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ABSTRACT: It has become increasingly evident that noncod-
ing small RNAs (sRNAs) play a significant and global role in
bacterial gene regulation. A majority of the trans-acting sSRNAs
in bacteria interact with the S untranslated region (UTR) and/
or the translation initiation region of the targeted mRNAs via
imperfect base pairing, resulting in reduced translation effi-
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ciency and/or mRNA stability. Additionally, bacterial SRNAs often contain distinct scaffolds that recruit RNA chaperones such as
Hfq to facilitate gene regulation. In this study, we describe a strategy to engineer artificial sSRNAs that can regulate desired
endogenous genes in Escherichia coli. Using a fluorescent reporter gene that was translationally fused to a native ' mRNA leader
sequence, active artificial SRNAs were screened from libraries in which natural sSRNA scaffolds were fused to a randomized antisense
domain. Artificial sSRNAs that posttranscriptionally repress two endogenous genes ompF and fliC were isolated and characterized.
We anticipate that the artificial SRNAs will be useful for dynamic control and fine-tuning of endogenous gene expression in bacteria

for applications in synthetic biology.
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ecause of its predictable and programmable nature of gene
Bsilencing based on the target gene sequence, RNA inter-
ference (RNAi) has emerged as one of the most powerful tools to
probe and manipulate gene expression in mammalian cells."”
Unfortunately, analogous technology for use in bacteria that is as
reliable and efficient as mammalian RNAi has remained elusive.
First discovered in 1984,® noncoding small RNAs (sRNAs) that
posttranscriptionally modulate gene expression via imperfect
Watson—Crick base pairing with the S’ untranslated region
(UTR) and/or translation initiation region of bacterial mRNAs
have attracted great interest as a major class of global bacterial
gene regulators. Recent investigations on the natural sSRNAs
have revealed the modular architecture of SRNAs. For example, it
has been shown that the ~60 nt § domain of Escherichia coli
Spot42 engages with the galK translation initiation region via
imperfect base pairing, while the ~50 nt 3’ domain is responsible
for Hfq recruitment and transcription termination.>® Interest-
ingly, it has been shown that an antisense sequence from one
SRNA can be fused to a Hfg-binding motif of another sSRNA to
yield a functional hybrid sRNA.”®
Inspired by the modular architecture of bacterial sSRNAs, some
researchers have sought to mimic the bacterial riboregulators to
control noncognate genes. Coleman et al. constructed hybrid
MicF sRNAs preserving the two stem loops at both §' and 3’
termini while inserting an artificial antisense sequence in
between.” The antisense sequences they used, however, were
long (~50 to 250 nt) and perfectly complementary to various
parts of the targeted mRNA, which are uncharacteristic of the
antisense domains of the natural bacterial sRNAs.* Other earlier
efforts have addressed the use of long antisense RNAs containing
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perfectly complementary sequences to various positions within
the targeted mRNAs in E. coli."®™'* However, the efficacies of
these antisense RNAs have been variable, and no robust design
guidelines have emerged. Moreover, specificity of these antisense
RNAs has not been thoroughly investigated.

More recently, Man et al. reported a semirational strategy to
design artificial sRNAs."> They generated a pool of synthetic
sRNA sequences in silico by randomly fusing an antisense
sequence, a Hfq-binding sequence, and a transcription termina-
tor and computationally screened them according to qualitative
structural criteria. Candidate sSRNAs were individually synthe-
sized and evaluated in E. coli. Although there should be hundreds
of potential SRNA designs that meet their criteria, the need for
individual synthesis and evaluation severely limited their
throughput. Out of the 16 initially designed sRNAs targeting
two genes, only two clones repressed the target gene expression
by 70% or greater.

Although predictable and rational design of artificial SRNAs is
adesirable long-term goal, our current incomplete understanding
of the design principles of bacterial SRNAs still limits our ability
to rationally design highly active artificial sSRNAs. Numerous
factors that are likely to influence SRNA efficacy, such as target
mRNA structures, reaction kinetics, and off-target effects, have
not been incorporated in the design criteria of the previous
efforts. Unlike the mammalian microRNAs that share common
and intuitive sequence characteristics,"® bacterial sSRNAs are
highly diverse in their sequences and in their interactions with
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Figure 1. Artificial SRNA screening strategy and library design. (a) Schematic illustration of the artificial SRNA screening strategy. A reporter vector with
the target mRINA leader sequence fused to gfpuv is cotransformed with a partially randomized artificial sSRNA expression library and plated on agar plates.
Colonies with weaker fluorescence are picked and characterized. (b) Artificial SRNA library based on the Spot42 sRNA scaffold (yellow box). The
antisense domain in Spot42 (identified for galK) is shown in gray, and the bases that were shown to interact with Hfq are indicated in bold.* Degenerate
bases (N) were inserted between the vector-derived sequence (5'-ACUCGAG-3') and the sRNA scaffold.

the targets. For example, the number of critical bases for anti-
sense function can be as few as six bases'” to as extensive as
several dozen bases with internal mismatches.®!® Moreover,
sRNAs are known to interact with cognate mRNAs at an
untranslated region (' or intergenic), coding region, or both.*
Therefore, it seemed prudent not to restrict ourselves to a
rational design rule that may later reveal unforeseen limitations.

