. Cbl-riboswitches are found in 5’UTRs of operons that they regulate. They
have the typical riboswitch architecture of an aptamer domain fused to an expression platform and
operate by both transcriptional termination and translational control mechanisms [101, 102, 120].
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In these ways, Cbl-riboswitches are quite similar to other riboswitch classes. However, there are
two exceptional features of Cbl-riboswitches that will drive most of the questions of my research.

The first exceptional feature of Cbl-riboswitches is the mechanism for transducing the effector-
binding state of the aptamer to the downstream regulatory structures of the expression platform.
In most other riboswitch classes, the formation of the P1 stem is dependent upon aptamer-effector
binding, which allows the P1 stem to directly influence the switching of downstream expression
platform structures (Figure 1.1). The transduction mechanism in Cbl-riboswitches is less direct.
Aptamer-Cbl binding stabilizes a long-range kissing loop interaction between the conserved loops
L5 of the aptamer and L13 of the expression platform (Figure 1.3) [121, 122]. The kissing loop
stabilizes formation of stem P13, which directs the downstream formation of an intrinsic
terminator hairpin or RBS sequester hairpin. All reported Cbl-riboswitches appear to use this
kissing loop mechanism to operate as repressors of their target genes . The kissing loop structure
and mechanism becomes a highly important part of my work described Chapter 2.

The other exceptional feature of the Cbl-riboswitch is that there exist several naturally occurring
chemical variants of the cognate effector Cbl (Figure 1.4A). It is unclear whether these Cbl variants
called corrinoids are also effectors of Cbl-riboswitches. The corrinoid biosynthetic pathway is
complex consisting of roughly 30 enzymatic steps including separate parallel aerobic and anerobic
parts of the pathway [123-125]. In addition, the corrinoid biosynthetic pathway produces multiple
end products, which are enzyme cofactors called ‘complete corrinoids’ (and also referred to as
‘cobamides’) [126, 127]. Cbl is just one type of complete corrinoid. Complete corrinoids
chemically vary in two parts of the chemical structure: the upper and lower axial ligands of the
central cobalt ion (Figure 1.4B). There are three naturally occurring upper ligands (methyl,
hydroxy, and 5’-deoxyadenosyl) and at least 12 naturally occurring lower ligands (Figure 1.4C)
[128-138].

Interestingly, bacteria are known to produce, import and use specific cobamides for their metabolic
needs [139-154]. Yet, many corrinoid-dependent species are unable to produce corrinoids de novo
(auxotrophy), suggesting that they rely on corrinoids produced by other bacteria in the
environment [155, 156]. The Taga Lab and others hypothesize that corrinoid auxotrophy and
specificity are major drivers of interspecies interactions within microbial communities [127, 157-
162]. Therefore, it has been useful to study corrinoid specificity of proteins such as enzymes and
transporters in this context, but little is known about the corrinoid specificity of gene regulation by
Cbl-riboswitches [163]. This is the central problem addressed in my research in Chapters 2 and 3.
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1.3.2  Physiological processes regulated by Cbl-riboswitches

Corrinoid-dependent enzymes are involved in numerous bacterial metabolisms. These include
common processes such as methionine synthesis (via corrinoid-dependent methionine synthase),
synthesis of deoxyribonucleotides (via corrinoid-dependent ribonucleotide reductase), certain
post-transcriptional modifications of tRNAs (via corrinoid-dependent epoxyqueuosine reductase),
and the catabolism of certain branched chain amino acids, short chain fatty acids, and
polyhydroxyalkanoates (via methylmalonyl-CoA mutase) [57, 65, 164-167]. Corrinoids are also
involved in less prevalent processes such as synthesis of certain antibiotics, fermentation of various
carbon and nitrogen sources (glutamate, lysine, ornithine, ethanolamine, and propanediol),
mercury methylation, and respiration of organohalides [168-183]. The versatility of corrinoid-
dependent reactions stems in part from the chemical diversity of the corrinoid upper ligand (Figure
1.4C). The methyl upper ligand of methylcobalamin mediates methyl transfer reactions, whereas
the 5’-deoxyadenosyl upper ligand of adenosylcobalamin catalyzes radical-mediated carbon-
carbon bond rearrangements [ 184]. The breadth and diversity of metabolisms involving corrinoids
likely reflects the catalytic utility of cobalt.

Cbl-riboswitches commonly regulate expression of corrinoid biosynthetic genes, corrinoid uptake
genes, and genes encoding corrinoid-independent enzymes. The regulation of corrinoid
biosynthesis and uptake by Cbl-riboswitches is considered a form of feedback control, as seen in
other riboswitch classes [102]. The biosynthesis and uptake of corrinoids leads to accumulation of
intracellular corrinoids, which in turn triggers the Cbl-riboswitch to repress expression of the
biosynthetic and uptake genes. In the Cbl producer species Bacillus megaterium and
Propionibacterium strain UF 1, mutations in Cbl-riboswitches regulating Cbl biosynthesis operons
result in overproduction of Cbl [185-187]. Thus, this regulatory strategy presumably minimizes
the costs associated corrinoid biosynthesis and uptake, and perhaps maintains homeostatic levels
of intracellular corrinoids.

In contrast to corrinoid biosynthesis and uptake, the regulation of corrinoid-independent enzymes
by Cbl-riboswitches is not explained by simple feedback control. The rationale of this regulation
requires an explanation of a special characteristic of certain corrinoid-dependent enzymes.
Namely, bacteria often possess both corrinoid-dependent and corrinoid-independent isoenzymes
and can use either enzyme to carry out the same biochemical reaction. There is some evidence
suggesting that corrinoid-dependent catalysis is more robust or efficient than the corrinoid-
independent alternative, so it is beneficial to use the corrinoid-dependent isoenzyme when possible
[188, 189]. Thus, it appears that the Cbl-riboswitch regulation of the corrinoid-independent
isoenzyme allows the cell to choose which isoenzyme is expressed and used depending on the
intracellular concentration of corrinoids. There exist corrinoid-dependent and -independent
isoenzymes of methionine synthase, ribonucleotide reductase, and epoxyqueuosine reductase.
Corrinoid-independent methionine synthases and ribonucleotide reductases are common
regulatory targets of Cbl-riboswitches, although one potential example of a Cbl-riboswitch
regulating a corrinoid-independent epoxyqueuosine reductase has been observed in
Stenotrophomonas maltophilia [47]. The impact of corrinoid chemical diversity on this regulatory
scheme is unknown and I explore it in my work in Chapter 2.
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1.3.3  The utility of Cbl-riboswitches for unveiling new biology

Studying corrinoid specificity of Cbl-riboswitches should lead to better understanding of how
bacteria sense and respond to chemically diverse corrinoids. However, another interesting benefit
of understanding the intricacies of corrinoid-dependent metabolism and gene regulation is that this
knowledge can help elucidate new facets of corrinoid biology [190]. The Taga Lab used this kind
of approach to discover new parts of the corrinoid biosynthetic pathway. In Hazra et al. 2015,
members of the Taga Lab identified the genes required for the anaerobic biosynthesis of 5,6-
dimethylbenzimidazole (DMB), the lower ligand base of Cbl (Figure 1.4A) [141]. Previously, it
was known that the enzyme BluB converts FMN to DMB through a single but complex enzymatic
reaction [191-193]. Critically, BluB catalysis requires oxygen, yet some strictly anaerobic bacterial
species are also capable of producing DMB de novo. Several isotopic labeling analyses had shown
that anaerobic biosynthesis of DMB in Eubacterium limosum most likely branches from the purine
biosynthetic pathway [194-201]. Thus, Hazra et al. 2015 set out to find the hypothesized genes of
anaerobic DMB synthesis in E. limosum. Their key strategy was to examine Cbl-riboswitch
regulated operons containing genes of unknown function in the genome of E. limosum reasoning
that this pathway would likely be regulated. The authors pinpointed strong candidate genes and
subsequently tested and confirmed several enzymatic steps of the pathway in E. /imosum and other
bacterial species. Identifying these genes may have proved much more challenging without the
Cbl-riboswitch analysis to provide the initial clues.

The intrinsic connections between gene regulators and their targets are further utilized in my own
research approaches. In Chapter 2, I explore how the corrinoid selectivity of Cbl-riboswitches
relates to the corrinoid selectivity of their regulatory targets. In Chapter 3, I use the relationship
between riboswitch and target gene function to discover Cbl-riboswitches with novel
functionalities.

14 Chapter 1 conclusion

The study of molecular biology and gene regulation in bacteria has fundamentally shaped our
understanding of how cells function. Naturally as we gain new insights, new questions arise,
especially as the field of microbiology seeks to understand the behaviors of microbes in natural
environments and in the context of complex microbial communities. In the chapters that follow, |
continue the rich line of inquiry - ‘How do cells express the right genes at the right time and place?’
- by investigating the connections between Cbl-riboswitches, corrinoids, and the metabolisms that
they control.
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Chapter 2 — Patterns and mechanisms of cobalamin riboswitch responses to chemically
diverse corrinoid cofactors

2.1 Abstract

Microbes rely on cobalamin and other corrinoids for many key metabolic functions. Yet, access to
corrinoids in microbial environments is often limited by costly biosynthesis performed by a small
number of de novo corrinoid producer species. Thus, corrinoid-related genes are often highly
regulated by cobalamin riboswitches, non-coding RNAs that were originally found to bind and
respond to cobalamin. While over a dozen corrinoids are naturally produced by microbes, it is
unknown how cobalamin riboswitches generally respond to corrinoids other than cobalamin. To
address this problem, we developed a live cell reporter system in Bacillus subtilis to systematically
measure gene regulatory activity of cobalamin riboswitches. Characterization of 38 reporter strains
revealed cobalamin riboswitches that range from semi-selective to promiscuous in their response
to corrinoids. Through a series of analyses involving chimeric riboswitches, spectroscopy of
corrinoid tail analogs, and riboswitch structural models, we propose a mechanism in which
cobalamin riboswitches are sensitive to the conformational differences between corrinoid tail
variants, rather than differences in the chemical structures of corrinoid tail. Lastly, we test and find
support for a gene regulatory strategy in which corrinoid selectivity of the cobalamin riboswitch
complements the corrinoid-specific requirements of the cell. Overall, these findings provide new
conceptual and mechanistic insights into how corrinoid chemical diversity impacts bacterial gene
regulation, further underscoring the crucial role of corrinoid physiology in microbial systems.

2.2 Introduction

Controlling gene expression is an essential task that cells accomplish in a variety of ways. Non-
coding RNAs are one such means of gene regulation, acting in parallel or in concert with
historically better-studied protein-based mechanisms [202]. In bacteria and archaea, riboswitches
are a widespread type of gene regulatory RNA with the distinct ability to sense particular
intracellular metabolites by direct binding in order to control gene expression [203]. These RNAs
are typically located in the 5'-untranslated region of mRNA, functioning as cis-acting regulators
of downstream genes in the operon. Riboswitches contain two functional domains: an aptamer and
an expression platform. The aptamer domain adopts a three-dimensional structure that can bind its
cognate effector molecule. The expression platform domain is a regulatory switch that interprets
the ligand-binding state of the upstream aptamer to promote or disrupt the transcription or
translation of downstream genes [204]. The diversity of riboswitch effectors and regulatory
mechanisms has revealed fundamental insights into how bacteria sense and respond to dynamic
environments and has also driven new approaches for precise control and manipulation of
microbes for human purposes [116, 205-207].
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The first riboswitch discovered was the Escherichia coli btuB cobalamin (Cbl) riboswitch, which
directly binds Cbl (a cofactor form of vitamin Bi2) as its cognate effector (Figure 2.1A) [101]. Cbl-
riboswitches typically regulate genes involved in the synthesis, transport, and usage of Cbl, an
enzyme cofactor required to catalyze challenging chemical transformations such as methyl transfer
reactions and radical-mediated carbon-carbon bond rearrangements [184, 208]. Cbl-dependent
catalysis is present in common metabolic pathways including methionine synthesis,
deoxyribonucleotide synthesis, tRNA modification, and the degradation of certain amino acids,
fatty acids, and biopolymers [171, 173, 174, 176, 177, 183, 209-216]. Cbl is also required for rarer
metabolic processes involved in antibiotic synthesis, mercury methylation, catabolism of steroids,
and many others [168, 179-181, 217-226]. Comparative genomic studies indicate that Cbl-
dependent metabolism is common among microbes, with Cbl-riboswitches being a prevalent mode
of gene regulation [64, 156, 227]. However, an underappreciated aspect among Cbl-riboswitch
studies is that Cbl is just one of several naturally occurring chemical analogs called corrinoids
[127], which potentially act as Cbl-riboswitch effectors.

