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SUMMARY

In both prokaryotes and eukaryotes insight into gene function is typically obtained by in silico
homology searches and/or phenotypic analyses of strains bearing mutations within open reading
frames. However, the studies herein illustrate how mRNA function is not limited to the expression
of a cognate protein. We demonstrate that a stress-induced protein-encoding mRNA (/rvA) from
the dental caries pathogen Streptococcus mutans directly modulates target mRNA (gbpC) stability
through seed pairing interactions. The 5’ untranslated region of /rvA mRNA is a trans-
riboregulator of ghpC and a critical activator of the DDAG stress response, whereas IrvA functions
independently in the regulation of natural competence. The /rvA riboregulatory domain controls
GbpC production by forming /rvA-gbpC hybrid mRNA duplexes that prevent ghpC degradation by
an RNase J2-mediated pathway. These studies implicate a potentially ubiquitous role for typical
protein-encoding mRNAs as riboregulators, which could alter current concepts in gene regulation.

INTRODUCTION

With the recent explosion of bacterial RNA-seq studies, it is apparent that bacteria produce a
surprising abundance of uncharacterized noncoding RNAs (Li et al., 2013; Romby and
Charpentier, 2010; Toffano-Nioche et al., 2013). It has also recently become evident that
small noncoding RNA regulators (SRNAs) are ubiquitously employed as critical nodes
within bacterial genetic networks and can regulate gene expression through a highly diverse
array of regulatory mechanisms (Storz et al., 2011). Consequently, RNA regulators are vital
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for the regulation of gene expression: perhaps of equal or greater importance to protein
regulators. This function has thus far been solely attributed to SRNAs. There is also a
significant pool of MRNAs in the cell containing 5° untranslated regions (UTRs) that
regulate translation in ¢is by folding into complex secondary structures (Gripenland et al.,
2010; Romby and Charpentier, 2010). In addition, MRNAs may contain decoy sites that
sequester riboregulatory RNAs (Figueroa-Bossi et al., 2009; Overgaard et al., 2009;
Plumbridge et al., 2014). However, mRNAs have not been traditionally recognized as frans
regulators of heterologous mMRNA stability or translation.

Most trans-acting riboregulatory SRNAs indirectly control gene expression either positively
or negatively through complementary base pairing interactions (seed pairing) that modulate
translation initiation, since translation has an inherent stabilizing effect upon mRNAs
(Frohlich and Vogel, 2009; Gottesman, 2011). In some instances, SRNA interactions may
directly alter target mRNA stability by modifying target accessibility to RNases (Bandyra et
al., 2012; Desnoyers et al., 2009; Papenfort et al., 2013; Pfeiffer et al., 2009; Rice et al.,
2012). In addition, a small subset of riboregulatory SRNAs, referred to as dual-function
SRNAs, also contains translated open reading frames (ORFs) (Vanderpool et al., 2011). The
OREFs of dual-function sSRNAs all encode peptides ranging in size from 26 — 53 amino acids
and only a fraction have known functions (Balaban and Novick, 1995; Berghoff et al., 2009;
Mangold et al., 2004; Roberts and Scott, 2007; Shimizu et al., 2002; Sonnleitner et al., 2011;
Wadler and Vanderpool, 2007). The existence of such SRNAs implies that a single RNA
molecule can serve as both a #rans-acting riboregulator and a template for translation. It
remains to be determined whether dual-function SRNAs are simply an unusual subset of
otherwise noncoding riboregulatory RNAs or they are indicative of a wider regulatory role
for translated RNAs.

The irvA gene of S. mutans encodes a putative transcription repressor and was originally
discovered due to its induction by a variety of genetic mutations. In a wild-type background,
frvA gene expression is extremely low, but its expression increases >100-fold in various
mutant backgrounds (Merritt et al., 2005; Tsang et al., 2006). Besides triggering /rvA
expression, these mutations also share a variety of common phenotypes, such as deficiencies
in lantibiotic bacteriocin production and natural genetic competence (Merritt et al., 2005;
Niu et al., 2010; Niu et al., 2008). The key regulator of /rvA transcription, irvR, is located
directly adjacent on the chromosome and encodes a LexA-like self-cleaving transcription
repressor responsible for preventing /rvA expression under normal growth conditions (Niu et
al., 2010; Niu et al., 2008). A mutation of /rvR constitutively derepresses /rvA and triggers
each of the previously described /rvA-dependent phenotypes in addition to the constitutive
activation of the dextran-dependent aggregation (DDAG) stress response (Niu et al., 2010;
Niu et al., 2008). In a wild-type background, the characteristic cellular aggregation
phenotype of the DDAG stress response is only detectable in the presence of the various
environmental stresses that trigger the production of a critical surface exposed lectin called
GbpC (Sato et al., 2002; Sato et al., 1997). It is unknown how stress activates GbpC
production, but its lectin activity normally serves as a major adhesin for biofilm
development (Banas and Vickerman, 2003; Idone et al., 2003; Lynch et al., 2007). This is
presumably due to its high affinity for the dextran and glucan polymers within the
exopolysaccharide matrix of S. mutans biofilms. In an /rvR mutant background, GbpC
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production is constitutively activated in an /rvA-dependent manner implicating IrvA as its
regulator (Niu et al., 2010; Niu et al., 2008).

