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ABSTRACT Small base-pairing RNAs (sRNAs) and small proteins comprise two
classes of regulators that allow bacterial cells to adapt to a wide variety of growth
conditions. A limited number of transcripts encoding both of these activities, regula-
tion of MRNA expression by base pairing and synthesis of a small regulatory protein,
have been identified. Given that few have been characterized, little is known about
the interplay between the two regulatory functions. To investigate the competition
between the two activities, we constructed synthetic dual-function RNAs, hereafter
referred to as MgtSR or MgtRS, comprised of the Escherichia coli SRNA MgrR and the
open reading frame encoding the small protein MgtS. MgrR is a 98-nucleotide (nt)
base-pairing sRNA that negatively regulates eptB encoding phosphoethanolamine
transferase. MgtS is a 31-amino-acid (aa) small inner membrane protein that is
required for the accumulation of MgtA, a magnesium (Mg?™) importer. Expression of
the separate genes encoding MgrR and MgtS is normally induced in response to low
Mg?* by the PhoQP two-component system. By generating various versions of this
synthetic dual-function RNA, we probed how the organization of components and
the distance between the coding and base-pairing sequences contribute to the
proper function of both activities of a dual-function RNA. By understanding the fea-
tures of natural and synthetic dual-function RNAs, future synthetic molecules can be
designed to maximize their regulatory impact.

IMPORTANCE Dual-function RNAs in bacteria encode a small protein and also base
pair with mRNAs to act as small, regulatory RNAs. Given that only a limited number
of dual-function RNAs have been characterized, further study of these regulators is
needed to increase understanding of their features. This study demonstrates that a
functional synthetic dual-regulator can be constructed from separate components
and used to study the functional organization of dual-function RNAs, with the goal

of exploiting these regulators.
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been shown to be translated. An sRNA capable of base-pairing regulation while also
encoding a protein is denoted as a dual-function RNA (reviewed in reference 9). Until
now, only a limited number of dual-function RNAs have been identified and character-
ized, as they tend to be overlooked due to the difficulty in distinguishing true trans-
lated ORFs from sORFs that occur randomly. Furthermore, traditional biochemical
methods for identifying and purifying proteins commonly miss proteins that are less
than 50 amino acids (aa) (reviewed in reference 10).

Despite the difficulties inherent in the study of dual-function RNAs, two Escherichia
coli dual-function RNAs, SgrST and AzuCR, have been examined in sufficient depth to
describe both the base-pairing and protein-coding activities. Both of these RNAs are
involved in regulating carbon metabolism. The 227-nt SgrS sRNA was originally identi-
fied in a computational screen for SRNAs in E. coli (11). Subsequently, SgrS was shown to
play a role in the cellular response to glucose-phosphate stress and was found to base
pair with the ptsG and manXYZ mRNAs, which encode important sugar transporters (12,
13). In the course of these studies, it was discovered that SgrS is translated to produce
the 43-amino acid small protein SgrT, which inhibits the transport activity of the glucose
permease PtsG (14, 15). Together, SgrS and SgrT counteract the accumulation of sugar
phosphates in the cell by reducing the translation and activity of sugar transporters and
increasing dephosphorylation of sugar phosphates. Another recently characterized dual-
function RNA is AzuCR (16). This 164-nt RNA was initially identified in a bioinformatic
search for novel sRNA genes but was reclassified as an mRNA when it was found to
encode a 28-aa protein, AzuC (17, 18). AzuC interacts with aerobic glycerol-3-phosphate
dehydrogenase (GlpD) to increase its activity (16). However, overexpression of the RNA
produces growth defects in galactose and glycerol medium that persist even when a de-
rivative carrying a stop codon mutation in the sORF is overexpressed, suggesting that
AzuCR also functions as an sRNA denoted AzuR. Consistent with this observation, the
AzuCR transcript is capable of direct base-pairing regulation of cadA, encoding lysine de-
carboxylase, and galE, encoding UDP-glucose 4-epimerase (16).

