




S3.5 Quantification of conditional Dicer substrate formation
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Figure S9. Quantification of conditional Dicer substrate formation for Mechanism 2. Three independent experiments were
used to characterize the variability in the OFF/ON conditional response in production of Dicer substrate. OFF states: no target,
mRNA silencing target Y, mRNA off-target Z. ON states: short RNA detection target Xs, mRNA detection target X. All values
are normalized relative to the amount of Dicer substrate produced using Xs.
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S3.6 Identification of Dicer products by mass spectrometry
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S4 Mechanism 3: Conditional shRNA formation using a single stable scRNA

S4.1 Sequences

Strand Domains Sequence
Xs a-b-c 5

0
-UGGGAGCGCGUGAUGAACUUCGAGGACGG-3

0

A z-c*-b*-a* 5

0
-UUCAUCUGCACCACCGGCACCGUCCUCGAAGUUCAUCACGCGCUCCCA-3

0

B z-c*-b-c-z*-y* 5

0
-UUCAUCUGCACCACCGGCACCGAUGAACUUCGAGGACGGUGCCGGUGGUGCAGAUGAACU-3

0

Table S6. Sequences for Mechanism 3. Sequences constrained by DsRed2 (mRNA detection target X) are shown in red.
Sequences constrained by d2EGFP (mRNA silencing target Y) are shown in green. Underlined nucleotides are 20OMe-RNA;
all other nucleotides are RNA. Domain lengths: |a|=12, |b|=14, |c|=3, |y|= 2, |z|=19.

S4.2 Computational stepping analysis
Detection target

scRNA reactant

Test tube: Xs

a

[Xs] = 0.50 M Step 1

Test tube: Xs + A + B

[B] = 0.49 M[Xs ] = 0.50 M

Reactants stableb

Test tube: A + B

Products

Equilibrium
 probability

0.4

0.8

1.0

0.6

0.2

0.0

[A ] = 0.50 M

Test tube: A + B

[A ] = 0.50 M

D
icer substrate

Figure S10. Computational stepping analysis for Mechanism 3. (a) Equilibrium test tube calculations showing the predicted
concentrations and base-pairing properties of reactants and products. The short RNA detection target Xs is predicted to have
some internal base pairing on average at equilibrium. The scRNA A·B is predicted to have some internal base pairing in a
domain that is intended to be single-stranded. The reactant and products are predicted to form with near-quantitative yield. (b)
Equilibrium test tube calculation predicting that scRNA A·B is stable, not metastable. Placing A and B together in a test tube
leads predominantly to duplex dimer A·B at equilibrium, demonstrating that reactant A·B is stable. (a,b) Each box represents
a test tube containing the strands listed at the top at 0.5 µM each. For each test tube, thermodynamic analysis at 37 ◦C yields
the equilibrium concentrations and base-pairing ensemble properties for all complexes containing up to three strands. Each
complex predicted to form with appreciable concentration at equilibrium is depicted by its minimum free energy structure, with
each nucleotide shaded by the probability that it adopts the depicted base-pairing state at equilibrium. The predicted equilibrium
concentration is noted below each complex.
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S4.3 Mechanism stepping gel
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Figure S11. Stepping gel for Mechanism 3. Native PAGE demonstrating the assembly and disassembly operations in Figure
4a. Short RNA detection target: Xs (lane 1). scRNA reactant: A·B (lane 4). ON state: Xs and A·B interact to form products
Xs·A and B (lane 8). OFF state: A·B yields minimal production of A and B (lane 4). Annealing A·B yields predominantly A·B,
as well as some A and B (lane 5). See Section S7 for an assessment of reactant metastability vs stability.