A B

Cobalamin Corrinoid names Variable
H2NOC\\ R (abbreviation) lower ligand
cobalamin, /N
vitamin B,, <NI>1
(Chl) V4
NNy
pseudocobalamin & EJN
(pCbl) ,
NH,
- cresolylcobamide <:>
Y0 lower 0
NE?"//\:/(O ligand (CreCba) /
-07|| O :
0 —OH J cobinamide | ivand
corrinoid tail (Cbi) no lower ligan

Figure 2.1 — Main corrinoid tail variants examined in this study. (A) Chemical structure of
cobalamin, also called vitamin Bi,. The thick-lined box delineates the corrinoid tail region, which
contains the variable lower ligand group in the thin-lined box. The R-group indicates the corrinoid
upper ligand which can be 5’-deoxyadenosyl, methyl, hydroxyl or cyanyl moieties. (B) Names and
lower ligand structures of the corrinoids used throughout this study. Cobalamin (Cbl),
pseudocobalamin (pCbl) and cresolylcobamide (CreCba) are ‘complete corrinoids’ (cobamides).
Cobinamide (Cbi) is an ‘incomplete corrinoid’ that lacks the phosphoribosyl and lower ligand
groups as indicated by the wavy line in the corrinoid tail in panel A.

Corrinoid structural diversity is often overlooked in Cbl-riboswitch studies, likely due to the
intricacies of the microbial corrinoid biosynthesis pathway, lability of many corrinoid
intermediates, and limited commercial availability of most corrinoids [123]. Bacterial corrinoid
biosynthetic pathways produce a variety of end products known as cobamides (or ‘complete
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corrinoids’), which are fully functional enzyme cofactors (Figure 2.1B) [126]. Early steps of
corrinoid biosynthesis produce a corrin ring containing a central cobalt ion and several methyl and
propionamide substitutions. In later steps, an ‘upper’ (B) axial ligand is attached to the cobalt ion
by a coordination bond, and a ‘tail’ structure is extended from the corrin ring. The structures of
complete corrinoids vary at the upper axial ligand and at the terminal end of the tail structure,
which often functions as the ‘lower’ or a axial ligand to the cobalt ion) (Figure 2.1). The upper
axial ligand varies among three naturally occurring moieties: 5'-deoxyadenosyl, methyl, or
hydroxyl, with each of these groups mediating distinct catalytic mechanisms, while the vitamin
form contains a cyanyl group at this position [123]. Corrinoid tails vary among at least ten
confirmed naturally occurring benzimidazolyl and purinyl base moieties which can form a
coordinate bond with the lower axial face of the cobalt ion. Additionally, some bacteria produce
corrinoids with a phenolic tail moiety incapable of forming a coordinate bond with the cobalt ion.
The combination of reported upper axial ligands and tail structures suggests there exist at least 36
distinct complete corrinoid cofactors naturally produced by microbes, in addition to dozens of
corrinoid pathway intermediates [125, 131, 136, 141, 228-230].

It is well established that organisms favor particular corrinoid tail variants through specific
corrinoid import, biosynthesis, remodeling, and enzyme-corrinoid compatibility [143, 147, 149,
160, 231-233]. Yet the extent of corrinoid tail-specific gene regulation remains unclear, because
nearly all studies of Cbl-riboswitches have focused solely on Cbl as an effector. It is therefore
unclear to what extent Cbl-riboswitches are capable of distinguishing among corrinoids with
different tail structures. In most cases, high effector selectivity is a key functional feature of a
riboswitch. For example, S-adenosylmethionine (SAM) riboswitches strongly discriminate SAM
from the chemical analog S-adenosylhomocysteine (SAH) by specifically detecting the charge
state of the sulfur moiety, which differs between SAM and SAH [106]. Finding strongly selective
Cbl-riboswitches that respond only to a single naturally occurring analog would be consistent with
most models of riboswitch-based gene regulation. On the other hand, corrinoid cross-feeding is
widespread amongst microbes [127, 155, 232-235] and enzymes are often compatible with
multiple corrinoid tail analogs [139, 140, 146, 148, 231], so perhaps promiscuous sensitivity to
corrinoids is a more advantageous gene regulatory strategy. Alternatively, a semi-selective
corrinoid response in which a Cbl-riboswitch responds to some but not all corrinoids may balance
the benefits of these two extremes. In any case, investigating how Cbl-riboswitches respond to
other corrinoid tail variants will yield new insight into how microbes monitor and use these
chemically diverse cofactors [127].

A few key studies have examined functional diversity among Cbl-riboswitches. Cbl-riboswitches
can distinguish between the variable upper axial ligands of Cbl. The molecular basis of upper axial
ligand selectivity, particularly the discrimination between the bulky 5°-deoxyadenosyl and smaller
hydroxyl and methyl groups has been well characterized, although tail variants were not examined
in these studies [101, 236, 237]. In the only study to our knowledge of corrinoid tail specificity of
Cbl-riboswitches, in vitro binding measurements showed that the aptamer of the Escherichia coli
btuB Cbl-riboswitch binds the complete corrinoids Cbl and 2-methyladeninylcobamide ([2-
MeAde]Cba) with a 3.2-fold difference in affinity (Ko = 89 and 290 nM, respectively).
Furthermore, cobinamide (Cbi), an incomplete corrinoid with a truncated tail, binds the aptamer
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with roughly 8000-fold lower affinity than Cbl (Kb = 753 pM), suggesting that this aptamer binds
corrinoids in a selective manner [163]. In a different study, it was shown that Cbl-riboswitches in
Desulfitobacterium hafniense Y51 have distinct binding affinities for Cbl with Kp measurements
ranging from 27 nM to 90 uM [150]. A bioinformatic analysis and comparison across several
classes of riboswitches indicates that while Cbl-riboswitches retain conserved secondary
structures, most of the stem-loop structures that comprise the Cbl-riboswitch aptamer are highly
variable in sequence and length [64]. Collectively, these studies lead us to speculate that the
sequence diversity among Cbl-riboswitches may harbor a range of distinct corrinoid tail-specific
activities.

In this work, we examined how a panel of 38 Cbl-riboswitches derived from 12 bacterial species
responds to the distinct tail structures of four corrinoids: Cbl, pseudocbobalamin (pCbl),
cresolylcobamide (CreCba), and Cbi, representative of the benzimidazolyl, purinyl, phenolyl and
incomplete corrinoids, respectively. To compare activities between several dozen Cbl-
riboswitches, we devised a live cell fluorescence-based reporter system in Bacillus subtilis. In
contrast to conventional in vitro biochemical approaches, this riboswitch reporter system captures
the complete corrinoid-responsive gene regulatory process and provides rapid functional
measurements with multiple effectors in parallel. Our results obtained from experiments in the
reporter system in conjunction with comparative structural analyses of Cbl-riboswitches and
corrinoid ligands allowed us to develop a mechanistic model for how corrinoid tail-specific gene
regulation is achieved. Additionally, we examine a gene regulatory strategy for the corrinoid
specificity of a Cbl-riboswitch and discuss the conceptual and practical implications of these
findings.

23 Results
2.3.1 Development of a Cbl-riboswitch reporter system

We developed a GFP-based in vivo reporter system to measure and compare the responses of
multiple riboswitches to a panel of corrinoids. We first engineered a B. subtilis strain for optimal
corrinoid uptake and measurements of Cbl-riboswitch activity. The B. subtilis genome lacks the
cobalamin biosynthesis pathway genes, but contains a putative operon, bruFFCDR, which encodes
homologs of the corrinoid uptake system BtuFCD [238, 239] and the adenosyltransferase BtuR,
which installs the adenosyl upper ligand [240, 241]. The only Cbl-riboswitch in B. subtilis is
located immediately upstream of bruF [102] (Figure 2.2A). We replaced the btuF promoter and
riboswitch with the constitutive synthetic promoter Pveg to ensure that the GFP reporter system is
not limited by quantity or specificity of corrinoid import. As expected, constitutive expression of
btuFCDR increases import of Cbl, pCbl, CreCba and Cbi compared to wild type expression,
especially at the highest levels of corrinoid added to the media (2,500 pmol at a concentration of
100 nM) (Figure 2.3A-D). In fact, of 2,500 pmol of corrinoid provided in cell cultures, we
recovered 45-65 pmol from the wild type strain and 900-1,900 pmol from the Pveg-btuFCDR strain,
which is roughly a 20- to 30-fold increase in corrinoid uptake. Thus, the Pveg-btuFCDR strain
provides a means of testing riboswitch function by addition of different corrinoids over a range of
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concentrations up to 100 nM. We also deleted the gene queG, which encodes epoxyqueuosine
reductase, the only annotated corrinoid-dependent enzyme in B. subtilis, to eliminate any
interference from corrinoid-binding proteins [57, 65, 155, 166]. In this strain background,
fluorescent reporters that contain a Cbl-riboswitch upstream of the gfp sequence were integrated
into the B. subtilis chromosome.

We first validated the functionality of the reporter system by testing the Cbl dose-response of the
native Cbl-riboswitch of B. subtilis, located upstream of btuF, in the strain described above (Figure
2.2A). Addition of CNCblI (the vitamin form of Cbl) at increasing concentrations produced a
saturable response of 4.5-fold repression of GFP expression, indicating that, like other
characterized Cbl-riboswitches [101, 122, 150, 242, 243], this riboswitch negatively regulates gene
expression in response to Cbl (Figure 2.3E). Mutation of two highly conserved residues in the Cbl
binding site of the aptamer domain eliminated Cbl-dependent repression of GFP expression,
indicating that the response is dependent on a functional aptamer domain (Figures 2.2A, 2.3F).
Compared to the strain that overexpresses btuFFCDR, the Cbl-riboswitch GFP reporter in a wild
type strain background displays an attenuated response to Cbl at concentrations above 1 nM,
saturating to 2.5-fold repression. (Figure 2.3G). This is consistent with limited corrinoid uptake in
wild type B. subtilis as shown in Figure 2.3A-D. Notably, deletion of btuR rendered this riboswitch
reporter insensitive to exogenously supplied CNCbl, MeCbl, and OHCbl, while retaining dose-
dependent repression in response to AdoCbl (Figure 2.4). This strongly suggests that the B. subtilis
btuFCDR Cbl-riboswitch only responds to Cbl containing the 5'-deoxyadenosine upper ligand, in
contrast with a report suggesting that this riboswitch aptamer can also bind MeCbl and OHCbl
[244]. Based on the results thus far, we chose the Pveg-btuFFCDR AqueG strain background for all
subsequent experiments with riboswitch-GFP reporters examining corrinoid tail specificity of Cbl-
riboswitches.
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Figure 2.2 — Cbl-riboswitch secondary structures. (A) Secondary structural model of the Cbl-
riboswitch upstream of B. subtilis btuFCDR. Aptamer domain contains residues 1-120 and
expression platform contains residues 121-211. Base paired stems, loops, and junctions P1, P2, L2,
P3, P4, L4, P5, L5, J1/13, P13, and L13 are labeled. The P6 accessory region is highly variable in
sequence length and number of stems across Cbl-riboswitch sequences, often containing up to six
paired regions. In this example, P6 accessory consists of only two paired regions. A kissing loop
interaction (KL, dashed line) occurs between L5 of the aptamer and L13 of the expression platform.
Residues C107 and C108, which are mutated in Figure 2.3F, are outlined in black. (B) Secondary
structural alignments of seven representative Cbl-riboswitches examined in this study. Row “2° str”
indicates paired bases as parentheses, loops and junctions as periods, and kissing loop base pairs by
brackets. PDB numbers or abbreviations are given for riboswitches from the following organisms
and genes: 4GMA, Thermoanaerobacter tengcongensis; 4GXY, Symbiobacterium thermophilum
cbIST; B.sub, B. subtilis btuFCDR; B.meg, Bacillus megaterium metE; D.haf, Desulfitobacterium
hafniense DSY0087; S.ova, Sporomusa ovata btuB2; V.par, Veillonella parvula mutAB. Non-
conserved sequences flanking the transcription terminator are by nucleotide sequence length (nt), but
the actual sequences were omitted for clarity in panels A and B.
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Figure 2.3 — Characterization of a live cell Cbl-riboswitch reporter system. (A-D) Intracellular
accumulation of corrinoids in Bacillus subtilis strains expressing wild type or constitutively
overexpressed levels of corrinoid uptake genes. Diamonds indicate the wild type btuFCDR strain, and
circles indicate the constitutively overexpressed btuFCDR strain. (E-G) Dose responses of B. subtilis
btuF riboswitch reporters. ‘Mutant’ riboswitch indicates the C107T,C108T mutant version of the B.
subtilis btuF riboswitch was assayed. Data points in panels A-D represent single measurements from
one representative experiment. Data points and error bars in panels E-G represent mean and standard
deviation of four independent replicates, and horizontal dotted lines demarcate no change in
expression.