One interesting question regarding dual-function RNAs is whether the two func-
tions can be carried out simultaneously by the same molecule or whether the activities
interfere with each other. The base-pairing region of SgrS is 15 nt downstream of the
SgrT ORF. Mutations to inhibit sgrT translation do not impede SgrS regulation of mRNA
targets, but mutations that restrict base pairing increase SgrT translation, indicating
that the base-pairing function interferes with translation. Furthermore, translation of
the small protein lags behind transcription of the SgrST RNA by approximately 30 min
(19). Based on these observations, it was suggested that the base-pairing function pre-
dominates, and SgrST molecules that base pair with target mRNAs are unavailable to
be translated, as they are codegraded. Once the pool of targeted mRNAs has been
depleted, SgrST accumulates and is translated.

In contrast, there is direct overlap between the base-pairing region and sORF of
AzuCR such that one function necessarily interferes with the other (16). The introduc-
tion of a stop codon at the third codon, which presumably reduces ribosomal occu-
pancy of the transcript, increases base-pairing activity. For AzuCR, translation of the
small protein is repressed by the anaerobic growth-induced sRNA FnrS, suggesting
one mechanism by which translation of the small protein might be inhibited, allowing
base-pairing activity to predominate, is through sRNA base pairing near the ribosome
binding site of the SORF (16).

To further explore the features of dual-function RNAs that impact what activity pre-
dominates, we chose to construct synthetic dual-function RNAs. We decided to use
parts of the transcript corresponding to the sRNA MgrR and the mRNA encoding the
small protein MgtS. The sRNA component, MgrR, was identified through Hfgq coimmu-
noprecipitation followed by genome-wide RNA detection on microarrays (20). This
sRNA negatively regulates eptB, a lipopolysaccharide (LPS)-modifying enzyme, and
ygdQ, a protein of unknown function (21). MgtS is a 31-amino acid small protein that
interacts with MgtA, a P-type ATPase Mg?* importer (22). This small protein was first
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predicted as a conserved sORF, and further studies showed that it is translated in E. coli
(11, 23). The interaction of MgtS with MgtA serves to increase levels of the importer
and increase the intracellular concentration of Mg?*. Induction of both components,
MgrR and Mgts, is dependent on the two-component system PhoQ/PhoP. In low-Mg?*
conditions, the sensor kinase PhoQ autophosphorylates and donates a phosphate
group to PhoP. Phosphorylated PhoP in turn activates a number of different genes,
including mgrR and mgtS, which are needed for survival in low Mg?* (24).

In this study, we demonstrate that it is possible to create a synthetic dual-function
RNA from existing individual components, in this case from the transcripts encoding
MgrR and MgtS. Additionally, we show that the length and composition of the
sequence between the functional elements impact their activities.

RESULTS

Construction of a synthetic dual-function RNA. We set out to build a synthetic
dual-function RNA from two components that could be easily tested for their regulatory
activities. We chose MgrR as the sSRNA component and MgtS as the small protein com-
ponent. The corresponding two genes are transcribed convergently in a PhoPQ-de-
pendent manner in response to low Mg?* conditions (Fig. TA). The design of the first
synthetic RNA, denoted MgtSR, was modeled after the characterized dual-function RNA,
SgrST, whose sORF precedes the base-pairing region by 15 nt (25). Our design included
the MgtS ORF, from the start codon to the stop codon (96 nt), immediately followed by
77 nt of native mgrR sequence (see Fig. S1 in the supplemental material). The pBAD24
(pBAD) plasmid carrying the construct provided the ribosome binding site (RBS) for
MgtS. The sequence from mgrR includes a 9-nt A-R-N (where A is adenine, R is adenine
or guanine, and N is any nucleotide) Hfg binding motif, the seed sequence for base-
pairing interactions with MgrR targets, and an intrinsic terminator with a polyU stretch
also bound by Hfq (5, 26). The MgtS ORF and the seed sequence of MgrR are separated
by 30 nt of native sequence from MgrR (denoted a spacer here) (Fig. 1B). The hybrid
gene was cloned behind an arabinose-inducible promoter to control expression.

We also designed controls to individually eliminate the activity of each component
(see Fig. S1 in the supplemental material). To this end, we constructed a stop codon
control, pBAD-MgtSRsop, With a stop codon replacing the second codon to prevent
translation of the small protein component while maintaining the integrity of the
base-pairing region, and pBAD-MgtSRg;, a construct with mutations in the base-pairing
region of MgrR to prevent sRNA activity while maintaining translation of the small pro-
tein. The expected ~200-nt RNA was expressed from all constructs, though the tran-
scripts from pBAD-MgtSR, pBAD-MgtSRg, appeared as a doublet, while the transcript
for pBAD-MgtSRop is a single band that is present at somewhat higher levels (see Fig.
S2A in the supplemental material).