S4.4 Dicer processing stepping gel
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Figure S12. Dicer processing stepping gel for Mechanism 3. Native PAGE demonstrating each signal transduction step in
Dicer reaction conditions in the absence/presence of Dicer (-/+ lanes). Only the final product B is efficiently processed by
Dicer, yielding siRNAs (compare lanes 3 and 4).
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S4.5 Quantification of conditional Dicer substrate formation
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Figure S13. Quantification of conditional Dicer substrate formation for Mechanism 3. Three independent experiments
were used to characterize the variability in the OFF/ON conditional response in production of Dicer substrate. OFF states:
no target, mRNA silencing target Y, mRNA off-target Z. ON states: short RNA detection target Xs, mRNA detection target
X. All values are normalized relative to the amount of Dicer substrate produced using Xs. A number of the OFF states were
undetectable, and are denoted as < 0.5% corresponding to the estimated uncertainty in gel quantification.
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S4.6 Identification of Dicer products by mass spectrometry
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S5 Mechanism 4: Conditional DsiRNA formation via template-mediated 4-way
branch migration

S5.1 Sequences

Strand Domains Sequence
Xs a-b-c-d-e 5

0
-CUCCGAGAACGUCAUCACCGAGUUCAUGCGCUUCAAGG-3

0

A e*-d*-z*-y* 5

0
-CCUUGAAGCGCAUGAACUGACACGCUGAACUUGUGGCCG-3

0

B y-z-b*-d 5

0
-CGGCCACAAGUUCAGCGUGUCUGACGUAGUUCAU-3

0

C b-z*-y*-x* 5

0
-ACGUCAGACACGCUGAACUUGUGGCCGUU-3

0

D x-y-z-c*-b*-a* 5

0
-AACGGCCACAAGUUCAGCGUGUCCGGUGAUGACGUUCUCGGAG-3

0

Table S8. Sequences for Mechanism 4. Sequences constrained by DsRed2 (mRNA detection target X) are shown in red.
Sequences constrained by d2EGFP (mRNA silencing target Y) are shown in green. Underlined nucleotides are 20OMe-RNA;
all other nucleotides are RNA. Domain lengths: |a|=8, |b|=6, |c|=6, |d|= 7, |e|=11, |x|=2, |y|=19, |z|=2.

S5.2 Computational stepping analysis
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Figure S14. Computational stepping analysis for Mechanism 4. (a) Equilibrium test tube calculations showing the predicted
concentrations and base-pairing properties of reactants and products. The short RNA detection target Xs is predicted to have
some internal base pairing on average at equilibrium. The reactant and products are predicted to form with near-quantitative
yield. (b) Equilibrium test tube calculation predicting that scRNAs A·B and C·D are metastable, not stable. Placing A, B, C,
and D together in a test tube leads predominantly to duplex dimers A·D and B·C at equilibrium, demonstrating that the reactants
are not stable. (a,b) Each box represents a test tube containing the strands listed at the top at 0.5 µM each. For each test tube,
thermodynamic analysis at 37 ◦C yields the equilibrium concentrations and base-pairing ensemble properties for all complexes
containing up to five strands. Each complex predicted to form with appreciable concentration at equilibrium is depicted by its
minimum free energy structure, with each nucleotide shaded by the probability that it adopts the depicted base-pairing state at
equilibrium. The predicted equilibrium concentration is noted below each complex.
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S5.3 Mechanism stepping gel and isolation of putative pentamer intermediate
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Figure S15. Stepping gel for Mechanism 4. Native PAGE demonstrating the assembly and disassembly operations in Figure
5a. Short RNA detection target: Xs (lane 1). scRNA reactants: A·B and C·D (lanes 2 and 3). Step 1 (ON state): Xs, A·B
and C·D interact to form products Xs·A·D and B·C (lane 6). OFF state: A·B and C·D co-exist metastably, yielding minimal
production of B·C (lane 8). Annealing A·B and C·D leads to substantial production of B·C (lane 9). See Section S7 for an
assessment of reactant metastability vs stability.
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Figure S16. Isolation of putative pentamer intermediate for Mechanism 4. (a) 10% native PAGE showing that the full
reaction, Xs + A·B + C·D, leads to formation of a putative pentamer intermediate band, Xs·A·B·C·D. (b) 20% native PAGE
showing that the putative pentamer intermediate, Xs·A·B·C·D, when isolated from a native gel and annealed, dissociates into
the final products Xs·A·D, and B·C, indicating that all five strands are present in the complex. To purify the putative pentamer,
the full reaction, Xs + A·B + C·D, was scaled to 150 µL (standard 2 h at 37 ◦C with 0.5 µM reactants) and separated by 10%
native PAGE with SYBR Gold (Life Technologies, catalog #S-11494) post-staining. The putative pentamer band was visualized
with a UV transilluminator and excised from the gel. The gel slice was crushed with a Zymo Squisher (Zymo, catalog # H1001)
and the nucleic acids were eluted by soaking in 0.3 M sodium acetate overnight with gentle rotation. The nucleic acids were
purified by ethanol precipitation, followed by a Zymo Oligo Clean and Concentrator column (Zymo, catalog #D4060). The
nucleic acids isolated from the putative pentamer band were annealed and separated by 20% native PAGE as shown in panel
(b).
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S5.4 Dicer processing stepping gel
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Figure S17. Dicer processing stepping gel for Mechanism 4. Native PAGE demonstrating each signal transduction step in
Dicer reaction conditions in the absence/presence of Dicer (-/+ lanes). Only the final product B·C is efficiently processed by
Dicer, yielding siRNAs and some unexpected Dicer products (compare lanes 11 and 12).
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S5.5 Quantification of conditional Dicer substrate formation
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Figure S18. Quantification of conditional Dicer substrate formation for Mechanism 4. Three independent experiments
were used to characterize the variability in the OFF/ON conditional response in production of Dicer substrate. OFF states: no
target, mRNA silencing target Y, mRNA off-target Z. ON states: short RNA detection target Xs, mRNA detection target X. All
values are normalized relative to the amount of Dicer substrate produced using Xs.
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S5.6 Identification of Dicer products by mass spectrometry
a b

