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Abstract

Our enhanced understanding of RNA folding and function has increased the use of small RNA
regulators. Among these RNA regulators, synthetic antisense RNA (asRNA) is designed to
contain an RNA sequence complementary to the target mRNA sequence, and the formation of
double-stranded RNA (dsRNA) facilitates gene repression due to dsRNA degradation or
prevention of ribosome access to the mRNA. Despite the simple complementarity rule, however,
predictably tunable repression has been challenging when synthetic asRNAs are used. Here, the
protocol for model-based asRNA design is described. This model can predict synthetic asRNA-
mediated repression efficiency using two parameters: the change in free energy of complex
formation (4Gcr) and percent mismatch of the target binding region (TBR). The model has been
experimentally validated in both Gram-positive and Gram-negative bacteria as well as for target
genes in both plasmids and chromosomes. These asRNAs can be created by simply replacing the
TBR sequence with one that is complementary to the target mRNA sequence of interest. In
principle, this protocol can be applied to design and build asRNAs for predictable gene
repression in various contexts, including multiple target genes and organisms, making asRNAs

predictably tunable regulators for broad applications.
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1 Introduction

In many biological studies and biotechnological applications, gene regulation has been achieved
using regulatory proteins [1], including transcription factors and sigma factors [2-6]. These
proteins are repurposed to perform their native function, and their use generally leads to large
dynamic ranges in synthetic circuits. Despite this advantage, protein regulators have several
drawbacks. First, it is challenging to design new protein regulators with novel functions due to
the difficulty in predicting protein structure and function. Second, protein regulators must be
transcribed and translated, costing cellular resources. Third, many protein regulators interact with
a target DNA sequence, meaning that the target sequence should be introduced into the
chromosome to regulate chromosomal genes. To simultaneously regulate multiple chromosomal
genes, genome engineering often requires cumbersome experimental procedures, especially in
non-model organisms, and can sometimes cause undesirable context effects on neighboring

genes [7,8].

As an alternative strategy, RNA regulators have been developed, including small transcription
activating RNA [9], attenuator [10], CRISPR interference [11], CRISPR activation [12], toehold
switch [13], synthetic trans-acting antisense RNA (asRNA) [14,15], riboswitch [16,17], RNA
thermosensor [18], and aptazyme [19,20]. Among these RNA regulators, asRNA contains a
sequence complementary to the target mRNA sequence, and its binding to the target mRNA
leads to gene repression through the prevention of ribosome access to the mRNA or RNA
degradation [21-24]. Additionally, asRNA has been repurposed to control other RNA regulators

[25,26] and combined with protein regulators to build complex genetic circuits [27,28].



As a regulator, asRNA has many advantages over proteins. First, asRNA is easy to design. By
simply transcribing the reverse complement of the target mRNA, a new regulator can be
generated. Second, because of this simple base-pairing mechanism, asRNAs are generally
orthogonal [27], such that a given regulator usually represses its target gene only. Third, unlike
many RNA regulators that require specifically-designed targets [9,13,16-20] and thus
modification of the chromosome, the asRNA sequence is tailored specifically to the existing
DNA sequence. This design strategy for asRNA does not require modification of the
chromosome when chromosomal genes are the targets, making asRNA ideal for regulating
multiple chromosomal genes at the same time. Fourth, like other RNA regulators, asRNA is not
translated into a protein, potentially reducing cellular costs. Finally, asRNAs have been found in
many microbes [29-42], allowing them to be developed as regulators with broad applicability in

a diverse set of hosts.

