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SUMMARY

Over thirty years ago, ZTP (5-amino-4-imidazole carboxamide riboside 5'-triphosphate), a
modified purine biosynthetic intermediate, was proposed to signal 10-formyl-tetrahydrofolate
(10f-THF) deficiency in bacteria. However, the mechanisms by which this putative alarmone or its
precursor ZMP (5-aminoimidazole-4-carboxamide ribonucleotide, also known as AICAR) brings
about any metabolic changes remain unexplained. Herein we report the existence of a widespread
riboswitch class that is most commonly associated with genes related to de novo purine
biosynthesis and one carbon metabolism. Biochemical data confirms that members of this
riboswitch class selectively bind ZMP and ZTP with nanomolar affinity, while strongly rejecting
numerous natural analogs. Indeed, increases in the ZMP/ZTP pool, caused by folate stress in
bacterial cells, trigger changes in the expression of a reporter gene fused to representative ZTP
riboswitches in vivo. The wide distribution of this riboswitch class suggests that ZMP/ZTP
signaling is important for species in numerous bacterial lineages.
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INTRODUCTION

Tetrahydrofolate (THF) and its various natural derivatives are essential cofactors involved in
one-carbon metabolism (Schirch, 1998) in all cells. Among the biosynthetic pathways that
employ folate-derived one-carbon units are those that generate purines, thymidine-5-
monophosphate, methionine, and glycine (Suh et al., 2001). Given the central role of various
THF derivatives in these essential anabolic pathways, folate metabolism is often the target
of anti-cancer and antibiotic agents (Kohanski et al., 2010; Longo-Sorbello and Bertino,
2001). Among different forms of folate, 10f-THF donates formyl groups to form the C2 and
C8 atoms in the purine heterocycle during de novo purine biosynthesis. Given that purine
production is a high-flux pathway in rapidly replicating cells, a robust supply of 10f-THF
must be available. Therefore, the genes coding for folate biosynthesis and modification are
expected to be tightly regulated.

Many bacteria rely on riboswitches (Serganov and Nudler, 2013) to sense and respond to
changing levels of THF or its single-carbon derivatives (Ames et al., 2010). Riboswitches
are structured noncoding RNA domains most commonly found in the 5"-untranslated
regions (UTRs) of bacterial mMRNAs where they control gene expression by selectively
binding to cognate small molecule or ion ligands. Typically, riboswitches are comprised of a
highly conserved ligand-binding aptamer and a poorly conserved expression platform that
interfaces with one or more components of the cell’s gene expression systems. Ligand
binding in the aptamer domain usually induces conformational changes in the adjoining
expression platform, thereby exerting control over expression of the downstream coding
sequences.

Given the broad ligand specificity of members of the known THF riboswitch class (Ames et
al., 2010; Trausch et al., 2011), these RNAs would not be useful for selectively detecting
10f-THF in the presence of an abundance of other THF derivatives. If cells need to respond
specifically to changing levels of 10f-THF, they must employ other more selective RNA- or
protein-based sensors for this compound, or they must make use of an indirect method for
determining the availability of this important formyl-carrying coenzyme.

More than three decades ago, ZTP (Figure 1A), a 5 -triphosphorylated derivative of the
purine biosynthetic intermediate called AICAR (or ZMP), was proposed to act as a bacterial
“alarmone” to signal 10f-THF deficiency (Bochner and Ames, 1982). An alarmone is
loosely defined as a modified biosynthetic intermediate that signals metabolic imbalance
(Stephens et al., 1975). The hypothesis that ZTP signals 10f-THF deficiency was based on
the observation that both ZMP and ZTP significantly accumulate during folate depletion in
Salmonella typhimurium. However, this hypothesis was called into question by a subsequent
study that failed to find evidence for a ZTP-controlled regulon in Escherichia coli (Rohlman
and Matthews, 1990). Indeed, there has since been no demonstration of receptors for ZTP or
of its ability to influence gene expression.

We previously used a bioinformatics pipeline to identify the pfl motif (Figure 1B), which is
a candidate riboswitch class that is most commonly associated with genes involved in de
novo purine biosynthesis and one-carbon metabolism (Weinberg et al., 2010) (Figure 1C). If
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experimentally confirmed, the pfl motif would represent one of the most abundant and
widespread riboswitch classes in bacteria, and we have speculated that its ligand likely
controls fundamental and underappreciated aspects of microbial biology (Breaker, 2011;
Meyer et al., 2011). Herein we demonstrate that pfl RNAs function as high-affinity receptors
for ZMP and ZTP. Moreover we present evidence that these RNAs function as riboswitches
to monitor the Z nucleotide pool and regulate the expression of genes whose protein
products are important for maintaining an adequate supply of 10f-THF during de novo
purine synthesis. Our findings resolve the mystery regarding the proposed role for ZTP and
demonstrate that an off-path biosynthetic derivative can act as an alarmone to signal
metabolic insufficiency.

A Conserved RNA Motif Associated with One-carbon Metabolism and Purine Biosynthesis

Several years ago, in an effort to identify riboswitch candidates and other structural
regulatory RNA motifs, we identified an RNA motif termed pfl (Weinberg et al., 2010).
Since our original discovery, more than 2000 examples of this RNA class (Supplemental
Data) have been identified, and an updated consensus sequence and secondary structure
model has been generated (Figure 1B). The wide phylogenetic distribution of this highly
conserved RNA suggests that the motif is of ancient origin and that the ligand is likely of
fundamental importance to a great diversity of organisms (Figure S1A). However, the ligand
for this “orphan” riboswitch candidate has remained undiscovered.