27



4= 4+ A-E=
I
GFP fold !
repression 2+ 2+ ,f
(F,/F) I'
:I
1= 1= PIFSTE S R o
I 1 1 1 1 1 1 1 1 ]

103102 10" 109 10" 102

103102101 10° 10" 102

AdoCbl (nM) MeCbl (nM)
C
4 B 4 AT
,I'I f
GFP fold ‘ ’;'
repression 2+ £ 2+ F
(F,/F) / J
1= »H#i::-i-:-:--{ 1= o e Bt T T

| ] | 1 I
103102 101 10° 10" 102
OHCbI (M)

1 I 1 1 ]
103102101 100 10" 102
CNCbl (nM)

--- adenosyltransferase expressed
= adenosyltransferase deleted (AbtuR)

Figure 2.4 — The B. subtilis btu FCDR Cbl-riboswitch is sensitive to 5’-
deoxyadenosyl, but not methyl, hydroxyl, or cyanyl upper ligand
moieties of Cbl. Dose responses of B. subtilis btuFFCDR Cbl-riboswitch
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cyanocobalamin (CNCbl). Data points and error bars represent mean and
standard deviation of four independent replicates. Horizontal dotted lines
demarcate no change in expression. Note that the two dose-response
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2.3.2  Comparison of corrinoid specificity among Cbl-riboswitches

We constructed and tested 86 reporter strains to examine riboswitches from 20 bacterial species
including 10 known to produce or require different corrinoids. When integrated into the B. subtilis
chromosome, 38 of the 86 riboswitches showed 0.5-fold or greater repression of GFP expression
in response to one or more corrinoids. We observed extensive variations in sequence length and
nucleotide composition throughout the aptamer and expression platforms among the 38
riboswitches functional in B. subtilis (Figure 2.2B). Among these functional riboswitches are nine
from Bacillus megaterium, which produces Cbl [125], and 12 from Sporomusa ovata and
Veillonella parvula which both produce CreCba [134, 144, 229, 230]. These results show that the
reporter system can be used to measure riboswitches of diverse sequence composition from
organisms other than B. subtilis. We next measured the responses of the 38 functional Cbl-
riboswitches to four corrinoids, Cbl, pCbl, CreCba and Cbi, to determine 1) whether Cbl-
riboswitches are capable of responding to corrinoids other than Cbl, 2) whether they can
distinguish between different corrinoids, and 3) whether corrinoid selectivity varies among Cbl-
riboswitches. Our results demonstrate that all three are true; all of the riboswitches responded to
more than one corrinoid, and a subset responded to all four (Figures 2.5-2.7). Strikingly, all of the
tested riboswitches are either semi-selective or promiscuous (Figure 2.8A, B). We did not find any
riboswitches that respond to only one corrinoid. The semi-selective and promiscuous riboswitches
all respond to Cbl and pCbl (Figure 2.8C), and the promiscuous ones additionally respond to Cbi
and CreCba (Figure 2.8D and E, points above the horizontal dashed line). Furthermore, the semi-
selective riboswitches are generally more sensitive to Cbl than to pCbl, while the promiscuous
riboswitches respond similarly to these two corrinoids. Almost all of the riboswitches respond
weakly to CreCba compared to the other three corrinoids. In general, corrinoid selectivity appears
to be associated with taxonomic origin (Figure 2.8C-E). The riboswitches from the Bacilli class
are exclusively semi-selective, whereas ones from Negativicutes are predominantly promiscuous
(Figures 2.5 and 2.6). The S. ovata cobT riboswitch is a notable exception that will be discussed
later on. In contrast to taxonomy, a riboswitch’s corrinoid selectivity is not strongly associated
with the function of its regulatory target genes (Figure 2.9).
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megaterium and Bacillus halodurans are members of Bacilli.
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Figure 2.8 — Trends in corrinoid specificity among 38 Cbl-riboswitches. (A,B) Corrinoid dose-
responses of two riboswitch reporter strains with distinct corrinoid specificities. The B. megaterium metE
riboswitch is a semi-selective riboswitch example (A), whereas the V. parvula mutAB is an example of a
promiscuous riboswitch (B). (C-E) Pairwise comparisons of GFP fold repression induced by 100 nM doses
of Cbl versus (C) pCbl, (D) Cbi, and (E) CreCba. Data points are colored by taxonomic class with the
number of riboswitches analyzed from each class indicated in parentheses. Vertical and horizontal gray
dashed lines demarcate a response to only one of the two corrinoids. Diagonal line indicates equal
repression between two corrinoids. The distance of a datapoint from the diagonal line indicates the bias in
response towards one of the two corrinoids. Data points and error bars in panels A and B represent mean
and standard deviation of ten experiments for B. megaterium metE and six experiments for V. parvula
mutAB. Data points and error bars in panels C-E represent mean and range of at least two independent
experiments for each riboswitch.
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The observation that Cbl-riboswitches differ in their corrinoid selectivity led us to investigate the
RNA sequence features underpinning this characteristic. We examined the influence of specific
domain and subdomain sequences on corrinoid selectivity by constructing chimeric riboswitches
containing parts of the semi-selective B. megaterium metE riboswitch and the promiscuous V.
parvula mutAB riboswitch (Figure 2.10A). This allowed us to directly measure the effects of
specific domain and subdomain sequences on corrinoid selectivity. A chimera containing the
aptamer domain of the B. megaterium metE riboswitch fused to the expression platform of the V.
parvula mutAB riboswitch retained the selectivity of the B. megaterium metE riboswitch, while
the reciprocal chimera retained the selectivity of the V. parvula mutAB riboswitch (Figure 2.10A).
This result indicates that the aptamer domain contributes strongly to the corrinoid selectivity. To
pinpoint the specific regions of the aptamer domain that confer selectivity, we swapped the stem
P1, stem-loop P2-L2, stem-loop P4-L4, and P6 accessory region between the two riboswitches to
generate a set of aptamer subdomain chimeras. In the context of the B. megaterium metE
riboswitch scaffold, replacing the stem-loop P2-L2 or the P6 accessory region with the
corresponding structure in the V. parvula mutAB riboswitch resulted in a riboswitch that is less
selective by gaining sensitivity to Cbi and CreCba. This suggests that these two subdomains
contribute to corrinoid promiscuity (Figure 2.10B). In contrast, within the V. parvula mutAB
riboswitch scaffold, swapping stem P1 increased corrinoid selectivity by retaining sensitivity to
Cbl and pCbl, but losing sensitivity to CreCba and Cbi (Figure 2.10C). The remaining chimeric
riboswitches partially or completely lost repressive activity (Figure 2.10B and C). These results
demonstrate that subdomains distributed throughout the Cbl-riboswitch aptamer domain impact
the corrinoid selectivity characteristic; no single conserved substructure completely controls
corrinoid selectivity, nor did any single structure fully convert a riboswitch’s corrinoid selectivity.
Thus, the source of corrinoid selectivity within the riboswitch RNA sequence appears to be a
complex phenotype requiring inputs from multiple regions of the RNA scaffold.
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Figure 2.10 — Chimeric riboswitches show that multiple components contribute to corrinoid
specificity. Repression of GFP expression with 100 nM corrinoid is shown for (A) B. megaterium metE
and V. parvula mutAB riboswitches and chimeric fusions of their aptamer and expression platform domains.
Aptamer subdomains swaps within the (B) B. megaterium metE riboswitch scaffold and (C) V. parvula
mutAB riboswitch scaffold. Columns and error bars represent mean and standard deviation of 3 replicates.
Cartoon riboswitches depict B. megaterium riboswitch sequence in cyan and V. parvula riboswitch
sequence in orange. Sequences in black are identical between riboswitches.

2.3.3  Corrinoid tail structure impacts selectivity of Cbl-riboswitches

We next sought to identify how structural differences in the corrinoid tail affect the response of
semi-selective Cbl-riboswitches to corrinoids. Curiously, there are no predicted hydrogen bond
interactions between the lower ligand and the RNA in the X-ray crystal structures of Cbl-bound
riboswitches, making it difficult to surmise how a Cbl-riboswitch might distinguish between
corrinoids [122, 244, 245]. Could the overall structural conformation of the corrinoid, rather than
specific interactions between the RNA and the corrinoid tail, influence Cbl-riboswitch activity?
Most complete corrinoids exist in an equilibrium between two distinct isomeric states known as
base-ON and base-OFF [137, 138]. In the base-ON form, a nitrogen atom in the lower ligand base
is coordinated to the central cobalt atom of the corrin ring (as shown in Figure 2.1A). In the base-
OFF form, the cobalt ion is not coordinated by the nitrogen atom, allowing the tail to move more
freely. All six X-ray crystal structures of Cbl-riboswitches contain Cbl in the base-ON form.
Biochemical evidence shows that the E. coli btuB riboswitch aptamer binds Cbl with a higher
affinity than the primarily base-OFF corrinoids [2-MeAde]Cba and Cbi. Yet, [2-MeAde]Cba and
Cbi were previously found to remain primarily base-OFF while bound to the aptamer [163].
Interestingly, we noticed that the semi-selective riboswitches respond strongly to Cbl and pCbl,
which are capable of switching between base-ON and base-OFF forms, but respond weakly to Cbi
or CreCba, which exist exclusively in the base-OFF form. Additionally, we observe that semi-
selective Cbl-riboswitches are consistently more sensitive to Cbl, which has a greater base-ON
constitution than pCbl (Figures 2.5-2.7). Based on these observations, we hypothesized that semi-
selective riboswitches specifically detect the base-ON/OFF constitution of corrinoids. We
therefore used a range of corrinoids with diverse lower ligand structures to test whether the activity
of Cbl-riboswitches quantitatively correlates with the base-ON/OFF constitution of the corrinoid.

We selected a panel of sixteen adenosylated corrinoids for this analysis, including both natural and
synthetic benzimidazolyl, purinyl, and aza-benzimidazolyl corrinoids that span a range of base-
ON tendencies between that of Cbl and pCbl (Figure 2.11A). We observed a strong association
between base-ON constitution — measured as the ratio of spectral absorbance at 525 and 458 nm
(Figure 2.12) — and riboswitch response in semi-selective riboswitches (Figure 2.11B). Even
among promiscuous Cbl-riboswitches, we observe measurable sensitivity to base-ON constitution,
albeit to a much smaller degree (Figure 2.11C). These results support the hypothesis that Cbl-
riboswitches differentially regulate downstream gene expression by sensing corrinoid base-ON
constitution.
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Figure 2.11 — Corrinoid base-ON tendency correlates with corrinoid potency in semi-selective
riboswitches. (A) A panel of sixteen adenosylated corrinoids were used to test the relationship between
corrinoid base-ON tendency and corrinoid potency. (B) Two semi-selective riboswitches B. megaterium
metE and D. hafniense DSY0087 and (C) two promiscuous riboswitches V. parvula mutAB and S. ovata
btuB2 were used to measure each corrinoid’s potency. Base-ON tendency was measured as the ratio
between spectral absorbance of 525nm and 458 nm wavelengths in a pH 7.3 solution. The potency of a
corrinoid to activate a riboswitch was measured as the area under the dose-response curve of the riboswitch
reporter strain for that corrinoid (AUC orinoia) relative to its dose-response to Cbl (AUCcp1). Corrinoids with
benzimidazole (blue circles), azabenzimidazole (purple circles), and purine (red circles) lower ligands can
adopt the base-ON conformation. The corrinoids that are unable to adopt the base-ON form (CreCba,
[Phe]Cba and Cbi) are represented by empty circles. Trendlines in B and C were fit to the data points of
corrinoids with benzimidazole, azabenzimidazole and purine lower ligands. Strictly base-OFF corrinoids
were excluded from trendline fits. Each data point represents a single measurement of riboswitch dose-
response and corrinoid base-ON tendency.
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Figure 2.12 — Corrinoid lower ligand structure impacts base-ON tendency. Absorbance spectra of
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2.3.4  Structural comparisons between base-ON and base-OFF tail orientations

The results presented above led us to speculate about how a Cbl-riboswitch could detect the base-
ON constitution of corrinoid. While corrinoid lower ligand bases such as adenine could
conceivably be detected by specific base pair or base stacking interactions with RNA residues, we
argue that it is unlikely because the Co-N coordinate bond of the base-ON form sequesters the
Watson-Crick and Hoogsteen edges of the lower ligand away from the solvent. In all published X-
ray crystal structures of Cbl-riboswitches, aptamer-effector binding is achieved mainly through
Van Der Waals forces and shape complementarity between the binding site and base-ON Cbl.
Only a few hydrogen bonds between the RNA and corrinoid are observed, none of which occur
with the lower ligand group of Cbl [122, 244, 245]. One major difference between the base-ON
and base-OFF forms of a corrinoid is the positional constraint placed on the corrinoid tail.
Specifically, the tail in the base-ON form is spatially constrained due to the Co-N coordinate bond,
whereas the tail in the base-OFF form is able to sample a wider range of spatial positions [246].
To develop mechanistic insight into how the base-ON/OFF constitution of a corrinoid could impact
Cbl-riboswitch activity, we leveraged the plethora of publicly accessible X-ray crystal structures
of macromolecule-bound Cbl, which have accumulated over decades of corrinoid research [57, 65,
122, 169, 172, 226, 244, 245, 247-252]. We first assessed the range of structural conformations
that are potentially sampled by corrinoids as they dynamically switch between base-ON and base-
OFF states by aligning and visually comparing various structural models of Cbl. Six base-ON Cbl
models were obtained from structural studies of Cbl-riboswitches and synthetic Cbl RNA
aptamers, whereas base-OFF/His-ON Cbl models were obtained from ten Cbl-dependent enzyme
studies (Table 2.1). After aligning and superimposing these molecular models by their central
cobalt and coordinating nitrogen atoms, we observed that the corrin rings and their amide and
methyl substituents occupy similar spatial positions, but the tails of base-ON and base-OFF Cbl
structures occupy distinct positions (Figure 2.13A and B). Moreover, the base-ON Cbl tails appear
in very similar positions with lower ligands in close proximity to the central cobalt ion, whereas
the base-OFF Cbl tails appear more scattered with lower ligands more distal to the cobalt ion.
These structural alignments visually convey the degree to which the conformations of base-ON
and base-OFF corrinoids can vary among biomolecular complexes.