Dicer substrate scRNA

Dicer:

siRNAs

25 

21 

17 

ONOFF

Target: Xs Xs

B

1 2 3 4

Xs A

D
A

A B

I
II

s
iR

N
A

s
 (
n
t)

 −−−−−−−−−−−−−−−−−−−−−−−−−−−−
UUGCCGGUGUUCAAGUCGCACAGACUGCA C
CGGCCACAAGUUCAGCGUGUCUGACGUAGUUCAU−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−! B

Number of

Dicer products Length (nt) Predicted mass (Da) Measured mass (Da) measurements

Gel band Full

I II reaction

24-nt siRNA
 −−−−−−−−−−−−−−−−−−−−−−−
UUGCCGGUGUUCAAGUCGCACAGAp 24 7745.005 7744.999 ± 0.001 1 – 1

CGGCCACAAGUUCAGCGUGUCUGA−−−−−−−−−−−−−−−−−−−−−−−! 24 7664.054 7664.051 ± 0.001 1 – 1

23-nt siRNA Waste
 −−−−−−−−−−−−−−−−−−−−−−
UUGCCGGUGUUCAAGUCGCACAGp 23 7415.952 7415.951 ± 0.005 1 1 1

CGGCCACAAGUUCAGCGUGUCUG−−−−−−−−−−−−−−−−−−−−−−! 23 7335.002 7335.001 ± 0.003 1 1 1

pACGUAGUUCAU−−−−−−−−−−! 11 3529.447 3529.447 – – 1

22-nt siRNA Waste
 −−−−−−−−−−−−−−−−−−−−−
UUGCCGGUGUUCAAGUCGCACAp 22 7070.905 7070.912 ± 0.005 1 1 1

CGGCCACAAGUUCAGCGUGUCU−−−−−−−−−−−−−−−−−−−−−! 22 6989.955 6989.960 ± 0.008 1 1 1

pGACGUAGUUCAU−−−−−−−−−−−! 12 3874.494 3874.494 – – 1

21-nt siRNA Waste
 −−−−−−−−−−−−−−−−−−−−
UUGCCGGUGUUCAAGUCGCACp 21 6741.852 6741.855 ± 0.007 1 1 1

CGGCCACAAGUUCAGCGUGUC−−−−−−−−−−−−−−−−−−−−! 21 6683.929 6683.929 ± 0.005 1 1 1

pUGACGUAGUUCAU−−−−−−−−−−−−! 13 4180.520 4180.522 – – 1

21-nt siRNA trimmed from 23-nt siRNA Waste
 −−−−−−−−−−−−−−−−−−−−
GCCGGUGUUCAAGUCGCACAGp 21 6803.902 6803.896 ± 0.003 1 1 1