The expanded collection of pfl representatives reinforces our original speculation that pfl
motif RNAs bear hallmarks indicative of riboswitch function. For instance, the pfl motif has
strikingly conserved sequence and structural features despite wide phylogenetic distribution,
which is typical of many validated riboswitch classes. The predicted secondary structure
based on nucleotide complementarity and on sequence covariation includes three essential
base-paired substructures (P1, P2, and P3), and two additional base-paired elements that are
present in some representatives. In addition to highly conserved nucleotides that reside
within the junction between P1 and P2 (J1/2) and in the loop of P3 (L3), there also exists a
highly conserved pseudoknot between J1/2 and L3.

Another hallmark of riboswitches is a strong association with a set of genes related to the
cognate ligand of the RNA. Therefore, examination of the genes putatively controlled by
candidate riboswitches often provides valuable clues to the identity of the ligand. Members
of the pfl motif class of RNAs most commonly precede genes involved in de novo purine
biosynthesis or in the synthesis of 10f-THF (Figure 1C, Figure S1B). Specifically, pfl motif
RNAs are predominantly associated with genes for the bifunctional enzyme PurH (AICAR
formyltransferase/IMP cyclohydrolase), Fhs or Fthfs (formate tetrahydrofolate ligase), Pfl
(pyruvate formate lyase), GlyA (glycine hydroxymethyltransferase), and the bifunctional
enzyme FolD (5,10-methylene-tetrahydrofolate dehydrogenase/5,10-
methylenetetrahydrofolate cyclohydrolase).

In addition to gene contexts, the architectures of expression platforms can also help identify
the cognate ligand. Analysis of pfl motif RNAs suggests that they are typically genetic ON

Mol Cell. Author manuscript; available in PMC 2016 January 22.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al. Page 4

switches, and therefore a build-up of a certain compound likely triggers the activation of
genes controlled by this orphan riboswitch candidate. During de novo purine synthesis, 10f-
THEF is required for key formylation reactions. Thus, we hypothesized that during 10f-THF
deficiency, a build-up of ZMP or its derivative ZTP (Figure 1A) might be sensed by pfl
motif RNAs and subsequently trigger expression of downstream genes to maintain adequate
level of 10f-THF (Weinberg et al., 2010).

The types of genes associated with pfl motif RNAs are consistent with this hypothesis. For
example, 10f-THF can be produced from THF and serine by GlyA and FolD. In anaerobes,
formate can be produced from pyruvate by Pfl (Becker et al., 1999) or transported by
formate transporters, such as FocA (Sawers, 2005). 10f-THF is subsequently produced from
THF and formate by Fhs. Indeed, it has been reported that, in Streptococcus thermophilus,
Pfl is highly expressed during simultaneous starvation for formate and purines, but repressed
when either formate or purines are provided (Derzelle et al., 2005).

ZMP could also accumulate as a result of inadequate production of PurH, which is
commonly found to be associated with pfl motif RNAs. Notably, genes in de novo folate
biosynthesis are not associated with pfl motif RNAs, which suggests that these RNAs are
more likely to be involved in maintaining an adequate 10f-THF level and folate pool balance
rather than maintaining the global amount of THF and its various derivatives. This
distinction is further supported by the existence of a separate riboswitch class that senses
THF and controls genes directly involved in folate biosynthesis (Ames et al., 2010).

Representative pfl Motif RNAs Bind the Purine Biosynthetic Intermediate ZMP

Previous efforts to identify the ligand for the pfl riboswitch candidate were carried out using
a 92-nt pfl RNA construct (92 Cac) derived from the 5"-UTR of the purH gene from
Clostridium acetobutylicum (Weinberg et al., 2010) (Figure S2A). We used a method called
in-line probing to map and quantify any ligand-induced structural changes in the putative
riboswitch aptamer by monitoring spontaneous RNA cleavage patterns (Soukup and
Breaker, 1999). Using this method, many compounds related to purine and folate metabolic
pathways were previously tested, including ZMP, without any indication of ligand-induced
RNA structure modulation.

Upon re-examining the 92 Cac construct, however, we noticed that the P1 and P2 stems of
this RNA do not properly base-pair under our assay conditions (Figure S2B). We
hypothesized that the previous negative results might have been due to the failure of this
particular RNA construct to properly fold to form the binding pocket required to recognize
its cognate ligand. To avoid this possible problem, we synthesized and tested several
additional pfl motif RNA constructs, including a 104-nucleotide RNA (104 Cba) that
encompasses the pfl motif from Clostridium bartlettii (Figure 2A). Unlike 92 Cac, 104 Cba
exhibits a pattern of spontaneous RNA phosphodiester cleavage that is consistent with the
secondary structure model. Specifically, all the internucleotide linkages residing within the
predicted stems exhibit strong resistance to spontaneous cleavage, whereas most regions
predicted to be unpaired exhibit robust spontaneous cleavage (Figure 2B).
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Upon addition of ZMP, the most highly conserved nucleotides undergo structural
stabilization (Figure 2B), including those that form the predicted pseudoknot (Figure 1B).
Ligand-induced structural changes in phylogenetically conserved regions are typical of
many known riboswitches. Therefore our results suggest that many of the conserved
nucleotides that undergo ZMP-mediated structural stabilization are critical for forming the
molecular architecture needed for ZMP binding. Representatives of this RNA class from
other phyla, including 118 Har from the -proteobacterium Hermininiimonas
arsenicoxydans (Figure S3) and 92 Ske from the Actinobacterium Sanguibacter keddieii
(Figure S4), also exhibit proper folding of all the predicted secondary structures under in-
line probing conditions and undergo structural modulation in the presence of ZMP. The
apparent dissociation constant (Kp) of 104 Cba RNA and ZMP is estimated to be ~30 nM
by quantifying the extent of spontaneous cleavage at several nucleotide positions over a
range of ZMP concentrations (Figure 2C).