To address the challenges in engineering artificial SRNAs with
limited understanding of the design principles of bacterial
sRNAs, we developed a high-throughput screening strategy that
can efficiently identify synthetic SRNAs capable of regulating
endogenous genes in trans. To demonstrate our strategy, we
searched for and isolated artificial SRNAs that repress two
endogenous genes in E. coli. Artificial sSRNAs targeting ompF
were found to exhibit characteristics similar to those of the
natural sRNA MicF that is known to regulate the same gene.”"
Addltlonally, artificial sRNAs that repress flagellin (encoded
by fliC),*° a key structural component of the flagella,”" were
engineered and found to induce an expected phenotype (reduced
cell motility).>*

B RESULTS AND DISCUSSION

Our experimental strategy is illustrated in Figure la. A library
of artificial sSRNAs was constructed by fusing a randomized
antisense domain to scaffolds from natural SRNAs that are known
to interact with RNA chaperones. The sSRNA plasmid library was
cotransformed with a reporter vector in which GFPuv was
translationally fused to the S’ leader sequence of the targeted
mRNA. E. coli colonies harboring promising artificial sSRNAs

were visually screened by reduced fluorescence and further
characterized individually.

Design of Artificial SRNA Libraries. We arbitrarily selected
the four previously characterized E. coli sRNAs DsrA,>> >
GevB,***” MicF,"® and Spot425’6 to be used as scaffolds to which
20 and 30 degenerate bases were fused as putative antisense
domains. These scaffolds are known to interact with RNA
chaperones such as Hfq and are predicted to be important for
sRNA mediated gene regulation.>*® The library based on the
Spot42 scaffold® is depicted in Figure 1b, and those based on the
other scaffolds are shown in Supplementary Figure S1. Plasmid
libraries based on the four scaffolds were prepared individually
and mixed in equal amounts. The combined library contained
>1 x 10" unique artificial sSRNA clones, which is greater than the
typical number of sSRNA clones screened in this study (~10°).
The artificial SRNAs were cloned downstream of an arabinose-
inducible promoter (P,,pap) on a plasmid with a low-copy
origin of replication (pMBI1 ori derived from pBR322) and
an ampicillin-selectable marker (pBadXH) (Supplementary
Figure S6a).

Screening of Artificial SRNAs Targeting ompF 5’ UTR. The
artificial SRNA library was first used to screen for activity against
the S’ leader sequence of the mRNA encoding the outer
membrane porin OmpF. E. coli OmpF is known to be transla-
tionally regulated by the sSRNA MicF, which is the first trans-
acting bacterial sSRNA discovered by Inouye and colleagues
Existence of the natural SRNA made the ompF $' UTR an
attractive first target of artificial sSRNAs for validating our screen-
ing strategy. The reporter plasmid pKP33-OmpF::GFPuv was
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Figure 2. Artificial SRNAs targeting ompF. (a) Reporter gene assay (ompF::gfp) of the anti-ompF artificial SRNAs. Normalized cellular fluorescence in
the absence (white bars) and presence (dark bars) of arabinose. (b) Putative models of the interactions between the artificial SRNAs and ompF mRNA
predicted by IntaRNA. aOmpF-7.9 is representative of the artificial SRNAs that contain the 5'-CCCUC-3' motif that is likely to engage with the SD
sequence (underlined). aOmpF-4.15 represents the artificial SRNAs that are likely to target the ompF coding region. The AUG start codon is boxed, and
the sequences corresponding to the randomized region are shown in gray. (c) Effects of the sSRNAs on ompC::gfp reporter gene expression. (d) Effects of
the selected sSRNAs on additional mRNA leader sequences. (e) Expression levels of the outer membrane porins (OmpA, OmpC, OmpF) in TOP10 cells
expressing the SRNAs (pBadXH: empty vector used as a negative control). (a, ¢, d) The data are averages of triplicate overnight cultures, and the error
bars indicate SD. Cellular fluorescence in the absence of arabinose was normalized to 1.0.