pGCCACAAGUUCAGCGUGUCUG−−−−−−−−−−−−−−−−−−−−! 21 6764.880 6764.881 ± 0.006 1 1 1

pACGUAGUUCAU−−−−−−−−−−! 11 3529.447 3529.447 – – 1

13-nt Unexpected
 −−−−−−−−−−−−
UUGCCGGUGUUCAp 13 4172.503 4172.504 ± 0.002 1 – 1

CGGCCACAAGUUC−−−−−−−−−−−−! 13 4097.601 4097.601 – – 1
 −−−−−−−−−−−−−−−
AGUCGCACAGACUGCA 16 5100.754 5100.753 ± 0.002 – 1 1

pAGCGUGUCUGACGUAGUUCAU−−−−−−−−−−−−−−−−−−−−! 21 6766.848 6766.863 ± 0.012 – 1 1

12-nt Unexpected
 −−−−−−−−−−−
UUGCCGGUGUUCp 12 3843.451 3843.452 ± 0.004 1 – 1

CGGCCACAAGUU−−−−−−−−−−−! 12 3792.560 3792.562 – – 1
 −−−−−−−−−−−−−−−−
AAGUCGCACAGACUGCA 17 5429.806 5429.811 ± 0.006 1 1 1

pCAGCGUGUCUGACGUAGUUCAU−−−−−−−−−−−−−−−−−−−−−! 22 7071.889 7071.908 ± 0.006 – 1 1

11-nt Unexpected
 −−−−−−−−−−
UUGCCGGUGUUp 11 3538.409 3538.410 – – 1

CGGCCACAAGU−−−−−−−−−−! 11 3486.535 3486.533 – – 1
 −−−−−−−−−−−−−−−−−
CAAGUCGCACAGACUGCA 18 5734.847 5734.850 ± 0.004 1 1 1

pUCAGCGUGUCUGACGUAGUUCAU−−−−−−−−−−−−−−−−−−−−−−! 23 7377.914 7377.916 ± 0.007 1 1 1

10-nt Unexpected
 −−−−−−−−−
UUGCCGGUGUp 10 3232.384 3232.384 – – 1

CGGCCACAAG−−−−−−−−−! 10 3180.509 3180.506 – – 1
 −−−−−−−−−−−−−−−−−−
UCAAGUCGCACAGACUGCA 19 6040.873 6040.876 ± 0.001 1 – 1

pUUCAGCGUGUCUGACGUAGUUCAU−−−−−−−−−−−−−−−−−−−−−−−! 24 7683.939 7683.944 ± 0.003 1 1 1

Table S9. Dicer products for Mechanism 4 identified by high resolution mass spectrometry. (a) Predicted and measured
monoisotopic masses for Dicer cleavage products. Canonical 21–24-nt siRNAs were identified, as were waste products cor-
responding to the non-siRNA portion of the substrate (only the waste from strand B was identified as the waste from strand
C was too short to be retained during sample purification). Additional Dicer products are produced by unexpected cleavage
of the Dicer substrate within domains ‘y’ and ‘y*’, suggesting that for some fraction of the substrates, Dicer is either mea-
suring unusually short siRNAs (10–13-nt) from the cognate end of the substrate (which has a canonical 2-nt 30-overhang), or
is measuring from the non-cognate end of the substrate (which has a 7-nt 30-overhang). Masses were determined for specific
sets of gel bands (I, II) and for the full reaction. For each mass, the mean and standard deviation were calculated using all
measurements. Only Dicer cleavage products where one duplex was identified at least twice are tabulated. 50 phosphate group
is denoted ‘p’ and strand polarity is indicated by an arrowhead at the 30 end. (b) Native PAGE illustrating the approximate
migration of specific sets of gel bands (I, II) that were isolated for mass spectrometry. Additional studies with ESI-TOF LC-MS
indicate that set I is predominantly canonical 21–24-nt siRNAs and set II is predominantly unexpected cleavage products. See
Supplementary Section S1.10 for methods.
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S6 Mechanism 5: Conditional shRNA transcription using scDNAs

