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Materials and Methods
Flow cytometry

Ten ulL of cell culture from the in vivo gene expression assay was mixed with 500 uL PBS and read on a
BD FACSCalibur flow cytometer. Data for the following parameters were collected: forward scatter (FSC),
side scatter (SSC), and GFP fluorescence (488 nm excitation, 530 nm emission). Data for at least 50,000
cellular counts were collected for each sample. Data for each plasmid combination were analyzed in
matlab. Counts were first gated in FSC vs. SSC by choosing a window surrounding the largest cluster of
cells. GFP values recorded in relative channel number (1-4096 corresponding to 12-bit data) for gated
cells were then histogrammed in 500 bins. Histograms were converted into relative intensity values (0-

10,000 for log4 mode acquisition) and plotted in Figure S9.

Induction curve assay

All experiments were performed in E. coli strain TG1. Plasmid combinations were transformed into
chemically competent E. coli TG1 cells, plated on Difco LB+Agar plates containing 100 ug/mL
carbenicillin and 34 ug/mL chloramphenicol, and incubated overnight (approximately 17 hours (h)) at
37°C. Plates were taken out of the incubator and left at room temperature for approximately 7 h. Three
colonies were used to separately inoculate 300 uL of LB containing carbenicillin and chloramphenicol at
the concentrations above in a 2 mL 96-well block (Costar 3960), and grown approximately 17 h overnight
at 37°C at 1,000 rpm in a Labnet Vortemp 56 bench top shaker. 10 uL of this overnight culture was then
added to 190 uL (1:20 dilution) of M9 minimal media (1xM9 minimal salts, 1 mM thiamine hydrochloride,
0.4% glycerol, 0.2% casamino acids, 2 mM MgSO,, 0.1 mM CaCl,) containing the selective antibiotics
and the required amount of IPTG. After 3 h incubation at 37C, 1,000 rpm in the Vortemp shaker, 20 ulL of
this culture was diluted again into 180 uL (1:10 dilution) of supplemented M9 minimal media with
antibiotics and IPTG, and grown for 2.5 h at 37C, 1,000 rpm. 100 uL of this culture was then transferred
to a 96-well plate (Costar 3631) containing 100 uL of phosphate buffered saline (PBS). Fluorescence
(485 nm excitation, 528 nm emission) and optical density (OD, 600 nm) were then measured using a

Biotek SynergyHT plate reader.

mRFP in vivo gene expression assay



Transformation and growth was performed according the methods for the in vivo gene expression assay
outlined in the main text. Fluorescence (560 nm excitation, 630 nm emission) and optical density (OD,
600 nm) were measured using the Molecular Devices plate readers Spectra Max Gemini and Spectra

Max 190 respectively.

Table S1: Important DNA sequences

Name Sequence

Super folder
green
fluorescent
protein
(SFGFP)

Ribosome AGGAGGAAGGATCT
binding site

(RBS)

TrrB

pT181 TAAAGATCTTTGACAGCTAGCTCAGTCCTAGGTATAATACTAG
attenuator

GGATCTAGGAGGAAGGATCT




CAAATAAGGATCTGAAGCTTGGGCCCGAACAAAAACTCATCTCAGAAGAGGAT
CTGAATAGCGCCGTCGACCATCATCATCATCATCATTGAGTTTAAACGGTCTC
CAGCTTGGCTGTTTTGGCGGATGAGAGAAGATTTTCAGCCTGATACAGATTAA
ATCAGAACGCAGAAGCGGTCTGATAAAACAGAATTTGCCTGGCGGCAGTAGC
GCGGTGGTCCCACCTGACCCCATGCCGAACTCAGAAGTGAAACGCCGTAGC
GCCGATGGTAGTGTGGGGTCTCCCCATGCGAGAGTAGGGAACTGCCAGGCA
TCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTATCTGTT
GTTTGTCGGTGAACTGGATCCTTACTCGAGTCTAGA

pT181
antisense

(EcoRI-

J23119-

TAAAGATCTTTGACAGCTAGCTCAGTCCTAGGTATAATACTAGT]