Using 104 Cba as a parent construct, we examined the importance of some of the highly
conserved features of the aptamer to provide further support our consensus model. For
example, mutation of a single highly conserved nucleotide (M1) (Figure 3A) results in the
loss of the normal ZMP binding pattern (Figure 3B). A mutation that disrupts base-pairing in
the P1 stem (M2) also results in a loss of binding activity, which can be reversed through a
compensatory mutation (M3) that restores base pairing within P1. An additional series of
mutational studies using 118 Har also provided similar results (Figure S5). Taken together,
our results demonstrate that pfl motif RNAs are high-affinity aptamers for ZMP and that
ligand binding stabilizes highly-conserved portions of this widespread riboswitch candidate.

Molecular Recognition Characteristics of ZMP-binding RNAs

The molecular recognition characteristics of 104 Cha were further assessed by establishing
the apparent Kp values for various analogs that carry certain structural features in common
with ZMP (Figure 4A, Figure S6). The nucleotide AMP (adenosine-5"-monophosphate) is
bound by the RNA with an affinity that is about 1000-fold poorer than for ZMP. Similarly,
the affinities for other natural nucleotide derivatives such as IMP (inosine-5"-
monophosphate), GMP (guanosine-5"-monophosphate), and XMP (xanthosine-5"-
monophosphate) are all at least 30,000-fold poorer. Therefore ZMP aptamers are likely to
selectively bind their cognate ligand even in the presence of a large excess of natural
nucleotide derivatives. Furthermore, the importance of the ribosyl group in ligand
recognition is apparent because 5-amino-4-imidazolecarboxamide (AICA, or Z nucleobase),
which lacks the ribosyl group entirely, is bound by 104 Cba approximately 50-fold poorer
(Kp ~1.5 uM) than ZMP (Figure 4B). Similar results are observed with 118 Har (Figure
S4D).

Binding affinities for various AICA analogs (Figure S6) were also established to determine
important functional groups within the ligand, leading to the identification of key molecular
features recognized by the 104 Cba aptamer (Figure 4C). The presence of a methyl group at
the C2 position of the AICA decreases affinity by 50 fold, likely due to steric clash between
the ligand and aptamer. The amino group of the carboxamide moiety of the ligand is likely
to come into contact with the aptamer because methylation at this position causes a complete
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loss of binding affinity. Similarly, methylation at the N2 position reduces affinity by 1000
fold or more (Kp >1 mM), suggesting that this chemical change also results in steric
hindrance and/or disruption of hydrogen bond interactions with the aptamer.

1H-imidazole-4-carboxamide, which lacks the 5-amino group of AICA, also exhibits a loss
of at least three orders of magnitude in affinity compared to AICA. Ribavirin, a ZMP analog
that is a nucleoside inhibitor used to treat viral infections (Cameron and Castro, 2001), also
lacks the 5-amino group and exhibits a decrease of at least five orders of magnitude in
affinity. These data suggest that the 5-amino group is a critical determinant of ligand
recognition for the aptamer.

Analogs with various 5 -phosphorylation states were evaluated to determine whether the
aptamer could discriminate among derivatives with differing numbers of phosphate groups.
Interestingly, both 104 Cba and 118 Har do not discriminate between ZMP and ZTP (Figure
4B, Figure S3D), indicating that the 5"-polyphosphate group is unlikely to serve as a critical
molecular recognition determinant. Structural studies of TPP and FMN riboswitches have
revealed that pyrophosphate and phosphate groups, respectively, form direct and Mg2*-
mediated contacts with their riboswitch RNA receptors to increase ligand-binding affinity
and specificity (Serganov and Patel, 2012). Given these precedents, it is somewhat
surprising that similar contacts are unlikely to be exploited by this RNA class to
discriminate among various Z riboside phosphorylation states. Regardless, pfl motif RNAs
robustly bind to ZTP, demonstrating that this orphan riboswitch class could represent a
widespread receptor and gene control element for this proposed alarmone.

Although Z riboside and 3', 5-cZMP are bound strongly by 104 Cba, neither compound is
known to be synthesized by cells, and therefore the high affinity exhibited by these
compounds is likely to be irrelevant in vivo. If ZTP were to function as the exclusive
alarmone for signaling 10f-THF deficiency, it might be expected that a riboswitch for this
signal would more strongly exclude the ZMP molecules that directly accumulate during 10f-
THF deficiency. ZTP production could occur if excess ZMP is pyrophosphorylated by the
promiscuous action of the enzyme PRPP synthetase (Sabina et al., 1984) or by a dedicated
unidentified enzyme. However, given the lack of discrimination between ZMP and ZTP,
members of this RNA class might sense and respond to the combined ZMP/ZTP pool, rather
than respond exclusively to ZTP.

Riboswitch-mediated Control of Gene Expression by ZMP and ZTP

To determine whether members of this RNA class regulate gene expression in response to
changing levels of ZMP or ZTP, we examined the transcription of a DNA template
encompassing the sequence of a Clostridium beijerinckii pfl motif RNA with its natural
terminator stem (Figure 5A). In single-round transcription assays lacking ligand (Figure 5B),
the majority of RNAs generated are terminated within the run of U residues that are
characteristic of intrinsic transcription terminator stems (Gusarov and Nudler, 1999; Yarnell
and Roberts, 1999). Upon addition of increasing amounts of ZMP, the yield of full-length
RNA transcripts increases while the amount of terminated transcripts decreases (Figure 5B,
5C). ZTP and Z induce a similar effect on the products of transcription compared to ZMP,
whereas AICA fails to trigger a change in the yields of the two major transcription products.
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These findings are consistent with our hypothesis that many ZMP/ZTP aptamers are
riboswitches that activate gene expression upon ligand binding. Moreover, these results
demonstrate that the RNA is not capable of distinguishing between ZTP, ZMP, and Z during
in vitro transcription (Figure 5B, 5C), which matches our binding assay results with the
aptamer from this same species as determined by in-line probing (Figure 5D). However,
there is a ~50-fold shift in the dose-response curve between the Kp values derived by in-line
probing and the concentrations of ligand needed to trigger half-maximal transcription read-
through. These results suggest that the RNA is operating as a kinetically-driven riboswitch,
as has been observed for representatives of other riboswitch classes (Wickiser et al., 2005a;
Wickiser et al., 2005b).

