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Engineered riboregulators enable post-transcriptional

control of gene expression

Farren J Isaacs!"234, Daniel J Dwyerl’z’s, Chunming Ding2’3’ Dmitri D Pervouchine!2, Charles R Cantor?34

& James J Collins!»234

Recent studies have demonstrated the important enzymatic, structural and regulatory roles of RNA in the cell. Here

we present a post-transcriptional regulation system in Escherichia coli that uses RNA to both silence and activate gene
expression. We inserted a complementary cis sequence directly upstream of the ribosome binding site in a target gene.
Upon transcription, this cis-repressive sequence causes a stem-loop structure to form at the 5'-untranslated region of the
mRNA. The stem-loop structure interferes with ribosome binding, silencing gene expression. A small noncoding RNA that is
expressed in trans targets the cis-repressed RNA with high specificity, causing an alteration in the stem-loop structure that
activates expression. Such engineered riboregulators may lend insight into mechanistic actions of endogenous RNA-based
processes and could serve as scalable components of biological networks, able to function with any promoter or gene to

directly control gene expression.

RNA molecules are most often thought of as messengers of informa-
tion from genes to the proteins they encode2. RNAs can also assume
various structural, regulatory and enzymatic roles®. These noncoding
RNAs (ncRNA) have diverse functions including synthesizing pro-
teins, splicing and editing RNA, modifying rRNA!= and catalyzing
biochemical reactions*~. Small regulatory RNAs (sSRNA), a subset of
ncRNAs, have emerged as important regulators in both prokaryotes”>8
and eukaryotes’, and have enhanced our understanding of how cells
undergo development and respond to changes in the environ-
ment>19, More recently, RNAs have been shown to act as environ-
mental sensors of vitamin cofactors and temperature, enabling them
to transduce signals to regulate gene expression'!~17. Regulatory
RNAs operate by sensing environmental cues or other RNA molecules
to either repress or, more rarely, activate!®19 translation. Such natural
mechanisms, which involve post-transcriptional regulation, provide a
basis for the development of synthetic riboregulators.

A number of approaches that exploit RNA’s structural dynamics
and sequence-specific binding abilities are used in RNA-mediated
control of gene expression?’. Antisense strategies for gene silencing,
in which an antisense RNA binds and inhibits a target RNA, are
actively being pursued?’?2. Nucleic acid-based molecules?® and,
more recently, the discovery of RNA interference (RNAi)2* have
offered additional approaches for regulating gene expression. These
methods typically require sequence-specific design and have proved
valuable in post-transcriptional gene silencing. However, there exists
aneed for modular systems that can be integrated into biological net-
works to function with a wide array of genes. In this study, we use
RNA’s versatility to design artificial riboregulators that both repress

and activate translation in vivo, enabling precise control of gene
expression through highly specific RNA-RNA interactions.

RESULTS
Artificial riboregulation design
In contrast to previous engineered schemes for prokaryotic post-
transcriptional regulation, in which repression is achieved through
antisense RNA or trans-acting ribozymes**?%, our approach obtains
effective repression by formation of an RNA secondary structure that
sequesters the ribosome binding site (RBS). A short nucleotide
sequence complementary to the RBS is introduced in the DNA
directly upstream of the RBS such that the 5'—untranslated region
(UTR) of the mRNA sequence naturally folds to form a stem-loop
structure encompassing the RBS (Fig. 1). The resulting transcript,
which we refer to as cis-repressed mRNA (crRNA), blocks recognition
of the RBS by the 30S ribosomal subunit. Inhibiting this interaction
prevents subsequent steps required for translation of a functional
protein. Activation of gene expression is achieved by a trans-acting,
noncoding RNA, referred to as trans-activating RNA (taRNA), pro-
duced from a second promoter. The taRNA was designed to target
and hybridize to the stem-loop of the crRNA message. The resulting
RNA duplex causes a conformational change in the crRNA that
unfolds the stem-loop, exposing the RBS and permitting translation.
We aimed to construct a modular post-transcriptional system able
to function with numerous transcriptional and regulatory compo-
nents. In this regard, because the cis element is located in the 5'-UTR,
the crRNA and taRNA sequences that we designed do not target gene-
specific sequences or require specific promoters. Several aspects of
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endogenous riboregulators'®2627 were used to guide the construction
of the crRNA component. First, the cis-repressive sequence, a 19-
nucleotide (nt) reverse complement sequence of the RBS, is strategi-
cally placed on the 5'-UTR directly downstream of the promoter and
upstream of the RBS sequence (Fig. 1). Importantly, the introduced
cis sequence does not alter the coding frame of the targeted gene and
does not affect native transcription rates. Second, a short nucleotide
sequence, placed between the cis-repressive sequence and the RBS,
forms the loop and enables preferential formation of a stem-loop
structure. Third, a motif that directs taRNA-crRNA binding through
a linear-loop intermolecular interaction is included. This motif, a
YUNR (pYrimidine-Uracil-Nucleotide-puRine) consensus sequence,
has been shown to be a critical target for intermolecular RNA com-
plexes in several endogenous systems?’. The taRNA possesses a
nucleotide sequence that is complementary to the cis-repressive
sequence, and contains an RBS region. Therefore, it is critical that the
RBS-containing sequence is sequestered in the taRNA stem structure
to prevent aberrant titration of ribosomes. Because the intermolecu-
lar RNA interactions rely on specific RNA