S6.1 Sequences

Strand Domains Sequence
Xs a-b 5

0
-ATAAGCCCTCATCCAACT-3

0

A b*-a*-p-q-z-y*-z*-q*-a 5

0
-AGTTGGATGAGGGCTTATtaatacgactcactatagCAGCACGACTTCTTCAAGAGCTGACTTGAAGAA

GTCGTGCTGCtatagtgagATAAGCCCTC-3

0

B q-t-z-y-z*-q*-p* 5

0
-ctcactataAAAAAAAGCAGCACGACTTCTTCAAGTCAGCTCTTGAAGAAGTCGTGCTGCtatagtgag

tcgtatta-3

0

C z-y*-z*-poly(U) 5

0
-gCAGCACGACUUCUUCAAGAGCUGACUUGAAGAAGUCGUGCUGCpoly(U)-3

0

Table S10. Sequences for Mechanism 5. Sequences constrained by d2EGFP (mRNA silencing target Y) are shown in green.
Sequences constrained by the T7 promoter are shown as lower case letters. Sequences constrained by the T7 transcription
termination sequence are shown in blue. Unconstrained sequences are shown as upper case black letters. Xs, A, and B are
DNA; C is an shRNA in vitro transcription product. The terminal poly(U) in shRNA C results from the transcription termination
sequence. Domain lengths: |a|=10, |b|=8, |p|=8, |q|= 9, |t|=7, |y|=6, |z|=19.

S6.2 Computational stepping analysis
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Figure S19. Computational stepping analysis for Mechanism 5. (a) Equilibrium test tube calculations showing the predicted
concentrations and base-pairing properties of reactants, intermediates, and products. Reactants, intermediates, and products are
predicted to form with near-quantitative yield. (b) Equilibrium test tube calculation predicting that scDNAs A and B are
metastable, not stable. Placing A and B together in a test tube leads predominantly to duplex dimer A·B at equilibrium,
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demonstrating that A and B are not stable. (a,b) Each box represents a test tube containing the strands listed at the top at 0.5
µM each. For each test tube, thermodynamic analysis at 37 ◦C yields the equilibrium concentrations and base-pairing ensemble
properties for all complexes containing up to three strands. Each complex predicted to form with appreciable concentration at
equilibrium is depicted by its minimum free energy structure, with each nucleotide shaded by the probability that it adopts the
depicted base-pairing state at equilibrium. The predicted equilibrium concentration is noted below each complex.

S6.3 Mechanism stepping gel
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Figure S20. Stepping gel for Mechanism 5. Native PAGE demonstrating the assembly operations in Figure 6a. Short DNA
detection target: Xs (lane 1). scDNA reactants: A and B (lanes 2 and 3). Step 1: Xs and A interact to form intermediate Xs·A
(lane 4). Step 1 + Step 2 (ON state): Xs, A and B interact to form product Xs·A·B (lane 6). OFF state: A and B co-exist
metastably, yielding minimal production of A·B (lane 8). Annealing A and B leads to substantial production of A·B (lane 9).
See Section S7 for an assessment of reactant metastability vs stability.

S6.4 Transcription and Dicer processing stepping gel
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Figure S21. Transcription and Dicer processing stepping gel for Mechanism 5. Native and denaturing PAGE demonstrating
each signal transduction step. In vitro transcription is performed concurrently with scDNA signal transduction. Optional Dicer
processing is performed following in vitro transcription (-/+ lanes). Step 1: Minimal transcription is observed for a product that
is longer than the expected shRNA C (lane 5). OFF state: Minimal transcription of shRNA C (lane 7). Step 1 + Step 2 (ON
state): Substantial transcription of shRNA C (lane 9), which is efficiently processed by Dicer (lane 10). Each reaction was split
in half and separated by either 20% native PAGE (250 V for 4 h) or 15% denaturing PAGE (500 V for 1.5 h).
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S6.5 Quantification of conditional Dicer substrate transcription
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Figure S22. Quantification of conditional Dicer substrate transcription for Mechanism 5. Three independent experiments
were used to characterize the variability in the OFF/ON conditional response in production of Dicer substrate. OFF state: no
target. ON state: short DNA detection target Xs. All values are normalized relative to the amount of Dicer substrate produced
using Xs.
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S6.6 Identification of Dicer products by mass spectrometry