Gene control in vivo was evaluated by transforming E. coli BW25113 with a plasmid
containing a translational fusion between a ZTP riboswitch from the y-proteobacterium
Pectobacterium carotovorum and a lacZ reporter gene (Figure 6A). During growth in
minimal medium, the de novo purine biosynthetic pathway is used to produce purines, and
therefore a basal level of the biosynthetic intermediate ZMP is expected to be present
(Figure 6B, left). However, during growth in rich medium, the purine salvage pathway is
preferentially utilized. Under these conditions, ZMP is expected to be absent, or present at
an exceedingly low concentration (Figure 6B, right). The reporter strain was grown either in
minimal or rich medium, and the levels of $-galactosidase activity were determined by using
a fluorescence-based assay (Figure 6C). As expected, the riboswitch-reporter strain grown in
M9 minimal medium exhibits modest expression, as fluorescence values are about 2-fold
above background. By contrast, there is no measurable fluorescence above background from
cells grown in EZ rich medium.

Many antifolates target de novo folate synthesis, which should lead to 10f-THF depletion
and the subsequent build-up of ZMP and ZTP (Figure 6D). Indeed, several research groups
have reported that treatment with antifolates results in rapid and dramatic ZMP (and in some
cases ZTP) accumulation (Bochner and Ames, 1982; Chakraborty et al., 2013; Kwon et al.,
2010). Therefore, we speculated that treatment with trimethoprim (TMP), a dihydrofolate
reductase (DHFR) inhibitor (Dauber-Osguthorpe et al., 1988), would result in an increase in
reporter gene expression when cells are grown in minimal medium. As expected, TMP
treatment in minimal (but not rich) medium results in a high reporter gene expression
(Figure 6E, Figure S7A), and the level of expression increases in a concentration-dependent
manner (Figure 6F). Transformed strains carrying mutant riboswitch-reporter constructs that
either disrupt the P1 stem (M4) (Figure 6A) or alter highly conserved nucleotides (M6 and
M7) fail to exhibit detectable expression upon TMP treatment (Figure 6G, Figure S7B). In
contrast, restoring base pairing within the P1 stem (M5) partially restores riboswitch
function.

As noted above, ZMP should not be produced when cells are grown in rich medium, and the
enzyme that utilizes ZMP to build purines (PurH) is not expected to be expressed (Figure
6B, right). Therefore any ZMP artificially introduced into cells should accumulate.
Exogenous supplementation of Z riboside is expected to artificially elevate the concentration
of ZMP in cells when grown in rich medium due to its uptake by adenosine transporters and
subsequent phosphorylation by adenosine kinase (Fryer et al., 2002; Sabina et al., 1985).
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Indeed, exogenous addition of Z strongly induces the expression of B-galactosidase in cells
carrying the riboswitch-reporter construct in a concentration-dependent manner (Figure 6H).
However, when the reporter strain is grown with Z and a selective inhibitor of adenosine
kinase (5 -amino-5"-deoxyadenosine) that precludes intracellular conversion of Z to ZMP
(Wiesner et al., 1999), we observed only a low level of B-galactosidase expression. This
latter result is somewhat surprising given that our in vitro binding and transcription
termination data indicate that Z can trigger the riboswitch as well as ZMP or ZTP. However,
if nucleosides are not phosphorylated to add a negative charge to the molecule, they cannot
be efficiently retained within bacteria (Deutscher et al., 2006). Furthermore, non-
phosphorylated ribonucleosides might also be degraded to yield other metabolites. These
possible drains on the cellular concentration of Z might explain the low reporter gene
expression observed.

Notably, the addition of Z to E. coli transformed with WT and with various mutant
riboswitch reporter constructs (Figure S7C, Figures S7D) yields reporter gene expression
levels similar to that observed upon the addition of TMP (Figure 6G). Therefore, the
manipulation of ZMP concentrations by either Z supplementation or antibiotic treatment
yields the same riboswitch responses, which is consistent with our hypothesis that pfl RNAs
are riboswitches for ZMP and/or ZTP.

Finally, we measured p-galactosidase activities from the riboswitch reporter constructs in
purH knockout (KO) E. coli cells. During growth in minimal medium, the purH KO strain is
expected to accumulate ZMP since PurH is responsible for the conversion of ZMP to IMP.
However, bacteria deficient in purH are unable to synthesize purines and therefore are
unable to grow under strict minimal medium conditions (Figure S7E) (Jenkins et al., 2011).
Therefore, we grew WT and purH KO E. cali strains in rich media before transferring and
incubating them in minimal media overnight. Importantly, increased expression was
observed in the purH KO strain relative to the WT strain (Figure S7F). Similarly,
examination of Bacillus subtilis WT and purH KO strains harboring the Bacillus sp. SG-1
ZTP riboswitch reporter construct displayed an increased reporter gene expression in the
purH KO strain compared to WT after growth for 24 hours in rich medium (Figure S7F).
These results are again consistent with our hypothesis that ZTP riboswitch-mediated
activation of gene expression occurs as a result of Z nucleotide accumulation.