structures, we used Mfold?® to generate pre-

dicted RNA secondary structures. Only a

Figure 1 The artificial riboregulator system used to control post-
transcriptional gene regulation. Basic steps of native prokaryotic gene
expression are illustrated in the box. A promoter, P, drives the expression of
a gene (GFP). After transcription, mRNA is present with a ribosome

binding site (RBS) available for ribosome docking. After ribosome binding,
translation of a functional protein occurs. In the artificial riboregulator, a
small sequence (cr), complementary to the RBS, is inserted downstream
from a promoter (P.,) and upstream from the RBS. After transcription, a
stem-loop is formed at the 5’ end of the mRNA, which blocks ribosome
docking and translation (cis repression). The resulting mRNA is referred to
as cis-repressed RNA (crRNA). A second promoter, Py,, expresses a small,
noncoding RNA (trans-activating RNA, taRNA) that targets the crRNA with
high specificity. The taRNA and crRNA undergo a linear-loop interaction that
exposes the obstructed RBS and activates expression. Different variants of
crRNA and taRNA were constructed (see Figs. 2 and 3). Two riboregulator
variants using different promoters were also studied to test the generality of
the system. The first riboregulator system consisted of P g1 (ref. 29) (P.,)
and Pgpp (Py,). The second riboregulator was composed of P |,..; (ref. 29)
(Pcr) and PLtetO-l (Pta)-

Cis repression: intramolecular RNA pairings

To assess the in vivo repressive ability of the 5'-UTR cis element, we
constructed four crRNA variants (crRL, crR7, crR10 and ¢rRB) on E.
coli plasmids. These crRNA variants (Fig. 2a) had different degrees of
stem sequence complementarity to the RBS (Table 1). This allowed us
to determine the extent of sequence complementarity required for
post-transcriptional repression, and to investigate whether alternative
RNA secondary structures (RNA duplexes (crRL), inner loops (crR7,
crRB) and bulges (crR10)) destabilize the stem loop to help generate
an open complex when targeted for activation by taRNA. A 25-nt cis-
repressive sequence was inserted 27 nt downstream of the Ppi.0
promoter?’, so that this sequence is present in the 5-UTR of the
mRNA (crRNA). The cis sequence consisted of two sections: a 19-nt
stem sequence, complementary to the RBS, and a 6-nt loop region. A
ribosome binding site from the pZ plasmid system?® and the gfp-
mut3b® gene were inserted directly downstream of the cis sequence.
Single-cell flow cytometric measurements of green fluorescent pro-
tein (GFP, product of gfpmut3b) were used to monitor the expression
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Table 1 Protein (GFP) and mRNA results of crRNA constructs
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Control crRL crR7 crR10 crR12
% RBS Sequence Complementarity? - 100 89 84 84
—aTc: mRNAP 0.364 +0.077 0.135+0.014 0.154 +0.022 0.152 +0.022 0.144 £ 0.033
RNA normalized® 1 0.37 0.42 0.42 0.40
FL1d 113.10+15.8 2.55+0.02 3.75+£0.19 3.41+£0.03 291 +£0.05
FL1 normalized® 1 0.022 0.033 0.030 0.026
+aTc:  mRNAP 1.563+0.176 0.611+0.113 0.629 +0.043 0.0628 +0.096 0.540 +0.098
RNA normalized® 1 0.40 0.41 0.41 0.35
FL1d 640.5 + 25 4.06+0.19 13.61+1.12 10.05+0.12 6.55+0.14
FL1 normalized® 1 0.006 0.021 0.016 0.010
+afe/ :RNAE 4.2 4.5 4.1 4.1 3.8
FL1® 5.7 1.6 3.6 2.9 2.2