Next, we compared the positions of the aligned base-ON and base-OFF Cbl models in the context
of 3D Cbl-riboswitch models. We analyzed X-ray crystal structures of the two Cbl-riboswitches
that contain resolved kissing loop structures: one from Thermoanaerobacter tengcongensis (Figure
2.13C and D) and one identified from a marine metagenome sequence (Figure 2.14A and B) [122].
These structural models show that the base-ON tails are contained within the binding site, whereas
the tails of the base-OFF Cbl structures protrude away from the binding site and clash with the L5-
L13 kissing loop. Although the B. subtilis btuF (Figure 2.14C and D) and Symbiobacterium
thermophilum cblTS (Figure 2.14E and F) riboswitch models do not contain the L.13 structure of
the kissing loop, some of the modeled base-OFF tails clash with L5 of the aptamer in these
structures [244, 245]. The kissing loop has been shown to play a key mechanistic role of sensing
the corrinoid-binding state of the aptamer domain to influence downstream regulatory structures
in the expression platform [120, 121]. If kissing loop formation in semi-selective Cbl-riboswitches
is sensitive to the base-ON/OFF constitution of the corrinoid, then corrinoid selectivity may be
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mediated by either selective binding by the aptamer or selective formation of downstream

regulatory structures.

PDB ID Bound macromolecule Organism Base-ON/OFF
4GMA Cbl-riboswitch Thermanaerobacter tengcongensis Base-ON
4FRN Cbl-riboswitch Unknown (marine metagenome sequence) Base-ON
4FRG Cbl-riboswitch Unknown (marine metagenome sequence) Base-ON
4GXY Cbl-riboswitch Symbiobacterium thermophilum Base-ON
6VMY Cbl-riboswitch Bacillus subtilis subsp. subtilis str. 168 Base-ON
1ET4 Synthetic RNA aptamer Not applicable Base-ON
4REQ Methylmalonyl-CoA mutase Propionibacterium freudenreichii subsp. Base-OFF

shermanii

2X1J Methylmalonyl-CoA mutase Homo sapiens Base-OFF
1K7Y Methionine synthase Escherichia coli Base-OFF
5D08 Epoxyqueuosine reductase Bacillus subtilis subsp. subtilis str. 168 Base-OFF
5D6S Epoxyqueuosine reductase Streptococcus thermophilus Base-OFF
5C8D CarH photoreceptor Thermus thermophilus HB27 Base-OFF
4RAS Reductive dehalogenase Nitratireductor pacificus pht-3B Base-OFF
5CJU Isobutyrl-CoA mutase Cupriavidus metallidurans CH34 Base-OFF
119C Glutamate mutase Clostridium cochlearium Base-OFF
I1XRS D-lysine 5,6-aminomutase Acetoanaerobium sticklandii Base-OFF

Table 2.1 — X-ray crystal structural models used for 3D Cbl structural alignments.

We attempted to dissect corrinoid-selective binding from subsequent corrinoid-selective
regulation. We tested for promiscuous binding by comparing the Cbl dose-response of the B.
megaterium metE Cbl-riboswitch in the presence and absence of competing 100 nM Cbi and found
that the response to Cbl is unaffected by Cbi (Figure 2.15A and B). This indicates that Cbi does
not compete with Cbl for riboswitch binding, supporting corrinoid-selective binding as the
mechanism of semi-selectivity. However, when the aptamer of this semi-selective riboswitch is
replaced with the aptamer of the promiscuous S. ovata nikA riboswitch, it retains semi-selectivity,
which suggests that the B. megaterium expression platform also plays a role in corrinoid selectivity
(Figure 2.15A). Interestingly, the Cbl dose-response of the S. ovata nikA / B. megaterium metE
chimeric riboswitch does become sensitized to competing Cbi addition, confirming that the S.
ovata nikA aptamer retains sensitivity to base-OFF corrinoid in the context of this chimera (Figure
2.15C). Taken together, these show that base-OFF corrinoids may impede both Cbl-riboswitch
binding and formation of regulatory structures, explaining the link between base-ON/OFF
constitution and riboswitch activity observed in Figure 2.11.
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Figure 2.13 — Distinct tail positions among base-ON and base-OFF corrinoids may impact binding of
corrinoids to riboswitches. 3D alignments of Cbl structural models derived from published X-ray crystal
structures of (A) base-ON Cbl in complex with RNAs and (B) base-OFF Cbl in complex with proteins. The
Cbl-binding site in the X-ray crystal structure of the Thermoanaerobacter tengcongensis Cbl-riboswitch
(PDB ID 4GMA) is depicted with (C) base-ON and (D) base-OFF Cbl alignments. Cbl models were aligned
by the cobalt and coordinating nitrogen atoms in the corrin ring. Structures of the corrin ring, cobalt, and
tail of Cbl are colored in black, blue, and green, respectively. Upper ligand structures of Cbl were omitted
for clarity. Riboswitch RNA structures are depicted as space-filled models with the L5-L13 kissing loop in
pink and the rest of the RNA in gray.
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Figure 2.14 — Cbl-binding sites in X-ray crystal structures of various Cbl-riboswitches. The marine
metagenome derived riboswitch env8 (PDB ID 4FRN) (A, B), the B. subtilis btuFFCDR Cbl-riboswitch
(PDB ID 6VMY) (C, D), and the S. thermophilum cbITS Cbl-riboswitch (PDB ID 4GXY) are depicted with
base-ON (A, C, E) and base-OFF (B, D, F) Cbl alignments. Cbl models were aligned by the cobalt and
coordinating nitrogen atoms in the corrin ring. Structures of the corrin ring, cobalt, and tail of Cbl are
colored in black, blue and green, respectively. Upper ligand structures of Cbl were omitted for clarity.
Riboswitch RNA structures are depicted as space-filled models with the L5-L13 kissing loop in pink in
panels A and B, and just the L5 in pink in panels C-F. The rest of the RNA structures in each panel are in
gray. Arrows in panels D and F point to clashes between RNA and the Cbl tails.
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Figure 2.15 — The aptamer and expression platform of the B. megaterium riboswitch
contribute to corrinoid selectivity. (A) Repression of GFP expression with 100 nM corrinoid
is shown for B. megaterium metE riboswitch, S. ovata nikA4 riboswitch, and a chimeric fusion
of the S. ovata nikA aptamer and B. megaterium metE expression platform domains. Cbl dose-
responses with or without 100 nM Cbi in (B) B. megaterium metE and (C) chimeric
riboswitches. Data points and error bars represent mean and standard deviation of four
independent replicates.
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2.3.5 Gene regulatory strategy of corrinoid selectivity

While the prior experiments clearly demonstrate that Cbl-riboswitches are capable of
distinguishing between corrinoids, we wondered what purpose Cbl-riboswitch corrinoid selectivity
might serve in cells. We posit that Cbl-riboswitch selectivity reflects a regulatory strategy that
promotes efficient gene expression while avoiding mis-regulation. As a specific example, we
hypothesize that only corrinoids that are functionally compatible with a Cbl-dependent enzyme
should repress the expression of its Cbl-independent counterpart. We tested this hypothesis directly
in B. subtilis by examining the methionine synthase isozymes MetE (Cbl-independent) and MetH
(Cbl-dependent), which are commonly found in bacterial genomes with a Cbl-riboswitch upstream
of the metE gene [47, 242]. The B. subtilis genome contains metE but lacks metH, and no Cbl-
riboswitch is located upstream of metE. We therefore constructed strains of B. subtilis that
heterologously express the metE or metH locus from the related species B. megaterium, in a AmetE
background (Figure 2.16A). The B. megaterium metE-expressing strain contains the entire
transcribed region of the B. megaterium metE locus, including the SAM and Cbl tandem riboswitch
located upstream of the metE open reading frame. The B. megaterium metH-expressing strain
contains the metH open reading frame and its predicted ribosome binding site. In each strain, the
B. megaterium genes are constitutively transcribed from the promoter Pveg and also contain a
transcriptionally fused gfp to measure expression levels. Growth of the B. subtilis strain expressing
B. megaterium metH in a medium lacking methionine was supported to varying extents by most
benzimidazolyl and both phenolyl cobamides, but not by [S-OHBza]Cba, the purinyl cobamides,
or Cbi (Figure 2.16B, red squares). This result indicates that MetH-dependent growth is influenced
by the corrinoid tail structure, as observed previously in other bacteria [149, 160, 231, 235, 253].
In the B. subtilis strain expressing riboswitch-regulated metE, growth was suppressed by
benzimidazolyl cobamides to different extents (Figure 2.16B, blue circles). This growth pattern
coincides with the GFP repression measured for the metE riboswitch (Figure 2.17), except that the
repression of metE by purinyl cobamides is apparently insufficient to suppress growth in this
context. Comparison of the two strains in response to a suite of corrinoids reveals a striking
correspondence between riboswitch-mediated suppression of growth in the metE-containing strain
and growth promotion by corrinoids in the metH-containing strain (Figure 2.16). [5S-OHBza]Cba
and the phenolyl cobamides are exceptions to the trend, though in neither case is MetE-dependent
growth completely suppressed by a corrinoid incompatible with MetH. This result demonstrates
that riboswitch-based repression and cobalamin-dependent isozyme function are largely reciprocal
for the B. megaterium metE-metH pair and suggests that Cbl-riboswitch specificity may generally
adhere to a regulatory strategy reflecting the cell’s corrinoid preference.
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Figure 2.16 — Corrinoid selectivities of metE riboswitch and metH activity are
largely balanced. (A) The ‘riboswitch-metE’ strain (blue) is a B. subtilis AmetE: :loxP
strain heterologously expressing the B. megaterium metE operon which encodes a
corrinoid-independent methionine synthase downstream from a SAM-Cbl tandem
riboswitch (RS). The ‘metH’ strain (red) is a B. subtilis AmetE::loxP strain
heterologously expressing the B. megaterium metH gene which encodes a corrinoid-
dependent methionine synthase. Each methionine synthase gene is constitutively
expressed by the Py, promoter and is transcriptionally fused to gfp. (B) Growth rates
ofthe ‘riboswitch-metE’ (blue circles) and ‘metH’ (red squares) strains were measured
in methionine-dependent culture conditions. Data points are individual growth rate
measurements and black horizontal lines represent the mean of the four replicate
measurements.
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Figure 2.17 — Corrinoid-dependent repression of B. megaterium metE-gfp heterologously
expressed in B. subtilis AmetE::LoxP. GFP fluorescence per ODgoo was measured in methionine-
dependent cultures supplemented with 10 nM corrinoids. Data points are individual measurements
and black horizontal lines represent the mean of four replicate measurements.
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2.4 Discussion

Riboswitches are key regulators of microbial gene expression. The Cbl-riboswitch was the first
type discovered and is among the most widely distributed riboswitch classes in bacteria and
archaea [101, 102]. Previous biochemical and structural studies have uncovered the major
molecular features of the Cbl-riboswitch response to Cbl [120-122, 236, 237, 242, 244, 245, 254].
Yet few studies have examined how other naturally occurring corrinoids impact gene regulation
by Cbl-riboswitches [163]. Here, we found that Cbl-riboswitches vary in their ability to
discriminate between corrinoids, with some being semi-selective on the basis of corrinoid base-
ON/OFF state, and others being promiscuous. These results were enabled by a carefully designed
fluorescent reporter system capable of measuring the responses of dozens of Cbl-riboswitches to
multiple corrinoids in vivo (Figures 2.3-2.5).

We observed that Cbl-riboswitches display different degrees of corrinoid selectivity, with some
that respond to a subset of corrinoids (semi-selective) and others that respond to all tested
corrinoids (promiscuous) (Figure 2.5-2.8). Our chimeric riboswitch results suggest that sequence
and structural determinants of corrinoid selectivity are dispersed throughout the Cbl-riboswitch
aptamer scaffold rather than being confined to a single conserved region (Figure 2.10). This
finding contrasts with other studies of riboswitch specificity. For example, in a study of Cbl upper
ligand specificity, a few key residues in the Cbl binding site were sufficient to fully convert a Cbl-
riboswitch from MeCbl-specific to AdoCbl-specific [236]. In purine riboswitches, effector
specificity is achieved by positioning of a critical conserved uracil or cytosine residue in the
binding site of the aptamer, which specifically forms a base-pair with the adenine or guanine
effector, respectively. Among the various families of SAM riboswitches, highly specific binding
of SAM and exclusion of SAH is achieved by specific RNA structures that discriminate the
charged sulfonium ion of SAM from the uncharged sulfoether of SAH [106]. In contrast, the
SAM/SAH riboswitch class attains effector promiscuity for SAM and SAH by a general lack of
interaction between the RNA and the aminocarboxypropyl side chains of these effectors [104,
105]. This is reminiscent of Cbl-riboswitches which similarly have few molecular contacts
between the RNA and corrinoid tail [122, 163, 245, 254].