Given the sensitivity of ZTP riboswitches to the antifolate compound TMP, we sought to
demonstrate that this effect is not simply due to general cellular distress that could be
brought about by antibiotics that operate via other mechanisms. Using agar-diffusion (Figure
7A) and liquid-based (Figure 7B) assays, we treated the E. coli riboswitch reporter strain
with other antifolates such as sulfathiazole and methotrexate. All three antifolate compounds
trigger riboswitch-mediated gene expression as demonstrated by the formation of blue halos
(Figure 7A). Laboratory strains of E. coli are strongly resistant to methotrexate, and
therefore methotrexate did not prevent bacterial growth under our assay conditions (Kopytek
et al., 2000). However, the compound is expected to retain its ability to block its DHFR
target because resistance in E. coli is due to a drug pump mechanism rather than the
presence of drug-resistant DHFR. Curiously, methotrexate fails to yield reporter gene
expression in cells nearest the filter disk, which should contain the highest concentration of
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drug. One possible explanation is that these cells might undergo additional metabolic
alterations that either reduce ZTP concentration or otherwise suppress reporter gene
expression.

In solution (Figure 7B), TMP and sulfathiazole were tested at a concentration just below
their MIC, where folate distress should be strong but not lethal. Again, methotrexate was
tested at increasing concentrations only up to a maximum of 100 pg mL~1 due to solubility
concerns. Although methotrexate at this concentration does not inhibit growth, robust
reporter gene expression is observed.

By contrast, the Z nucleotide pool is not expected to increase in cells exposed to antibiotic
classes that target pathways other than folate biosynthesis. Indeed, treatment with other
classes of antibiotics had no effect on reporter gene expression. These observations suggest
that ZTP riboswitches could be exploited to establish the mechanisms of novel compounds
that disrupt folate metabolism and influence the Z nucleotide pool.

DISCUSSION

Identifying the ligands for novel candidate riboswitch classes is likely to become
increasingly difficult for various reasons. For example, some riboswitch candidates are
associated with genes whose proteins they encode have unknown functions, and therefore no
clues regarding ligand identity can be derived from gene associations. Some newfound
riboswitch candidates are very rare, and these might respond to ligands that are not
widespread in biology. Rare riboswitch classes also can yield imperfect sequence and
structural consensus models, and therefore constructs chosen for testing might miss key
structural features or carry accessory sequences that interfere with aptamer function.
Moreover, experimental validation of common riboswitch candidates can also be frustrated
by constructs that misfold. For example, our earlier efforts to observe reporter gene
regulation with a pfl motif construct upon TMP manipulation of folate levels were not
successful (Meyer et al., 2011). Since the pfl RNA for this previous reporter construct was
derived from the same C. acetobutylicum RNA that was used to generate the misfolded 92
Cac, and the host bacterium was B. subtilis, the riboswitch might not have been able to fold
properly in its surrogate cell. To overcome such riboswitch validation problems, ligand
candidates should be tested with multiple different constructs using various biochemical and
genetic analyses.

We previously noted that the cognate ligands for the most abundant and widespread
riboswitch classes are likely to control fundamental and perhaps underappreciated aspects of
biology (Breaker, 2011; Meyer et al., 2011; Nelson et al., 2013). To date, ZTP riboswitches
rank as the 14t most common class among ~35 validated classes. Other riboswitch classes
that are similar in abundance respond to fundamental ligands such as coenzymes, amino
acids and common bacterial signaling compounds. Indeed, ZMP has long been known as a
de novo purine biosynthesis intermediate, but its role in gene regulation has remained
largely unknown. Intriguingly ZTP, the pyrophosphorylated derivative of ZMP, was
discovered more than 30 years ago and its possible importance in signaling 10f-THF
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deficiency was proposed (Bochner and Ames, 1982). However, no mechanism for this
regulation had been described.

Our findings demonstrate that the pfl motif RNAs represent a widespread class of receptors
for the Z nucleotide pool. Members of this riboswitch class directly and selectively bind to
ZMP and ZTP, and are capable of strongly discriminating against other nucleotides and
nucleotide derivatives. We also provide in vitro and in vivo evidence for riboswitch-
mediated gene expression via ZMP or ZTP binding. In addition to earlier reports (Bochner
and Ames, 1982; Rohlman and Matthews, 1990), more recent studies using metabolomics
approach have clearly established that ZMP rapidly accumulates upon treatment with
antifolates (Chakraborty et al., 2013; Kwon et al., 2010; Wei et al., 2011). Our riboswitch-
reporter constructs yield gene expression results that are consistent with these reports, and
also demonstrate that the accumulation of ZMP directly activates the expression of genes
that counter 10f-THF insufficiency. It is quite common for some species to lack a member
of a particular riboswitch class for a ligand, but instead sense the ligand with a member of
another riboswitch class (e.g., SAM, preQ1, c-di-GMP) or with a protein factor (Breaker,
2011). Although organisms such as E. coli lack representatives of this ZTP riboswitch class,
it is possible that ZTP signaling regulates the same biological processes via other receptors
that have yet to be discovered.

ZTP riboswitch binding data suggests that the 5° phosphate group of the ribosyl moiety is
not critical for ligand recognition. Perhaps there has been no selective pressure for cells to
discriminate between ZMP and ZTP, since both compounds are elevated in concentration
when cells are deficient in 10f-THF. Moreover, chemically-similar phosphorylated
nucleotides, such as AMP and ATP, are present at high concentrations in cells under normal
conditions. Therefore, a riboswitch class that cannot easily discriminate against ZMP and
ZTP because it lacks molecular recognition contacts with phosphates might be more capable
of avoiding unwanted activation by other phosphorylated nucleotides that are more
abundant.