aPercent RBS sequence complementarity of cis element to the RBS sequence. PConcentrations of mRNA obtained from competitive PCR coupled with MALDI-TOF mass spectrometry*® are
internally normalized to 16S rRNA levels within each sample. °Normalized RNA and FL1 values correspond to samples normalized to the control (crRNA/C), which lacks the cis sequence.

dFL1 values (arbitrary units) represent measured GFP expression levels obtained by flow cytometry,
(+aTc/-aTc) depicts the change in RNA and FL1 levels between high and low transcription rates wit
of these values.

state of this post-transcriptional control system. A control plasmid
that lacks the cis element and contains an arbitrary sequence
upstream of the RBS was also constructed.

Fluorescence data from fefR* cells containing control plasmids
showed elevated GFP expression at intermediate (no anhydrotetracy-
cline (aTc¢)) and high (30 ng/ml aTc¢) transcription rates (Fig. 2b,c).
Cells possessing plasmids with upstream cis-repressive elements

Figure 3 Trans-activation mechanism and
results. (a) The artificial riboregulator system
has the following proposed mechanism: (i) the
5" linear region of the taRNA (gray) recognizes
a YUNR consensus sequence (UUGG)27 on the
loop (gray) of crRNA, (ii) pairing between
complementary nucleotides occurs in the
presence of an unstable loop-tail complex and
destabilizes the hairpin stem-loop that AG
obstructs ribosomal recognition of the RBS A
(blue) and (iii) a stable intermolecular RNA
duplex structure forms. The resulting RNA
duplex exposes the RBS and allows translation
to occur. (b,c) Mfold-predicted?8 structures of
taR12 (b) and crR12 (c) variants (same color
scheme as Fig. 2). (d) Proposed taR12-crR12
interaction that exposes the RBS, which is
5-6 bp downstream of the taRNA-crRNA
duplex formation. (e,f) Flow-cytometric
results of taR10-crR10 (e) and taR12-crR12
(f) riboregulator systems. Autofluorescence
measurements (-C, negative control; cells
lacking GFP) are in black and GFP expression
of positive control (+ C; cells without cis
sequence) cultures are in blue. The red curve
represents cis-repressed cultures (no
arabinose, 30 ng/ml aTc) and the green curve
depicts cells containing high levels of taRNA
(0.25% arabinose) and crRNA (30 ng/ml aTc).
Of note, the taR12-crR12 riboregulator

(f) showed both greater cis repression and
higher trans activation than the taR10-crR10
riboregulator (e). Interestingly, both 0
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where the autofluorescence FL1 mean value was measured to be 2.06 + 0.03. ®Fold induction
hin each column. See Supplementary Notes online for details on the experimental acquisition

(crRNAs) were grown under the same conditions. At intermediate and
high transcription rates, moderate GFP expression was detected in
cultures containing the crRB variant, which has reduced cis sequence
complementarity to the RBS. Thus, the crRB variant (Fig. 2a) was not
investigated further. At intermediate transcription rates (Fig. 2b), crRL
cultures showed repressed levels of GFP expression indistinguishable
from autofluorescence (measured in cells containing plasmids that
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pairs in the cis stem, indicating that specificity of interaction emanates from slight changes in sequences of the cis elements. In the Supplementary
Notes online, we describe various rational attempts to increase the dynamic range of the taR12-crR12 riboregulator pair.
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Table 2 Measured in vitro and in vivo results obtained from
intermolecular (taRNA-crRNA) and intramolecular (crRNA-crRNA)
pairings

crR7 crR10 crR12
Kp? AFL1P Kp? AFL1P Kp? AFL1P
taR7 0.03 1x 12.5 1x 1.03 1x
taR10 1.00 1x 0.09 8x 0.77 1x
taR12 1.50 1x 7.70 1x 0.08 19x
JA C -76.0 -90.0 -100.1

2Kp: equilibrium dissociation constants (pmol) measured by in vitro experiments.