Overall, our structural model analyses support a mechanism in which semi-selective Cbl-
riboswitches primarily sense the distinct corrinoid tail orientations of the base-ON and base-OFF
forms. In this case, Cbl-riboswitches only indirectly sense the chemical composition of the variable
lower ligand group, with differential binding largely determined by steric effects and shape
complementarity (Figures 2.13-2.14). Recent molecular dynamics simulations of the T.
tengcongensis Cbl-riboswitch suggest that the kissing loop structure may form prior to effector
binding, which would place even greater constraints on the corrinoid tail orientation to achieve
shape complementarity with its binding site [255]. Additionally, some Cbl-riboswitches may in
fact bind base-OFF corrinoids but disrupt subsequent formation of downstream regulatory
structures of the expression platform, perhaps by disrupting the kissing loop (Figures 2.13-2.15).
A similar feature has been observed in tetrahydrofolate (THF) riboswitches where chemical
variations in the para-aminobenzoic acid moiety of THF analogs differentially perturb expression
platform structures without affecting aptamer binding [256]. The mechanisms of corrinoid
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selectivity of Cbl-riboswitches could be directly tested in future structural or biochemical studies
of promiscuous Cbl-riboswitches with base-ON and base-OFF corrinoids.

In regard to gene regulatory strategies, it seems sensible that Cbl-riboswitches are not highly
effector specific because bacteria are often flexible in their corrinoid usage. A variety of corrinoids
have been shown to support growth of C. difficile, S. meliloti, and S. ovata despite each of these
organisms displaying strong preferences in their corrinoid production [139, 143, 231]. Also, since
corrinoid auxotrophy is prevalent among corrinoid-dependent bacteria, many organisms may need
to take advantage of the wide range of corrinoids that may be available in their environment [155].
Thus, the range of effector selectivity that we observe among Cbl-riboswitches may reflect a
coevolution between corrinoid-responsive gene regulation and the corrinoid-dependent
physiology. Our result demonstrating complementary corrinoid selectivity between B. megaterium
MetH-dependent growth and Cbl-riboswitch-dependent expression of MetE is consistent with this
notion (Figure 2.16).

Alternatively, the preference for corrinoid base-ON constitution among Cbl-riboswitches may
function as a proxy to discriminate complete corrinoid coenzymes from incomplete corrinoids such
as Cbi, which often function poorly as coenzymes. This idea has been proposed as an explanation
for the remarkably high selectivity of the corrinoid uptake system in mammals [257]. Interestingly,
we found that all but one of the S. ovata riboswitches tested are promiscuous types that can respond
to its natively produced CreCba. The notable exception is a semi-selective riboswitch upstream of
the gene cobT (Supplemental Figure 4), which functions in a late step of corrinoid biosynthesis
that occurs after synthesis of Cbi [144, 145, 258-262]. Thus, the Cbl-riboswitch may allow
homeostatic regulation of cobT in response to complete corrinoids like Cbl, while preventing
unproductive repression of cobT in the presence of incomplete corrinoids like Cbi. Future studies
examining corrinoid-specific gene regulation of riboswitches in the context of their native
organisms may help clarify which regulatory strategies are generally at play in corrinoid-related
bacterial physiology.

There is significant interest in the fields of bioengineering and synthetic biology to use
riboswitches as gene regulatory devices because they act more rapidly and efficiently than protein-
based regulatory systems [206, 207, 263, 264]. Riboswitches have also become desirable
therapeutic drug targets because they often control essential metabolic pathways in pathogenic
microbes [111, 116, 205]. Broader consideration of the conformational dynamics of larger types
of effector molecules including organic cofactors, antibiotics, and their analogs could aid efforts
to engineer synthetic RNA-based regulatory platforms that function robustly in vivo. This could
also inform future efforts to develop synthetic antimetabolites that, for example, elicit gene mis-
regulation, instead of a more common strategy of creating inhibitors for enzymes [117, 265].

The chemical diversity of corrinoids is intrinsically linked to a vast array of metabolic processes
and microbial interactions. Yet it remains unclear how microbes have evolved to cope with and
thrive on the assortment of natural corrinoid analogs, especially when compared to other primary
metabolites including organic cofactors, nucleotides and amino acids which typically require one
specific structural form for precise biological functions. We have gained new appreciation for the
impacts of chemical diversity on biological function by focusing on the Cbl-riboswitch with its
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distinctively complex structure and regulatory mechanism, and by accounting for the often
overlooked biological and ecological roles of corrinoid analogs. Future studies into the evolution
of microbial molecular specificity for corrinoids may yield further insight into the nature of these
exceptionally versatile coenzymes.

2.5 Materials and methods
2.5.1 Cbl-riboswitch sequence analysis

Cbl-riboswitch sequences, chromosomal coordinates and regulon information were downloaded
from the RiboD online database [47]. The genome of Sporomusa ovata was not included in the
RiboD database, so we used the RiboswitchScanner webserver to search for Cbl-riboswitches in
this organism [266, 267]. Cbl-riboswitch aptamer sequences were manually aligned by conserved
secondary structures bounded by the 5’ and 3’ ends of the P1 stem [64, 150]. The P13-L13 stem
loop and potential intrinsic transcriptional termination hairpin structures of the expression platform
were identified using secondary structure prediction tools in RNAstructure 6.2 [268, 269]. Intrinsic
terminators were identified as stem loops directly preceding a sequence of five or more consecutive
uracil residues [11, 13]. Sequence alignment and annotation was carried out in JalView 2.11.1.4
[270]. Cartoons of riboswitch secondary structures were constructed using the StructureEditor
program of RNAstructure 6.2 [269].

2.5.2 Corrinoid production, extraction, purification, and analysis

Cyanocobalamin, adenosylcobalamin, methylcobalamin, hydroxocobalamin, and
dicyanocobinamide were purchased from MilliporeSigma. All other corrinoids used in this study
were produced in bacterial cultures and purified in cyanated form as previously described [140,
143,146, 231]. For the experiments in Figures 2.11 and 2.12, corrinoids other than cobalamin were
chemically adenosylated to obtain the coenzyme (5’-deoxyadenosylated) form as previously
described [140, 231].

UV/Vis spectra were collected from corrinoid samples in UV/Vis-transparent 96-well microtiter
plates (greiner bio-one UV-STAR® 675801) using a BioTek Synergy 2 or Tecan Infinite M1000
Pro plate reader. To measure concentrations of corrinoid stock solutions, corrinoid samples were
diluted 10-fold in 10 mM sodium cyanide to obtain the dicyanated base-OFF form of the corrinoid.
The concentration of the dicyanated corrinoid was calculated using the extinction coefficient €580
=10.1 mM ' cm™ [134, 147]. For adenosylated corrinoids used in Figures 2.11 and 2.12, base-
ON/OFF constitution at neutral pH was measured as the ratio of spectral absorbance at 525 nm
and 458 nm in phosphate buffered saline solution pH 7.3 at 37°C [130, 131].

2.5.3 Plasmid and strain construction

Plasmids generated in this study were constructed with one-step isothermal assembly [271] and
introduced into E. coli strain XL1-Blue by heat shock transformation. Riboswitch reporter
plasmids were constructed in the shuttle vector pSG13 [272]. Riboswitch DNA sequences were
inserted between the transcriptional start site of the constitutive Pveg promoter and the gfp
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translational start site of pSG13. For riboswitch sequences that resulted in no detectable GFP signal
under any conditions, a synthetic ribosome binding site (RBS) sequence RO (5°-
GATTAACTAATAAGGAGGACAAAC-3’) from pSG13 was placed between the riboswitch
sequence and gfp translational start site.

All B. subtilis riboswitch fluorescent reporter strains and B. subtilis strains expressing B.
megaterium metE and metH used in this study are derived from the high-efficiency transformation
strain SCK6, which has a xylose-inducible competence gene cassette [273]. Preparation of
competent cells and transformations of all SCK6-derived strains were performed as previously
described [273]. The strain KK642, which overexpresses the corrinoid uptake genes, was
constructed by deletion of gene queG and replacement of the promoter and 5’ untranslated region
of the htuFFCDR operon with the Pveg promoter and RO RBS [272]. B. subtilis genes queG, btuR,
and metE were targeted for deletion by recombination with kanamycin resistance cassettes
containing flanking sequence homology to each respective locus. Kanamycin resistance cassettes
were PCR-amplified from genomic DNA of B. subtilis strains BKK08910 (AqueG::kan®),
BKK33150 (AbtuR::kan®), and BKK 13180 (AmetE::kan®) [274]. Kanamycin resistance cassettes
were removed by Cre-Lox recombination using plasmid pDR244 as previously described [274].

B. subtilis strains heterologously expressing metE and metH from B. megaterium were constructed
as follows. The metE and metH genes were PCR-amplified from genomic DNA of B. megaterium
DSM319 and cloned between the transcriptional start site and the gfp translational start site of
pSG13. The B. megaterium metE amplified fragment starts at the SAM-Cbl tandem riboswitch in
the 5” UTR and ends at the metE stop codon, whereas the B. megaterium metH fragment starts at
the metH RBS, which is composed of 20 nucleotides preceding the metH translational start site
and ends at the metH stop codon.

Riboswitch reporter plasmids and plasmids containing B. megaterium metE and metH were
linearized by restriction enzyme digest with Scal-HF (New England Biolabs) and selected for
integration at the amyFE locus of B. subtilis by plating on lysogeny broth (LB) agar with 100 pg/mL
spectinomycin. Colonies were screened for integration at amyE by colony PCR. All stocks of
bacterial strains were stored in 15% glycerol at -80 °C.

2.5.4 Intracellular corrinoid accumulation experiments

B. subtilis strains were inoculated from single colonies into 50 mL LB and grown with aeration at
37 °C in a shaking incubator (Gyromax 737R, Amerex Instruments, Inc.) for 5-6 hours until
reaching an optical density at 600 nm (ODeoo) of 1.0 to 1.5. Each culture was diluted 10-fold in
LB and split into 13 25 mL cultures containing 0, 25, 250, or 2500 picomoles of a cyanated
corrinoid (Cbl, pCbl, CreCba and Cbi). These cultures were incubated at 37 °C with aeration for
3-4 hours to a final ODeoo of 1.5 to 2.0. The cells were pelleted by centrifugation at 4,000 g for 10
min. Cell pellets were rinsed three times by resuspension in 10 mL phosphate buffered saline
solution pH 7.3 followed by centrifugation. After the final centrifugation, tubes were wrapped in
aluminum foil to protect adenosylated corrinoids from exposure to light.

To extract intracellular corrinoids, cell pellets were resuspended in 5 mL of 100% methanol by
vigorous vortexing for 30 secs. Samples were stored at -80 °C until the next day. Frozen lysates
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were heated in an 80 °C water bath for 1.5 hours, with 15 seconds of vortexing every 30 minutes.
Methanol concentration of each sample was diluted to 10% by adding 45 mL of water, and cell
debris was pelleted by centrifugation at 4,000 g for 10 mins. The supernatants were used for the
subsequent steps.

All of the following steps were carried out in darkened rooms illuminated with red light to preserve
light-sensitive adenosylated corrinoid samples. Solid-phase extraction of adenosylated corrinoids
with Sep-Pak C18 cartridges (Waters) was performed as previously described [231]. Solvents were
evaporated in a vacuum concentrator centrifuge (Savant SPD1010, Thermo Scientific) at 45 °C
and the samples were resuspended in 500 pL deionized water and passed through 0.45 pm pore-
size filters (Millex-HV, MilliporeSigma).

Corrinoids were analyzed on an Agilent 1200 series (high-performance liquid chromatography
system equipped with a diode array detector (Agilent Technologies). Samples were injected into
an Agilent Zorbax SB-Aq column (5-um pore size, 4.6 by 150 mm). The following HPLC method
was used: solvent A, 0.1% formic acid—deionized water; solvent B, 0.1% formic acid—methanol;
flow rate of 1 mL/minute at 30°C; 25% to 34% solvent B for 11 minutes, followed by a linear
gradient of 34% to 50% solvent B over 2 minutes, followed by a linear gradient of 50% to 75%
solvent B over 8 minutes.

2.5.5 Riboswitch fluorescent reporter assays

Corrinoid dose-response assays of riboswitch reporter strains were set up as follows. Saturated
cultures of the riboswitch reporter strain in LB were diluted 200-fold in LB and dispensed into 96-
well microtiter plates (Corning Costar Assay Plate 3904) containing a range of concentrations of
various corrinoids. The plates were sealed with gas diffusible membranes (Breathe-Easy) and
incubated at 37 °C for 4 to 5 hours in a benchtop heated plate shaker (Southwest Science) at 1,200
revolution per minute (rpm). GFP fluorescence (excitation/emission/bandwidth = 485 / 525/ 10
nm) and absorbance at 600 nm (Aso0) were measured on a Tecan Infinite M1000 Pro plate reader.
The Asoo measurements of uninoculated medium and fluorescence measurements of the parental
control strains lacking gfp were subtracted from all readings. Data were plotted and analyzed in
GraphPad Prism 9.