Despite these advantages, asRNA had been used in a relatively limited number of species as a
synthetic tool to regulate gene expression. This scarcity was partly due to the difficulty in
achieving predictably tunable repression of target genes. Recently, a mathematical model has
been developed and experimentally validated for predictable asRNA-mediated repression in
diverse organisms, including Escherichia coli DH10B, E. coli Nissle 1917, and Bacillus subtilis
168 [15]. This prediction model is based on two design parameters that have been identified by
Hoynes-O’Connor and Moon [27]. One parameter is a change in free energy of complex

formation (4Gcr), and the other is a percent mismatch. 4Gcris the change in AG when the target



binding region (TBR) of an asRNA binds to the mRNA. It is calculated using the equation
AGasrna:mrNA — AGasrna — AGmrna, Where each AG is estimated using NUPACK [43] as described
in the Methods section in detail. The percent mismatch is calculated by dividing the number of
mismatched nucleotides by the total number of the TBR nucleotides. Notably, 4Gcr and percent
mismatch are not correlated, allowing these two predictors to be used for multiple linear
regression analysis. Using 434 different strain-asRNA combinations, this multivariate model has
been built and experimentally validated, enabling predictable tunability of asRNA-mediated

repression [15].

In this protocol, the detailed procedures for the design and construction of asRNAs are described.
Because various gene cloning methods can be used to construct plasmids that contain synthetic
asRNA expression cassettes, this protocol focuses on the detailed steps for the model-based
asRNA design instead of detailed cloning steps. An asRNA sequence consists of TBR, the Hfq
binding site (MicF M7.4), and a transcription terminator. MicF M7.4 was shown to facilitate
high asRNA-mediated repression with minimal off-target effect [15,27]. As long as the described
design rules are correctly followed, predictable asRNA-mediated repression can be achieved.
The construction of a plasmid itself is relatively simple, only requiring the replacement of an
existing TBR with one that is complementary to the target mRNA sequence while retaining the

rest sequence of the platform plasmid (see the Materials and Methods sections) [15].

2 Materials



2.1 Materials for asRNA Design

1. The target mRNA (or the corresponding DNA) sequence (e.g.,
5’TAGCGAATTCACTTATTAAAGAACAGGAGTAAGTAATGAGTAAAGGAGAAGAACT

TTTCACTGGAGTTGTCCCAA3Z’).

2. The TBR (or the corresponding DNA) sequence (e.g.,

5’CTCCTTTTCTCATTTCTTACTCCTCTTCTTTAATAAGTGA3Z’).

3. The asRNA (or the corresponding DNA) sequence (e.g.,
5’CTCCTTTTCTCATTTCTTACTCCTCTTCTTTAATAAGTGACGTCCCGCAAGGATGCG
GGTCTGTTTACCCCTATTTCAACCGGCCGCCTCGCGGCCGGTTTTTTTTTGCTTAATT
AGCTGAGCTTGGACTCCTGTTGATAGATCCAGTAATGACCTCAGAACTCCATCTGGA

TTTGTTCAGAACGCTCGGTTGCCGCCGGGCGTTTTTTATTGGTGAGAATCCAZ’).

4. NUPACK [43], an RNA secondary structure prediction software.

2.2 Materials for asRNA Plasmid Construction

1. pG16, the platform plasmid (ColE1 origin and ampicillin resistance; 3199 base pairs) [15] that
transcribes asRNA using the aTc-inducible Ptet promoter (aTc, anhydrotetracycline). This
plasmid contains the asRNA sequence that includes the original TBR
(5’ATAAGTGAATTCGCTAZ3’), the MicF M7.4 Hfq binding site, and the transcription

terminator.



2. Forward asRNA primer (e.g.,

5’TCCTCTTCTTTAATAAGTGACGTCCCGCAAGGATGC3’).

3. Reverse asRNA primer (e.g.,

5’GTAAGAAATGAGAAAAGGAGAGATGTGCTCAGTATCTCTATCACTGATAG3).

4. Phusion DNA polymerase and 5X Phusion HF Buffer.

5. 10 mM dNTPs.

6. Dimethyl sulfoxide (DMSO).

7. Dpnl, T4 polynucleotide kinase (T4 PNK), T4 DNA ligase, and 10X ligation buffer.

8. Gel extraction kit, PCR purification kit, and plasmid miniprep kit.

9. E. coli DH10B competent cells.

10. LB agar plates with ampicillin (100 pg/mL) and LB liquid media with ampicillin (100

pg/mL).