PAFL1 depicts the normalized fold change of fluorescence in the presence of taRNA
(+arabinose/-arabinose). /n vitro results are consistent with in vivo measurements. Observed
differences may be caused by disparate conditions between in vitro and in vivo studies. See
Supplementary Notes online for an explanation of the protocols used to calculate the equilib-
rium dissociation constants. ccrRNAs, consisting of the stem-loop region, were isolated, and in
vitro experiments were done to measure the equilibrium constants (AG.g.;g) of the intramole-
cular pairings (cis-repressive sequence-RBS interactions) for the 7, 10 and 12 crRNAs. The
resulting AG,g g Values (kcal/mol) of crRNA stem-loop variants were obtained from RNA
thermal melting curves (see Supplementary Fig. 4 online).

lack GFP). The crR7 and crR10 cultures also showed dramatic silenc-
ing of gene expression at intermediate transcription rates (Fig. 2b). At
high transcription rates (Fig. 2c), we observed low GFP expression val-
ues for all variants, indicating that the cis-repressive element provides
striking suppression of post-transcriptional expression. Our results
also indicate that the degree of repression is correlated with measured
AG_p_rr Values (Table 2) and base-pairing in the stem region (crR7,
crR10 and crR12 (see below)). The observed repression of >96%
(intermediate transcription) and >97% (high transcription) provides
greater silencing (98% repression is observed when autofluorescence is
subtracted) compared to alternative antisense and trans-ribozyme sys-
tems2*25, which exhibit 75% repression25 .

To confirm that the observed silencing is due to the presence of
translational repression by the cis sequence, we measured cellular
mRNA concentrations. Total cell RNA was isolated from cultures con-
taining each crRNA variant and the control plasmid. Table 1 lists
quantitative measurements of mRNA concentrations. We consistently
observed a fourfold increase in mRNA concentration upon shifting
from intermediate to high transcription rates
(+aTc/—aTc). Additionally, the crRNA variants
are present at 40% of the mRNA levels meas-
ured in the control cultures. This could be a 1
result of premature transcription termination
downstream of the stem-loop structure or tar-
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Figure 4 Transient and steady-state responses
and specificity results of riboregulator systems.
(a) Normalized transient response of taR12-
crR12 riboregulator system at corresponding
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geted degradation by RNases that cleave double-stranded RNAs*"32,
and warrants further exploration. Despite the moderate drop in cellu-
lar mRNA concentrations, silencing observed at the protein level (GFP
expression) was far greater (>96% repression) than the measured loss
of RNA. Together with the GFP data, these results are consistent with
the interpretation that the stem-loop, which is formed by the upstream
cis sequence, prevents ribosome binding at the RBS and interferes with
post-transcriptional gene expression.

Trans activation: intermolecular RNA pairings

To determine whether the silenced crRNAs can be structurally
manipulated to expose the RBS and initiate translation, we produced
trans-activating RNAs (taRNAs) to direct linear-loop (taRNA-
crRNA) RNA pairing. This mode of RNA-RNA interaction (Fig. 3a)
was modeled on several well-characterized natural RNA systems'®27,
in particular, the hok/sok post-segregational killing system of plasmid
R1 (ref. 27). The resulting intermolecular RNA complex (Fig. 3a)
exposes the RBS, which permits ribosomal recognition and transla-
tion. Because the final RNA complex could contain 26 consecutive
base pairs, two mismatches were intentionally introduced to provide
immunity from RNase I1I cleavage of RNA duplexes®"32. To assess the
activation ability of each crRNA variant, we designed unique taRNA
structures for each crRNA target, ensuring that the final duplex struc-
tures all contain 24 base pairs and two mismatches.