2.5.6 3D structural analysis of corrinoids and macromolecular models

Molecular models of base-ON and base-OFF/His-ON forms of cobalamin in complex with various
proteins and RNAs were downloaded from the Protein DataBank (PDB) (Table 2) [275]. PDB files
were analyzed in UCSF Chimera 1.14 [276]. Corrinoid molecular models were aligned with each
other by the central cobalt atom and coordinating nitrogen atoms of the corrin ring, using the PDB
ID 4GMA Cbl model as a reference. Corrinoid models were aligned and within the binding sites
of riboswitch structures PDB IDs 4GMA, 4FRN, 4GXY, and 6VMY [122, 244, 245].

2.5.7 Methionine-dependent growth of B. subtilis strains

B. subtilis strains were streaked from frozen stocks onto LB agar plates and incubated overnight
at 37 °C for 14-18 hrs. Single colonies were used to inoculate 3 mL liquid starter cultures
containing Spizizen minimal medium supplemented with 0.02% D-glucose and 0.2% L-Histidine
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(SMM) [277]. Starter cultures of the metH-expressing strains were supplemented with 1 nM
CNCbl to support growth. Starter cultures were incubated overnight shaking (250 rpm, 37 °C) for
20 hours, reaching cell density of about ODsoo = 1.0. Starter cultures were diluted 500-fold by
transferring 50 pL of starter culture to 25 mL of SMM. Then 75 pL of the diluted culture were
dispensed into wells of a 96 well microtiter plate supplemented with 20 nM of various corrinoids.
Plates were sealed with gas diffusible membranes (Breathe-Easy, MilliporeSigma) and incubated
at 37 °C on the ‘high shaking’ setting of a BioTek Synergy2 plate reader. Growth kinetics and
metE and metH expression were measured by Acoo and GFP fluorescence every 15 minutes for 72
hours. Data were plotted and analyzed in GraphPad Prism 9.
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Chapter 3 — Examination of atypical regulons in corrinoid specialists reveals potential novel
functionalities of cobalamin riboswitches and the genes they control

3.1 Abstract

Cobalamin riboswitches are the second-most widespread riboswitch class in bacteria. Yet
relatively few cobalamin riboswitches have been studied in detail compared to the purine, S-
adenosylmethionine, and glycine classes. The sequence and structural diversity of cobalamin
riboswitches may contain novel functionality, but an effective search strategy is first required to
identify potentially rare cases among thousands of cobalamin riboswitch sequences. I used two
conceptual approaches to address this problem. In the first approach, I focus on atypical regulon
architectures such as tandem riboswitches and riboswitches regulating uncommon target genes,
reasoning that these riboswitches and genes are likely to have atypical and potentially novel
functions. The second approach is to examine cobalamin riboswitches in organisms that rely
heavily on corrinoids, reasoning that these organisms are more likely to have evolved novel
corrinoid-related functions. With these search strategies, I identify a novel activator riboswitch,
characterize modular functionality of tandem riboswitches, and develop new hypotheses about
corrinoid-dependent isoenzyme physiology. Together, these results highlight the utility of
leveraging atypicality to uncover new facets of corrinoid-related gene regulation and physiology.

3.2 Introduction

The discovery of metabolite-binding RNA switches (riboswitches) was a landmark finding in the
field of noncoding RNA biology [101]. Prior to this, the prevailing assumption was that
biomolecular detection of small molecules by direct binding was an exclusive feature of proteins,
not RNAs. Subsequent identification of dozens of riboswitch classes demonstrated that riboswitch
RNAs are prevalent and widespread gene regulatory elements that organisms use to sense and
respond to intracellular metabolites [64]. Riboswitch-based gene regulation controls a wide array
of physiological processes in bacteria including several primary metabolisms, antibiotic
production, antibiotic resistance, cell signaling, virulence, and biofilm formation. The study of
riboswitches continues to yield fundamental insights into how bacteria live.

Basic principles of riboswitch structures and functions have been established through in vitro
biochemical and in vivo biological studies. Yet, for any given riboswitch class, only a few
representative examples have been studied in mechanistic detail. Thus, while we may understand
the biological roles of riboswitches in broad strokes, it is likely that novel functionality awaits
discovery among the thousands of riboswitches that have been bioinformatically identified in
bacterial genome sequences [190].

3.2.1 Examples of previously studied atypical Cbl-riboswitch regulons

Examination of atypical riboswitch regulon configuration has been a successful approach for
discovering novel functions of riboswitches as well as the genes they regulate. For example,
several variants of the guanidine riboswitch class were revealed to respond to distinct effector
molecules including guanosine tetraphosphate (ppGpp), phosphoribosyl pyrophosphate (PRPP),
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and several types of nucleoside diphosphate molecules [278, 279]. The identification of the true
effectors for these distinct riboswitch variants was aided by the uncommon target genes that were
associated with each variant.

Among the Cbl-riboswitches, examination of atypical regulons has also proven fruitful in previous
studies. The first tandem riboswitch composed of two distinct riboswitch classes was the SAM-
Cbl riboswitch in Bacillus clausii. Although SAM-CDbI riboswitches are not widespread, this
finding revealed for the first time that riboswitches can function as dual input logic gates,
evaluating the presence of multiple effectors to control target gene expression [242]. This has
informed efforts to engineer riboswitches with complex functionality [280, 281].

Another example is the Cbl-riboswitch regulation of small non-coding RNAs. Variations of this
complex mechanism were discovered in Cbl-riboswitches that control uncommon targets, the
corrinoid-dependent ethanolamine utilization (eut) operons of Listeria monocytogenes and
Enterobacter faecalis [45, 46]. Cbl-riboswitches typically operate as repressors, so Cbl-riboswitch
control of corrinoid-dependent enzyme expression is uncommon. In this case, the Cbl-riboswitches
indirectly upregulate the eut genes by controlling small RNAs in response to Cbl.

3.2.2 Early inspiration from the genome of Desulfobulbus propionicus DSM 2032

The bulk of my doctoral research described in Chapter 2 focused on examining riboswitches with
typical configurations (singlet riboswitches regulating common target genes) in order to gain a
broad understanding of corrinoid specificity of Cbl-riboswitches. However, early on in my studies,
I made the initial observation of an atypical regulon in Desulfobulubus propionicus DSM 2032,
which intrigued me enough to further examine other atypical Cbl-riboswitch regulons. I suspected
this approach may provide new insights into corrinoid-related gene regulation and physiology.

The genome of D. propionicus DSM 2032 contains 13 Cbl-riboswitches in the 5’UTRs of 12
operons. The mutA operon has two Cbl-riboswitches in the 5’UTR which potentially function
together as a tandem doublet riboswitch. The 11 other Cbl-riboswitches in the D. propionicus DSM
2032 genome are standard singlet Cbl-riboswitches. The mut4 operon contains three structural
genes: mutA and mutB, which encode subunits of the corrinoid-dependent enzyme methylmalonyl-
CoA mutase (MCM), and meaB which encodes a chaperone protein that supports MCM enzymatic
function. MCM catalyzes the interconversion of methylmalonyl-CoA and succinyl-CoA, a
reaction required in the catabolism of branched-chain amino acids, certain short chain fatty acids,
and certain polyhydroxyalkanoates [167]. Cbl-riboswitches are thought to function only as
repressors, so why would a corrinoid-dependent enzyme such as MCM be regulated by a Cbl-
riboswitch, let alone two in tandem? Perhaps this Cbl-riboswitch is a novel activator that
upregulates MCM expression in the presence of corrinoids. Alternatively, it may selectively
repress MCM expression in response to corrinoids that do not support MCM function.

Here, I describe and characterize several atypical Cbl-riboswitches that regulate MCM genes and
other tandem doublet Cbl-riboswitch regulons. I discuss the implications of these findings and
propose future experiments to examine potentially new facets of corrinoid biology.
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33 Results and discussion
3.3.1 Examination of Cbl-riboswitches that regulate MCM genes

Cbl-riboswitches that regulate MCM genes are relatively uncommon. Among a curated list of
3,313 bacterial Cbl-riboswitches in the RiboD riboswitch database, only eight are predicted to
regulate MCM genes [47]. These riboswitches belong to D. propionicus, Veillonella parvula,
Selenomonas sputigena, Selenomonas ruminatium, Pelobacter propionicus, Propionibacterium
freudenreichii, and Cutibacterium acnes (Table 3.1). Another MCM-regulated operon was
identified in the genome Cloacibacillus porcorum, a species which was not included in the RiboD
database [147].

Organism

Cbl-riboswitch regulated genes
encoding MCM related factors

Genes encoding MCM isoenzymes and
related factors

Desulfobulbus propionicus

Despr_3086 (mutA),

Despr_1914 (MCM),

DSM 2032 Despr_3085 (mutB), Despr_1915 (meaB)
Despr 3084 (meaB)
Veillonella parvula Vpar_1763 (mutA), Vpar_1249 (acetyl-CoA hydrolase),
DSM 2008 Vpar_1762 (mutB), Vpar_1248 (MCM),

Vpar 1761 (meaB)

Vpar_ 1247 (Cbl-binding domain),
Vpar_1246 (meaB),
Vpar 1245 (methylmalonyl-CoA epimerase)

Cutibacterium acnes
ATCC 11828

TIIST44 11480 (mutA),
TIIST44 11475 (mutB)

none

Selenomonas sputigena
ATCC 35185

Selsp_0914 (mutA),
Selsp 0915 (mutB),
Selsp_0916 (meaB),
Selsp 0917 (msrA),

none

Selenomonas ruminantium
subsp. lactilytica TAM6421

SELR_07780 (mutA),
SELR_07790 (mutB),
SELR_07800 (meaB),
SELR 07810 (msrA)

none

Propionibacterium freudenreichii
subsp. shermanii CIRM-BIA1

PFREUD 07660 (mutA),
PFREUD 07650 (mutB),
PFREUD 07640 (meaB)

none

Pelobacter propionicus
DSM 2379

Ppro_1285 (mutA),

Ppro_1284 (mutB),

Ppro 1283 (meaB),

Ppro 1282 (methylmalonyl-CoA
epimerase)

Ppro_0523 (MCM),
Ppro_ 0522 (methylmalonyl-CoA epimerase)

Cloacibacillus porcorum
CL-84

BED41_13600 (mutd),
BED41_13605 (mutB),
BED41_13610 (meaB)

BED41_04280 (MCM),

BED41 04285 (Cbl binding domain),
BEDA41 04290 (methylmalonyl-CoA
epimerase

Table 3.1. Bacterial species with Cbl-riboswitch regulated MCM genes.

I constructed GFP reporter strains of Bacillus subtilis for four of these riboswitches. The D.
propionicus, V. parvula, and S. sputigena riboswitches functioned in the reporter system,
displaying robust changes in GFP fluorescence in response to corrinoids (Figure 3.1). However,
the C. acnes riboswitch displayed no change in GFP fluorescence in response to any of the
corrinoids tested (data not shown). Each of the functional reporters suggest that these Cbl-
riboswitches are typical repressors, not activators. The D. propionicus tandem doublet riboswitch
responds to Cbl, pCbl, and Cbi with 6-fold or greater repression and the response to CreCba is
weak with less than 2-fold repression (Figure 3.1A). The response of the S. sputigena riboswitch

57



is overall much weaker but displays a greater than 2-fold repression in response to Cbi and pCbl
at the highest concentrations tested (Figure 3.1B). The V. parvula riboswitch displays equal
response to Cbl, pCbl, and Cbi (3-fold repression of gfp) and a less than 2-fold repression with
CreCba. Each of these riboswitches displays a relatively strong response to Cbi, which may
suggest that MCM expression is repressed when incomplete corrinoids that are not functional
cofactors are present at high concentration. Additionally, V. parvula and D. propionicus are known
produce CreCba de novo, so perhaps these regulons allow MCM expression when CreCba is
present (Kenny Mok, personal communication) [144]. However, the robust responses to complete
corrinoids Cbl and pCbl are less clear. Perhaps these MCMs are incompatible with Cbl and pCbl,
but it remains to be tested.

Intriguingly, several of these organisms with Cbl-riboswitches regulating mut4 possess two sets
of MCM isoenzymes (Table 3.1). The predicted MCM isoenzymes in D. propionicus and V.
parvula are predicted to be true MCMs based on conserved amino acids in the substrate binding
site that can be used to distinguish between homologous Acyl-CoA mutases [282]. This analysis
was done by a former Taga Lab researcher, Olga Sokolovskaya, who previously studied MCM
corrinoid specificity (personal communication). The Cbl-riboswitch control of MCM isoenzyme
expression is reminiscent of Cbl-riboswitch control of MetE (corrinoid-independent methionine
synthase isoenzyme) expression, which allows an organism to switch between usage of MetE and
MetH (corrinoid-dependent methionine synthase isoenzyme) based on the type and quantity of
corrinoids present in the cell [156]. I hypothesize that a similar kind of regulatory strategy allows
for choosing which MCM isoenzyme to use based on corrinoid availability. There are several
reasons why it may be beneficial to choose between two corrinoid-dependent MCM isoenzymes.
For example, the two isoenzymes could have distinct corrinoid compatibilities, so the Cbl-
riboswitch enables the organism to choose which isoenzyme to use based on the types of corrinoids
present in the cell. Another possibility is that the Cbl-riboswitch controlled MCM may have a
higher corrinoid binding affinity but lower catalytic efficiency, so the Cbl-riboswitch enables the
cell to switch to the lower affinity but catalytically efficient MCM in high corrinoid concentrations.
In follow up studies, it would be interesting to measure and compare the corrinoid binding
affinities, specificities, and catalytic properties of these MCM isoenzymes to understand this
atypical regulatory strategy [140, 231].
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Figure 3.1 — The Cbl-riboswitches that regulate corrinoid-dependent MCM genes function as
repressors. Corrinoid dose responses of (A) D. propionicus mut4A (N=2), (B) S. sputigena mutA
(N=1), and (C) V. parvula mut4A (N=3) Cbl-riboswitch reporter strains. Thin horizontal lines
demarcate no change in expression. Data points of each replicate are plotted with lines connecting
mean values.