Mass spectrometry revealed that the dominant transcription product is a 51-nt shRNA with a 19-bp stem and a non-
canonical 7-nt poly(U) 30-overhang; shRNAs with shorter poly(U) tails were transcribed in lesser amounts. Mass
spectrometry of Dicer-processed transcription reactions identified products that correspond to either one or two cuts
of the hairpin stem (Supplementary Table S11). Hairpins cut in two places produced short duplexes with a canonical
2-nt 30-overhang at one end. Canonical siRNAs were not identified for this Dicer substrate. Mass spectrometry of a
synthetic shRNA with a 19-bp stem and a canonical 2-nt 30-overhang was cleaved similarly, yielding short siRNA-
like duplexes with canonical 2-nt 30-overhangs at both ends. Again, canonical siRNAs were not observed, suggesting
that the failure to observe canonical siRNAs for the transcription products of Mechanism 5 results from the short
19-bp stem. shRNAs with a 19-bp stem and canonical 2-nt 30-overhang are known to be potent silencers12–14 but it
has been observed that these short shRNAs are not substrates for Dicer.12, 13 The current design for Mechanism 5
yields shRNAs with a 19-bp stem that are expected to mediate silencing, but are not well-suited for production of
canonical siRNAs. Future designs could employ a longer stem (e.g., the 22-bp stem of Mechanism 3 was processed
by Dicer into canonical siRNAs).

Dicer substrate scRNA

A

G

U

C

G

A

UUUUUUUCGUCGUGCUGAAGAAGUUC

pppGCAGCACGACUUCUUCAAG

C

Dicer products Length (nt) Predicted mass (Da) Measured mass (Da) Number of measurements

14-nt Waste
 −−−−−−−−−−−−−−−−−−
UUUUUUUCGUCGUGCUGAAp 19 6031.682 6031.691 ± 0.004 2

pppGCAGCACGACUUCU−−−−−−−−−−−−−! 14 4643.525 4643.529 ± 0.003 2

A

G

U

C

G

A

GAAGUUC

pUCAAG

18 5856.788 5856.789 ± 0.006 2

A

G

U

C

G

A

GAAGUUC

pppGCAGCACGACUUCUUCAAG

32 10482.303 10482.313 ± 0.003 2

A

G

U

C

G

A

UUUUUUUCGUCGUGCUGAAGAAGUUC

pUCAAG

37 11870.459 11870.465 ± 0.003 2

15-nt Waste
 −−−−−−−−−−−−−−−−−−−
UUUUUUUCGUCGUGCUGAAGp 20 6376.730 6376.734 ± 0.006 2

pppGCAGCACGACUUCUU−−−−−−−−−−−−−−! 15 4949.551 4949.554 ± 0.004 2

A

G

U

C

G

A

AAGUUC

pCAAG

16 5205.715 5205.714 ± 0.002 2

A

G

U

C

G

A

AAGUUC

pppGCAGCACGACUUCUUCAAG

31 10137.255 10137.268 ± 0.001 2

A

G

U

C

G

A

UUUUUUUCGUCGUGCUGAAGAAGUUC

pCAAG

36 11564.434 11564.426 ± 0.002 2

Table S11. Dicer products for Mechanism 5 identified by high resolution mass spectrometry. Predicted and
measured monoisotopic masses for Dicer cleavage products from a transcribed 51-nt shRNA with a 19-bp stem and a
non-canonical 7-nt 30-overhang. Identified products correspond to either one or two cuts of the hairpin stem. Hairpins
cut in two places produced short duplexes with canonical 2-nt 30-overhang at one end. Canonical siRNAs were
not identified for this Dicer substrate. Similar cleavage patterns were observed for transcribed hairpins with shorter
poly(U) 30-overhangs. For each mass, the mean and standard deviation were calculated using all measurements. 50

triphosphate is denoted ‘ppp’, 50 phosphate is denoted ‘p’, and strand polarity is indicated by an arrowhead at the 30

end. See Supplementary Section S1.10 for methods.
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Dicer substrate scRNA

A

G

U

C

G

A

UUCGUCGUGCUGAAGAAGUUC

GCAGCACGACUUCUUCAAG

C

Dicer products Length (nt) Predicted mass (Da) Measured mass (Da) Number of measurements