Three taRNA-crRNA cognate pairs (taRL-crRL, taR7-crR7 and
taR10-crR10) were investigated, and the resulting activation of GFP
expression in the presence of the small taRNAs was measured. These
taRNA molecules were produced in vivo from the Py p promoter of
the arabinose operon. Cultures containing the crRL and crR7 variants
showed no detectable increase in GFP expression at high arabinose
(0.25%) induction of taRL and taR7, respectively. However, upon
induction of taR10, cultures containing crR10 exhibited a fivefold
increase in GFP expression (see below). In light of these results, we
constructed another taRNA-crRNA pair: taR12 and crR12 (Fig. 3b,c).
The taR12-crR12 pair was designed both to verify that dispersed
bulges render crRNA molecules susceptible to open complex forma-
tion in the presence of its target taRNA and to determine whether in-
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creased dynamic range can be achieved. Whereas the crR12 variant,
similar in structure to crR10, also contains three predicted dispersed
bulges in its secondary structure, three important distinctions exist.
First, the middle bulge on crR10 contains an exposed G that is a
highly conserved nucleotide of the RBS and thus an important
nucleotide in ribosome binding (Fig. 2a). Instead of having the con-
served G exposed, the middle bulge in crR12 has the adjacent
nucleotide, A, exposed (Fig. 3¢). Here, the rationale was to leave a less
recognizable nucleotide exposed to potential ribosome binding.
Second, the crR12 contains an additional G-C base pairing in the
stem (six G-C pairs versus five G-C pairs in crR10) to make crR12 a
more stable structure than crR10. Lastly, the number of base pairings
in the final intermolecular taR12-crR12 interaction was increased
from 24 (taR10-crR10) to 25 (Fig. 3d). Together, these modifications
were designed to increase the dynamic range in the taR12-crR12 pair
as compared to the fivefold increase in GFP expression in the taR10-
crR10 pair (Fig. 3e).

In the absence of arabinose, cells containing crR12 showed low flu-
orescence (near autofluorescence). Upon arabinose induction, GFP
expression increased tenfold (Fig. 3f). These results suggest that par-
tial helix destabilization (that is, presence of bulges) in crRNA is nec-
essary for the taRNA to form a stable intermolecular RNA duplex,
enabling protein translation. When background autofluorescence is
subtracted, we observed eightfold and 19-fold increases in GFP
expression for the taR10-crR10 and taR12-crR12 riboregulators,
respectively. Interestingly, our engineered riboregulators exhibited
greater levels of activation than the endogenous DsrA-RpoS system,
which has only threefold activation!8.

The transient and steady-state responses of trans activation of GFP
expression were also investigated. A high concentration (0.25% arabi-
nose) of taR12 was induced in cultures containing high levels
(30 ng/ml aTc) of crR12, enabling GFP expression to be measured as a
function of time (Fig. 4a). An increase in GFP expression was detected
at the first time point (5 min after arabinose induction), indicating an
immediate response to the presence of taRNA. Maximal GFP expres-
sion was observed within 70 min, and this state was maintained for
the duration of the experiment. The steady-state taRNA dependence
of trans activation of GFP expression as modulated by arabinose con-
centrations is shown in Figure 4b. Qualitatively similar dose-response
curves were obtained for both taR10-crR10 and taR12-crR12 riboreg-
ulator pairs. There was no activation at low taRNA concentrations
(<107*% arabinose), followed by a rise in activation at intermediate
taRNA concentrations (107-1072%), and finally a high state that
plateaus at elevated levels of taRNA (>1072%). These data show tun-
able activation of protein expression through the controlled intro-
duction of taRNA.

Highly specific riboregulators

We investigated all 16 combinations (L,7,10,12) of the taRNA-crRNA
constructs to determine whether the artificial riboregulator pairs are
specific. Figure 4c shows results from separate cultures containing
crR12 and four different taRNAs (taRL,7,10,12). With no arabinose
induction, the cis-repressed GFP expression was near autofluores-
cence levels, and the concentration of taRNA was nearly undetectable.
Upon arabinose induction, there was a strong increase in RNA con-
centration of all taRNA variants, but tenfold activation of protein
expression was seen only in the taR12-crR12 cognate pair (Fig. 4c).
Equivalent specificity was seen with the taR10-crR10 cognate pair.
No activation was seen with any crRL- or crR7-taRNA pairs. The
equilibrium constants of the intramolecular (crRNA-crRNA) and
intermolecular (taRNA-crRNA) pairings were determined in vitro
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(Table 2). The dissociation constants of cognate pairs (e.g., taR10-
crR10) were at least ten times lower than those of noncognate pairs
(e.g., taR10-crR7), indicating a good correlation with in vivo GFP
measurements (Figs. 2 and 3, Table 1). Taken together, these results
indicate that taRNA-crRNA interactions that expose the RBS require
highly specific cognate RNA pairings.