Our results suggest that ZMP and ZTP as a pool can trigger changes in gene expression in
response to 10f-THF deficiency. Given that this riboswitch class cannot distinguish between
ZMP and ZTP, our findings do not resolve the question of whether ZTP is being made as a
dedicated alarmone. It is possible that, in some organisms, the ability of the riboswitch to
sense ZMP and ZTP with equal affinity allows the cell to tolerate ZTP production as the
unavoidable action of a promiscuous enzyme, but still account for both ZMP and ZTP when
indirectly monitoring for 10f-THF deficiency. However, we cannot rule out the possibility
that there exist ZTP-specific receptors that might enable responses that are exclusive to this
alarmone.

The majority of genes regulated by ZTP riboswitches are directly involved in either de novo
purine biosynthesis or in the generation of one-carbon units associated with folate
coenzymes. However, there are a number of other genes controlled by this riboswitch class
(Supplemental Data). We speculate that most of these other genes are also related to de novo
purine and 10f-THF biosynthesis. For example, in Bacillales, some ZTP riboswitches are
found to control rpiB, which encodes ribulose-5-phosphate isomerase. RpiB may help
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harness the end-product of the oxidative phase of the pentose phosphate pathway to generate
PRPP, which is the starting product for de novo purine biosynthesis. In three instances
where the ZTP riboswitch is associated with rpiB, the expression platform architecture
appears consistent with a genetic ‘OFF’ switch, wherein a strong intrinsic transcription
terminator stem can form apart from the ZTP aptamer domain (data not shown). In these
instances, ZTP accumulation presumably reduces expression of a gene that otherwise would
unnecessarily promote the production of more purines. In several species of Proteobacteria,
ZTP riboswitches are found to control the putative threonine transport gene, rhtB. In these
organisms, threonine likely enters the one-carbon metabolism pathway via glycine
(Jungermann et al., 1970; Locasale, 2013).

Other genes associated with ZTP riboswitches are not so easily linked to purine or folate
biosynthesis. In Burkholderiales, there are a number of instances where ZTP riboswitches
control the glyA-nrdR transcriptional unit. NrdR is annotated as a negative regulator of
ribonucleotide reductase (rnr) (Borovok et al., 2004; Rodionov and Gelfand, 2005), which
converts RNA monomers into DNA monomers. If the annotations for these nrdR genes are
correct, then this suggests a possible role for ZTP in the regulation of 2"-
deoxyribonucleotide monomer production for the synthesis of DNA.

Intriguingly, both ZMP and 5”-phosphoribosyl-4-succinocarboxamide-5-aminoimidazole
ribonucleotide (SAICAR, the precursor to ZMP) have been proposed to upregulate de novo
purine biosynthesis in Saccharomyces cerevisiae (Rebora et al., 2005). In yeast, the
interaction of two transcription factors Baslp and Pho2p are required to promote expression
of de novo purine biosynthetic genes (Daignan-Fornier and Fink, 1992). Based on genetic
evidence, it was proposed that this interaction is promoted by SAICAR and ZMP. It has also
been suggested that, in S. cerevisiae, ZMP controls phosphate metabolism (Pinson et al.,
2009). Although we do not see an association between ZTP riboswitches and genes involved
in phosphate metabolism in bacteria, it is possible that the regulatory networks have
differentiated through evolution (Babu et al., 2004).

Z riboside-mediated cellular physiology has been studied in depth in mammalian cells. It is
known that Z riboside is phosphorylated to ZMP by adenosine kinase and acts an agonist of
AMPK, a master regulator of metabolism (Sullivan et al., 1994). Its administration to
eukaryotes has shown promising results in treating cardiovascular diseases, malignant
hyperthermia, and leukemia (Daignan-Fornier and Pinson, 2012; Kuznetsov et al., 2011;
Lanner et al., 2012). Z riboside has also been shown to increase endurance in sedentary mice
(Narkar et al., 2008), which has in turn lead to its use as a performance-enhancing drug
among professional athletes. ZMP- or ZTP-mediated folate pool balance may also occur in
eukaryotes, including in humans and other mammals. Despite the importance of ZMP and
possibly ZTP in eukaryotes, we have not observed any examples of ZTP riboswitches in this
domain of life. Perhaps other classes of RNA or protein factors are involved in Z-dependent
regulation in eukaryotes.

Riboswitches that regulate genes in biosynthetic pathways typically sense an end-product
and control genes by feedback control (Breaker, 2011). However, monitoring a biosynthetic
intermediate at a key node could also relay rich information regarding metabolic status of a
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cell. In that regard, ZMP seems to be an ideal metabolite to be monitored, as it lies at the
node of three interconnected biochemical pathways for purines, folates and histidine.
Interestingly, the ykkC RNA motif, another widespread and long-standing orphan
riboswitch, is commonly associated with de novo purine biosynthesis and nitrogen
metabolism (Barrick et al., 2004; Meyer et al., 2011). Although its ligand remains
unidentified, our current study highlights the possibility that perhaps ykkC motif RNAs bind
to yet another biosynthetic intermediate at a critical node.

The widespread phylogenetic distribution of this riboswitch class suggests an ancient origin,
and perhaps the original members of this motif existed in the RNA World (Breaker, 2009,
2012). Intriguingly, ZTP riboswitches join a growing list of ligand-binding RNA switches
that sense and respond to compounds such as coenzymes, nucleosides and nucleoside
derivatives, and other fundamental metabolites that have been proposed to have originated in
the RNA World (White, 1976; Woese, 1967). Each of the three pathways closest to ZMP
and ZTP production are likely to have arisen before the emergence of proteins. Specifically,
purine biosynthesis would have been necessary as RNA World entities evolved beyond their
most primitive states. Folate compounds originate from the purine nucleotide GTP, and the
THEF derivative 10f-THF has become an essential coenzyme for purine biosynthesis. Also,
histidine is the only amino acid whose synthesis begins with a nucleotide (ATP), and the
biosynthetic pathways for both these compounds generate ZMP.