11. Purified water (DNase and RNase free, ddH>0).

12. Sequencing primer (5’CGACCTCATTAAGCAGCTCTAATG3’).

13. SYBR Safe DNA Gel Stain, 1 kb DNA ladder, and gel loading dye.

14. Agarose.



2.3 Materials for GFP Repression Assays

1. Test strain with the target gene (e.g., E. coli DH10B variant strain containing gfpmut3 in the

chromosome, called E. coli DH10B-GFP [15]).

2. E. coli DH10B (no-GFP control).

3. LB agar plates without and with ampicillin (100 pg/mL) and LB liquid media without and

with ampicillin (100 pg/mL).

4. Anhydrotetracycline (aTc).

5. Phosphate-buffered saline (pH 8.0).

6. Kanamycin (2 mg/mL) in phosphate-buffered saline (pH 8.0).

7. Deep 96-well plate and breathable sealing membrane.

3 Methods

In this Methods section, the gfpmut3 gene integrated into the E. coli chromosome is used as an
example target gene. The same design procedure can be applied to repress other genes in other
species (both chromosomal genes and plasmid-encoded genes), as demonstrated in the previous

report [15].

3.1 Model-based asRNA Design



Various asRNAs with different predicted repression efficiencies can be designed. Here, one

asRNA with 56.6% predicted repression efficiency is designed as an example (Fig. 1).

1. Select the target mRNA sequence in the translation initiation region (TIR) of gfpmut3 (see

Note 1).

2. Decide the TBR sequence that is complementary to the target mRNA sequence and paste it

upstream of the MicF M7.4 Hfq binding site, as shown in Fig. 1 (see Note 2).

3. Calculate 4G using the NUPACK’s analysis tool (setting the nucleic acid type to RNA and the
temperature to 37°C) [43]. AGusrna (-65.5 kecal/mol) is estimated by entering the entire asRNA
sequence (224 nucleotides in Fig. 1; see Note 3). 4Gurna (-5.5 kcal/mol) is estimated by entering
the target mRNA sequence and one extra nucleotide at the 3’-end (41 nucleotides in Fig. 1; see
Note 4). The extra nucleotide is added to consider the stacking contribution of neighboring base
pairs [44]. Similarly, 4Gasrna:mrna (-111.38 kcal/mol, change in free energy of asRNA-mRNA
complex) is estimated by entering the two sequences used above (1:1 concentration ratio).
Finally, AGcr(-40.38 kcal/mol) is calculated by using the equation: AGcr = AGasrNA:mRNA —

Y| GasRNA -4 GmRNA .

4. Determine the percent mismatch (7.5%), as shown in Fig. 1. The percent mismatch is
calculated by dividing the number of mismatched nucleotides (3 nucleotides) by the total number

of the TBR nucleotides (40 nucleotides).

5. Calculate the predicted repression efficiency (#=0.566) using the experimentally validated

model (see Note 5): F(X},X2) = [0.3848 — 0.0068X; — 0.0125X; + &] (R2=0.685, p-value < 0.001)



where X; is 4Gcr (in kcal/mol), X> is percent mismatch (in %), and ¢ is the standard error
(¢=0.123). For reliable prediction, 4Gcr should be from -59.88 to -6.58 kcal/mol, and percent

mismatch should be from 0 to 32.1% (see Note 6).

3.2 Construction of the asRNA Plasmid Using Inverse PCR

1. Design primers for inverse PCR (see Section 2.2 for their sequences). The forward primer
contains the 3’ half of the TBR (20 nucleotides) and anneals to the part of pG16 (i.e., the part of
the MicF M7.4 Hfq binding site, 16 nucleotides). The reverse primer contains the 5’ half of the
TBR (reverse complement, 20 nucleotides) and anneals to the part of pG16 (i.e., the part of the

Pret promoter (reverse complement), 30 nucleotides).

2. Perform inverse PCR using the following conditions (see Note 7).

Water (ddH-0) 37 uL

5X HF Phusion buffer 10 uL

10 mM dNTPs 1 pL

25 uM forward primer 0.5 uL

25 uM reverse primer 0.5 uL

Template DNA (pG16) 0.5 uL.