constructed by cloning the 110 bases containing the S UTR and the
first 12 codons from the coding region of ompF in frame with gfpuv
(ompF::gfpuv) (Supplementary Figure S7).'® The ompF::gfpuv
fusion mRNA was transcribed from a synthetic constitutive
promoter P33 (Supplementary Figure S6b and Methods). The
reporter mRNAs in this study contained a 21 nt leader sequence
corresponding to the lac operator and a restriction site (EcoRI)
derived from the cloning vector at the S5’ end of the native
sequence, unless noted otherwise. The reporter plasmids were
constructed on a plasmid backbone with a low-copy origin of
replication (p1Sa ori) and a kanamycin-selectable marker and,
therefore, were compatible with the artificial sSRNA expression
plasmids (Supplementary Figure S6b). Using this system, we
investigated if it is possible to isolate artificial MicF-like SRNAs
based on the noncognate scaffolds.

The artificial SRNA library consisting of the scaffolds based on the
sRNAs mentioned above with the exception of MicF was trans-
formed into TOP10 E. coli cells harboring pKP33-OmpF::GFPuv
and plated on LB agar plates containing 0.1% arabinose. Of the
approximately 3 x 10° colonies screened, ~90 clones (0.03%)
were found to exhibit reduced fluorescence when visually exam-
ined over a UV transilluminator (365 nm). Fourteen clones were
further characterized after isolating the artificial SRNA plasmids
and retransformed into the fresh host strain to rule out mutations
in the host or the reporter plasmid. As shown in Figure 2a, the

artificial SRNAs exhibited remarkable downregulation of the
ompF::gfpuv reporter gene expression in overnight cultures
ranging from 45- to 145-fold repression, which is comparable
to or even exceeds that of MicF (27-fold repression) under the
same conditions. Qualitatively similar results were observed in
log-phase and plate cultures (Supplementary Figure S2). Overall,
the dual plasmid-based visual colony screening of artificial SRNAs
proved to be reasonably efficient with no significant false
positives.

Characterization of Artificial sSRNAs Targeting ompF 5’
UTR. In addition to the 14 clones shown in Figure 2a, 12 artificial
sRNA clones (a total of 26 clones) that were confirmed to repress
ompF::gfpuv reporter gene expression were sequenced, which
identified 23 unique anti-ompF sRNA clones (Table 1). It was
found that 19 sRNA clones contained the Spot42 scaffold, while
the remaining four clones harbored the DsrA scaffold. The
reason for the observed bias in the SRNA scaffold is not clear,
but it is possible that some scaffolds are intrinsically more
tolerant to the fused antisense sequences compared to others.
Another notable observation was that 11 of the 23 artificial
sRNAs contained a consensus sequence 5'-CCCUC-3/, which is
complementary to the region that includes the Shine-Dalgarno
(SD) sequence of ompF mRNA (5'-GAGGG-3'). As expected, at
least some of these artificial sSRNAs were predicted to hybridize
with the sequence around the SD region of ompF 5’ UTR when

dx.doi.org/10.1021/sb200001q |ACS Synth. Biol. 2012, 1, 6-13
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Table 1. Sequences of Artificial anti-ompF sRNAs

aOmpF

sRNA scaffold b

randomized region®

14 DsrA GACUAACACAUCCCUCUAUGGCCGCUGCGC
19 DsrA CCUGCUGCCG

22 Spot42  CAAAACCAUACCCUC

2.13 Spot42 GGAAUAAACUGCCAGGCUACCCCCCUUGUG
3.7° DsrA CCAAGACAUAUUGUG

4.1 Spot42  UAUAUAUAAGUUCCCUCGUG

42 Spot42  UGAAAAAACCCUCUCAAAA

4.3 Spot42  UACCCCUCAUGAGACAUCC

4.5 Spot42  AGGUAAAAUGCGCUUCAGU

4.6 Spot42  UCACGAAAUUCUUCCCUCAU

4.10 DsrA UCAAAAAACACCCUCAC

4.12 Spot42
4.15 Spot42

CAUUUUCAGCUCACCAUACCCUCCAUGCGC
CAGGAAUACACACGCGCUUAU

4.16 Spot42  UGCGAUC

54 Spot42  GACUCGGUUACAUUGCGC
5.6 Spot42  CAAAGUUAACAUAGACCCUC
6.7 Spot42  GUUUAUUGCGUCAUAAACAU
7.2 Spot42  UAAUUAUCUGCCAUUAGAUG
7.3 Spot42  CCCUCAUGUC

