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Supplementary Figure 1. Enrichment of the stronger activator clyy; out of a 10°-fold

excess of cl-expressing phagemid. (a) Scheme of the A cl binding assay with GFP and
mCherry as reporter proteins (top) and the accessory plasmid with gene VI used for selection
(bottom). Operator position three is obliterated to circumvent cl binding and Py repression
(annotated with an asterisk). (b) Activation of the Pgry promoter used in the selection system.
(c) Repression of the Pg promoter. Results are illustrated in the presence and absence of A cl
and cly,. GFP and mCherry expression was normalized to ODgy and data were obtained
from four replicates. Ten colonies (1-10) were analyzed by colony-PCR after O rounds (d), 4
rounds (e), or 6 rounds (f) of selection, using the forward primer pLITMUS-F1 and the gene
specific reverse primers cly,-R2 (upper gel) or cl-R3 (lower gel). Amplification of either target
genes resulted in a band at ~480 bp. Cross-binding of the reverse primers between the two cl
variants was initially tested and ruled out. Phage encoding cl were fully enriched after the

selection process.



o1 02 03
PR/PRM (n atu ral)
GCAACCATTATCAccGcCAGAGGTAAAATMTTTATCCCTTGCGGTGATAGATTTAACGT
CGTTGGTAATAGTGGCGGTCTCCATTTTATC CTATAAATAGGGAACGCCACTATCTAAATTGCA
R1 R2 R3
GCAACCATTATCAccGcCAGAGGTWTMTTTATAAATAGTGGTGATAGATTTAACGT
CGTTGGTAATAGTGGCGGTCTCCATTTTATC CTATAAATATTTATCACCACTATCTAAATTGCA
R1 R2 obliterated
Pcs/ Pwm.cs
GCAACCATTATCAccGccGGTGATWTWTTTATAAATAGTGGTGATAGATTTAACGT
CGTTGGTAATAGTGGCGGCCACTATTTTATCAI CTATAAATATTTATCACCACTATCTAAATTGCA
CS Cs obliterated
P/ Pw.scea
GCAACCATTATCCACGCCGTGGATWTWTTTATAAATAGTGGTGATAGATTTAACGT
CGTTGGTAATAGGTGCGGCACCTATT TTATCAI CTATAAATATTTATCACCACTATCTAAATTGCA
5C6A 5C6A obliterated
P/ Pwscec
GCAACCATTATCGGCGCCGCCGATAAAATHTTTATAAATAGTGGTGATAGATTTAACGT
CGTTGGTAATAGCCGCGGCGGCTATTTTATC CTATAAATATTTATCACCACTATCTAAATTGCA
5G6G 5G6G obliterated
P/ Pwm,scet
GCAACCATTATCGTCGccGACGATWTWTTTATAAATAGTGGTGATAGATTTAACGT
CGTTGGTAATAGCAGCGGCTGCTATTTTATCAI CTATAAATATTTATCACCACTATCTAAATTGCA
5G6T 5G6T obliterated
P/ Pwm,4asTeT
GCAACCATTATATTCGCCGMTATWTWTTTATAAATAGTGGTGATAGATTTAACGT
CGTTGGTAATATAAGCGGCTTATATTTTATCAI CTATAAATATTTATCACCACTATCTAAATTGCA
4A5T6T 4A5T6T obliterated
P/ Pwm.4ascecrc
GCAACCATTATACGGGCccccTATmTuTTTATAAATAGTGGTGATAGATTTAACGT
CGTTGGTAATATGCCCGGGGCATATTTTATCA! CTATAAATATTTATCACCACTATCTAAATTGCA
4A5C6GT7G 4A5C6G7G obliterated
P/Pw,scea FOr selection
GCAACCATTATCCACGCCGTGGATAAAATAG_MTTTATCACCGCCGGTGATAMTAACGT
CGTTGGTAATAGGTGCGGCACCTATTTTATC CTATAAATAGTGGCGGCCACTATCTAAATTGCA
5C6A 5C6A cs

Supplementary Figure 2. Sequences of synthetic promoters. Synthetic promoters were

derived from the consensus sequence (CS) of bacteriophage A operators. The CS sequence

was inserted into the bidirectional promoter such that the -10 and -35 regions (underlined) are

unaltered. Operators are highlighted as follows: O1 blue, O2 green, O3 grey. The natural

operator O3 was modified (red) in order to bypass autorepression at high cl concentrations.