Our current analysis of /rvA unexpectedly revealed that the regulation of GbpC production is
in fact, not due to the putative transcription regulatory function of the IrvA protein.
Remarkably, the entire process is mediated solely by a trans-acting riboregulatory function
encoded within the 5° UTR of /rvA mRNA. Therefore, /rvA is a dual-function mRNA
serving as both a template for translation and as a seed pairing posttranscriptional regulator
via interactions with its 5 UTR. These results implicate a much broader role for mRNAS as
highly versatile regulators of gene expression in addition to their traditionally assigned role
as templates for translation.

The irvA 5" UTR is required for the Dextran-Dependent Aggregation Stress Response

Our previous genetic studies of /rvR suggested that environmental stress was likely to be the
endogenous signal responsible for relieving IrvR repression upon /rvA. In addition, an /irvR
deletion stimulated the expression of gbpC and constitutively activated the dextran-
dependent aggregation (DDAG) stress response (Niu et al., 2010; Niu et al., 2008). From
these results, we hypothesized that the unknown endogenous stress- induced DDAG
pathway was likely functioning through /rvA. Consistent with previous reports (Sato et al.,
1997, 2000), we found a range of environmental stresses to be effective at triggering the
characteristic cellular aggregation phenotype of the DDAG response including the
commonly utilized food sweetener xylitol. However, in contrast to our expectations, the /irvA
mutant exhibited a wild-type DDAG response to xylitol (Fig. 1A), which prompted us to
reexamine our previous genetic data. Interestingly, a double mutation of the entire /rvR/A
locus yielded a constitutive DDAG™ phenotype, whereas separate deletions of the /rvR and
irvA open reading frames (ORF) resulted in a constitutive DDAG™* phenotype (Figs. 1B and
C). We identified the transcription start sites for both /rvRand /irvA, and curiously, irvR was
found to have a minimal 5> UTR (29 nt), whereas /rvA possesses a 235 nt 5 UTR (Fig. 1C).
Using this information, we assayed the DDAG phenotype of an /rvA deletion mutant devoid
of both the 5 UTR and ORF. The more complete deletion of /rvA rendered the strain fully
incapable of engaging the DDAG response in the presence of environmental stress (Fig. 1A).
This was in stark contrast to the /rz/A ORF deletion mutant, which behaved similarly as the
wild-type (Fig. 1A).

To determine whether the /rvA 5 UTR was solely responsible for triggering the DDAG
response during stress, we replaced the /rvA ORF with the green fluorescent protein (gf)
OREF to create a chimeric irvA 5’ UTR-gfp fusion mRNA (Fig. S1). We also replaced the
gbpC promoter with that of the constitutive DNA gyrase promoter gyrApto eliminate
potentially confounding effects due to changes in ghpC transcription. Despite the
constitutive expression of gbpC from the gyrA promoter fusion, the strain did not exhibit a
constitutive DDAG phenotype under normal growth conditions, but still exhibited a stress-
inducible DDAG response that was critically dependent upon the /rvA 5’ UTR-gfp ORF
fusion (Fig. 1D). We also found that the gbpC5’ UTR was not required for DDAG, but may
play a minor inhibitory role (Fig. 1D & E). This indicated that /rvA activation is highly
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unlikely to function via the gbpC5’ UTR. In addition, northern blot results demonstrated
that the DDAG regulatory function of the /irvA 5 UTR occurs in the context of a single /rvA
RNA containing both the 5 UTR and /rvA coding sequence (CDS) (Figs. 1F and S1). Thus,
we found no evidence suggesting that the UTR is processed into an SRNA in either normal
or stress growth conditions. Though, we did note a substantial increase in /rvA mRNA
abundance due to xylitol stress (Fig. 1F).

The irvA 5" UTR controls GbpC protein production by modulating gbpC mRNA stability

Based upon the results with the gyrAp—gbpC fusion strain, it appeared that one or more steps
occurring after gbpC transcription are primarily responsible for controlling the DDAG
phenotype. Since gbpC mRNA normally exhibits an extremely short half-life of <1 minute
(Biswas et al., 2007), we were curious whether environmental stress might stabilize the
message. As shown in figure 2, xylitol stress increased gbpC half-life by greater than an
order of magnitude in both the wild-type and gyrAp—gbpC fusion strains (Figs. 2 A & B).
This effect was also specifically dependent upon the irvA 5 UTR (Fig. 2C). To further
examine the correlation between /rvA, gbpC mRNA stability, and the DDAG response, we
also compared gbpC mRNA stability in cells grown in conditions that we previously
determined to trigger three distinct DDAG phenotypes (Figs. 1D & E). Consistent with our
previous results, the severity of the DDAG response was directly proportional to the stability
of gbpC mRNA and was critically dependent upon the irvA 5’ UTR (Figs. 2D & E). In
addition, the effect upon gbpC stability was identical using #rans expressed /rvA indicating
that gbpC stabilization was not due to /rvA cis effects (Fig. 2F). Unlike gbpoC, xylitol stress
did not elicit a reciprocal increase in /rvA mRNA stability (Figs. 2G and S2). As expected,
changes in gbpC mRNA stability directly correlated with protein abundance (Fig. 3A — D).