Modular riboregulators

Finally, we investigated the modular nature of this system by replac-
ing the Pyap and Ppo.; promoters with the Py 0., and Pyjco.
promoters, respectively. In the new scheme, Pyj, ., drives the
expression of crR12 whereas P 0. produces taR12. As with the
original riboregulator variant, we observed GFP fluorescence levels
from crR12 that were near autofluorescence. In this riboregulator
system, taR12 was transcribed from six different positions relative to
the transcription start site?® of Py o.: +1, +3, +5, +19, +21 and
+23 (spacer sequences are provided in Supplementary Table 1
online). No detectable activation was observed in the +1, +19, +21
and +23 variants, whereas the +3 and +5 variants exhibited 9-fold
and 13-fold increases in GFP expression, respectively. These data
reveal an important mechanistic feature of this system: the taRNA,
which targets the consensus loop of the crRNA, sensitively depends
on an accessible 5’ linear complementary sequence. More specifi-
cally, the variants that do not exhibit any activation suggest that an
elongated (+19, +21, +23) or truncated (+1) 5' taRNA end inter-
feres with taRNA-crRNA interaction, preventing stable intermolec-
ular duplex formation. In this regard, we investigated the predicted
secondary structures of all the spacer regions using Mfold soft-
ware?8, We found that these regions are not highly structured and
could interact with another region of the taR12 molecule or the
crRNA component to form alternative conformations that might
interfere with taRNA-crRNA interactions. These mechanistic fea-
tures could be important in natural RNA-based systems'? and war-
rant further exploration.

DISCUSSION

This study, which details positive and negative post-transcriptional
control, elucidates the action of cis- and trans-acting regulatory
RNAs. We found that conformational changes in RNA structures and
stable duplex formation not only depend on the initial recognition
complex but also on the ability of trans activators to bind to
nucleotides in the partially destabilized stem structure. In our sys-
tem, the specificity of intermolecular RNA interaction arises from
unique sequences in the crRNA stem and not from the consensus
sequence of the recognition loop. Studies of artificial riboregulators
of this sort could be useful for characterizing potential modes of
action of sRNAs, which have been implicated as regulators of tran-
scription and translation and as modulators of developmental
switches>!0. In addition, this work may complement ongoing
sequence- and structure-based efforts®? to identify and characterize
novel sRNAs, particularly trans activators, in both prokaryotes and
eukaryotes. Ultimately, the versatility of artificial riboregulators may
yield insights into RNA-based cellular processes and RNA's evolu-
tionary role in biology!-2.

From a biotechnology standpoint, artificial riboregulators can be
used with both synthetic (e.g., Pp 0.1 (ref. 29)) and endogenous
promoters. With regard to endogenous promoters, our system is
capable of producing physiologically relevant levels of a target gene
from its native promoter, a feature lacking with current inducible
prokaryotic gene expression systems that require specific promot-
ers. Furthermore, with our system, tighter and tunable control of
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gene expression is achieved at the post-transcriptional level. The cis-
repressed element (crRNA), coupled to inducible promoters, pro-
vides near-absolute repression that results in reduced leakage of
gene expression, which may be of value in studies such as those
involving toxic genes. In addition, the small taRNAs are capable of
acting on single and multiple crRNA targets, conserve more energy
than protein regulators as they do not require translational
resources!®1834 and compared to DNA-protein networks, exhibit
quicker response times to environmental and biological stim-
ulil®18:34 "which could be advantageous for a variety of biosensing
and biocomputing applications.

Our artificial riboregulators also could be used as RNA-based mod-
ules in genetic circuits to control and investigate gene regulation at
the post-transcriptional level. Because artificial riboregulators can be
used with any prokaryotic promoter or gene, they are compatible
with a wide array of transcriptional and regulatory components,
expanding the potential of synthetic gene networks, which have been
limited to well-characterized transcription factors®. For example,
RNA-based modules could be used to selectively perturb networks, at
physiologically relevant levels, to reveal functional properties of large-
scale genetic networks®®. Although the current scheme characterizes a
small number of taRNA-crRNA pairs, the number of elements and
their range of function can be expanded considerably by in vitro
selection techniques®’~*3, given their scalability and specificity of
interaction. Because 26 nucleotides participate in the taRNA-crRNA
duplex, greater than 10> unique sequence pairs can potentially be
constructed, creating a near-infinite library of interactive riboregula-
tors. Such an assembly, combined with improved oligonucleotide
synthesis and methods of producing whole genome assemblies*4,
could generate networks of highly specific riboregulators in vivo,
increasing the complexity of biological networks based solely on
DNA-protein components*>°, The design of endogenous or syn-
thetic networks based on artificial riboregulators could thus lead to
engineered cellular control and a better understanding of complex
cellular processes.