Additionally, ZTP riboswitches join a list of riboswitches that recognize RNA-derived
signaling molecules, such as c-di-GMP (Lee et al., 2010; Sudarsan et al., 2008), c-di-AMP
(Nelson et al., 2013), and c-AMP-GMP (Nelson et al., submitted; Kellenberger et al.,
submitted). These findings suggest that regulatory systems comprised exclusively of RNA
polymers and small RNA-derived signals likely existed in the RNA World, and demonstrate
that they persist in modern cells amongst the more typical protein-mediated signaling
systems. This makes the apparent lack of riboswitches for other RNA-derived signaling
molecules, such as cAMP, cGMP, and (p)ppGpp all the more puzzling.

Given that modern riboswitch classes that recognize THF and ZMP/ZTP exist, it seems
reasonable to speculate that a ribozyme or ribozyme complex once existed that carried both
10f-THF and ZMP binding sites. This architecture could have been exploited to catalyze a
one-carbon transfer reaction as part of the purine biosynthetic pathway. Interestingly, in
modern cells, there are a number of examples where THF and ZTP aptamers are found in a
tandem arrangement with independent expression platforms (Ames et al., 2010), and such
arrangements with other riboswitches are known to act as two-input logic gates (Sudarsan et
al., 2006). Although these modern RNAs are almost certainly present to integrate regulation
of the purine and THF biosynthetic pathways, their existence provides a precedent for RNAs
that bind a folate derivative and ZMP in the same RNA polynucleotide.

Regardless of the origin of ZTP riboswitches, constructs based on this riboswitch class
might be useful for drug discovery. Novel antibiotics classes are greatly needed even though
the current commercial landscape is not conducive to drug discovery in this area (Payne et
al., 2007). While target-based screening has made advances in modern drug discovery, some
drug developers have noted challenges associated with this approach compared to
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phenotypic-based screening (Swinney and Anthony, 2011). Moreover, there is renewed
interest in phenotypic screening among the scientific community (Zheng et al., 2013).
However, one of the main challenges of phenotypic screening is target identification. Our
result suggests that ZTP riboswitches fused to reporter genes could be exploited for
phenotypic screens wherein compounds that target folate biosynthesis by novel mechanisms
could be discovered.

EXPERIMENTAL PROCEDURES

Procedures used for in vitro transcription assays, preparation of RNA oligonucleotides,
bacterial strains and growth conditions, design of reporter gene constructs, liquid-based -
galactosidase assays, and RNA homology search are described in the Extended
Experimental Procedures.

In-line Probing

In-line probing experiments were conducted as previously described (Soukup and Breaker,
1999). Briefly, a trace amount (~5 nM) of 5" 32P-labeled RNA was incubated at 25°C for
approximately 40 hours in the presence of 100 mM KCI, 50 mM Tris-HCI (pH 8.3 at 23°C),
and 20 mM MgCl; and the desired ligand. RNA spontaneous cleavage products were
resolved by denaturing 10% PAGE and imaged with a Phosphorimager (Molecular
Dynamics). ImageQuant 5.1 was used to establish band intensities. Values for the apparent
dissociation constants (Kp) were determined as previously described (Baker et al., 2012).

Single-round in vitro Transcription Termination Assays

A DNA template for in vitro transcription, consisting of the native promoter, predicted
riboswitch aptamer and terminator stem and corresponding to coordinates
NC_009617.1/1211871-1212120, was constructed via PCR of Clostridium beijerinckii
spores. An additional 70 nucleotides following the predicted transcription terminator were
included to aid in resolution of the terminated and full-length products. For more detailed
protocol, see Extended Experimental Procedures.

Agar Diffusion Assays

A diluted overnight culture of the E. cali strain carrying the riboswitch-reporter fusion
plasmid was spread onto an agar plate containing carbenicillin (100 pg mL=1) and X-gal (80
pg mL™1). A single BBL™ Sensi-Disc™ Susceptibility Test Disc (BD) was placed on each
plate and a specific antibiotic was added to the disc (5 uL of either 1 ug mL=2 trimethoprim,
400 pg mL~1 sulfathiazole, 5 pg mL~1 chloramphenicol, or 4 ug mL~1 kanamycin). Disks
pre-impregnated with imipenem, tetracycline, rifampicin, and gentamycin antibiotic were
purchased (BD). Bacteria were grown on M9 minimal agar medium supplemented with
carbenicillin and X-gal. The plates were incubated overnight at 37°C.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. pfl Motif RNAs are Widespread and Commonly Associated with Genes for de novo
Purine Biosynthesis and One-carbon Metabolism

(A) Chemical structures of Z, ZMP, and ZTP.

(B) Consensus sequence and secondary structure model of pfl motif RNAs based on over
2000 representatives from bacteria.

(C) Simplified diagram of pathways relevant to the genes commonly associated with pfl
RNAs.
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Figure 2. Recognition of ZMP by a pfl Motif RNA
(A) Sequence and secondary structure model for a pfl RNA called 104 Cba from

Clostridium bartlettii. Lowercase nucleotides in gray were added to facilitate transcription.
Nucleotides undergoing structural stabilization upon the addition of ZMP are annotated with
red circles while positions remaining unstructured are annotated with yellow circles. Data
are derived from the inline probing results in B.

(B) Polyacrylamide gel electrophoresis (PAGE) analysis of in-line probing reactions of 5

" 32p_Jabeled 104 Cba with various concentrations of ZMP. NR, T1, and “OH designate no
reaction, partial digestion with RNase T1, and partial digestion with alkali, respectively.
(C) Plot of the fraction of RNA bound to ligand, as inferred from the normalized fraction of
spontaneous RNA cleavage versus the logarithm of the concentration of ZMP. The most
robust regions of modulation (sties 1, 2 and 4) were used to create the plot. The solid line
represents a theoretical binding curve expected for a one-to-one interaction between ligand
and RNA with a Kp of 30 nM.
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Figure 3. In-line Probing Analysis of Aptamer Mutants
(A) Sequence and secondary structure of wild-type (WT) and mutant 104 Cba RNA

constructs used to evaluate the importance of highly conserved nucleotides and structural
elements. Mutant constructs (M1-M3) carry nucleotide changes as indicated. Other
annotations are as described in the legend to Figure 2A.