The irvA 5" UTR interacts directly with gbpC mRNA

Due to the dominant effect of posttranscriptional control over gbpC expression, we
hypothesized that ghpC mRNA stability was likely to be controlled through SRNA-like
interactions with /rvA. We began by testing an RNA mobility shift assay using /n vitro
transcribed /rvA and gbpC. While we were able to detect an interaction, the hybrid duplex
formed slowly (30 min.) and only constituted a small percentage of the total RNA (data not
shown). To further examine the relevance this interaction, we developed an /7 vivo approach
for the RNA mobility shift assay using the psoralen crosslinker 4’ -aminomethyl-trioxsalen
(AMT). By performing northern blots on AMT crosslinked cultures, it was possible to detect
distinct mobility shifts specific to the AMT-treated strains expressing both the /rvA5’ UTR
and gbpC (Figs. 4A & B). In the gyrAp-gbpC strain, a larger mobility shift was observed
relative to the wild-type because the irvA 5 UTR-gfp ORF fusion resulted in a larger
mRNA than the wild-type /rvA. Similarly, this was also reflected in the larger size of the
uncrosslinked mRNAs in the /rvA northern blots (Fig. 4B). To detect irvA in the gyrAp-
gbpC strain, it was necessary to hybridize with a gfo CDS probe because the /rvA5’ UTR
probe performed poorly with the crosslinked samples (data not shown), presumably due to
the presence of crosslinks within the /rvA 5" UTR. This was not an issue in the wild-type
strain because the /rvA probe targeted the 3’ of the irvA CDS (Fig. 4B). The mobility shift
observed with this probe also provided additional evidence that the full-length /rvA mRNA
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is responsible for mediating the interaction with gbpC, rather than a separate processed form
of the irvA5” UTR.

To further validate the RNA mobility shift experiments as well as identify the interaction
region between /rvA and gbpC, we modified an /in vivo RNA-RNA mapping assay referred
to as “RNA walk” (Lustig et al., 2010). The RNA walk assay takes advantage of the fact that
reverse transcription of crosslinked RNA will result in cDNAs that are truncated at
crosslinked sites. Thus, S. mutanswas grown in the presence of xylitol stress, crosslinked /in
vivo using AMT, and then /irvA-gbpC RNA complexes were purified by affinity
chromatography. RT-PCR amplicons were generated using a nested adaptor primer and a
gene-specific primer similarly as in 5> RACE protocols (Fig. 4C & D). Thus, our modified
version of the RNA walk procedure would be more appropriately referred to as “RACE
walk”. After sequencing the PCR amplicons, we determined that the terminal 3* boundary of
the gbpC crosslinked region occurred 515 nt into the ghpC CDS, whereas the /irvA
crosslinked region terminated at the putative Shine-Dalgarno sequence in its 5> UTR. Due to
the fewer affinity purifications that could be performed on the samples receiving no AMT
treatment, we frequently observed an extra PCR band arising in the uncrosslinked gbpC RT-
PCR reactions (Fig. 4C). We sequenced this band and confirmed it to be 23S rRNA
contamination. Based upon the RACE walk results, we performed an interaction domain
swap experiment and were still able to detect identical 3’ terminal crosslinked sites in both
molecules, whereas the untreated samples yielded full-length cDNAs of the expected sizes
for the chimeric mMRNAs (Fig. 4C & D). From the RNA mobility shift and RACE walk
experiments, it was clear that /rvA and ghpC mRNAs form a stable complex in which all of
the elements required to facilitate their interaction are fully contained within the /rvA 5’
UTR and the first 550 nt of gbhpC.

irvA and gbpC mRNAs interact directly through seed pairing

To distinguish whether /rvA-gbpC mMRNA complexes form via direct or indirect interactions,
we were interested to determine whether there was evidence to implicate seed pairing
between the RNAs. Due to the inefficient duplex formed using /n vitro transcribed 7rvA and
gbpC, in vitro interaction mapping approaches were deemed impractical. Thus, we began by
designing a strategy for the high-throughput mutagenesis of /rvA to first identify the /rvA
nucleotides critical for the DDAG phenotype (see Supplemental Methods). Consistent with
our previous results, no critical residues were detected within the /rvA ORF, whereas all of
the critical bases were found in the latter half of the UTR with the final cluster of critical
bases terminating at the identical nucleotide previously identified by RACE walk (Fig. S3).
With this information, we used the program RNAhybrid (Rehmsmeier et al., 2004) to model
a potential interaction between the RACE walk interaction domain of gbpC with only the
DDAG-mediating portion of the /rvA 5" UTR. The predicted duplex occurred well within
the gbpC CDS starting 109 nt downstream of the gbpC translation initiation codon (Fig. 5A).
This model was consistent with our previous DDAG phenotypic data, which demonstrated
that the ggpC5’ UTR is not a target of /rvA regulation (Fig. 1D & E). Using the /irvA
mutagenesis data and RNAhybrid model as guides, we created a series of mutant gbpC-gfp
reporter strains containing point mutations within key J/rvA residues that were both required
for DDAG and predicted to seed pair with gbpC. The corresponding seed pair mutations
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were also engineered into gbpC. When point mutations were introduced into predicted seed
paired bases of either ghpC or irvA, the reporter strain lost the ability to respond to stress
(i.e. constitutively dark) (Fig. 5C). In contrast, it was possible to rescue the responsiveness
of the reporter by combining both sets of complementary gbpC and /rvA mutations into the
same strain (Fig. 5C). Mutations occurring within the predicted unpaired regions of gbpC
had no impact upon the reporter (Fig. 5C). We also tested these seed pair mutations using /7
vitro transcribed /rvA and gbpC. Mirroring the reporter results, irvA-gbpC duplexes were
detectable using either wild-type or compensatory double mutant mRNAs, while no
interactions occurred with either combination of wild-type + mutant mRNAs (Fig. 5D).
These data strongly supported a role for seed pairing as the primary mechanism mediating
the interaction between /rvA and gbpC.