Mutated base pairs in O1 and O2 of synthetic promoters are bold. WT cl binding to O3 was
restored for counterselections by inserting the CS, "CAACACCGGCGGTGATA" at O3 (for

Fig. 4). An example is shown below (P/Py scea FOr selection).
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Supplementary Figure 3. Dual activation and repression of engineered promoters with
phage-selected cl transcription factors (TFs). (a) Basal promoter strengths of the
engineered promoters Py, and their activation by the selected TFs. (b) Basal promoter
strengths of the engineered promoters P and their repression by the selected TFs presented
in Fig. 4A. Results are illustrated in relation to the wild-type (WT) promoters Pgry and Py in the
presence and absence of A cl. GFP and mCherry expression was normalized to ODgy and

data were obtained from four replicates. Error bars show one standard deviation.
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Supplementary Figure 4. Design and characterization
promoters Py used for activation. (b) Experimental results for the activation of Py sascec7c DY Claascscrep- (C) Set of engineered
promoters Py used for repression. (d) Experimental data illustrating the repression of Py cs by cl. (e) Set of engineered promoters
P used for repression. (f) Experimental results depicting the repression of P4aster DY Claasterp- () Set of bidirectional promoters
used for dual activation-repression. (h) Experimental data showing the simultaneous activation of Py scea and repression of Pscea.
(i) Set of bidirectional promoters used for dual repression-repression. (j) Experimental data for the simultaneous repression of
Puscec and repression of Psges. Operators with no cl variant binding specificity are annotated with an asterisk. Synthetic
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Supplementary Figure 5. Spontaneously-selected single amino acids have an impact
on TF activity on engineered promoters. The effects of single amino acid mutations which
were not randomized in the combinatorial libraries but were obtained during the selection
process was investigated. Fold-activation of engineered A Py promoters and repression of
synthetic A P promoters (0.0 = 100% repression) by selected cl variants with spontaneous
mutations (G43W, G48S) and their corresponding glycine variants: clsceap"" (a), Clsgerp
(b), cI4A5T6T,pG43 (c). (d) TF activation and repression of control wild-type Pgy and Py is
unaffected. GFP and mCherry expression was normalized to ODgoy and data were obtained
from four replicates. Error bars show one standard deviation. Activation and repression were

normalized to the basal expression of each promoter in the absence of a TF.



cl

ATGAGCACAAAAAAGAAACCATTAACACAAGAGCAGCTTGAGGACGCACGTCGCCTTAAAGCAATTTAT
GAAAAAAAGAAAAATGAACTTGGCTTATCCCAGGAATCTGTCGCAGACAAGATGGGGATGGGGCAGTCA
GGCGTTGGTGCTTTATTTAATGGCATCAATGCATTAAATGCTTATAACGCCGCATTGCTTGCAAAAATT
CTCAAAGTTAGCGTTGAAGAATTTAGCCCTTCAATCGCCAGAGAAATCTACGAGATGTATGAAGCGGTT
AGTATGCAGCCGTCACTTAGAAGTGAGTATGAGTACCCTGTTTTTTCTCATGTTCAGGCAGGGATGTTC
TCACCTGAGCTTAGAACCTTTACCAAAGGTGATGCGGAGAGATGGGTAAGCACAACCAAAAAAGCCAGT
GATTCTGCATTCTGGCTTGAGGTTGAAGGTAATTCCATGACCGCACCAACAGGCTCCAAGCCAAGCTTT
CCTGACGGAATGTTAATTCTCGTTGACCCTGAGCAGGCTGTTGAGCCAGGTGATTTCTGCATAGCCAGA
CTTGGGGGTGATGAGTTTACCTTCAAGAAACTGATCAGGGATAGCGGTCAGGTGTTTTTACAACCACTA
AACCCACAGTACCCAATGATCCCATGCAATGAGAGTTGTTCCGTTGTGGGGAAAGTTATCGCTAGTCAG
TGGCCTGAAGAGACGTTTGGCTGA

Clopt
ATGAGCACAAAAAAGAAACCATTAACACAAGAGCAGCTTGAGGACGCACGTCGCCTTAAAGCAATTTAT
GAAAAAAAGAAAAATGAACTTGGCTTATCCCAGGAATTGGTCGCATACGAGATGGGGATGGGGCAGTCA
GGCGTTGGTGCTTTATTTAATGGCATCAATGCATTAAATGCTTATAACGCCGCATTGCTTGCAAAAATT
CTCAAAGTTAGCGTTGAAGAATTTAGCCCTTCAATCGCCAGAGAAATCTACGAGATGTATGAAGCGGTT
AGTATGCAGCCGTCACTTAGAAGTGAGTATGAGTACCCTGTTTTTTCTCATGTTCAGGCAGGGATGTTC
TCACCTGAGCTTAGAACCTTTACCAAAGGTGATGCGGAGAGATGGGTAAGCACAACCAAAAAAGCCAGT
GATTCTGCATTCTGGCTTGAGGTTGAAGGTAATTCCATGACCGCACCAACAGGCTCCAAGCCAAGCTTT
CCTGACGGAATGTTAATTCTCGTTGACCCTGAGCAGGCTGTTGAGCCAGGTGATTTCTGCATAGCCAGA
CTTGGGGGTGATGAGTTTACCTTCAAGAAACTGATCAGGGATAGCGGTCAGGTGTTTTTACAACCACTA
AACCCACAGTACCCAATGATCCCATGCAATGAGAGTTGTTCCGTTGTGGGGAAAGTTATCGCTAGTCAG
TGGCCTGAAGAGACGTTTGGCTGA