MgtSR is functional. To determine whether MgtSR is functional, we first assayed
the effect of MgtSR overexpression on the activity of an eptB-lacZ fusion, a reporter
fusion to a known target of MgrR. B-Galactosidase activity was measured in AmgrR
cells carrying the eptB-lacZ translational fusion and transformed with pBR322 (pBR),
pBR-MgrR, pBAD, pBAD-MgtSR, pBAD-MgtSR¢rqp, and pBAD-MgtSRg,. Repression of
eptB-lacZ was observed upon overexpression of MgtSR to a similar extent as overex-
pression of natural MgrR (Fig. 1C). Furthermore, pBAD-MgtSRsrop derivative was still
able to repress the fusion, but the pBAD-MgtSRg, no longer affected eptB-lacZ expres-
sion. This result demonstrates that the MgtSR RNA has the ability to act as a base-pair-
ing regulatory RNA.

We similarly tested for functional expression of the MgtS component by carrying
out immunoblot analysis to examine the levels of MgtA, a membrane protein that is
stabilized by MgtS (22). AmgtS cells expressing chromosomally encoded hemagglutinin
(HA)-tagged MgtA were transformed with pBAD, pBAD-MgtS, pBAD-MgtSR, pBAD-
MgtSRsrop, @and pBAD-MgtSRge. Overexpression of MgtSR increases MgtA-HA levels
under conditions of Mg?* limitation similar to natural MgtS (Fig. 1D). As expected,
pBAD-MgtSRsrop did not affect MgtA-HA levels while pBAD-MgtSRg, did, demonstrating
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FIG 1 Regulatory activity of a synthetic dual-function RNA. (A) Diagram of the endogenous location of
mgtS and mgrR. (B) Schematic of the hybrid dual-function RNA MgtSR. Plasmid sequences are in gray,
mgtS sequences are in blue, and mgrR sequences are in red. The ARN, seed, and terminator sequences
are indicated by distinct patterns as labeled. (C) Effect of pBR, pBR-MgrR, pBAD, pBAD-MgtSR, pBAD-
MgtSRsr0p, OF PBAD-MgtSRg, overexpression on an eptB-lacZ fusion in a AmgrR strain background
(KM238). The graph shows averages from of three biological replicates with error bars representing
standard deviation. (D) Immunoblot analysis of MgtA-HA cells in a AmgtS strain background (GSO786)
transformed with pBAD, pBAD-MgtS, pBAD-MgtSR, pBAD-MgtSRe;or Or pBAD-MgtSRg, grown to an
ODy,, of 04 in N medium supplemented with 500 uM Mg**, washed, and then resuspended and
grown in N medium supplemented with arabinose but without Mg?*. Samples were collected after
20 min, and MgtA-HA was visualized with anti-HA antibodies to detect MgtA-HA. The Ponceau S stain
provides the loading control.

that a functional small protein is translated from mgtSR,, despite the inability of the
transcript to repress eptB-lacZ (Fig. 1D). The B-galactosidase data taken together with
the immunoblot analysis indicate that we have successfully constructed a synthetic
dual-function RNA that can act as a base-pairing sRNA and also express a functional
small protein.

Translation of mgtS is dominant in the absence of a spacer. To examine how the
mgrR sequence that provides a spacer between the mgtS coding sequence and the
mgrR base-pairing region impacts the activities of the two MgtSR components, we
removed the 30-nt sequence to generate the pBAD-MgtSR-no spacer construct (Fig. 2A;
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FIG 2 MgtS translation is the dominant activity absent the spacer sequence. (A) Schematic of the
hybrid dual-function RNA with the spacer sequence (bracket) removed. Colors and patterns for
plasmid (gray), mgtS (blue), mgrR (red), ARN (confetti), seed (striped), and terminator (stippled)
sequences are as in Fig. 1B. (B) Effect of pBR, pBR-MgrR, pBAD, pBAD-MgtSR, or pBAD-MgtSR-no
spacer overexpression on an eptB-lacZ fusion in a AmgrR strain background. The graph shows
averages from three biological replicates with error bars representing standard deviation. (C)
Immunoblot analysis of MgtA-HA cells in a AmgtS strain transformed with pBAD, pBAD-MgtSR, pBAD-
MgtSR-no spacer, or pBAD-MgtSR-no spacer;o, grown to an ODy,, of 0.4 in N medium supplemented
with 500 uM Mg?*, washed, and then resuspended and grown in N medium supplemented with
arabinose but without Mg?*. Samples were collected after 20 min, and MgtA-HA was visualized with
anti-HA antibodies to detect MgtA-HA. The Ponceau S stain provides the loading control.