GGATCTGAAGCTTGGGCCCG
AACAAAAACTCATCTCAGAAGAGGATCTGAATAGCGCCGTCGACCATCATCAT
CATCATCATTGAGTTTAAACGGTCTCCAGCTTGGCTGTTTTGGCGGATGAGAG
AAGATTTTCAGCCTGATACAGATTAAATCAGAACGCAGAAGCGGTCTGATAAA
ACAGAATTTGCCTGGCGGCAGTAGCGCGGTGGTCCCACCTGACCCCATGCC
GAACTCAGAAGTGAAACGCCGTAGCGCCGATGGTAGTGTGGGGTCTCCCCAT
GCGAGAGTAGGGAACTGCCAGGCATCAAATAAAACGAAAGGCTCAGTCGAAA
GACTGGGCCTTTCGTTTTATCTGTTGTTTGTCGGTGAACTGGATCCTTACTCG
AGTCTAG

t500 CAAAGCCCGCCGAAAGGCGGGCTTTTTTTT

PLiaco-1 AATTGTGAGCGGATAACAATTGACATTGTGAGCGGATAACAAGATACT
Monomeric TCGGGGGAAATATTCCGAAATGGCAAGTAGCGAAGACGTTATCAAAGAGTTC
red ATGCGTTTCAAAGTTCGTATGGAAGGTTCCGTTAACGGTCACGAGTTCGAAAT
fluorescent CGAAGGTGAAGGTGAAGGTCGTCCGTACGAAGGTACCCAGACCGCTAAACTG
protein AAAGTTACCAAAGGTGGTCCGCTGCCGTTCGCTTGGGACATCCTGTCCCCGC
(mRFP) AGTTCCAGTACGGTTCCAAAGCTTACGTTAAACACCCGGCTGACATCCCGGA

CTACCTGAAACTGTCCTTCCCGGAAGGTTTCAAATGGGAACGTGTTATGAACT
TCGAAGACGGTGGTGTTGTTACCGTTACCCAGGACTCCTCCCTGCAAGACGG
TGAGTTCATCTACAAAGTTAAACTGCGTGGTACCAACTTCCCGTCCGACGGTC
CGGTTATGCAGAAAAAAACCATGGGTTGGGAAGCTTCCACCGAACGTATGTA
CCCGGAAGACGGTGCTCTGAAAGGTGAAATCAAAATGCGTCTGAAACTGAAA
GACGGTGGTCACTACGACGCTGAAGTTAAAACCACCTACATGGCTAAAAAAC
CGGTTCAGCTGCCGGGTGCTTACAAAACCGACATCAAACTGGACATCACCTC
CCACAACGAAGACTACACCATCGTTGAACAGTACGAACGTGCTGAAGGTCGT
CACTCCACCGGTGCTTAA

Table S2: Attenuator plasmids used in this study. Plasmid sequences can be constructed by replacing

the purple region in the pT181 attenuator sequence in Table S1 with the purple region indicated here.
White background indicates fusion sequence. Lower case nucleotides indicate mutations made to fusions.
All chimeric fusions constructed, with the exception of several non-functional mutants, are reported in this
table and in Table S3.

Plasmid Figure
# Attenuator sequence Name
JBLOO1 TrrnB — CmR — p15A origin
2, 3,4,
5, 6,
S2, S3,
S5, S6,
S7, S8,
JBLOO06 pT181
6, S7,
JBLO07 pT181.H1 S8




JBLO09

JBL1037

JBL1126

JBL1016

JBL1048

JBL1815

JBL1017

GTACGA

6, S7,

S8
pT181.YS
CTTTGGCGAG S2
Fusion 10
TTCAACTTTGGCGA 3,5, 6,
S5, S7,
S8
Fusion 4
CTTTGGCGAG S2
Fusion 11
TCAACTTTGGCGAGT S2
Fusion 12
CTTGGCGG 2
Fusion 1
GAACTTGGCGGAA 2
Fusion 2




JBL1039

GGAACGCAG

JBL1813

JBL1018

JBL1019

AACGCAG

JBL1040

GGAACGACG

JBL1020

GAACGACG

JBL1057

CCTCGAACTTGGC 2,5,6,
S5, S7
Fusion 3
CTTGGCGG S2
Fusion 7
GAACTTGGCGGAAC S2
Fusion 8
CCTCGAACTTGGCGG S2
Fusion 9
CTTACGAACTTGGC 3
Fusion 5
CTTACGAACTTGGCG 3,6,
S7,S8
Fusion 6
GATTTTTCGCGAAA S3
Fusion 17