The interaction of irvA and gbpC mRNA protects gbpC from ribonuclease-mediated

degradation

Typically, when SRNA-target interactions increase mRNA stability, the interaction changes
the secondary structure of the target mRNA to facilitate the loading of ribosomes and
ultimately enhance translation initiation (Frohlich and Vogel, 2009; Gottesman, 2011).
However, translation did not appear to play an obvious role in regulating gbpC stability (Fig.
S4). Thus, we hypothesized that /rv/A must directly protect gbpC mRNA from ribonuclease
attack. We mutated a variety of predicted exo- and endoribonucleases and assayed for a
constitutive DDAG™* phenotype. All were dispensable for DDAG except for RNase J2 and to
a much lesser extent RNase Y (Fig. S4). In many Gram positive bacteria, the major
endoribonuclease and 5’3’ exoribonuclease activities in the cell are catalyzed by RNase Y,
RNase J1, and RNase J2 (Condon, 2010; Lehnik-Habrink et al., 2012). To further confirm
these results, we measured ghpC mRNA stability in the RNase Y, J1, and J2 backgrounds
and found that all correlated strongly with the observed DDAG phenotypes (Fig. 6A — C).
Furthermore, stress or an RNase J2 mutation triggers a substantial increase in the total
abundance of full-length ghpC mRNA along with identical gbpC degradation intermediates
(Fig. 6D). These results all implicated RNase J2 as the principal source of gbpC instability
in normal growth conditions. To test this further, we purified RNase J2 and digested gbpC in
vitro. RNase J2 introduced two endonuclease cleavages located within the first 575 nt of
gbpC (Fig. 6E). Further cleavage analysis of this region localized the first cut site to within
with the predicted /rvA seed region, whereas the second site is approximately 100 nt further
downstream (Figs. 6F and S5). Similarly, the addition of /rvA RNA to the cleavage reaction
only inhibited cleavage at the first site (Fig. S5). The region encompassing the first cleavage
site was also required for an /n vitro interaction between /rvA and gbpC (Figs. 6G and 6H).
Therefore, it is highly likely that this RNase J2 cleavage site would be sequestered within
the seed region of the /rvA-gbpC hybrid duplex following the onset of environmental stress.

irvA is a dual-function mRNA

Our studies of the connection between /rvA and the DDAG response established a clear role
for the /rvA5” UTR as a riboregulator of ghpC mRNA. However, it also indicated that the
DDAG response functions entirely independent of the /rvA CDS. This unusual result
prompted us to question whether /rvA truly functions as a protein-encoding mRNA or if it is
simply a noncoding SRNA. Consequently, we confirmed the presence of the IrvA protein via
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western blot (Fig. 7A). The next question was whether the IrvA protein has a discernable
physiological function in the cell, since it is fully dispensable for the DDAG response. As
previously described, /rvA gene expression inhibits the development of natural competence
(Niu et al., 2010; Niu et al., 2008). Thus, we were curious whether the IrvA protein might
play a role in this phenotype. Indeed, a deficiency in IrvA protein production did impair the
ability of /rvA to inhibit natural competence development (Fig. 7B). It is also apparent that
both the /rvA 5 UTR and ORF are nearly identical in each of 57 recently sequenced strains
of S. mutans (Cornejo et al., 2013), which further suggests that both the /rv/A RNA and
protein are functionally conserved components of the core S. mutans genome. However, we
did note that the genome reference strain UA159 used in these studies was one of only three
strains in the collection encoding a slightly truncated IrvA, due to a frameshift near the 3’
end of the /rvA ORF (Fig. S6). We restored the /rvA reading frame in UA159 and confirmed
that the frameshift had no impact upon competence regulation (Fig. 7B). From these results,
we conclude that /rvA mRNA serves two highly conserved and independent functions: a
trans-acting riboregulator and a template for the translation of a Cro-like putative
transcription regulator.

DISCUSSION

The regulatory mechanism used to control the DDAG stress response in S. mutans reveals a
potential role for mMRNAs as postranscriptional frans-acting riboregulators. Its discovery was
based upon an initially puzzling observation in which two separate deletion mutations of
irvA yielded opposing DDAG phenotypes. The source of this discrepancy was a direct result
of the modular two-domain architecture contained within /rv/A mRNA: a frans-acting
riboregulatory domain in the 5* UTR and the protein-encoding domain of the CDS. This
result may have broad implications for genetic studies of other genes unknown to encode
dual-function mRNAs, since mutagenesis constructs typically only target ORFs. The irvA
example illustrates how such an approach could easily leave the riboregulatory function of a
gene fully intact, potentially resulting in highly biased or even misleading phenotypes.

Mechanism of gbpC stabilization

Of the characterized SRNA-mRNA target interactions, most trigger the repression of gene
expression. Only a handful of examples implicate #rans-acting SRNAs as activators, and of
these, most stabilize mMRNA indirectly by remodeling ribosome binding site-occluding
secondary structures (Frohlich and Vogel, 2009). Other SRNAs, such as SgrS and RydC in S.
typhimurium, directly activate target gene expression by preventing access to endogenous
RNase cleavage sites (Frohlich et al., 2013; Papenfort et al., 2013). This mechanism is
highly analogous to the irvA-gbpC interaction, where the S. mutans RNase J2 mutation
triggered a potent /rvA-independent stabilization of ghpC mRNA. Since translation was not
found to influence gbpC mMRNA stability, the principal function of /rvA is likely to directly
alter gbpC accessibility to RNase J2-mediated degradation. Surprisingly, this was found to
occur through a unique mechanism involving seed pairing far within the gbpC CDS. Other
characterized sSRNA interactions occurring within coding regions serve almost exclusively in
target destabilization (De Lay et al., 2013; Romby and Charpentier, 2010; Storz et al., 2011;
Vanderpool et al., 2011). To the best of our knowledge, the aforementioned SgrS sRNA is
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the only other example in which CDS seed pairing activates gene expression (Papenfort et
al., 2013). However, unlike /rvA, SgrS specifically stabilizes the downstream CDS, rather
than its target. Given the location of the /rvA-gbpC hybrid duplex, it might also be expected
that seed pairing would simultaneously hinder GbpC translation by preventing ribosome
progression. However, /n vitro translation studies have demonstrated that the ribosome has
intrinsic helicase activity and can read through RNA duplexes containing stretches of >18
paired bases (Takyar et al., 2005). The RNAhybrid model of the irvA-gbpC duplex (Fig. 5B)
predicts stretches of complementarity well below this threshold.