14-nt Waste
 −−−−−−−−−−−−−
UUCGUCGUGCUGAAp 14 4503.6 4502.8 ± 0.0 2

GCAGCACGACUUCU−−−−−−−−−−−−−! 14 4405.7 4405.6 ± 0.0 2

A

G

U

C

G

A

GAAGUUC

pUCAAG

18 5859.5 5859.2 ± 0.0 2

A

G

U

C

G

A

GAAGUUC

GCAGCACGACUUCUUCAAG

32 10247.0 10245.4 ± 0.3 2

A

G

U

C

G

A

UUCGUCGUGCUGAAGAAGUUC

pUCAAG

32 10345.0 10344.4 ± 0.6 2

15-nt Waste
 −−−−−−−−−−−−−−
UUCGUCGUGCUGAAGp 15 4848.8 4848.0 ± 0.0 2

GCAGCACGACUUCUU−−−−−−−−−−−−−−! 15 4711.9 4711.7 ± 0.1 2

A

G

U

C

G

A

AAGUUC

pCAAG

16 5208.1 5207.8 ± 0.3 2

A

G

U

C

G

A

AAGUUC

GCAGCACGACUUCUUCAAG

31 9902.0 9900.8 ± 0.6 2

A

G

U

C

G

A

UUCGUCGUGCUGAAGAAGUUC

pCAAG

31 10039.0 10038.2 ± 0.3 2

21-nt Waste
 −−−−−−−−−−−−−−−−−−−−
UUCGUCGUGCUGAAGAAGUUCp 21 6770.0 6769.7 ± 0.1 2

A

G

U

C

G

A

GCAGCACGACUUCUUCAAG

25 7980.9 7979.8 ± 0.3 2

Table S12. Dicer products for a synthetic shRNA identified by mass spectrometry. Predicted and measured
average masses for Dicer cleavage products from a synthetic 46-nt shRNA with a 19-bp stem and a canonical 2-
nt 30-overhang. Identified products correspond to either one or two cuts of the hairpin stem. Hairpins cut in two
places produced short siRNA-like duplexes with canonical 2-nt 30-overhangs at both ends. Canonical siRNAs were
not identified for this Dicer substrate. For each mass, the mean and standard deviation were calculated using all
measurements. 50 phosphate group is denoted ‘p’ and strand polarity is indicated by an arrowhead at the 30 end. See
Supplementary Section S1.10 for methods.
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S7 Reactant metastability vs stability

In classifying the design principles underlying each mechanism, a major distinguishing feature is reactant metasta-
bility vs reactant stability. Metastable reactants are kinetically trapped. If they are allowed to equilibrate in the
absence of the detection target, they will form the transduction product even in the absence of the detection target. In
order to obtain a clean OFF/ON conditional response using metastable scRNAs or scDNAs, it is important that they
‘leak’ out of the kinetically trapped state slowly. On the other hand, if stable reactants are allowed to equilibrate in
the absence of the detection target, they will predominantly remain in the reactant state rather than converting to the
product state. This is a major conceptual advantage because it places a thermodynamic rather than a kinetic limit on
the amount of spurious transduction product that can form in the absence of the detection target.

To examine whether scRNA (or scDNA) reactants are predicted to be stable in the absence of the detection target,
we used the Analysis page of the NUPACK web application1 to perform a computational thermodynamic analysis
for a test tube containing all the reactants for a given mechanism (see Sections S2.2, S3.2, S4.2, S5.2, S6.2); the
results are summarized in Table S13. For Mechanisms 1, 4, and 5, full conversion to product is observed whether
or not short detection target Xs is present, indicating that these reactants are predicted not to be stable. In order to
achieve clean OFF/ON signal transduction, these mechanisms must rely on reactant metastability (which cannot be
assessed via these equilibrium calculations). For Mechanisms 2 and 3, minimal conversion to product is observed at
equilibrium in the absence of Xs, indicating that these reactants are predicted to be stable.

Reactants only Reactants + Xs Computational Experimental
Mechanism Product Concentration (µM) Product Concentration (µM) classification classification

1 B·C 0.5 B·C 0.5 not stable metastable
2 B·C 1⇥ 10−3 B·C 0.5 stable stable
3 B 2⇥ 10−7 B 0.5 stable stable
4 B·C 0.5 B·C 0.5 not stable metastable
5 A·B 0.5 Xs·A·B 0.5 not stable metastable

Table S13. Computational and experimental classification of reactant metastability vs stability. For each mechanism,
computational thermodynamic analysis is performed for a test tube at 37 ◦C containing all scRNA (or scDNA) reactants in the
absence or presence of short detection target Xs (each strand at 0.5 µM). For experimental classification, see below.