7.7 Spot42  AUCACAUGACAGAGCGCAUC
7.8 Spot42 GUUAAAAGUGGACGACACUA
7.9 Spot42  ACACACUACAUACUACCCUC
7.10 Spot42  GUUACAUUGCGC

“ Sequence corresponding to the degenerate bases depicted in Figure 1b and
Supplementary Figure S1. Note that all sSRNAs start with $-ACUCGAG
derived from the vector (not shown above) with the exception of aOmpF-
19 (§-ACUCGA-) and aOmpF-54 and aOmpF-7.10 (5'-ACUCG-).
¥ Conserved motif (§/-CCCUC-3) is underlined. ‘A partial deletion in
DsrA scaffold was discovered. The retained scaffold sequence is S CUUCU
UGCUU AACGA AGUUU CAUCC CGACC CCCUC AGGGU
CGGGA UUU 3'.

analyzed by IntaRNA>® (Figure 2b). On the other hand, most
(10 out of 12) of the remaining artificial SRNAs were predicted to
interact mainly with the coding region of the ompF mRNA
(Figure 2b). Interestingly, MicF has been reported to engage in a
more extensive hybridization with the ompF mRNA spanning
—16 to +10 bases relative to the translation initiation base.'®

It is known that E. coli intricately regulates OmpF and another
major outer membrane porin OmpC in response to various
environmental stimuli such as changes in temperature and
osmotic pressure.”® OmpC is also regulated by its specific sSRNA
MicC.3' Therefore, we investigated if the artificial sSRNAs
screened against the ompF leader sequence exhibit target speci-
ficity similar to that of MicF by examining their effects on the
expression of the ompC::gfpuv reporter. We tested eight artificial
sRNA clones that contain the $-CCCUC-3’ motif for their
activity against ompC::gfpuv. Surprisingly, five of these artificial
sRNAs showed significant downregulation of ompC::gfpuv (4- to
20-fold), while three showed modest (~1.5-fold) repression
(Supplementary Figure S3). This cross-reactivity may be ex-
plained by the presence of two $'-GAGGG-3' motifs located in
the S UTR of ompC mRNA, one of which overlaps with the
SD sequence. In contrast, other artificial SRNAs that lack the
5’-CCCUC-3’ motif were found to have only moderate effects
on ompC::gfpuv expression (Figure 2c). Moderate upregulation

of ompC::gfpuv was observed with MicF and the empty vector
(2.7- and 1.5-fold, respectively), indicating that this level of
change in expression may be due to nonspecific factors or
indirect effects (Figure 2c). Anti-ompF artificial sRNAs
aOmpF-3.7 and aOmpF-4.15 were further tested against mRNA
leader sequences from three additional arbitrarily selected genes
from the E. coli genome (Figure 2d). No significant activities
against these leader sequences were observed, suggesting that
these artificial sSRNAs are highly specific.

Finally, we examined if the artificial SRNAs can repress
endogenous OmpF expression. E. coli cells transformed with
the appropriate SRNA expression plasmid (pBAD-aOmpF-3.7,
pBAD-aOmpF-4.15, or pBAD-MicF) or the empty vector
(pBadXH) (Supplementary Figure S6a) were grown in LB
medium supplemented with 0.1% arabinose to mid-log phase
(ODgpo ~0.6) at 24 °C to induce OmpF expression.3’2 As shown
in Figure 2e, OmpF expression was clearly reduced in the cells
expressing the artificial SRNAs compared to the control (empty
vector) without affecting OmpA or OmpC. Importantly, these
results demonstrate that artificial sSRNAs discovered by our
screening strategy can specifically knockdown endogenous genes
much like the natural sSRNAs.

Screening of Artificial SRNAs Targeting fliC 5 UTR. The
successful discovery of functional artificial sSRNAs that target an
endogenous gene (ompF) with efficiency and specificity similar
to those of a natural SRNA (MicF) prompted us to ask if it is
possible to design artificial SRNAs that target other genes for
which there are no known natural sRNA regulators. Conse-
quently, we focused on flagellin (FliC), which constitutes the
filament structure of the bacterial flagella, as our next target. We
anticipated that E. coli cells whose FliC expression was down-
regulated by artificial SRNAs would display an easily detectable
phenotype (reduced cell motility) as previously demonstrated by
fliC deletion mutants.”> Moreover, to our knowledge, no sSRNAs
are known to target fliC in any bacteria.