3.3.2  The Bacillus halodurans cobT riboswitch functions as a transcriptional activator

Each of the MCM Cbl-riboswitch reporters repressed gfp expression in response to corrinoids and
are thus unlikely to be novel activators of MCM expression in their native organisms. Nonetheless,
in the course of my investigations of corrinoid specificity, I came across a novel activator
riboswitch in the bacterial species Bacillus halodurans C-125. B. halodurans is an alkaliphilic soil
bacterium closely related to B. subtilis [283]. Genomic analysis predicts that this organism has
multiple corrinoid-dependent metabolisms and can salvage corrinoids from its environment (Table
3.2) [155]. A corrinoid salvager is an organism that does not have the genes required for de novo
corrin ring biosynthesis but has genes for corrinoid tail and lower ligand attachment. This allows
synthesis of complete corrinoid cofactors from late corrinoid intermediates such as Cbi [142, 152,
284]. Thus, it appears that B. halodurans relies upon the corrinoids produced by other species in
its environment in order to carry out its corrinoid-dependent metabolisms. I was interested in the
Cbl-riboswitches of this species because they may function in discriminating between compatible
and incompatible corrinoids.
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Operon name | Cbl-riboswitch? Locus tag (gene) Function(s)
cobT Yes BH0284 (cobT) Activation of lower ligands for corrinoid attachment
metE Yes BHO0437 (metE) Corrinoid-independent methionine synthesis
btuF Yes BH1585 (btuF), Corrinoid uptake (BtuF, BtuC, BtuD)
BH1586 (btuC),
BH1587 (btuD), Corrinoid salvaging (CobD, CobC, CobP, CobQ,
BH1588 (cobD), CobS, CobC, Cobl),
BH1589 (cobC),
BH1590 (cobP), Corrinoid adenosylation (BtuR)
BH1591 (cobQ),
BH1592 (cobS),
BH1593 (cobC),
BH1594 (cobU),
BH1595 (btuR)
nrdA Yes BHO0501 (nrd4), Corrinoid-independent deoxyribonucleotide synthesis
BHO0502 (nrdB)
BH0798 Yes BH0798 Acyl-CoA thioesterase (unknown function)
metB No BH1627 (metB), Corrinoid-dependent methionine synthesis,
BH1628 (metC),
BH1629 (metF), L-homocysteine synthesis
BH1630 (metH)
nrdJ No BH2810 (nrdJ) Corrinoid-dependent deoxyribonucleotide synthesis
mutA No BH2958 (TetR family Corrinoid-dependent methylmalonyl-CoA mutase
transcription factor), (MutA, MutB)
BH2957 (mmdA),
BH2956 (mutB),
BH2955 (mutd),
BH2954 (meaB)
queG No BH1020 (queG) Corrinoid-dependent tRNA modification (QueG)
BH1021

Table 3.2. Operons of Bacillus halodurans C-125 containing corrinoid-related genes.
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I first tested for corrinoid-specificity of MCM by culturing B. halodurans with branched chain
amino acids (isoleucine and valine) as the sole carbon source [231, 285]. I found that B. halodurans
grows to different densities depending on the type and quantity of corrinoid supplemented. Cbl
provided the largest growth yields, followed by Cbi, CreCba and pCbl (Figure 3.2). Notably, even
without corrinoid supplementation, B. halodurans grew to a substantial density of ODeoo = 0.4.
This is most likely due to the presence of the methylcitrate pathway in B. halodurans which
bypasses MCM-dependent conversion of methylmalonyl-CoA to succinyl-CoA. Still, it appears
that corrinoid supplementation is beneficial in these growth conditions. Similar corrinoid
preference of MCM has been observed in another bacterial species, Sinorhizobium meliloti, as well
as the human MCM ortholog. Lastly, another interesting aspect of this result is that Cbi provided
a substantial growth benefit presumably by enabling salvaging of Cbi to produce a complete
corrinoid cofactor. However, the B. halodurans genome does not contain any annotated lower
ligand synthesis genes such as bluB or the bza genes to make the 5,6-dimethylbenzimidazolyl
lower ligand of Cbl [141, 191-193]. Since the growth benefit of Cbi supplementation is greater
than pCbl and CreCba, it is likely producing a different corrinoid which may be worth identifying
in future experiments.

2.0
Cbl
1.5+
Growth yield
(ODGOO) 1.04 CreCba
pCbl
0.51
-------------------- no corrinoid added
00 | | T T
101 100 101 102

[Corrinoid] (nM)

Figure 3.2 — B. halodurans displays corrinoid-specific growth in defined minimal medium
with Ile and Val as the sole carbon source. Cultures were inoculated at an ODgo of 0.001 into
media with the indicated corrinoid concentrations and the ODgoo was measured after 48 hours. Data
points and error bars represent mean and standard deviation of three replicates.

61



Next, I tested for corrinoid specificity of methionine synthesis by the MetE and MetH isozymes
of B. halodurans. Initial growth experiments indicated that pCbl and Cbi had no effect on the
growth kinetics of B. halodurans (data not shown). However, in a medium lacking methionine,
Cbl addition results in slightly faster growth compared to no corrinoid supplementation. This is
seen as shorter mean doubling time of 76 minutes with concentrations of Cbl greater than 4 nM
compared to a mean doubling time of 86 minutes without corrinoid supplement (Figure 3.3A).
Strikingly, supplementation of 4 nM or greater CreCba causes a substantially longer mean
doubling time of 115 minutes. These corrinoid-dependent growth effects were suppressed by
supplementation of methionine to the cultures which strongly indicates that this is indeed
specifically related to methionine synthesis (Figure 3.4B). In Chapter 2, I showed that the MetH
enzyme from the closely related species B. megaterium can use CreCba as a cofactor for
methionine synthesis. Perhaps B. halodurans MetH is also compatible with CreCba but cannot
downregulate MetE because the riboswitch in insensitive to CreCba. I hypothesize that the growth
defect of B. halodurans is due to overproduction of methionine by MetE and MetH. In future
studies, this hypothesis can be tested by measuring the corrinoid specificity of a B. subtilis AmetE
mutant complemented with the B. halodurans metE and metH orthologs.

A B
Methionine-dependent Methionine-independent
growth condition growth condition

130 130
120- 120-
110 110
Doubh_ng time 100- 100-
(mins) . .
90 90—
80 80—
70- 70-

| | | 1 | | | |

0.1 1 10 100 0.1 1 10 100
[Corrinoid] (nM) [Corrinoid] (nM)
—O=—Cbl

- CreCba
----- no corrinoid added

Figure 3.3 — Cbl supports and CreCba inhibits methionine-dependent growth of B.
halodurans. B. halodurans was cultured in defined minimal medium supplemented with (A) 0.1%
methionine, and (B) no methionine. Data points and error bars represent mean and standard
deviation of four replicates.
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After establishing that B. halodurans has corrinoid-specific metabolism, I returned to measuring
the specificity of its Cbl-riboswitches in the B. subtilis reporter system. B. halodurans has five
Cbl-riboswitch regulons (Table 3.2). The metE, btuF and BH0798 Cbl-riboswitches are typical
semi-selective repressors that respond to Cbl and pCbl, but not CreCba or Cbi (Figure 3.4A-C).
The nrdA Cbl-riboswitch does not respond to corrinoids in the reporter assay (Figure 3.4D). Lastly
and most strikingly, the cobT Cbl-riboswitch upregulates gfp in response to all four corrinoids,
suggesting that this Cbl-riboswitch is a novel promiscuous activator (Figure 3.4E).

Cbi is the most potent corrinoid for the cobT riboswitch, causing a 7.8-fold increase in gfp
expression with 100 nM Cbi added. In contrast, Cbl causes a 4.5-fold increase in expression. The
enzyme CobT is required for activating benzimidazolyl and purinyl lower ligands for attachment
to the late corrinoid intermediate GDP-cobinamide [262, 286]. Therefore, it makes sense for the
accumulation of the Cbi to act as a signal for CobT upregulation. However, it remains unclear why
the cobT riboswitch reporter also increases gfp expression in response to complete corrinoids Cbl,
pCbl, and CreCba (Figure 3.4E).
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Figure 3.4 — The Cbl-riboswitches of B. halodurans include repressors and a novel activator.
Corrinoid dose responses of fluorescent reporter strains for B. halodurans Cbl-riboswitches that
regulate the (A) metE, (B) btuF, (C) BHO798 (acyl-CoA hydrolase), (D) nrdA4, and (E) cobT
operons. Thin horizontal lines demarcate no change in expression. Data points of each replicate are
plotted with lines connecting mean values. N=3 for each panel.
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In the purine riboswitch class, both activator and repressor mechanisms are common. Effector
binding causes repression or activation of downstream genes depending on whether the bound
aptamer conformation stabilizes a terminator or anti-terminator in the expression platform [49].
Thus, I analyzed the secondary structures of the B. halodurans cobT Cbl-riboswitch expression
platform to develop a model for the activator mechanism. I predict that in the unbound state, the
expression platform adopts a secondary structure containing an intrinsic transcriptional terminator
(a hairpin followed by a polyuracil tract) (Figure 3.5A). In the effector bound state, a kissing loop
interaction between the conserved loop 5 and a loop structure in the expression platform prevents
the intrinsic terminator hairpin from forming (Figure 3.5B). In typical Cbl-riboswitches, the anti-
terminator structure is favored in the effector-unbound state, whereas the kissing loop in effector
bound state stabilizes the intrinsic terminator hairpin structure (Figure 3.6). A fellow graduate
student in the Taga Lab, Rebecca Procknow, is continuing the investigation of this novel activation
mechanism as part of her ongoing dissertation research. In future experiments, it would be
interesting to systematically examine expression platform secondary structures of other Cbl-
riboswitches, especially those that regulate cobT or other lower ligand synthesis and attachment
genes, to identify other activating riboswitches.
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Figure 3.5 — Predicted regulatory structures in the expression
platform of the B. halodurans cobT Cbl-riboswitch, a novel
activator. (A) Expression platform secondary structure of the
unbound state. (B) Expression platform secondary structure of the
effector bound state. The stem-loop 5 of the aptamer is displayed to
illustrate the kissing loop interaction. Red residues indicate intrinsic
terminator hairpin. Orange residues indicate polyuracil tract of the
intrinsic terminator structure. Blue residues indicate expression
platform sequence preceding the terminator. Green residues form
the kissing loop.
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Figure 3.6 — Predicted regulatory structures in the expression
platform of the B. halodurans metE Cbl-riboswitch, a typical
repressor. (A) Expression platform secondary structure of the
unbound state. (B) Expression platform secondary structure of the
effector bound state. The stem-loop 5 of the aptamer is displayed
to illustrate the kissing loop interaction. Red residues indicate
intrinsic terminator hairpin. Orange residues indicate polyuracil
tract of the intrinsic terminator structure. Blue residues indicate
expression platform sequence preceding the terminator. Green
residues form the kissing loop.
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3.3.3  Modularity of tandem doublet Cbl-riboswitches

Let us return to the D. propionicus mutA riboswitch to consider the implications of tandem Cbl-
riboswitch configurations. Fusing two riboswitches that respond to the same effector in series is
predicted to increase the dynamic range of the regulatory response and potentially produce a more
switch-like response [242, 281, 287]. However, these effects have not been experimentally tested
for any tandem doublet Cbl-riboswitches. In fact, other than the glycine riboswitches, very few
studies have examined the modularity of naturally occurring tandem riboswitches in great detail
[48, 242, 278].

I first chose a set of tandem Cbl-riboswitches to examine in the in vivo reporter system. Of 3,313
Cbl-riboswitches listed in the RiboD database, 38 (1.1%) are predicted to be in a tandem
configuration [47]. Four of these Cbl-riboswitches are paired with a riboswitch of a different class.
The remaining 34 occur in tandem doublet Cbl-riboswitches. I also identified five tandem doublet
Cbl-riboswitches in the genome of S. ovata, a species which was not included in the RiboD
database. Tandem Cbl-riboswitches regulate typical gene targets such as corrinoid biosynthesis,
corrinoid transport, and corrinoid-independent isoenzyme genes. In this regard, the D. propionicus
mutA operon appears to be an exceptional case even among tandem Cbl-riboswitch regulated
operons. I constructed a set of riboswitch reporter strains to dissect four tandem doublet Cbl-
riboswitches from D. propionicus, B. megaterium, S. ovata, and D. acetoxidans (Figure 3.7).