see also Fig. S1). We hypothesized that in the absence of the spacer, the two functions
may interfere with each other, resulting in the loss of one or both of the activities. To
test this hypothesis, we assayed the eptB-lacZ fusion and MgtA-HA levels for cells trans-
formed with pBR, pBR-MgrR, pBAD, pBAD-MgtSR, and pBAD-MgtSR-no spacer. We dis-
covered that removing the spacer sequence between the components of MgtSR elimi-
nates regulation of the eptB-lacZ fusion (Fig. 2B) but not stabilization of MgtA (Fig. 2C).
These results suggest that translation of MgtS predominates and may sterically block
MgtSR base-pairing activity (27). To test this prediction, we introduced a stop codon into
the pBAD-MgtSR-no spacer construct. This construct, pBAD-MgtSR-no spacersiop,
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rescued eptB-lacZ regulation, consistent with translation of mgtS disrupting base-pairing
regulation by MgtSR (Fig. 2B). It is interesting to note that the MgtSR-no spacers;op RNA
is still functional despite the upstream Hfq binding site being removed, though some
ARN sequences dispersed throughout the mgtS coding sequence could conceivably pro-
vide an alternative binding site. We noted that the levels of this sRNA are significantly
higher than MgtSR, though the levels decrease in a Ahfg mutant, consistent with the
MgtSR-no spacergrop transcript binding Hfq (see Fig. S2A and B). As expected, the
MgtSR-no spacersrop RNA, which should not be translated, did not lead to increased
accumulation of MgtA-HA (Fig. 2C). Thus, the presence of a 30-nt spacer sequence helps
to maintain the function of each component.

Truncation of the spacer sequence differentially disrupts regulation by each
component. To better understand how the composition of the 30-nt spacer sequence
contributes to regulation by each component, we next examined the effects of truncations
from either end of the sequence to determine if the 5" or 3" end played a more prominent
role in maintaining the functions of the synthetic dual-function RNA. We constructed deriv-
atives with 5- or 10-nt truncations from either the 5’ or 3" ends of the spacer sequence to
give pBAD-MgtSR-5'A5nt, pBAD-MgtSR-5'A10nt, pBAD-MgtSR-3’A5nt, and pBAD-MgtSR-
3’A10nt (Fig. 3A; see also Fig. S1). The levels of these MgtSR deletion derivatives are similar
to the full-length MgtSR RNA, except for MgtSR-3’A10nt, which is somewhat lower (see
also Fig. S2B). We carried out B-galactosidase assays for eptB-lacZ strains carrying each of
these plasmids or the control pBAD and pBAD-MgtSR plasmids. Interestingly, the deriva-
tives with truncations near the 3’ end of the 30-nt sequence completely lost the ability to
regulate eptB-lacZ, while the constructs with truncations near the 5’ end retained some
ability to repress eptB-lacZ (Fig. 3B). When stop codons were introduced into each of the
truncation constructs, the RNAs all repressed eptB-lacZ, demonstrating that the truncated
constructs retain the potential to base pair and that translation of the sORF is responsible
for disrupting regulatory activity.

In contrast, the truncations toward the 5’ end of the spacer sequence interfered
with the MgtSR effect on MgtA-HA levels, while the 3’ truncation derivatives were less
defective (Fig. 3C). Compared to the MgtSR control, no MgtA-HA was observed for
pBAD-MgtSR-5'A5nt and pBAD-MgtSR-5'A10nt, somewhat lower MgtA-HA levels were
observed for MgtSR-3’'A5nt, and equivalent MgtA-HA levels were observed for MgtSR-
3’A10nt. Thus, while removal of portions of the spacer sequence from the 5’ end had
less of an effect on base-pairing activity, these deletions prevented MgtS-mediated sta-
bilization of MgtA-HA. In contrast, the 3’ end truncation derivatives, which lacked
base-pairing activity, still stabilized MgtA-HA, indicating MgtS function. Possibly, trun-
cations at the 5’ or 3’ end produce changes in RNA structure that disrupt translation or
base pairing, respectively. These results show that the sequence between the ORF and
seed region has an impact on the functions of the chimeric RNA.