The reporter plasmid pKP33-FliC::GFPuv was constructed by
cloning the S UTR (70 nt) and the first 13 codons of fliC mRNA
in frame with gfpuv (fliC::gfpuv) as described above for ompF
(Supplementary Figure S7). The reporter plasmid was cotrans-
formed with the artificial SRNA libraries based on all four
scaffolds (DsrA, GevB, MicF, and Spot42), resulting in 1.2 X
10° colonies. We isolated 11 clones that showed reduced
fluorescence based on visual screening on agar plates. In contrast
to our previous screen against ompF, however, the repression
efficiency of the artificial SRNAs was moderate, with the best
artificial SRNA (aFliC-12) yielding 4-fold repression in overnight
cultures (Supplementary Figure $4). Interestingly, sequencing of
these artificial SRNAs revealed that they all contained the Spot42
scaffold except one clone that retained the DsrA scaffold
(Table 2). The apparent bias for the Spot42 scaffold in both of
our screens is intriguing. However, more rigorous investigations
are necessary to determine the roles of various sSRNA scaffolds
(including those that were not used in the present study) in the
context of artificial SRNAs.

Because of the relatively moderate activities of the anti-fliC
sRNAs discovered in our initial screen, we designed a secondary
screening step to optimize the SRNA activity. First, we found that
the removal of the 5’ leader sequence from the vector-derived lac
operator sequence in the reporter plasmid resulted in significant
increase in the cellular fluorescence (pKP33-AlacO-FliC::GFPuv)
(Supplementary Figure S7). The elevated baseline fluorescence of
the reporter strain allowed significantly improved discrimination of

dx.doi.org/10.1021/sb200001q |ACS Synth. Biol. 2012, 1, 6-13
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Table 2. Sequences of Artificial anti-fliC sSRNAs

library” aFliC sRNA scaffold
1 3 Spot42
1 4 Spot42
1 7 Spot42
1 9 DsrA
1 10 Spot42
1 12 Spot42
1 13 Spot42
1 17 Spot42
1 21 Spot42
1 24 Spot42
1 27 Spot42
2 12.1 Spot42
2 123 Spot42
2 12.16 Spot42

. . b
randomized region

AUAAUUAAGACCCUCGGAA
AUAAUAAGACCCUCGGAAU
AGGCAUAAUUUGG

CUAAUGUGCC
UCUACAGUAUGCGACUGUUGGUGGGUG
ACGGUAUAGUUAUCCUAAG
CUGCAAUGGACGUCUAUUAACCCCUCGGUU
AGGUACUUGUUAACCGGGAU
GAAUGAAACACUGUGCCAUCG
AGGAAUGAGCCAUGAUUGUU
AACUCACAUUGAUAACUUUGACUUUCUUG
UGUACGUCGUUAUCCUAAG
AGACUAUCGUUAUCCUAAG
CAUCGUUCGUUAUCCUAAG

“ aFliC sRNAs isolated from the first (1) or the secondary (2) library as described in the manuscript. b Sequence corresponding to the degenerate bases
depicted in Figure 1b and Supplementary Figure S1. Note that all SRNAs start with S-ACUCGAG derived from the vector with the exception of aFliC-9

in which the entire sequence was deleted.
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Figure 3. Artificial sSRNAs targeting fliC. (a) Schematic illustration of the secondary library design based on aFliC-12. The core 9-base antisense
sequence in aFliC-12 was conserved, and the adjacent 8 bases in the artificial SRNA were randomized. The model depicting aFliC-12 targeting the fliC
mRNA was derived using IntaRNA. (b) Reporter gene assay (fliC::gfp) of the anti-fliC artificial SRNAs in liquid culture (graph) and on LB agar plates
(photograph) visualized over UV (365 nm) illumination. (c) Effects of the sSRNAs on other untargeted mRNA leader sequences. (d) Swimming motility
assay using E. coli MG1655 cells expressing aFliC-12.3 and aFliC-12.16. Cells transformed with the empty vector (pProTetAS) were used as a negative
control. The artificial SRNAs dramatically reduce cell motility. (e) Detection of the extracellular flagellin protein (FliC) isolated from MG1655 cells
expressing the artificial SRNAs. While strong FliC expression was observed without sSRNA expression (pProTetAS), FliC was barely detectable in the
cells expressing the artificial SRNAs. Bovine serum albumin (BSA) was loaded as a control. (b, c) The data (in the graphs) are averages of triplicate
overnight cultures, and the error bars indicate SD. Cellular fluorescence in the absence of arabinose was normalized to 1.0.

the SRNA activities during visual colony screening (i.e., increased
dynamic range). Second, we designed a new focused artificial
SRNA library based on the best artificial SRNA clone from the
initial screen (aFliC-12). As shown in Figure 3a, aFliC-12 was
predicted to hybridize with and near the SD sequence in the fliC
S" UTR. A new focused library was constructed by conserving
the core 9-base antisense sequence of aFliC-12 while randomiz-
ing the adjacent eight bases on the 5’ end. A total of 7.5 x 10*

10

unique clones were generated for the secondary library. Not
surprisingly, a majority of the colonies showed reduced fluor-
escence. Therefore, we sampled and sequenced three clones
(aFliC-12.1, aFliC-12.3, and aFliC-12.16) for more detailed
characterization.