JBL1059

AACCATT

JBL1805

TTTCGCGAAACCATTTAATCATA

JBL1063

JBL1065

JBL1166

CGCGAAACCATTTAATCATA

JBL1110

JBL1190

gcGAAACCATTTAATCATA

TTGATTTTTCGCGA S3
Fusion 18
TCTGATTATTGATT S3
Fusion 19
GATTTTTCGCGAAACC 4
Fusion 13
TGATTTTTCGCGAAA 4
Fusion 14
CTGATTATTGATTTTT 4,5, 6,
S6, S7,
S8
Fusion 15
CCTATGTCTAGTCCAC 4,5, 6,
S5, S7,
S8
Fusion 16
CTGATTATTGATTTtG S6
Fusion
15m1




JBL1191

CgcGAAACCATTTAATCATA

JBL1192

GCcGAAACCATTTAATCATA

JBL1199

CcCcGAAACCATTTAATCATA

JBL1193

gggGAAACCATTTAATCATA

JBL1080

JBL1111

GAGTACGAgca

JBL1075

GTACGA

CTGATTATTGATTTtA S6
Fusion
15m2
CTGATTATTGATTTAA S6
Fusion
15m3
CTGATTATTGATTTtA S6
Fusion
15m4
CTGATTATTGATTTcg 5,6,
S6, S7,
S8
Fusion
15m5
TTCAtgaTTGGCGtca 5, 6,
S7,S8
Fusion 4m1
tgtTTCAACTTTGGC 5,6,
S7
Fusion 4m2
TTCAACTTTcaCGA S5

Fusion 4m3




JBL1113

JBL1163

JBL1165

JBL1164

JBL1150

JBL1146

JBL1145

GTACHt

GcAACGCAG

GAACGtcG

GAAgcCAG

agCAACTTTGGCGA S5
Fusion 4m4
CCTCGAAGTTGGC 5,6,
S7,S8
Fusion 3m1
CacCGAACTTGGCG 5,6,
S7,S8
Fusion 3m2
CCTgcAACTTGGCG S5
Fusion 3m3
CCTATGTCTgaTCCAC 5,6,
S7
Fusion
16m1
CCTATGTCTtGTCCAC S5
Fusion
16m2
CCTATGTCTAaTCCAC S5
Fusion

16m3




Table S3: Antisense plasmids used in this study. Plasmid sequences can be constructed by replacing the
blue region in the pT181 antisense sequence in Table S1 with the blue region indicated here. White
background indicates fusion sequence. Lower case nucleotides indicate mutations made to fusions. All
chimeric fusions constructed, with the exception of several non-functional mutants, are reported in this
table and in Table S3.

Plasmid Figure
# Antisense sequence Name
No
antisense
JBLO02 | J23119 — TrrnB — AmpR — ColE1 origin control
2,3,4,
5, 6,
S2, S3,
S5, S6,
JBL004 pT181 S7, S8,
6, S7,
S8
JBL008 pT181.H1
6, S7,
S8
JBL0O10 pT181.YS
S2
JBL1049 Fusion 10
3,5,6,
TCGTACTCGCCAAAGTTGA S5, S7,
JBL1033 Fusion 4 S8
S2
JBL1026 Fusion 11
S2
TCGTACTCGCCAAAGTTGA
JBL1034 Fusion 12
2
JBL1812 Fusion 1
2
JBL1027 Fusion 2
2,5,6,
S5, S7
JBL1035 Fusion 3
S2
JBL1814 | — TrrmB Fusion 7
S2
GTTCCGCCAAGTTC
JBL1028 —TrrnB Fusion 8