Phusion DNA Polymerase 0.5 pL

Thermal cycle temperature Duration Repeat
98°C 30 sec 1 cycle
98°C 10 sec 30 cycles
60°C 20 sec

72°C 80 sec

72°C 5 min 1 cycle

10



3. Purify the size-confirmed, 3223 base-pair PCR products (or Dpnl-treated PCR products; see
Note 8) using a gel extraction kit or a PCR purification kit (following the manufacturer’s

instruction).

4. Perform simultaneously phosphorylation and blunt-end ligation at room temperature for 1 h

(see Note 9).
T4 DNA ligase 1 uL
10X ligation buffer 1 uL
Purified DNA 7.8 uL
T4 PNK 0.2 uL

5. Transform competent E. coli cells, select ampicillin-resistant colonies using LB agar plates
with ampicillin (100 pg/mL), and prepare the constructed asRNA plasmid (called pG43B2; 3223
base pairs) using a plasmid miniprep kit according to the manufacturer’s instruction (see Note
10). The DNA sequence should be confirmed using the sequencing primer (see Section 2.2 for
the primer sequence), which can cover the entire Pre; promoter, the entire asRNA region (the
replaced TBR sequence, the MicF M7.4 Hfq binding site, and the lambda TO transcription

terminator), and the extra terminator (##nB T1 terminator).

3.3 GFP Repression Assays

1. Transform E. coli DH10B-GFP (see Note 11) using the sequence-confirmed asRNA plasmid

(e.g., pG43B2).
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2. Incubate the transformed cells on LB agar plates containing ampicillin (100 pg/mL) overnight
at 37°C. Incubate E. coli DH10B (no-GFP control) on LB agar plates without any antibiotic

overnight at 37°C.

3. Pick colonies and grow them in 1 mL LB liquid media with or without ampicillin (100 pg/mL)
overnight at 37°C and 250 rpm. For all liquid cultures, use deep 96-well plates with breathable

sealing membranes.

4. Transfer the overnight cultures (1% v/v) into 1 mL fresh LB media with or without ampicillin

(100 pg/mL) and grow them for 2 h at 37°C and 250 rpm.

5. Transfer the subcultures (1.67% v/v) into 0.6 mL fresh LB media with or without ampicillin

(100 pg/mL) and aTc (250 ng/mL; see Note 12). Grow them for 8 h at 37°C and 250 rpm.

6. Pellet the cells by centrifugation (for 10 min at 2200g) and resuspend them in 0.2 mL

phosphate-buffered saline containing 2 mg/mL kanamycin (see Note 13).

7. Measure the population fluorescence (Fexperimeniar) and the absorbance at 600 nm (AbSexperimentat)
using a microplate reader. The fluorescence is measured with excitation at 483 nm and emission

at 530 nm.

8. Normalize the measured fluorescence value by the equation: Fromm = (Fexperimental | AbSexperimental)
— (Fo-GFP control | AbSno-GFP conirot) Where the no-GFP control is E. coli DH10B without a plasmid
(i.e., the parent DH10B strain without gfpmut3 integrated into the genome). Calculate the
repression efficiency by the equation: 1 — (Fure+/ Fare-) where Fure- and Fure+ are the normalized

fluorescence values without and with aTc, respectively (see Note 14).
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4 Notes

1. In this protocol, the target region is restricted to 75 nucleotides that cover the translation
initiation region (i.e., the sequence from -35 to +40 with the ATG start codon’s A as +1). The
TIR includes the upstream of Shine-Dalgarno sequence (USD), the ribosome binding site (RBS
or the SD sequence), and the start codon of the target gene. Targeting the TIR is essential to

generate asRNAs with high and reliable repression efficiencies [15].

2. Mismatches can be introduced in a TBR sequence through base substitutions (e.g., T to A).

3. While both bacteriophage lambda TO (the sequence shown in Fig. 1) and r7nB T1 (not shown
in Fig. 1) terminators are used to ensure transcription termination of the asRNA, the actual

asRNA is likely to contain only the upstream terminator (lambda T0), not both. Thus, 4Gasrna 1S
estimated by entering the sequence of the TBR, the MicF M7.4 Hfq binding site, and the lambda

TO terminator, which excludes the r7nB T1 terminator sequence.