Each of these tandem riboswitches repressed gfp in response to corrinoids. To examine the
modularity of tandem riboswitch configuration, I measured the activity of each individual
riboswitch (referred to as subunits A and B) separately in the reporter system. Each subunit A
lacked an RBS and thus was fused to a strong synthetic RBS (RO0) to allow translation of gfp. The
reporter strains of the subunit B riboswitches retained their native RBS.
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Figure 3.7 — Regulons of the tandem doublet Cbl-riboswitches examined in this study.
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As previously shown, the D. propionicus mutA tandem riboswitch reporter represses gfp to
different degrees with Cbl, pCbl, CreCba, and Cbi (Figure 3.1). Interestingly, subunits A and B of
the D. propionicus mutA riboswitch have distinct corrinoid selectivities. Subunit A responds
strongly to Cbl, pCbl and Cbi, and weakly to CreCba. In contrast, subunit B is a semi-selective
riboswitch responding only to Cbl and to a lesser degree pCbl (Figure 3.8). If the subunits can
fully function independently of each other, then the tandem riboswitch configuration should
behave in a predictable additive manner by multiplying the regulatory activities of the individual
subunits. Indeed, the calculated combined activities of the D. propionicus mutA subunits A and B
closely match their measured activity in tandem (Figure 3.8). This demonstrates that the modular
arrangement of two singlet Cbl-riboswitches with distinct activities can be combined to produce a
single predictable output in an additive fashion. A similar additive combined activity of riboswitch
subunits A and B is seen in the B. megaterium cbiW riboswitch (Figure 3.9). However, both of
these subunits are corrinoid semi-selective types, responding only to Cbl and pCbl. It appears that
this tandem riboswitch arrangement achieves a greater dynamic range of repression and likely
provides strong feedback inhibition for Cbl biosynthesis in B. megaterium [185].

Interestingly, the S. ovata tonB1 and D. acetoxidans cbiK tandem riboswitch activities are not
predicted by the combined activities of their subunit riboswitches (Figures 3.10 and 3.11). The
response to each corrinoid in the tandem riboswitch is much greater than predicted. However, a
major limitation of these results is that the inconsistencies between the predicted and actual
tandem riboswitch activities may reflect an artificial loss of activity caused by separating the
singlet subunits. This is particularly important in the case of the D. acefoxidans tandem
riboswitch in which both subunits alone appear to be nearly nonfunctional (Figure 3.11). In
follow up experiments, it will be useful to introduce point mutations to the corrinoid binding
sites of the aptamers in the tandem doublet riboswitch. This should rule out any potential
artifacts of truncating the riboswitches. This approach would be particularly helpful to determine
whether the subunits of the D. acetoxidans and S. ovata tandem riboswitches operate in a novel
complex, non-additive manner.

Still, the tandem configurations of D. propionicus mutA and B. megaterium cbiW riboswitches
behave in a predictable additive fashion based on the activities of their individual subunits. This
suggests that it may be possible to engineer complex corrinoid-dependent gene regulation using
the diverse functionalities of the natural occurring singlet Cbl-riboswitches. As a proof of
principle, I propose future experiments to construct synthetic tandem riboswitches to create new
regulatory outputs. I predict that fusing the B. halodurans cobT activator riboswitch with the B.
halodurans metE riboswitch will create a regulator with robust repression in response to Cbl and
activation in response to CreCba and Cbi (Figure 3.12A). In contrast, fusing the B. halodurans
cobT with the B. halodurans btuF riboswitch should effectively create a semi-selective activator
for Cbi and CreCba (Figure 3.12B). It is challenging to envision a direct approach to generate
effector-selective activation and repression simultaneously in a singlet riboswitch. Thus, given the
potential sophistication enabled by tandem riboswitch configurations, I argue that sampling the
activities of naturally occurring riboswitches of all classes may be worthwhile for synthetic biology
and engineering purposes.
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D. propionicus mutA tandem riboswitch
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Figure 3.8 — Dissection of the D. propionicus mutA tandem doublet
Cbl-riboswitch. Thin horizontal lines demarcate no change in
expression. Data points of each replicate are plotted with lines

connecting mean values. N=2 for each panel.



B. megaterium cbiW tandem riboswitch
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S. ovata tonB1 tandem riboswitch
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D. acetoxidans cbiK tandem riboswitch
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Figure 3.11 — Dissection of the D. acetoxidans cbiK tandem doublet
Cbl-riboswitch. Data points of each replicate are plotted with lines
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Figure 3.12 — Predicted activities of synthetic tandem doublet Cbl-riboswitches. (A) Tandem
fusion of the B. halodurans cobT and metE Cbl-riboswitches. (B) Tandem fusion of the B.
halodurans cobT and btuF Cbl-riboswitches.

34 Chapter 3 summary

In this study, I explore novel functionality among Cbl-riboswitches by examining atypical Cbl-
riboswitch regulon configurations. In the course of these experiments, I propose new hypotheses
about the physiological roles of Cbl-riboswitch regulation of MCM genes. I also described a Cbl-
riboswitch that operates as an activator in response to corrinoids, which to my knowledge is the
first ever reported. I end with a dissection of modular configurations of tandem Cbl-riboswitches
and propose simple ways that artificial tandem configurations can produce complex modes of
regulation. Together, these results demonstrate the potential utility of studying rare cases to gain
novel biological insight.

In the previous chapter, the primary goal was to measure corrinoid specificity among several Cbl-
riboswitches to potentially gain generalizable knowledge about how Cbl-riboswitches respond to
chemically diverse effectors. In this chapter, I focused on Cbl-riboswitches with seemingly
exceptional features in order to extend our knowledge of the functional diversity that exists among
Cbl-riboswitches. The study of exceptional cases is a viable research approach which has been
successfully applied to riboswitch gene regulation in several contexts.

Most of the results presented here are preliminary leads for new projects. Also, any results
suggesting novel functionality like the activator Cbl-riboswitch needs to be confirmed in the
organism from which it derived to make a strong claim about the role of that riboswitch in that
organism’s physiology. Likewise, any application of a riboswitch for synthetic biology would need
to be validated in the engineered organism of interest. Nevertheless, the results from this reporter
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system are proving useful for gaining insight into basic principles of riboswitch functionality, and
their potential application to engineering of B. subtilis.

Among the many Cbl-riboswitch sequences that exist across bacterial genomes, there are likely
more functional properties of both Cbl-riboswitches and the genes that they regulate. Further
exploration of Cbl-riboswitch regulons will likely lead to new facets of corrinoid metabolism in
bacteria.

3.5 Materials and methods
The following procedures were done as described in Chapter 2:

a) Cbl-riboswitch sequence analysis

b) Corrinoid production, extraction, purification, and analysis
c) Plasmid and strain construction

d) Riboswitch fluorescent reporter assays

3.5.1 MCM-dependent growth of B. halodurans C-125

B. halodurans was streaked from frozen stocks onto LB agar supplemented with 0.1 M sodium
sesquicarbonate and incubated overnight at 30 °C for 14-18 hours. Single colonies were used to
inoculate 2 mL liquid starter cultures containing Spizizen minimal medium supplemented with 0.1
M sodium sesquicarbonate (alkaline SMM) without any carbon source. Starter cultures were
incubated shaking overnight (250 rpm, 30 °C) for 16 hours, reaching cell density of about ODsoo
= 0.1. Starter cultures were diluted 100-fold in 8 mL of alkaline SMM supplemented with 0.04%
L-Isoleucine and 0.04% L-valine as the carbon source. 75 pL of diluted culture was dispensed into
wells of a 96-well microtiter plate. Each well was further supplemented with 75 pL of alkaline
SMM containing various concentrations of Cbl, pCbl, CreCba or Cbi. Plates were sealed with gas
diffusible membranes (Breathe-Easy, MilliporeSigma) and incubated at 30 °C in a high-speed plate
shaker. After 48 hours, final cell densities were measured on a BioTek Synergy?2 plate reader.

3.5.2 Methionine-dependent growth of B. halodurans C-125

B. halodurans was streaked from frozen stocks onto LB agar supplemented with 0.1 M sodium
sesquicarbonate and incubated overnight at 30 °C for 14-18 hrs. Single colonies were used to
inoculate 2 mL starter cultures of alkaline SMM with 30 mM sodium citrate as a carbon source.
Starter cultures were incubated shaking overnight (250 rpm, 30 °C) for 14-18 hours, reaching cell
density of roughly ODsoo = 1. Starter cultures were diluted to OD600 = 0.01 in 10 mL of alkaline
SMM with 30 mM sodium citrate. 75 pL of diluted culture was dispensed into wells of a 96-well
microtiter plate. Each well was further supplemented with 75 uL of alkaline SMM containing
various concentrations of Cbl and CreCba, with and without 0.1% L-methionine. Plates were
sealed with gas diffusible membranes and incubated at 30 °C in a BioTek Synergy2 plate reader
set to ‘high-speed’ shaking. Absorbance at 600 nm was measured every 20 minutes for 60 hours.
Growth kinetics were analyzed and plotted using GraphPad Prism 9.
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Chapter 4 — Summary

Riboswitches are extraordinary for the degree of efficiency by which they transduce a molecular
sensory input to a gene expression output. Aside from the essential transcription and translation
machinery, there are no other protein, RNA or other biomolecular factors required to implement
this type of genetic switch. A riboswitch fully encapsulates the principle of the structure-function
relationship. Through my dissertation research, I have grown to appreciate the simultaneous
simplicity and sophistication of this pervasive control mechanism in bacteria.

My work has focused on the Cbl-riboswitch. In my opinion, the relatively small field of riboswitch-
based gene regulation has greatly benefited from being heavily populated by chemists and
biophysicists since its inception. Quantitative in vitro biochemical and structural approaches have
propelled our understanding of these complex molecular machines to the point that fully artificial
riboswitches are actively developed for biotechnological purposes. While the edges of this field
have rapidly expanded over the past twenty years, this has left many opportunities for general
biologists (like me) to attempt to resolve some of the more curious biological aspects of these
naturally evolved control systems.

Despite being the first type of riboswitch discovered over twenty years ago, basic aspects of Cbl-
riboswitch functionality have remained uninvestigated. In particular, the Cbl-riboswitch is
unmatched by other riboswitches in terms of the natural chemical diversity of its potential effector
molecules. Given the widespread importance of corrinoids in microbial communities, it is
remarkable how little we know about the bacterial gene regulatory response to corrinoids other
than Cbl. My research represents an early step to address this fundamental problem. I can
confidently conclude from my studies that Cbl-riboswitches respond to multiple types of
corrinoids. Furthermore, Cbl-riboswitches vary in their corrinoid specificity. This alone should
provide sufficient motivation to consider the role of Cbl-riboswitches in any future work that
examines the impacts of Cbl and other corrinoids on microbial communities.

Based on my results in Chapter 2, I proposed that the propensity of a corrinoid to adopt either the
base-ON or base-OFF state is the key molecular feature that Cbl-riboswitches detect to produce
distinct regulatory outputs. Future in vitro biochemical approaches will be useful for testing this
model. Structural studies of semi-selective and promiscuous aptamers in complex with various
corrinoids should yield further mechanistic insight into how bacteria differentially sense corrinoid
cofactors. Complementary in vitro binding assays and in vitro transcription/translation assays can
further disentangle the potentially complex role of the kissing loop interaction in corrinoid
specificity. In addition, new technologies are emerging that repurpose the frameworks of highly
parallelized sequencing platforms to conduct highly parallelized sequence probing and
biochemical analyses of arrayed RNAs [288]. The complexity of sequence, structure, and
functionality inherent to Cbl-riboswitches makes them an attractive subject for these emerging
approaches.

In my studies in Chapters 2 and 3, I examined the physiological implications of corrinoid specific
gene regulation. These experiments provide proof of principle and hypotheses about the matching
of corrinoid specificity of gene regulation and physiology. In future efforts, it will be important to
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examine corrinoid-specific gene regulation within the native organisms for at least some
riboswitches in order to corroborate some of my major findings. However, there will likely be
major challenges to implementing and interpreting these types of experiments. Corrinoid-
dependent organisms often possess multiple corrinoid-dependent processes which are further
regulated by Cbl-riboswitches. This complexity makes it difficult to predict how an organism will
respond to a perturbation to its corrinoid-dependent physiology or gene regulation. As an
alternative approach to this problem, it may be possible to engineer corrinoid-dependent
physiology within a corrinoid-independent organism in order to precisely dissect the interplay
between corrinoid-dependent processes.

More broadly, a puzzling question about corrinoids remains: Why do so many corrinoids exist?
For most of the other organic cofactors like SAM, THF, and flavins, it appears that nature has
settled on a single or small number of molecules to carry out essential biological reactions. What
drove some organisms to preferentially produce and use distinct corrinoids? Like most ‘why?’
questions, these are likely to remain unanswered by scientific approaches, but will continue to
capture our scientific interests.
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