The spacer sequence of the reverse MgtRS also impacts activity. To test whether
the order of the encoded functions of the synthetic dual-function RNA impacted the activ-
ities, we placed the mgtS 5’ untranscribed region (UTR), including the RBS (denoted spacer
sequence) and the mgtS coding sequence, between the base-pairing region and termina-
tor sequence of mgrR (Fig. 4A; see also Fig. S1). However, when cells with an eptB-lacZ
fusion were transformed with pBAD and pBAD-MgtRS, we did not observe decreased
B-galactosidase activity as seen for MgtSR (Fig. 4B). Furthermore, pBAD-MgtRS did not
increase MgtA-HA levels as seen for pBAD-MgtSR (Fig. 4C). Northern analysis revealed that
MgtRS was not detected, indicating that the transcript might be unstable (see Fig. S2C).
We hypothesized that the process of reversing the order of mgtS and mgrR coding ele-
ments might have disrupted binding to the Hfq protein if the ARN motif of MgrR is too dis-
tant from the terminator to allow for strong Hfq binding. Alternatively, the combinations
of elements may have inadvertently introduced an endonuclease cleavage site.

To attempt to stabilize the MgtRS derivative and gain activity, we made a number
of modifications. First, we replaced the ARN sequence of mgrR in MgtRS with the
strong ARN sequence from ChiX (MgtRS-ChiX ARN). Additionally, we made two other
variants of MgtRS in which the 58-nt spacer sequence was truncated to 30 nt or 15 nt.
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FIG 3 Analysis of the regulatory contributions of the spacer sequence. (A) Schematic of the 5-nt and
10-nt truncation mutants of MgtSR. Colors and patterns for plasmid (gray), mgtS (blue), mgrR (red),
ARN (confetti), seed (striped), and terminator (stippled) sequences are as in Fig. 1B. (B) Effects of
overexpression from pBAD, pBAD-MgtSR, pBAD-MgtSR truncations, or pBAD-MgtSR truncation stop
constructs on an eptB-lacZ fusion in a AmgrR strain background. The graph shows averages from
three biological replicates with error bars representing standard deviation. (C) Immunoblot analysis of
MgtA-HA cells in a AmgtS strain transformed with pBAD, pBAD-MgtSR, pBAD-MgtSR truncations, or
pBAD-MgtSR truncation stop constructs grown to an ODg,, of 0.4 in N medium supplemented with
500 uM Mg?**, washed, and then resuspended and grown in N medium supplemented with
arabinose but without Mg?*. Samples were collected after 20 min, and MgtA-HA was visualized with
anti-HA antibodies to detect MgtA-HA. The Ponceau S stain provides the loading control.

We chose these lengths given the 30-nt spacer sequence in the functional MgtSR con-
struct and the 15-nt spacer sequence in SgrS. When eptB-lacZ cells carrying pBAD-
MgtRS-ChiX ARN, pBAD-MgtRS-30nt, and pBAD-MgtRS-15nt were assayed for 3-galac-
tosidase activity, we observed that the altered versions of MgtRS were all capable of
eptB-lacZ repression (Fig. 4B). Additionally, pBAD-MgtRS-ChiX ARN, pBAD-MgtRS-30nt,
pBAD-MgtRS-15nt were capable of increasing MgtA-HA levels to a similar degree as
MgtSR (Fig. 4C). Northern analysis showed that all of the constructs could be detected,
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FIG 4 Reversal of components produces a nonviable construct in the absence of an appropriate
spacer. (A) Schematic of the inverse hybrid constructs. Colors and patterns for plasmid (gray), mgtS
(blue), mgrR (red), ARN (confetti), seed (striped), and terminator (stippled) sequences are as in Fig. 1B.
The stippled blue region corresponds to the mgtS sequence outside of the coding region, and the
confetti green region denotes the ChiX ARN sequence. (B) Effects of pBAD, pBAD-MgtSR, pBAD-
MgtRS, pBAD-MgtRS-ChiX ARN, pBAD-MgtRS-30nt, or pBAD-MgtRS-15nt overexpression on an eptB-
lacZ fusion in a AmgrR strain background. The graph shows averages from three biological replicates
with error bars representing standard deviation. (C) Immunoblot analysis of MgtA-HA cells in a AmgtS
strain transformed with pBAD, pBAD-MgtSR, pBAD-MgtRS, pBAD-MgtRS-ChiX ARN, pBAD-MgtRS-30nt,
or pBAD-MgtRS-15nt grown to an OD,,, of 0.4 in N medium supplemented with 500 uM Mg,
washed, and then resuspended and grown in N medium supplemented with arabinose but without
Mg?*. Samples were collected after 20 min, and MgtA-HA was visualized with anti-HA antibodies to
detect MgtA-HA. The Ponceau S stain provides the loading control.