CTGCGTTCCGCCAAGTTCGAGG

S2

JBL1024 Fusion 9
3
CGTCGTTCCGCCAAGTTCGTAAG
JBL1036 Fusion 5
3,6,
CGTCGTTCCGCCAAGTTCGTAAG S7,S8
JBL1029 Fusion 6
JBL1119 | GCGAAAAATCEIEEEEE - (500 Fusion 17 S3
JBL1093 | GCGAAAAATCAAIEEEEE N - (500 | Fusion 18 S3
GCGAAAAATCAATAATCAGA I S3
JBL1806 | ]l - t500 Fusion 19
JBL1064 | GCGAAAAATC — TrrnB Fusion 13 4
JBL1095 | GCGAAAAATC — 500 Fusion 13 4
JBL1096 | GCGAAAAATCAA — t500 Fusion 14 4
4,5,86,
GCGAAAAATCAATAATCAGAT S6, S7,
JBL1170 | —t500 Fusion 15 S8
4,5,86,
JBL1133 GACTAGACATAGGﬂ Fusion 16 | S5, S7
gcCaaAAATCAATAATCAGA| — | Fusion S6
JBL1194 | t500 15m1
gcgTaAAATCAATAATCAGATEE - | Fusion S6
JBL1195 | t500 15m2
gGCTTAAATCAATAATCAGATIEEEE - | Fusion S6
JBL1196 | t500 15m3
gGgTaAAATCAATAATCAGATEEE - | Fusion S6
JBL1197 | t500 15m4
5, 6,
ccccgAAATCAATAATCAGATEEEEEE - | Fusion S6, S7,
JBL1198 | t500 15m5 S8
5, 6,
TCGTtgaCGCCAAtcaTGAA S7,S8
JBL1081 Fusion 4m1
5, 6,
tgcTCGTACTCGCCAAAGTTGAAaca S7
JBL1074 Fusion 4m2
S5
TCGTACTCGtgAAAGTTGAA
JBL1076 Fusion 4m3
S5
aaGTACTCGtgAAAGTTGc
JBL1120 Fusion 4m4
5, 6,
CTGCGTTgCGCCAACTTCGAGG S7,S8
JBL1169 Fusion 3m1
5, 6,
CgaCGTTCCGCCAAGTTCGgtG S7,S8
JBL1174 Fusion 3m2
S5
-CTchTTCCGCCAAGTTgcAGG-
JBL1173 —TrrnB Fusion 3m3
Fusion 5, 6,
JBL1180 | GAtcAGACATAGGIEEEEEE - (500 16m1 s7

10



Fusion S5
JBL1177 | GACaAGACATAGGIEEEEE - (500 16m?2
Fusion S5
JBL1167 | cCTATGTCTAaTCEEEEEE - 1500 16m3
P 23119
TrrnB (or t500) | ColE1 AmpR
Antisense Plasmid Architecture
PJ23119

RBS-SFGFP-TrrmB |p15A| | CmR

Attenuator Plasmid Architecture

B  Invivo reporter assay

E. coli: Attenuator + No Antisense Control

Figure S1. (A) Plasmid architecture for antisense and attenuator plasmids. All antisense plasmids have
the ColE1 origin and ampicillin resistance (AmpR). All attenuator plasmids have the p15A origin and
chloramphenicol resistance (CmR). The J23119 E. Coli consensus promoter

(http://partsregistry.org/Part:BBa_J23119), modified to include a Spel site right before the start of

S
o
T

Fluorescence/OD
N
o
~
1

[1 No Antisense Ctrl
[ (+) Antisense

E. coli: Attenuator + Antisense

transcription, was used for all plasmids. TrrnB and t500 are transcriptional terminator sequences. RBS =

ribosome binding site; SFGFP = super folder green fluorescent protein coding sequence. See Table S1

for sequence details of these plasmids. (B) Diagram of in vivo gene expression assay with example

results. E. coli TG1 cells are transformed with a plasmid containing the attenuator transcriptionally fused

to SFGFP, and another plasmid encoding antisense (white bar) or a no antisense control plasmid (green

bar).
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Figure S2. Fusion 3 inducibility and functional modularity. (A) Induction curve using an IPTG inducible
PLiaco-1 promoter (40) for Fusion 3. Fluorescence/OD are plotted for different concentrations of IPTG in the
growth media (see Materials and Methods above). Data were normalized to the no antisense condition.
The dashed line shows a Hill equation fit to the data (n = 3.07). Error bars represent standard deviations
of at least 4 independent transformants. (B) Comparison of in vivo expression data using SFGFP (grey
bars) and monomeric red fluorescent protein (mMRFP) (white bars) as reporters for Fusion 3 attenuation.
Data were normalized to the no antisense condition in each case. Error bars represent standard