Model for RNase J2 control of the DDAG stress response

Most firmicutes such as S. mutans, B. subtilis, S. pyogenes, and Enterococcus faecalis
encode two RNase J paralogs referred to as RNase J1 and RNase J2 (Bugrysheva and Scott,
2010; Even et al., 2005; Gao et al., 2010). In B. subtilis, RNase J1 is a pleiotropic regulator
of mRNA stability, whereas the specific function of RNase J2 has remained enigmatic
(Lehnik-Habrink et al., 2012). This makes RNase J2 a particularly intriguing component of
the DDAG pathway. In /n vitro RNase cleavage assays, the B. subtilis RNase J2 exhibits
exceptionally weak 5°-3’ exoribonuclease activity (Condon, 2010; Even et al., 2005; Mathy
et al., 2010) and regulates the activity of RNase J1 in heteromeric RNase J1/J2 complexes
(Mader et al., 2008; Mathy et al., 2010). Consequently, it has been speculated that RNase J2
serves more of a structural and/or regulatory role for RNase J1 enzymatic activity (Figaro et
al., 2013). The S. mutans DDAG response was critically dependent upon RNase J2, yet we
were unable to discern an obvious role for RNase J1, which strongly argues against the
possibility that the RNase J2 DDAG phenotype is a consequence of disrupted RNase J1/J2
heteromeric complexes. Consistent with this scenario, we tested D73K/D160K as well as
H69A/H71A loss of function point mutations in RNase J2 (Li de la Sierra-Gallay et al.,
2008) and observed constitutive DDAG phenotypes (data not shown). In addition to
stabilizing gbpC mRNA, the RNase J2 mutation also triggered a distinct degradation pattern
for gbpC mRNA. Likewise, gbpC is cleavable by RNase J2 in in vitro digests, making it
among the first endogenous substrates known for this enzyme.

Based upon these results, we propose the following regulatory model. Under normal growth
conditions, gbpC mRNA serves as a high affinity substrate for RNase J2 cleavage(s)
catalyzing its rapid degradation. In response to environmental stress, irvA-gbpC hybrid
duplexes form and are resistant to the initial cleavage event, thereby inhibiting the RNase J2-
mediated degradation pathway (Fig. 6). However, gbpC s still subject to RNase degradation,
as evidenced by the identical gboC cleavage products produced specifically in response to
environmental stress or by an RNase J2 mutation. Presumably, gbpC is a poorer substrate for
this alternate RNase J2-independent degradation pathway, which would account for the
observed increase in ghpC mRNA abundance and its reduced turnover rate. Whereas genetic
switches are a classic feature of many regulatory circuits, the /rvA regulatory mechanism is
more analogous to a genetic rheostat, whereby the abundance of GbpC is ultimately adjusted
by the severity of stress placed upon the cell. The equilibrium between the unstable (free
gbpC) and stable (duplex gbpC) states of ghpC mRNA can be altered proportionally by the
frvA transcription rate, which is itself controlled by the stress state of the cell. Given the lack
of an avid /n vitro interaction between /rvA and gbpC, it is also possible that the equilibrium
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of this interaction is further influenced by an as yet unidentified component catalyzing the
reaction /n vivo. Presumably, this component would be activated by stress, since /rvA
overexpression does not increase ghpC stability under normal growth conditions
[Unpublished and (Zhu et al., 2009)]. As the surface lectin activity of GbpC serves to anchor
S. mutans cells to the biofilm (Lynch et al., 2007), the /rvA rheostat mechanism is likely
utilized to direct the appropriate cellular resources towards bolstering biofilm integrity
during episodes of increased environmental stress. Concurrently, irvA expression also
redirects cellular resources away from many accessory gene pathways, such as bacteriocin
production and competence development (Merritt et al., 2005; Niu et al., 2010; Niu et al.,
2008), since these functions are both metabolically expensive and provide little survival
advantage in such conditions.

MRNA as a source of trans-acting riboregulatory molecules

While the majority of known #rans-acting riboregulatory RNAs are derived from noncoding
transcripts, it is clear that both eukaryotes and prokaryotes frequently utilize translated
MRNAS as a source of posttranscriptional regulators. In eukaryotes, such activity is provided
by the recently described class of microRNAs (miRNAS) referred to as mirtrons. While most
pre-miRNAs are derived from Drosha enzyme processing of noncoding RNAs, mirtrons
utilize RNA splicing mechanisms to generate pre-miRNAs derived from the introns of
mMRNAs (Curtis et al., 2012; Westholm and Lai, 2011). In bacteria, posttranscriptional
processing of MRNA UTRs similarly provides an abundant source of riboregulatory RNAs
(Caldelari et al., 2013; Chao et al., 2012; Kim et al., 2014; Loh et al., 2009; Vogel et al.,
2003). In addition, the ORFs of prokaryotic genes may also contain internal promoter
sequences yielding sSRNA regulators (Chao et al., 2012; Guo et al., 2014). For /rvA, its
riboregulatory and template functions are contiguous within the same molecule (Fig. 1F),
which implies that many other protein-encoding mRNAs could similarly serve as trans-
acting riboregulators. Considering this possibility along with the large diversity of known
mRNA-derived riboregulators, perhaps this is indicative of a much broader and more
intriguing role for mMRNAs as #rans-acting posttranscriptional regulatory molecules, rather
than simply passive templates for the production of proteins.