METHODS

Plasmid construction, cell strains, reagents. Basic molecular biology tech-
niques were implemented as previously described*’. Two riboregulator sys-
tems were constructed, in which each system used separate promoters to drive
the expression of the cis-repressed RNAs (crRNA) and trans-activating RNAs
(taRNA), respectively. In the first system, Py o.; produces crRNA and Pyap
produces taRNA. In the second system, Py, .o_; drives the expression of crRNA
and Py 0., produces taRNA. We chose the constitutive Py .,o_; promoter?’, a
modified version of the native Phage A P; promoter containing two TetR oper-
ator sites, so that the rate of transcription could be modulated by the TetR pro-
tein and the chemical inducer of the tetR operon, anhydrotetracycline (aTc).
Similarly, the rate of transcription from the Py, o.; promoter is regulated by
the Lacl protein and the chemical inducer of the lac operon, isopropyl-3-p-
thiogalactopyranoside (IPTG). The taRNA molecules produced from the Py, p
promoter of the arabinose operon could be modulated by the presence of ara-
binose in the araC*, tetR* E. coli strain. All plasmids (see Supplementary Table
2 and Supplementary Fig. 1 online) contained the ColE1 origin of replication
and genes coding for either ampicillin or kanamycin resistance (see
Supplementary Notes online). Oligonucleotide primers were purchased from
Amitof Biotech and Integrated DNA Technologies. All genes and promoters
were PCR amplified using the PTC-200 PCR machine (M] Research) with
PfuTurbo DNA Polymerase (Stratagene). DNA sequences were obtained as fol-
lows: gfpmut3b gene from pJBA113 (ref. 48), Py,.o.; promoter from pZE12-
luc?’, P01 promoter and ribosome binding site (RBS) sequence from
pZE21% and the arabinose operon (Py, ) from pBAD-HisA (Invitrogen). Cis
and trans sequences were constructed by custom oligonucleotide design (see
Supplementary Notes online).
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All plasmids were constructed using restriction endonucleases and T4
DNA Ligase from New England Biolabs. Plasmids were introduced into the
E. coli XL-10 strain (Stratagene; Tet” A (mcrA)183, A(mcrCB-hsdSMR-
mrr)173, endAl, supE44, thi-1, recAl, gyrA96, relAl, lac Hte [F proAB lacl?
ZDM15 Tn10 (Tet”) Amy Cam’]) using standard heat-shock, transformation
and storage solution, transformation protocols*’. The E. coli XL-10 strain,
DH5apro strain (Clontech; deoR, endA1l, gyrA96, hsdR17(rk~m-k*), recAl,
relAl, supE44, thi-1, A(lacZYA-argF)U169, @800lacZ A M15, F-, A-, PN
25/tetR, Py, q/laci, Sp"), 2.300 strain (Genetic Stock Center no. 5002, A—,
lacI22, rpsL135 and thi-1) and wild-type K-12 strain (Genetic Stock Center
no. 4401) were used for all experiments. All cells were grown in selective
medium: Luria-Bertani (DIFCO) and either 30 pg/ml kanamycin or 100
pg/ml ampicillin (Sigma). Plasmid isolation was done using Perfectprep
Plasmid Isolation Kits (Eppendorf). Subcloning was confirmed by restriction
analysis. Plasmid modifications were verified by sequencing, using the PE
Biosystem ABI Prism 377 sequencer.

Gene expression experiments. For all experiments, cells were grown
overnight in the appropriate conditions, diluted 1:1,000, and regrown before
collecting RNA samples and measuring GFP expression by flow cytometry.
All RNA and GFP measurements were obtained during logarithmic growth
at ODgy, 0.4-0.6, measured by a SPECTRAFluor Plus (Tecan). A positive
control, pZE21G, was constructed such that the promoter drives the expres-
sion of gfpmut3b without the repressive cis element. Cis experiments were
conducted under two conditions: no anhydrotetracycline (aTc) and 30
ng/ml aTc. The expression of TetR in the XL-10 strain was insufficient to
obtain full repression of GFP contained on high-copy number ColE1 plas-
mids. Therefore, in control experiments (Fig. 2b), we observed intermediate
levels of GFP expression, which correspond to intermediate transcription
rates. DH5apro cells contain higher cellular levels of TetR, and thus demon-
strated a lower expression state at no aTc induction. Cis/trans experiments
were conducted under four conditions: (i) no aTc, no arabinose, (ii) no aTc,
0.25% arabinose, (iii) 30 ng/ml aTc, no arabinose and (iv) 30 ng/ml aTkc,
0.25% arabinose. In these experiments, aTc modulates the transcription of
crRNA and arabinose modulates the expression of taRNA. We measured the
expression of the riboregulator systems in two additional tetR~ strains: 2.300
strain and wild-type K-12 strain. In these strains, we grew cultures contain-
ing riboregulator systems in the absence and presence of arabinose, and
obtained results consistent with those of the other strains (XL-10 and
DH5apro).