deviations of at least 5 independent transformants.
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Figure S3. Predicted structures for fusions in Figure 3. Predicted MFE structures of the first hairpin of the
chimeric attenuator and antisense for Fusions 4, 5 and 6. Purple and green colored bases represent
sequence from the parent translational regulator (see Figure 3 for color code). Bases in black represent

the wild type pT181 sequence.
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Figure S4. Testing the interior-loop design principle for loop-loop chimeric attenuators. Data

Fluorescence/OD
T
|

complementary to Figures 2 and 3. Fusions 7, 8 and 9 were engineered using the pT181 position at A24
(Figure 3A) for the three fusion sequences of TransSysM (M1, M2 and M3 — see Figure 2). Fusions 10
and 11 were engineered using a combination of the top loop of the TransSysR hairpin and pT181
positions G26 and A24, respectively. Fusion 12 was engineered using a combination of the TransSysR
fusion region in Figure 3 and pT181 position A24. Average in vivo fluorescence from cells with (grey) or
without (white) cognate antisense RNA. Error bars represent the standard deviation of at least 5

independent transformations.
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Figure S5. Chimeric attenuators based on TransSysl and pT181 position G26. Data complementary to
Figure 4. Average in vivo fluorescence from cells with (black) and without (white) plasmids encoding
cognate antisense RNA for each fusion. The t500 terminator was used for all chimeric antisense

plasmids. Error bars represent the standard deviation of at least 5 independent transformations.
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Figure S6. Linear antisense folding of Fusion 13 with TrrnB and t500 terminators. Predicted minimum

free energy (MFE) structure of Fusion 13 antisense with (A) TrrnB and (B) t500; red box highlights the

antisense sequence which is zoomed in an inset in (A).
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Figure S7. Representative set of chimera mutation failures. Data complementary to Figure 5. Average in
vivo fluorescence from cells with (grey) and without (white) plasmids encoding cognate antisense RNA for

each fusion. Error bars represent the standard deviation of at least 5 independent transformations.
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Figure S8. Mutations to Fusion 15. (A) Five previously reported mutations to the 1S10 translational
regulator (7) were applied to chimeric attenuator Fusion 15. Mutations were made by substituting the
highlighted yellow sequence with sequences listed to the right. (B) 7x7 orthogonality matrix for the pT181
attenuator, Fusion 15, and the 5 mutants. The matrix shows all possible combinations of (antisense,
attenuator) for the 7 attenuators tested. Attenuation % is represented by a color scale in which 100% is
blue and less than or equal to 0% is white. (C) In vivo expression data used to calculate the matrix in part
(B). White bars represent the average fluorescence/OD of cells without antisense and colored bars of
cells with antisense according to the legend. Error bars represent standard deviations of at least 4

independent transformants.
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Figure S9. In vivo expression data used to calculate the 14x14 attenuation matrix found in Figure 6A.

White bars represent the average fluorescence/OD of cells without antisense and colored bars of cells

with antisense according to label on x-axis. Each plot represents a row of the 14x14 matrix in Figure 6A —

i.e. attenuation for a single chimeric attenuator with different combinations of antisense RNA indicated on

the x-axis. Error bars represent standard deviations of at least 5 independent transformants.
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Figure S10. Representative flow cytometry data. Representative histograms for the eight attenuators
found in the final orthogonality matrix and the pT181 attenuator. Red traces represent cells without (-)
antisense, black traces represent cells with (+) cognate antisense, and grey traces represent the
background fluorescence of cells not expressing SFGFP. Histograms are plotted on a log-scale in terms
of relative intensity, but were calculated in relative channel number as described in the S| Materials and
Methods above. Inset plots are a comparison between average bulk fluorescence (white bars) and mean
fluorescence calculated from flow cytometry (grey bars) for the (-) and (+) cognate antisense conditions.
Average fluorescence was normalized by the fluorescence observed without antisense for each

attenuator. Error bars represent standard deviations of at least 3 independent transformants.
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