EXPERIMENTAL PROCEDURES

DNA manipulation and strain construction

Details of strain construction are described in Supplemental Experimental Procedures.
Strains and plasmids are listed in Table S1, while primer sequences can be found Table S2.
The S. mutans genome reference strain UA159 is referred to as the wild type strain
throughout this study.

DDAG assay

The DDAG assay was performed similarly as previously described by Sato et a/. (Sato et al.,
1997). Each pair of tubes was swirled briefly and aggregation was observed as obvious
clumping and cell precipitation. A robust DDAG response develops within 2 min. of dextran
addition.
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5" RACE for the determination of irvR, irvA, and gyrA transcription start sites

Amplification of the 5’ ends of cDNA was performed using the FirstChoice® RLM-RACE
Kit (Ambion) according the manufacturer’s instructions. The primers used for /rvR, irvA,
and gyrA and 5’ end determination are listed in Table S2.

MRNA stability assays

S. mutans cells were grown to mid log phase in BTR-G medium +/- 0.6% (wt/vol) xylitol.
Rifampicin was added to the culture to a final concentration of 500 pg/ml. Aliquots of the
culture were withdrawn at different time points after the addition of rifampicin, rapidly
chilled to 4 °C by mixing with 10 ml crushed ice, and harvested by centrifugation (4000xg,
10 min, 4°C). The transcript abundance of a particular gene at each time point was
determined by Northern blot analysis.

Western blot analysis

Western blot analysis was carried out using the WesternDot 625 western blot kit
(Invitrogen). Following SDS- PAGE, the separated proteins were transferred to a
nitrocellulose membrane (Whatman) using the mini Trans- Blot electrophoretic transfer cell
(Bio-Rad) for 1 hr (200mA). The subsequent immunodetection was performed according to
the manufacturer’s protocol. GbpC antiserum was kindly provided by Dr. Yutaka Sato and
diluted 1:10,000 for detection. IrvA was detected used the FLAG primary antibody (Sigma)
diluted 1:20,000, while LDH was detected using the HA primary antibody diluted 1:10,000
(Invitrogen).

In vivo AMT cross-linking of S. mutans cultures

Cross-linking was performed essentially as described in (Liu et al., 2003). 50 ml cultures of
S. mutans cells were harvested at mid log phase and washed twice with PBS. Cells were
concentrated to a density of 5x10° CFU/ml. 4'-Aminomethyl-trioxsalen hydrochloride
(AMT) (Sigma) was added to the cells at a concentration of 0.2 mg mI~L. Cells treated with
AMT were kept on ice for 30 min. and then irradiated using a UV lamp at 365 nm for 1 hr at
4 °C (UVP, 115V, 60Hz).

Affinity purification of gbpC-irvA mRNA coprecipitates using 5'- biotinylated

oligonucleotides
50 ml mid-log phase cultures were grown in BTR-G medium + 0.6% (wt/vol) xylitol and
resuspended in 1 ml hybridization buffer (20 mM pH 8.5 HEPES, 5 mM MgCl,, 300 mM
KCI, 0.01% NP40, 1 mM DTT) containing 5 pl (200 U) RNaseOut ribonuclease inhibitor
(Invitrogen). Cells were disrupted with glass beads using three cycles of 30 sec.
homogenization with an MP FastPrep-24. Next, lysates were centrifuged at 16,000xg at 4 °C
to pellet the cell debris and the supernatants were combined with 50 pL anti-gbpC or anti-
irvA neutravidin beads. The neutravidin affinity matrix (Pierce) was prepared using the
manufacturer’s protocol and affinity chromatography was performed as previously described
(Lustig et al., 2010). Samples receiving AMT crosslinking were washed three times,
whereas uncrosslinked samples received one wash. RNA was extracted from the affinity
matrix using TRI reagent (Sigma).
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5’ RACE of affinity purified RNA (“RACE walk™)

Details of cDNA synthesis can be found in Supplemental Experimental Procedures, while
RACE walk primer sequences can be found in Table S2. The protocol is slightly modified
from a previously published protocol (Lustig et al., 2010). cDNA samples were treated with
2 U RNaseH for 30 min at 37 °C and then purified using QIAquick PCR purification kit
(Qiagen). 5 pl of purified cDNA was ligated with 2 ul (10 mM) T3 adaptor primer in a 10 pl
reaction consisting of 10 U of T4 RNA ligase | (NEB) and 1 pl buffer and then incubated at
22 °C overnight. After heat inactivation at 65 °C for 15 min., the reaction was used as a
template for PCR. Two rounds of PCR were performed using two sets of nested primers.
The resulting PCR products from the second round PCR reactions were subsequently cloned
into the pGEM-T Easy vector (Promega) and sequenced.

In vivo RNA mobility shift assay

After UV crosslinking with AMT, total RNA was extracted from the S. mutans cells. 20 ug
total RNA was treated with 5 U Turbo DNase (Ambion) at 37 °C for 30 min. to remove
genomic DNA contamination. Next, 3 pl of 20 mg mlI~2 proteinase K solution (Invitrogen)
was added to the sample and incubated at 42 °C for 60 min. 20 pg of total RNA was
separated in a 1% agarose 0.66 M formaldehyde gel and then visualized by northern blot.