though we also observed some shorter products, and MgtRS-15nt was present at ele-
vated levels (see Fig. S2C). Together, these results show that functional synthetic dual-
function RNAs can be generated with the two functional elements, protein coding and
base pairing, in either order as long as the appropriate spacer sequence is present.
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FIG 5 MgtSR and MgtRS constructs allow growth in low magnesium. AmgtS:kan strain (GSO229)
transformed with pBAD, pBAD-MgtS, pBAD-MgtSR, pBAD-MgtRS-ChiX, or pBAD-MgtRS-15nt grown
overnight in LB was diluted to an OD,,, of ~0.02 (time zero) in 25 ml of the N medium with no
Mg?* and grown at 37°C. Growth was tracked by ODy,, over 12 h.

Synthetic dual-function RNAs complement the AmgtS growth defect in low
Mg?2*. Finally, we examined the ability of the synthetic dual-function RNAs to comple-
ment the low Mg?™* sensitivity of a AmgtS strain. While a growth defect was observed
in limited Mg2* media for the AmgtS strains carrying the pBAD vector control, the
pBAD-MgtSR, pBAD-MgtRS-ChiX ARN, and pBAD-MgtRS-15nt constructs all protected
the AmgtS strain cells at low intracellular Mg2* levels similar to pBAD-MgtS (Fig. 5).
These data demonstrate that synthetic dual-function RNAs can produce biologically
relevant regulatory effects.

DISCUSSION

Dual-function RNAs are an intriguing yet largely unexplored class of regulatory mol-
ecules. Given the underidentification of small proteins, these RNA transcripts are likely
more prevalent than has currently been reported. To better understand the organiza-
tion and competition between the components of a dual-function RNA, we designed
and constructed synthetic dual-function RNAs from the individual genes encoding the
MgrR sRNA and MgtS small protein (Fig. 1A). These hybrid RNAs are capable of regulat-
ing by base pairing and are translated to give functional MgtS protein. We used deriva-
tives of the synthetic constructs to examine how the organization of the components
affects the regulatory activities of these RNA molecules.

Elements necessary for dual function. The MgtSR and MgtRS chimeras and their
derivatives underscore what elements are necessary to construct a dual-function RNA.
First, translation of the sORF likely requires an unobstructed ribosome binding site.
Proper sRNA function requires an unobstructed seed sequence for base pairing along
with Hfg binding sites, including a Rho-independent terminator. How these elements
are spaced relative to one another has an impact on the two activities. We suspect that
when the ARN sequence for Hfg binding was moved far from the Hfq binding site at the
Rho-dependent terminator in the MgtRS construct, Hfq was no longer able to stabilize
the RNA. This was overcome by replacing the mgrR ARN sequence with the longer chiX
ARN sequence (Fig. 4). The length of the sequence that genetically separates the compo-
nents of dual-function RNA also is important for maintaining the independent regulatory
activity of each component. Most deletions that reduced the sequence separating the
sORF and the seed sequence in MgtSR eliminated base-pairing activity (Fig. 2 and 3). The
observation that all of these derivatives regained base-pairing activity upon the introduc-
tion of a stop codon suggests that the main obstacle to base pairing is occlusion by ribo-
some binding, although some of the deletions might also affect Hfq binding. For most of
these deletion constructs, the MgtS activity predominated, possibly because this activity
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is encoded first. Interestingly, however, with a limited distance between the two genetic
elements, base pairing can also interfere with translation as illustrated for the 5'A5 nt
and 5’A10 nt derivatives.