GFP quantification using the flow cytometer. All expression data were col-
lected using a Becton Dickinson FACSCalibur flow cytometer with a 488-nm
argon laser and a 515- to 545-nm emission filter (FL1) at low flow rate.
Before analysis, cells were pelleted and resuspended in filtered PBS, pH 7.2
(Life Technologies) immediately after each time point. Calibrite Beads
(Becton Dickinson) were used to calibrate the flow cytometer. Each fluores-
cent measurement of gene expression was obtained from >100,000 cells.
Flow data were converted to ASCII format using MFI software (E. Martz,
University of Massachusetts, Amherst). Matlab (Mathworks) software was
used to filter (in a narrow forward scatter (FSC) range) and analyze a
homogenous (based on FSC, an indicator of cell size) population of cells in
each sample.

Quantification of cellular RNA concentrations: rcPCR gene expression analy-
sis. Quantitative measurements of mRNA levels used PCR coupled with
matrix-assisted laser desorption/ionization-time-of-flight (MALDI-TOF)
mass spectrometry*’ (see Supplementary Notes online). The reported con-
centrations of crRNA in Table 1 and taRNA in Figure 4c are expressed as a per-
centage of 16S rRNA concentration within each sample. The assay designs for
16S rRNA, taRNA and crRNA and the steps of rcPCR are described in the
Supplementary Notes and Supplementary Table 3 online.

In vitro experiments. All taRNA-crRNA pairs corresponding to the 7, 10 and
12 variants were investigated to assess the in vitro specificity of interactions.
The equilibrium constants for complexes between the cis-repressed and
trans-activating RNAs were measured through in vitro synthesis of RNA con-
structs from the T7 promoter. We use an approach based on the property of

VOLUME 22 NUMBER 7 JULY 2004 NATURE BIOTECHNOLOGY



l@ © 2004 Nature Publishing Group  http://www.nature.com/naturebiotechnology

some reverse transcriptases to stall and terminate on stable RNA duplexes (see
Supplementary Notes online). When hybridized to crRNA, taRNA creates an
obstacle for the reverse transcriptase, yielding a truncated product (taRNA-
crRNA complex). The amount of truncated transcripts and full-length
(crRNA only) transcripts are assayed by PAGE, permitting equilibrium disso-
ciation constants to be calculated (see Supplementary Figs. 2 and 3 online).
The steps used to obtain the equilibrium constants in Table 2 are described in
the Supplementary Notes online.

Parallel in vitro experiments were done to measure the equilibrium con-
stants of the stem-loop (cis-repressive element and the RBS) in the crRNA
constructs. RNA thermal melting curves (see Supplementary Fig. 4 online)
were obtained on a UV-visible spectrophotometer (Cary-Varian) equipped
with a water-circulated temperature-controlled cell holder. Samples were first
heated at 90 °C for 2 min, chilled on ice and dissolved in buffer (50 mM
Tris/HCI, pH 7.5; 100 mM NaCl) to a final concentration of 0.15 UM of crRNA
(44-mer stem-loop RNA oligonucleotides purchased from Integrated DNA
Technologies) before absorbance measurements. RNA thermal denaturation
was monitored by measuring the absorbance of UV light at 260 nm in a quartz
cuvette (Starna Cells, Catalog no. 28B9-Q-10) with a standard 1-cm path
length. Absorbance was measured over a continuous temperature range from
10-95 °C at a rate of approximately 1 °C /min, sampling at each 1 °C . The
equilibrium constants (AG_ ) in Table 2 were determined from RNA melt-
ing curves and calculated as previously described>®.

Note: Supplementary information is available on the Nature Biotechnology website.
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