In vitro RNA mobility shift assay

In vitro synthesized gbpC and jrvA transcripts were purified from 6% urea polyacrylamide
gels with RNA elution buffer [0.1 M sodium acetate, 0.1% (wt/vol) SDS, 10 mM EDTA].
Duplex formation was performed at 37 °C in TMN buffer (20 mM pH 7.5 Tris acetate, 10
mM magnesium acetate, 100 mM NaCl) for 30 min. 5 nM gbpCtranscript (553 nt and 528
nt) was incubated with either 1000 nM /rVA transcript or a range of transcripts consisting of
250 nM, 500 nM, 750 nM, and 1000 nM. Challenge experiments were performed with
increasing amounts of competitor oligonucleotide (5 nM, 10 nM, 20 nM, 40 nM) in TMN
buffer at 37 °C for 30 min. Duplexes were separated in 6% native polyacrylamide gels in
TBE buffer and visualized using via northern blot.

In vitro RNase J2 digestion of gbpC

In vitro RNase J2 cleavage assays were modified from a previously published protocol
(Condon et al., 2008). RNase J2 endonuclease activity was assayed in a 10 pl reaction
volume containing 20 mM pH 8.0 Tris-HCI, 8 mM MgCl,, 100 mM NH4CI, 0.1 mM DTT,
20 U RNasin (Promega), and 2 g RNase J2 at 37 °C. Reactions were incubated with 250 nM
gbpC for 15 or 30 minutes and stopped by adding RNA loading buffer and separated on 5%,
6%, or 8% urea-polyacrylamide gels.

FLAsH labeling and fluorescence microscopy

The green fluorescent FLASH-EDT >, labeling reagent was used according to a previously
described protocol (Lei et al., 2011). Stationary phase starter cultures were diluted in BTR-G
+/- 0.6% xylitol and grown to mid-log phase before fluorescence imaging using identical
exposure settings with an Olympus BX61 epifluorescence microscope.
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Natural competence assay

Determination of S. mutans transformation efficiency was performed using a previously
described methodology (Niu et al., 2008). Data from three independent experiments were
analyzed by one-way ANOVA. An F-test of the group means was followed by a post-hoc
analysis using the Fisher’s protected least significant difference (PLSD) test to assess the
variance between group means.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. The irvA 5" UTR mediates the dextran-dependent aggregation (DDAG) stress response
A) DDAG response assay performed in the presence of xylitol stress. The strains from left to

right are: wild-type, /rvA ORF deletion, gbpC deletion, irvA5” UTR + ORF deletion, and
irvA5’ UTR + ORF deletion complemented /n trans. B) DDAG response assay performed in
normal growth conditions. The strains from left to right are: wild- type, /irvR deletion,
separate deletions of the /rvR and irvA ORFs, deletion of the entire /rvR/A locus, and the
irvR/A locus deletion expressing irvA in trans. C) lllustration of the irvR/A intergenic
region. The /rvR5’ UTR is shown in blue and the /rvA 5" UTR in green. D) DDAG response
assay performed in the presence of xylitol stress. E) DDAG response assay performed in
normal growth conditions at late-log/early stationary phase. F) Northern blots of wild-type
irvA mRNA in both normal and xylitol stress growth conditions. Probe target locations are
listed under the samples. An RNA ladder is shown on the right and the bottom panel is a 16S
rRNA loading control. See also Figure S1.
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Fig. 2. gbpC mRNA stability is regulated by the irvA 5 UTR
The numbers above the figures indicate the time (min.) after the addition of rifampicin for

MRNA stability assays. For each figure, the top panels show target mMRNA northern blots,
while the bottom panels are 16S rRNA loading controls. Panels A — F probe gbpC mRNA.
A) Wild-type strain in normal growth conditions (half-life < 1 min.) vs. xylitol stress (half-
life > 10 min.). B) gyrAp-gbpC strain in normal growth conditions vs. xylitol stress. C) The
same experiment is performed as in 2B, but the /7vA 5" UTR has been deleted. D) gyrAp-
gbpC strain (without the gbpC5’ UTR) in mid-log phase, late-log phase, and mid-log phase
with added xylitol stress. E) The same experiment performed as in 2D, but both the gbpC
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and /irvA5’ UTRs have been deleted from the gyrAp-gbpC strain. F) 7irvA was expressed in
trans from the /dh gene locus. Using this strain, gbpC mRNA stability was measured both in
the absence and presence of xylitol stress. G) The stability of /rvA mRNA in the wild-type
was assayed in the absence or presence of xylitol stress at mid-log phase. See also Figures
S1and S2.
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Fig. 3. gbpC mRNA stability determines GbpC protein abundance
A) Western blot of GbpC in the wild-type and gyrAp-gbpC strains. Two bands are present

because the antibody recognizes both the immature cytoplasmic and mature cell wall
anchored forms of the GbpC protein. In the bottom panel, an HA-epitope tagged lactate
dehydrogenase protein was used as a loading control for each condition. In panels B-D,
GbpC was engineered to express a tetracysteine FIAsH tag to facilitate the /7 situ detection
of GbpC with the FIAsH reagent. Strains were grown to mid-log phase in the absence and
presence of xylitol stress and imaged using identical exposure settings. B) Wild-type C)
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QyrAp-gbpC strain D) gyrAp-gbpC strain with a deletion of the irvA 5’ UTR. The scalebars
indicate 2 um.
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Fig. 4. irvA and gbpC RNAs form a complex during stress
A) Samples were grown in the presence or absence of AMT RNA crosslinking agent and