In natural dual-function RNAs, overlap or close proximity of the ORF and base-pair-
ing regions can lead to competition between the activities. For AzuCR, mutations that
prevent translation of the ORF enhance regulation by the SRNA component (16). For
SgrS, where the components are separated by 15 nt, the introduction of mutations to
disrupt translation of the encoded small protein, SgrT, do not change base-pairing reg-
ulation of mRNA targets by SgrS (19). Nevertheless, mutations that disrupted base pair-
ing actually led to an increase in SgrT levels (19). This is consistent with the model in
which the stability of SgrS RNA dictates that translation will occur after base-pairing
regulation is completed and suggests that a single transcript only acts as an mRNA or
an sRNA, not both simultaneously. Overall, we expect that separation of the parts of a
dual-function RNA by a spacer sequence gives each component more autonomy de-
spite existing within the same RNA molecule. However, based on what has been
observed for AzuCR and SgrST, we suggest that an individual MgtSR or MgtRS mole-
cule is either translated or acts as a base-pairing RNA, but this hypothesis needs further
testing.

Evolution of dual-function RNAs. In thinking about the components of dual-func-
tion sRNAs, it is interesting to consider how these regulatory molecules evolve (28) and
whether there are more barriers to evolution of base pairing or expression of a small
protein as the second feature. Phylogenetic analyses of SgrST and the RNAIIl dual-func-
tion RNA from Staphylococcus aureus suggest that evolution in both directions is possi-
ble. For example, all SgrST homologs across enteric species carry the highly conserved
13-nt seed sequence, complementary to the ptsG RNA near the 3’ end of the RNA,
while some species with an SgrS homolog, such as Yersinia, lack a functional SgrT ORF,
suggesting that the sRNA served as the precursor RNA, which evolved an mRNA func-
tion (29). In contrast, the 26-aa §-hemolysin encoded by RNAIIl appears to be more
broadly conserved than the base-pairing regions, indicating an mRNA evolved base-
pairing capability (30).

Possibility of exploiting dual-function RNAs. Dual-function RNAs present an
interesting opportunity for synthetic biology applications. As we have demonstrated in
this work, the creation of an artificial dual-function RNA from existing sSRNA and small
protein components is possible and can be tuned to favor one or the other activity.
Given that these molecules can regulate both the translation and activity of a protein,
dual function RNAs can provide an effective means to rapidly alter both mRNA levels
and protein activity and thus allow efficient control of a specific process. Furthermore,
if the two activities regulate different pathways, a single dual-function RNA can provide
a regulatory link between the two pathways. By modulating when each component is
active, these molecules could be used to regulate two pathways under mutually exclu-
sive conditions. Dual-function RNAs represent an opportunity to design transcripts
that can effectively control gene expression using two different regulatory mecha-
nisms. Ultimately, there is much to be explored about the regulatory potential of natu-
ral and synthetic dual-function RNAs.

MATERIALS AND METHODS

Bacterial strains and plasmid construction. Bacterial strains, plasmids, and oligonucleotides used
in this study are listed in Tables S1 to S3 in the supplemental material. E. coli strains are derivatives of
wild-type MG1655 (crl*). To generate the AmgtS Ahfg strain, Ahfqg::cat-sacB from GS0954 was P1 trans-
duced into GSO786. The sequences of all plasmid inserts were confirmed.

Bacterial growth. Cells were grown to the indicated optical density at 600 nm (ODy,,) in Luria-
Bertani broth (LB) overnight or N-minimal medium [7.5 mM (NH,),SO,, 0.5 mM K,SO,, 1 mM KH,PO,,
0.4% glycerol, 5 mM KCl, 100 mM Tris-HCI (pH 7.5), 10 «M vitamin B1, and 0.1% Casamino Acids] with ei-
ther 500 uM or 0 uM Mg?* (31). pBAD24 and pBRplac plasmid constructs were induced with 0.4% arabi-
nose or 1 mM isopropyl-3-p-thiogalactopyranoside (IPTG). Where indicated, media contained antibiotics
with the following concentrations: ampicillin (100 wg/ml), chloramphenicol (25 wg/ml), and kanamycin
(30 wg/ml).
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B-Galactosidase assays. Cultures were grown in LB to an OD,,, of ~1.0 with arabinose (0.2%). Cells
(100 ul) were added to 700 ul of Z buffer (60 mM Na,HPO,-7H,0, 40 mM NaH,PO,-H,0, 10 mM KCl,
1 mM MgSO,-7H,0, and 50 mM B-mercaptoethanol). After adding 15 ul of freshly prepared 0.1% SDS
and 30 ul of chloroform to each sample, the cells were vortexed for 30 s and then incubated at room
temperature for 15 min to lyse the cells. The assay was initiated by the addition of 100 ul of o-nitro-
phenyl-B-p-galactopyranoside (ONPG) (4 mg/ml) to each sample in 10-s intervals. The samples were
incubated at room temperature before the reactions were terminated by the addition of 500 ul of T M
Na,CO,, after which A,,, and A, values were determined with a spectrophotometer, and the absorb-
ance data were used to calculate Miller units.