(B) PAGE analysis of in-line probing reactions with WT 104 Cba RNA or mutants M1, M2,
and M3. Each 5 32P-labeled RNA construct was incubated in the absence or presence of 10
UM ZMP. Other annotations are as described in the legend to Figure 2B.
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Figure 4. Molecular Recognition Characteristics of a ZMP/ZTP Aptamer
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(A) Summary of the apparent Kp values for ZMP and various ZMP analogs with 104 Cba as
established by in-line probing (Figure 2, Figure S7 and data not shown). The open circle
indicates that no evidence for binding by the compounds indicated was observed at 1 mM.
(B) Plot of fraction of 104 Cba RNA bound to ligand versus the logarithm of the
concentration of ZMP and its analogs. The lines represent theoretical binding curves
expected for a one-to-one interaction between ligand and RNA.
(C) Schematic representation of the molecular recognition determinants of ZMP/ZTP
binding by 104 Cba RNA. Predicted molecular recognition contacts are as indicated.
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Figure 5. The Nucleoside Z and the Nucleotides ZMP and ZTP Trigger Riboswitch-mediated
Transcription Elongation

(A) Sequence and secondary structure of a full-length ZTP riboswitch construct from C.
beijerinckii used for transcription termination assays. In the absence of ligand (left), an
intrinsic terminator stem (participating nucleotides shaded in gray) is expected to form and
cause transcription termination. In the ligand-bound state (right), both P3 and the
pseudoknot are expected to form, thereby blocking formation of the terminator stem and
leading to transcription read-through. Encircled numbers indicate the presence of additional
nucleotides from the natural sequence.

(B) Single-round in vitro transcription termination assays conducted in the absence of ligand
(=) or in the presence of ZMP, ZTP, and Z ranging from 100 nM to 100 pM. AICA was
tested at concentrations of 30 uM and 100 uM. T and FL denote terminated and full-length
RNA transcripts, respectively.

(C) Plot of the fraction of full-length RNA product versus the logarithm of the concentration
of ligands. Data are derived from B.

(D) Plot of fraction of RNA bound to ligand versus the logarithm of the concentration of
ZMP, ZTP, or Z, as estimated from in-line probing assays with the riboswitch aptamer from
C. bgjerinckii (nucleotides 1 through 99 as depicted in A). The solid lines represent
theoretical binding curves expected for one-to-one interactions between ligand and RNA.
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Figure 6. ZMP/ZTP-induced Reporter Gene Expression Controlled by a Riboswitch Associated

with Pectobacterium carotovorum rhtB

(A) Sequence and secondary structure of the WT ZTP riboswitch associated with the rhtB
gene of P. carotovorumand various mutants fused to a B-galactosidase reporter gene (lacZ).
The diagonal line indicates the fusion of the first eight codons of rhtB to the ninth codon of
lacZ. Other annotations are as described for Figure 3A.

(B) Schematic representation of the expected metabolic flux in minimal (left) and rich
(right) medium. Solid green lines indicate pathways with flux whereas dashed gray line

represents pathway with low or no flux.

(C) Plot of reporter gene activity for E. coli cells containing the riboswitch reporter construct
and grown on minimal (M9) or rich (EZ) medium supplemented with X-gal (See Extended
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Experimental Procedures). Dashed lines represent the background measurements for M9 and
EZ media in the absence of cells.

(D) Schematic representation of the expected metabolic flux in minimal medium containing
trimethoprim (TMP). Other annotations are as described for B.

(E) Agar plate assays with E. cali cells containing the riboswitch reporter construct and
grown under the conditions as indicated in media supplemented with X-gal.

(F) Plot of the relative reporter gene expression levels with increasing concentrations of
TMP relative to no treatment either in minimal (M9) or rich (EZ) medium.

(G) Plot of the relative p-galactosidase activity in cells containing the WT or mutant
riboswitch reporter constructs depicted in A in the absence or presence of 0.1 pg mL™2
TMP, as indicated, in minimal medium.

(H) Plot of the relative p-galactosidase activity of cells carrying the WT riboswitch reporter
construct upon the addition of increasing concentrations of Z riboside in rich medium. “I”
indicates addition of 1 mM 5”-amino-5"-deoxyadenosine, a selective inhibitor of adenosine
kinase.
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Figure 7. Antibiotic Agents that Target Folate Biosynthesis Trigger ZTP Riboswitch-mediated

Gene Expression

(A) Agar diffusion assays of the E. coli WT riboswitch reporter strain described in Figure

6A. Blank discs were spotted with 5 pL of either 1 pg mL~1 TMP, 400 pg mL~2

sulfathiazole (SFT), 45 mg mL~1 methotrexate (MTX), 4 ug mL~1 kanamycin (Kan) or 5 pg

mL "1 chloramphenicol (CM), Disks infused with gentamycin (GE), rifamycin (RIF),

tetracycline (TE), and imipenem (IPM) were purchased from BD. All plates contained M9
agar medium with X-gal.
(B) Plots of the relative B-galactosidase activity of the E. coli WT riboswitch reporter strain
grown with various antibiotics as indicated. Concentrations tested are approximately one
half log unit below the minimum inhibitory concentration (MIC) for each antibiotic, with the

exception of methotrexate, which was tested at 100 pg mL™1
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