then detected with anti-gbpC probes via northern blot. The role of the /rvA 5" UTR was
assessed by engineering a small deletion within a critical portion of the 5 UTR required for
DDAG. B) The same experiment is performed as in 4A, except an irvA CDS probe is used
for the wild-type samples and a gfv CDS probe is used for the gyrAp-gbpC samples. Both
probes were mixed in a single hybridization reaction. In panels C and D, the RACE walk
procedure was used to probe the interaction region between JjrvA and gbpC. In both
experiments, the entire procedure was repeated using mutant strains containing swapped
irvA and gbpC interaction domains. The RACE walk results are also illustrated below each
set of reactions. Yellow arrows represent 5° RACE primers and blue asterisks mark the
locations of the first crosslink sites. C) Anti-/rvA oligonucleotides are used to precipitate
RNA complexes with gbpC. 5° RACE is performed on gbpC. D) Anti-gbpC oligonucleotides
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are used to precipitate RNA complexes with irvA. 5’ RACE is performed on /irvA. See also
Figures S1 and S3.
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Fig. 5. irvA and gbpC mRNA seed pairing
A) lllustration of the jrvA-gbpC hybrid duplex. Block arrows indicate the CDS of the

mRNAs, while the thinner lines represent 5° UTR’s. The approximate location of the seed
region is indicated by black lines between the RNAs. B) The predicted /irvA-gbpC hybrid
mMRNA structure is shown with /rvA RNA in green and gbpC RNA in red. Seed pairing
bases colored in black (gbpC) or orange (/rvA) as well as unpaired bases colored in blue
(gbpC) were each targeted for mutagenesis to their complementary bases. C) The effect of
these point mutations was tested /77 vivo in the presence of xylitol. GFP fluorescence is
indicative of stable gbpC mRNA. Strains from left to right: wild-type gbpC + irvA; mutant
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gbpC (complement of bases shown in black) + wild-type /rvA; mutant gbpC (complement of
bases shown in blue) + wild-type /rvA; wild-type gbpC + mutant /rvA (complement of
orange bases); and mutant gbpC (complement of black bases) + mutant /rvA (complement of
orange bases). D) The same mutations were introduced into /7 vitro transcribed /rvA and
gbpC mRNA and analyzed by RNA mobility shift assay. The reactions were visualized using
an anti-/rvA probe. See also Figure S3.
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Fig. 6. Mechanism of gbpC stabilization by the irvA 5 UTR
In panels A — C, the RNase J1, Y, and J2 mutants were each compared for ghpC mRNA

stability under normal growth conditions in a wild-type /rvA background (/rvA+) or irvA
deletion mutant (/rvA-). The numbers above the figures signify the time after rifampicin
addition and the bottom panels are 16S rRNA loading controls. A) RNase J1 mutant B)
RNase Y mutant C) RNase J2 mutant. D) The degradation profile of ggpC mRNA in a wild-
type background was compared between normal (N) and stress (S) growth conditions as well
as in an RNase J2 mutant (J2) background in normal growth conditions. The full-length
gbpCtranscript is indicated by an arrow along with multiple MRNA degradation
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intermediates. Due to the much weaker gbpC signal from the wild-type unstressed sample,
we repeated this sample with a longer film exposure (right panel). E) Three fragments of
gbpC mRNA indicated in the diagram were each /n vitro transcribed and either left untreated
(first lane for each fragment) or treated with increasing amounts of recombinant S. mutans
RNase J2 (following two lanes). Arrows designate degradation products. F) The sequence of
gbpC between the +1 site and the predicted seed region with /rvA is shown. Bases
highlighted in yellow correspond to the seed region predicted by RNAhybrid, while the
bases highlighted in blue encompass the predicted RNase J2 cleavage site. G) An RNA
mobility shift assay was performed using /n vitro transcribed gbpC and increasing amounts
of /n vitrotranscribed /rvA or irvA UTR. Wild-type gbpC mRNA containing the illustrated
RNase J2 cleavage site sequence (CS*) was compared to mutant ghpC lacking this sequence
(CS7). The reactions were visualized with anti-/rvA probes. H) A similar RNA mobility shift
assay was performed using fixed quantities of wild-type irvA and gbpC mRNA together
with increasing quantities of a competitor RNA oligo identical to the illustrated RNase J2
cleavage site sequence (CS oligo). See also Figures S4 and S5.
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Fig. 7. irvA encodes a dual-function mRNA
A) A FLAG tag was engineered onto the C-terminus of IrvA and visualized by western blot

after growing the cultures to mid-log phase. The samples from left to right are: 1. IrvA-
FLAG in xylitol stress; 2. IrvA-FLAG in A/rvR background; 3. constitutive /rvA-FLAG
expression strain; and 4. true wild-type with no epitope tags in xylitol stress. The bottom
panel is an HA-tagged lactate dehydrogenase loading control. B) Transformation assays of
the following strains from left to right: wild-type, /rvR/A double mutant, /irvR mutant, /rvR
mutant with /rvA expressing a frameshift corrected ORF, and /rvR mutant with /rvA
expressing a translation deficient ORF. Transformation efficiency is defined as the ratio of
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transformants to total CFU. Values are listed as the means * standard deviations. One-way
ANOVA and a Fisher’s protected least significance difference post-hoc test were used to
compare the means of the groups indicated in the graph (** £< 0.005). See also Figure S6.
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