Characterization of Artificial SRNAs Targeting fliC 5’ UTR.
The anti-fliC artificial SRNAs suppressed the fliC::gfpuv reporter
gene expression with respectable efficiency. Although aFliC-12

dx.doi.org/10.1021/sb200001q |ACS Synth. Biol. 2012, 1, 6-13
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discovered in the initial screen yielded 9-fold repression when
assayed with pKP33-AlacO-FliC::GFPuv, those isolated from
the secondary library exhibited repression of 23- to 85-fold in
overnight cultures (Figure 3b). Qualitatively similar results were
obtained in log-phase cultures (Supplementary Figure SS).
These results suggest that although the initial screens may not
yield highly active artificial SRNAs, secondary screens based on
the initial screening outcomes may lead to improved sRNA
activity.

The anti-fliC sRNAs isolated from the secondary library
(aFliC-12.1, aFliC-12.3, and aFliC-12.16) were subsequently
analyzed for target specificity (Figure 3c). While aFliC-12.1
exhibited the strongest anti-fliC activity in the reporter gene
expression assay (Figure 3b), it showed significant nonspecific
activities against the other genes tested, in particular against
ompF, which was downregulated 9-fold (Figure 3c). On the
other hand, aFliC-12.3 showed no significant activities against
the panel of genes compared to the empty vector (pBadXH)
except for the modest downregulation of tnaC (4-fold)
(Figure 3c). Similarly, aFliC-12.16 displayed no significant
activities except for the weak repression of ompF (2-fold)
(Figure 3c).

Finally, E. coli cells expressing the anti-fliC sRNAs were
assayed for cell motility. We found that cell motility of TOP10
cells was significantly compromised compared to the strains
with fewer genomic manipulations. Therefore, we used
MG1655 that exhibits high cell motility. The two anti-fliC
artificial SRNAs (aFliC-12.3 and aFliC-12.16) were subcloned
into a high-copy plasmid (pPROTetAS) under the control of a
strong constitutive promoter (Py;0) (Supplementary Figure S6c).
As shown in Figure 3d, cells expressing the artificial sSRNAs (aFliC-
12.3 and aFliC-12.16) exhibited significantly reduced motility,
consistent with other results. Furthermore, extracellular flagellin
protein was isolated and analyzed by SDS-PAGE.>>** As ex-
pected, we observed significant reduction of FliC (Figure 3e)
consistent with the cell motility assay.

Mutational Analysis of aFliC-12.3. To gain a better under-
standing of the role of the antisense domain of the artificial
sRINAs, we designed and evaluated several mutants of aFliC-12.3.
First, IntaRNA was used to construct a model of aFliC-12.3
targeting the fliC mRNA leader sequence. The model predicts a
perfect 11-bp hybridization at and near the SD sequence of the
fliC mRNA (Figure 4a). Two-base mutations M1 and M2, both
predicted to pair with the SD sequence, resulted in almost
complete loss of activity (Figure 4b). Although less dramatic,
two-base mutation at the end of the putative antisense sequence
(M3) also resulted in a significant loss of target gene repression
(Figure 4b). These results support the antisense mechanism
model of the artificial SRNAs.

Furthermore, the first 21 bases of the Spot42 scaffold, which
contains two of the three U-rich regions known to contact Hfg,’
were removed to evaluate the role of the scaffold (M4)
(Figure 4a). The remaining U-rich region immediately down-
stream of the 3’ stem-loop of the scaffold was retained as it also
functions as a part of the transcription terminator. Although M4
was partially active, its repression efficiency (6.1-fold repression)
was measurably compromised compared to that of aFliC-12.3
(19.6-fold repression) (Figure 4b). Similarly, substitution of the
Spot42 scaffold with the MicF, DsrA, or GevB scaffold reduced
the artificial SRNA efficacy (4.0-, 8.8-, and 3.8-fold repression,
respectively) (Figure 4b). Together, these results suggest that the
sRINA scaffolds play a significant role in artificial SRNA function.
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Figure 4. Mutational studies of aFliC-12.3. (a) Model of aFliC-12.3
hybridized with the fliC mRNA as predicted by IntaRNA. Two-base
mutations (M1—M3) prepared in this study are indicated by the dotted
boxes. Partial deletion of the scaffold (M4) is shown in red. The SD
sequence is underlined, and the start codon is boxed in the fliC mRNA.
(b) Reporter gene assay (fliC::gfp) of the aFliC-12.3 mutants. MicF,
DsrA, and GevB indicate scaffold substituted analogues of aFliC-12.3.
The data are averages of triplicate overnight cultures. and the error bars
indicate SD. Cellular fluorescence in the absence of arabinose was
normalized to 1.0.