4. It is assumed that the coupling of transcription and translation in bacteria leads to local folding
[45]. Thus, only the target mRNA region plus one extra nucleotide at the 3’-end (41 nucleotides)

is considered in this model, as opposed to the entire mRNA sequence.

5. These two parameters had been selected as the main contributors for asRNA-mediated gene
repression from the 12 initially-considered parameters, including target location, double-stranded
RNA length, Hfq binding site, ribosome interaction, and YUNR motif [15,27]. To prevent the
target location effect on repression, the target region should be restricted to the TIR, as

mentioned above. The double-stranded RNA length and 4AGcr show strong multi-collinearity,
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requiring the elimination of one of the two parameters in the model. As discussed below, this
predictive equation should be used only for asRNAs containing MicF M7.4 in E. coli and
asRNAs lacking an Hfq binding site sequence in B. subtilis. In E. coli, this model should not be
used for asRNAs lacking an Hfq binding site sequence. The rest initially-considered parameters,
as well as the newly visited parameters (e.g., GC-contents of the paired asRNA:mRNA sequence

and target accessibility), did not affect the model predictability.

6. Considering the desired target repression efficiency and off-target repression levels, the users
can design TBR sequences with different lengths/target locations (4Gcr = -59.88 to -6.58
kcal/mol) and percent mismatch (0 to 32.1%). However, this data-driven model must be used
only within the tested parameter ranges (4Gcr = -59.88 to -6.58 kcal/mol; 0 to 32.1% mismatch)
to obtain a reliable prediction. As mentioned above, this model must also be used only for TIR-
targeting asRNAs. Thus, it is unlikely to accurately predict potential off-target repression levels
in which the parameter values are most likely to be outside of the acceptable ranges. Notably, the
users can run BLAST searches against the entire genome of interest using the target sequence or
the TBR sequence to identify potential off-target sites. Predicting these sites or their off-target

repression levels is interesting future work and beyond the scope of this protocol.

7. Different labs use different reagents, and the users can follow the manufacturer’s instructions
to determine their PCR conditions. DMSO (up to 8%) can be added when using DNA templates
with GC-rich sequences or secondary structures. When DMSO is used, the annealing

temperature should be lowered (up to ~5°C).

8. If no DMSO (or enzyme-denaturing chemical) is used for the PCR step, Dpnl can be added

directly into the PCR reaction mixture after the PCR step (1 pL per 50 pL PCR mixture). Dpnl
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treatment at 37°C for 1 h would be sufficient to degrade the template plasmid. If enzyme-
denaturing chemicals are used, the PCR products should be purified first, followed by Dpnl

treatment and additional purification according to the manufacturer’s instruction.

9. Because primers are usually synthesized without 5’-phosphorylation, T4 PNK treatment is
necessary for the ligation reaction. While T4 PNK’s optimum temperature is 37°C, this
simultaneous phosphorylation/ligation reaction is usually efficient at room temperature for blunt-

end ligation of inverse PCR products.

10. These steps can be modified according to each lab’s practice and protocol as long as the
DNA sequence of the constructed plasmid is verified. The confirmed sequence should cover the

entire Pre promoter, the entire asRNA region, and the extra terminator.

11. The prediction model has been experimentally validated for asRNAs containing MicF M7.4
in E. coli (DH10B and Nissle 1917) and asRNAs lacking an Hfq binding site sequence in B.
subtilis 168 [15]. The repression targets can be either chromosomal genes or plasmid-encoded
genes if the expressed asRNA level is in excess of the target mRNA level. The repression targets
can also be native genes other than fluorescent reporter genes, as the model was experimentally
validated in the previous report [15]. Similar models can be applied to other strains than the
above-mentioned strains, but the constants in (X7, X>) would need to be determined for accurate
prediction, as described in the previous report (i.e., a, b, and ¢ should be determined in F =a —
bX; — cX>) [15]. For the above-mentioned strains, the experimentally-measured repression
efficiencies of 70% of the tested asRNAs (117 out of 168) were within a range of one standard
error (le) of the predicted repression efficiencies (95% within a range of 2¢ and 100% within 3¢)

[15]. For non-TIR targeting asRNAs, this model cannot be used.
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12. As shown in the previous report [15], the target gene repression level increases with the
asRNA transcript level. The prediction model was built on the premise that the asRNA would be
in excess of the target mRNA such that asRNA abundance would not be a determining factor for
the repression efficiency. To ensure that asRNA levels are in excess of target mRNA levels, a
high-copy number plasmid (e.g., pG43B2 with ColE1 origin) should be used, and the Pret

promoter should be induced maximally.