Immunoblot analysis. After growth in the indicated medium, cells corresponding to 0.5 ODy,, were
collected by centrifugation; resuspended in 1x phosphate-buffered saline (PBS) (KD Medical), 7 ul of 2x
Laemmli buffer (Bio-Rad), and 2 ul of B-mercaptoethanol; and 10 ul was loaded on a Mini-Protean TGX
5% to 20% Tris-glycine gel (Bio-Rad) and run in 1x Tris glycine-SDS (KD Medical) buffer. The proteins
were electrotransferred to nitrocellulose membranes (Invitrogen) for 1 h at 100 V. Membranes were
blocked with 5% nonfat milk (Bio-Rad) in 1x PBS with 0.1% of Tween 20 (PBS-T) for 1 h and probed with
a 1:1,000 dilution of anti-HA antiserum (Abcam) in the same PBS-T buffer with 5% milk for 1 h. After the
incubation with the anti-HA antiserum, membranes were incubated with a 1:20,000 dilution of horserad-
ish peroxidase (HRP)-labeled goat anti-rabbit antibody (Pierce). All blots were washed 4x with PBS-T
and then developed with an Amersham ECL Western blotting detection kit (GE Healthcare).

Total RNA isolation. Cells corresponding to the equivalent of 10 ODy,, were collected by centrifuga-
tion and snap-frozen in liquid nitrogen. RNA was extracted according to the standard TRIzol (Thermo
Fisher Scientific) protocol. Briefly, 1 ml of room temperature TRIzol was added to cell pellets, which were
resuspended thoroughly, and incubated for 5 min at room temperature. After the addition of 200 ul of
chloroform and thorough mixing by inversion, samples were incubated for 10 min at room temperature.
After samples were centrifuged for 10 min at 4°C at 20,000 x g, the upper phase (~0.6 ml) was trans-
ferred into a new tube and 500 ul of isopropanol was added. Samples again were mixed thoroughly by
inversion, incubated for 10 min at room temperature, and centrifuged at 20,000 x g for 15 min at 4°C.
RNA pellets were washed twice with 75% ethanol and then dried at room temperature. RNA was resus-
pended in 20 to 50 ul of diethyl pyrocarbonate (DEPC) water and quantified using a NanoDrop (Thermo
Fisher Scientific).

Northern analysis. Total RNA (5 to 10 ug per lane) was separated on denaturing 8% polyacrylamide
gels containing 6 M urea (1:4 mix of UreaGel Complete to UreaGel 8 (National Diagnostics) with 0.08% am-
monium persulfate) in 1x Tris-borate-EDTA (TBE) buffer at 300 V for 90 min. The RNA was transferred to a
Zeta-Probe GT membrane (Bio-Rad) at 20 V for 16 h in 0.5x TBE, UV cross-linked, and probed with 32P-la-
beled oligonucleotides (listed in Table S1 in the supplemental material) in ULTRAhyb-oligo buffer (Ambion
Inc.) at 45°C. Membranes were rinsed twice with 2x SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium ci-
trate)/0.1% SDS at room temperature and once with 0.2x SSC/0.1% SDS at room temperature, washed for
25 min with 0.2x SSC/0.1% SDS at 45°C, and followed by a final rinse with 0.2x SSC/0.1% SDS at room
temperature before autoradiography was performed with HyBlot CL film (Denville Scientific Inc.).

Growth curves. Colonies of the AmgtS::kan strain (GSO229) transformed with pBAD, pBAD-MgtS,
pBAD-MgtSR, pBAD-MgtRS-ChiX, and pBAD-MgtRS-15nt grown overnight in LB were diluted to an ODy,
of ~0.02 (time zero) in 25 ml of the N medium with no Mg?* and grown at 37°C. Growth was monitored
for 22 h.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1.3 MB.
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