Summary and Conclusion. In this study, we described a
practical strategy for developing bacterial artificial SRNAs that
posttranscriptionally knockdown endogenous gene expression
by targeting the S UTR and the translation initiation region of
endogenous mRNAs. The key elements of the strategy include
the use of natural SRNA scaffolds that are known to recruit the
cellular proteins involved in gene silencing such as Hfq>** and
high-throughput screening based on the GFP reporter system.>
The strategy was inspired by the previously observed modular
architectures of the natural sRNAs.”® The successful discovery of
numerous functional sRNAs that target ompF and fliC from a
relatively small library of partially randomized artificial SRNAs
strongly indicate that our strategy may be generally applicable to
other genes in E. coli and possibly in other bacteria. It should be
noted that numerous parameters such as stabilities and second-
ary structures of the RNA species are expected to affect the
overall performance of the artificial SRNAs. One advantage of the
described screening strategy is that it is possible to identify potent
sRNAs without knowing the underlying mechanisms. However,
it will be of significant interest to investigate how these artificial
sRNAs function and how their mechanisms depend on the SRNA
scaffolds and/or target mRINAs.

Artificial sSRNAs enable dynamic and tunable regulation of
bacterial genes that may be useful for various applications in
synthetic biology. Ultimately, accumulation and analysis of ad-
ditional artificial sSRNAs targeting diverse genes may lead to
robust design principles facilitating rational design.

dx.doi.org/10.1021/sb200001q |ACS Synth. Biol. 2012, 1, 6-13
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Bacterial Strains and Growth Conditions. E. coli TOP10
cells (Invitrogen, F- mcrA A(mrr-hsdRMS-mcrBC), 80lacZAM1S,
AlacX74 recAl araD139 A(ara lew)7697, galU, galK, rpsL (StrR),
endAl, nupG) were used in all experiments, unless specified
otherwise. Motility assays and flagellin analysis were performed
using E. coli K-12 MG165S cells (F- A- iG- rfb-S0 rph-1) obtained
from Coli Genetic Stock Center (CGSC). The cells were grown at
37 °C (unless specified otherwise) from single-colony isolates or
diluted from overnight cultures in LB media supplemented with
L-arabinose (Calbiochem) as necessary. For plasmid maintenance,
ampicillin (Fisher Scientific) and kanamycin (Sigma) were used
at concentrations of 100 and 50 yg/mL, respectively.

Plasmid Construction. E. coli MG1655 genomic DNA was
used for cloning the wild-type sRNAs and the target mRNA
leader sequences. The parent SRNA expression vector pBadXH
(“empty vector”) was derived from pBAD/HisB (Invitrogen),
which includes P, ;54 p promoter and araC for arabinose-inducible
gene expression on the pBR322 backbone with an ampicillin-
selectable marker (Supplementary Figure S6a). Genes encoding
the small RNAs were cloned into the Xhol and HindIII restric-
tion sites in pBadXH. The reporter plasmids were derived from
pK184, which contains a p15a origin of replication and a kana-
mycin-selectable marker.*® The parent vector pKP33-GFPuv
contains a synthetic constitutive promoter P33 (BBa J23110,
Registry of Standard Biological Parts, http://partsregistry.org/
Part:BBa_J23110), EcoRI and BamHI restriction sites for cloning
an mRNA leader sequence (using primers listed in Supplemen-
tary Table S1), and gfpuv fluorescent protein reporter gene
(Supplementary Figure S6b). The artificial SRNA expression
plasmids used in flagellin analysis and swimming motility assays
in MG1655 were derived from pPROTet.E333 (Clontech) with a
high-copy origin of replication (ColE1). The plasmid pPRO-
TetE.333 was modified to contain an ampicillin-selectable mar-
ker and appropriate restriction sites to yield pPROTetAS
(“empty vector”), which was used to clone the anti-fliC artificial
sRNAs (Supplementary Figure S6¢). Detailed sequence informa-
tion of the plasmids and primers described in this work is given in
Supporting Information (Figures S6, S7 and Table S1).