13. Kanamycin (2 mg/ml) is used to stop bacterial translation (e.g., GFP synthesis) after
sampling. Cells resuspended in phosphate-buffered saline containing kanamycin can be stored at
4°C before fluorescence measurement. Some fluorescent proteins require a long maturation time,
especially when aeration is inadequate. Pipetting cells multiple times during the resuspension
step and storing them at 4°C before analysis would help fluorescent proteins’ maturation without

further bacterial translation.

14. The repression efficiency (RE) should be defined as 1 — (Fuze+/ Fare-) for accurate
comparison with the model’s predicted value. This definition gives conservative RE values in
that a basal asRNA level (without aTc) due to promoter leakiness reduces Fire- and thus RE. If
the RE is alternatively defined as 1 — (Fasrna+/ Fasrna-), where Fasgna- (e.g., DH10B-GFP without
any “leakiness” effect) and Fasrna-+ (e.g., DH10B-GFP + an asRNA plasmid) are the normalized
fluorescence values without and with an asRNA plasmid containing a constitutively and
maximally expressed asRNA cassette, the RE value would be higher than that of the original
definition (1 — (Fure+/ Fare-)). This alternative definition allows for reporting higher RE values,
but the fluorescence ratio (Fusrna+/ Fasrna-) is obtained by comparing genetically different strains
(DH10B-GFP vs. DH10B-GFP + an asRNA plasmid), as opposed to the genetically identical

strain (DH10B-GFP + pG43B2; without vs. with aTc). Additionally, inducible asRNA
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expression, instead of constitutive asRNA expression, would make a better tool for gene
expression control. Thus, considering the fair comparison (conservative reporting) and the RNA
tool’s utility, this model has been developed based on the experimental data obtained by using
the original definition. The same point was discussed in a previous report covering a topic of

engineering toehold switches in which RNA regulators are also used [46].
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Figure Captions

Figure 1 Model-based asRNA design. Different DNA sequence elements are shown in different
colors: Shine-Dalgarno sequence (blue); start codon (red); the target sequence (underlined) plus
one extra nucleotide on the 3’-end (highlighted in yellow); TBR (brown); MicF M7.4 Hfq
binding site (green); transcription terminator (grey); mismatched nucleotide (highlighted in
magenta). Abbreviation: upstream of Shine-Dalgarno sequence (USD); ribosome binding site

(RBS); 5’ untranslated region (5’UTR).
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Target sequence (gfpmut3)
TAGCGAATTCACTTATTAAAGAACAGGAGTAAGTAATG

5UTR AGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAA

' - AUG

terminator
& TBR ETBR MicF M7.4 hid
PTet

MicE M7.4 asRNA expression cassette

+1 extra nucleotide
Target sequence (T for U) v
STCACTTATTAAAGAACAGGAGTAAGTAATGAGTAAAGGAGASZ’

AGpna=-5.5 kcal/mol

asRNA sequence (T for U)

5'CTCCTTTICTCATTJICTTACTCCTITTCTTTAATAAGTGACGTCCCGCAAGGAT
GCGGGTCTGTTTACCCCTATTTCAACCGGCCGCCTCGCGGCCGGTTTTTTTTT

AG o= -65.5kcal/mol

A GHSRM.?HRM= '1 11.38 kcal/mOI

Vi GCFOI' X1= Vi GHSRM?HRM_ Vi GHSRM_ Vi GmR =-4(0.38 kcal/m()l

Percent mismatch or X2
__ # of mismatched nucleotides

- 9 - i 0f = 0,
# of nucleotides in TBR X 100% 40 X 100% 7.5 Yo

Predicted repression efficiency
= 0.3848 - 0.0068X,-0.0125X,=0.566
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