Experimental studies confirm that the reactants for Mechanisms 1, 4, and 5 are metastable and that the reactants
for Mechanisms 2 and 3 are stable:

• Mechanism 1 (metastable reactants): Catalytic formation of Dicer substrate B·C (Fig. 2 and Fig. S5) demon-
strates that equilibrium partitioning between reactants B and C and product B·C strongly favors product forma-
tion. Hence, that fact that scRNA reactants A, B and C co-exist for 2 h at 37 ◦C with only minimal production
of Dicer substrate B·C demonstrates metastability (Fig. 2 (lane 1) and Fig. S2 (lane 11)). Annealing A, B, C
yields increased production of B·C (Fig. S2 (lane 12)), but the reactant state is still favored, consistent with
the annealing properties of metastable hairpins (see Section S1.9).

• Mechanism 2 (stable reactants): scRNA reactants A·B and C co-exist for 2 h at 37 ◦C with only minimal
production of A and B·C (Fig. 3 (lane 1) and Fig. S7 (lane 15)). Annealing A·B and C yields only slightly
increased production of A and B·C (Fig. S7 (lane 16)). Because of the annealing properties of hairpins (see
Section S1.9), the anneal is expected to favor the reactant state of C, so these results do not provide definitive
evidence of reactant stability. To establish that the reactants are in fact stable and not metastable, we monitored
the reverse reaction (A + B·C ! A·B + C) using a time course experiment (Fig. S23). To account for possible
stoichiometry mismatches between the initial species, we performed the experiment with either A as the
limiting reagent or with B·C as the limiting reagent. In both cases, the reverse reaction proceeded until the
limiting reagent was predominantly consumed, demonstrating that the scRNAs A·B and C are stable, not
metastable.

• Mechanism 3 (stable reactants): scRNA reactant A·B yields no detectible production of A and B after 2 h
at 37 ◦C (Fig. 4 (lane 1) and Fig. S11 (lane 4)). Annealing A·B yields increased but minimal production of
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A and B (Fig. S11 (lane 5)). Because of the annealing properties of hairpins (see Section S1.9), the anneal
is expected to favor the product state of B. Hence, these results are consistent with stability of the scRNA
reactants and may actually overestimate the equilibrium concentration of the product state. To confirm that
the reactants are stable, we monitored the reverse reaction (A + B ! A·B) using a time course experiment
(Fig. S24). To account for possible stoichiometry mismatches between the initial species, we performed the
experiment with either A as the limiting reagent or with B as the limiting reagent. In both cases, the reverse
reaction proceeded until the limiting reagent was predominantly consumed, demonstrating that the scRNA
A·B is stable, not metastable.

• Mechanism 4 (metastable reactants): scRNA reactants A·B and C·D co-exist for 2 h at 37 ◦C with minimal
production of Dicer substrate B·C (Fig. 5 (lane 1) and Fig. S15 (lane 8)). Annealing A·B and C·D yields
substantial production of A·D and B·C (Fig. S15 (lane 9)). This anneal is not expected to favor either reactants
or products, as none of the strands are expected to have substantial internal secondary structure (see Section
S1.9). Hence, the anneal strongly suggests that the reactants are metastable, not stable.

• Mechanism 5 (metastable reactants): scDNA reactants A and B co-exist for 2 h at 37 ◦C with minimal
production of transcription template A·B (Fig. 6b (lane 1) and Fig. S20 (lane 8)). Annealing A and B yields
substantial production of A·B (Fig. S20 (lane 9)). This anneal is expected to favor reactants over products,
because A and B are both hairpins (see Section S1.9). Hence, the fact that the anneal nonetheless produces a
substantial quantity of A·B strongly suggests that the reactants are metastable, not stable.
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Figure S23. Demonstrating scRNA stability for Mechanism 2. Native PAGE demonstrating that the reverse reaction A +
B·C ! A·B + C nearly exhausts the limiting reagent with either A or B·C limiting. Incubation at 37 ◦C for 2, 24, 168 (1 week),
or 336 (2 weeks) h.
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Figure S24. Demonstrating scRNA stability for Mechanism 3. Native PAGE demonstrating that the reverse reaction A + B
! A·B nearly exhausts the limiting reagent with either A or B limiting. Incubation at 37 ◦C for 2, 24, or 168 (1 week) h.
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