Library Construction. Natural sRNA expression vectors
(pBAD-DsrA/GevB/MicF/Spot42) were used as templates in
PCR reactions to substitute the antisense domain with 20 or 30
degenerate bases. A common reverse primer Sartrev that contains
20 degenerate bases was used with a SRNA-specific forward primer
with none or 10 degenerate bases (Supplementary Table S1) to
amplify the whole plasmid, self-ligated, and transformed into TOP10
cells to construct the artificial SRNA libraries. Libraries based on the
four scaffolds were constructed separately, and purified plasmid
libraries were mixed in equal amounts to yield the combined library.
The complexities of the individual scaffold libraries ranged from
1 x 10°to 5 x 10° and the combined library (all four scaffolds)
theoretically contained 1.2 X 10" unique clones. Note that the
typical number of clones screened was significantly smaller (~10°).

Library Screening. TOP10 competent cells harboring a reporter
plasmid were transformed with an appropriate mixture of the
artificial SRNA library plasmids and plated on LB agar plates
supplemented with 0.1% arabinose, ampicillin, and kanamycin.
Cells were plated so that approximately 3,000—4,000 colonies grew
on each plate (100 mm diameter). The plates were first incubated
at 37 °C overnight and subsequently cooled at 4 °C to enhance
GFPuv fluorescence. The plates were examined visually over a
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UV transilluminator (UVP) at 365 nm for colonies with dimin-
ished fluorescence. Promising colonies were restreaked on fresh
plates to confirm the artificial SRNA activity and to ensure clonal
isolation. Furthermore, plasmids encoding active artificial SRNA
clones were isolated and retransformed to eliminate the possibi-
lity of mutations in the host genome or the reporter plasmid.

Fluorescent Reporter Gene Assays for Artificial sSRNA
Activities. TOP10 cells transformed with an artificial sSRNA
expression plasmid and a reporter plasmid (mRNA leader-gfpuv
fusion) were used in the reporter gene assays for the artificial
sRNA activities. The cells were cultured overnight from single
colonies or further diluted 100-fold (v/v) into fresh LB (1 mL)
and grown for S h or overnight at 37 °C. Next, the cells (200 uL)
were harvested by centrifugation, washed once with phosphate-
buffered saline (PBS), and transferred to a 96-well plate in PBS
(200 uL). Optical density at 600 nm (ODgy) and GFPuv
fluorescence (excitation wavelength 395 nm; emission wave-
length 509 nm) of the cells were measured using Safire®
microplate reader (Tecan). Fluorescence data from TOP10
cells transformed with pBadXH were used to subtract the
background cellular fluorescence. The background-corrected
fluorescence data were further normalized by ODgo. Finally,
for each sRNA clone, fluorescence of the sRNA-induced cells
(+arabinose) was normalized by that of the uninduced cells
(= 1.0, —arabinose).

Expression Levels of Outer Membrane Porins. The cells
containing an appropriate artificial SRNA expression plasmid
were grown in LB medium (25 mL) with or without 0.1%
arabinose to ODggp ~0.6 at 24 °C shaken at 275 rpm. The cells
were harvested by centrifugation at 5000g for 30 min at 4 °C,
washed once with LB medium, and stored at —80 °C until use.
Components of the cell envelope were isolated as previously
described.*"*”® The isolated proteins were separated by SDS-
PAGE in 12% polyacrylamide gels containing 4 M urea and
stained with SimplyBlue SafeStain (Invitrogen).

Expression Levels of Flagellin. FliC expression levels in
MG1655 were analyzed as previously described.*>** Briefly,
the cells were grown in LB medium (1.5 mL) at 37 °C for 6 h.
The cells were pelleted (5000g, 10 min, 4 °C) and resuspended in
0.9% NaCl (50 uL). Flagellin (FliC) was released from the cells
by vigorous agitation on a vortex mixer for 5 min. The cells were
removed by centrifugation, and the supernatant was analyzed on
12% SDS-PAGE.

Swimming Motility Assay. Soft agar plates (1% Bacto-
tryptone, 0.5% NaCl, 0.25% agar) were prepared fresh on the
day of cell inoculation in 10 mm plates (25 mL per plate). The
plates were allowed to solidify for at least 2 h prior to inoculation.
Tryptone-broth-grown cultures were used to inoculate the soft
agar plates in 2 4L volume (~10° cells) by stabbing the agar with
apipet tip and expelling the culture gently into the medium. After
10 min of incubation at room temperature to ensure that the cells
were properly inoculated, the plates were incubated at 29 °C for

4 h and photographed.
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