Clscea
ATGAGCACAAAAAAGAAACCATTAACACAAGAGCAGCTTGAGGACGCACGTCGCCTTAAAGCAATTTAT
GAAAAAAAGAAAAATGAACTTGGCTTATCCCAGGAATCTGTCGCAGACAAGATGGGGATGGGGLCAGGGGE
AGGGTGAGTGCTTTATTTAATGGCATCGTGGCATTAAATGCTTATAACGCCGCATTGCTTGCAAAAATT
CTCAAAGTTAGCGTTGAAGAATTTAGCCCTTCAATCGCCAGAGAAATCTACGAGATGTATGAAGCGGTT
AGTATGCAGCCGTCACTTAGAAGTGAGTATGAGTACCCTGTTTTTTCTCATGTTCAGGCAGGGATGTTC
TCACCTGAGCTTAGAACCTTTACCAAAGGTGATGCGGAGAGATGGGTAAGCACAACCAAAAAAGCCAGT
GATTCTGCATTCTGGCTTGAGGTTGAAGGTAATTCCATGACCGCACCAACAGGCTCCAAGCCAAGCTTT
CCTGACGGAATGTTAATTCTCGTTGACCCTGAGCAGGCTGTTGAGCCAGGTGATTTCTGCATAGCCAGA
CTTGGGGGTGATGAGTTTACCTTCAAGAAACTGATCAGGGATAGCGGTCAGGTGTTTTTACAACCACTA
AACCCACAGTACCCAATGATCCCATGCAATGAGAGTTGTTCCGTTGTGGGGAAAGTTATCGCTAGTCAG
TGGCCTGAAGAGACGTTTGGCTGA

Supplementary Figure 6. Gene sequences of selected cl variants. Mutations to wild-type
cl are highlighted in green and base pair substitutions to obtain the stronger activators are
highlighted in blue.



Clsceap
ATGAGCACAAAAAAGAAACCATTAACACAAGAGCAGCTTGAGGACGCACGTCGCCTTAAAGCAATTTAT
GAAAAAAAGAAAAATGAACTTGGCTTATCCCAGGAATEGGTCGCATACGAGATGGGGATGGGGEAGGEE
REEETEAGTGCTTTATTTAATGGCATCEBEGGCATTAAATGCTTATAACGCCGCATTGCTTGCAAAAATT
CTCAAAGTTAGCGTTGAAGAATTTAGCCCTTCAATCGCCAGAGAAATCTACGAGATGTATGAAGCGGTT
AGTATGCAGCCGTCACTTAGAAGTGAGTATGAGTACCCTGTTTTTTCTCATGTTCAGGCAGGGATGTTC
TCACCTGAGCTTAGAACCTTTACCAAAGGTGATGCGGAGAGATGGGTAAGCACAACCAAAAAAGCCAGT
GATTCTGCATTCTGGCTTGAGGTTGAAGGTAATTCCATGACCGCACCAACAGGCTCCAAGCCAAGCTTT
CCTGACGGAATGTTAATTCTCGTTGACCCTGAGCAGGCTGTTGAGCCAGGTGATTTCTGCATAGCCAGA
CTTGGGGGTGATGAGTTTACCTTCAAGAAACTGATCAGGGATAGCGGTCAGGTGTTTTTACAACCACTA
AACCCACAGTACCCAATGATCCCATGCAATGAGAGTTGTTCCGTTGTGGGGAAAGTTATCGCTAGTCAG
TGGCCTGAAGAGACGTTTGGCTGA

Clsgsa
ATGAGCACAAAAAAGAAACCATTAACACAAGAGCAGCTTGAGGACGCACGTCGCCTTARAGCAATTTAT
GAAAAAAAGAAAAATGAACTTGGCTTATCCCAGGAATCTEGTCGCAGACAAGATGGGGATGGGGCAGTCC
BEEGTTECEEAGT TATTTAATGGCATCEEEGCATTAAATGCTTATAACGCCGCATTGCTTGCAAAAATT
CTCAAAGTTAGCGTTGAAGAATTTAGCCCTTCAATCGCCAGAGAAATCTACGAGATGTATGAAGCGGTT
AGTATGCAGCCGTCACTTAGAAGTGAGTATGAGTACCCTGTTTTTTCTCATGTTCAGGCAGGGATGTTC
TCACCTGAGCTTAGAACCTTTACCAAAGGTGATGCGGAGAGATGGGTAAGCACAACCAAAAAAGCCAGT
GATTCTGCATTCTGGCTTGAGGTTGAAGGTAATTCCATGACCGCACCAACAGGCTCCAAGCCAAGCTTT
CCTGACGGAATGTTAATTCTCGTTGACCCTGAGCAGGCTGTTGAGCCAGGTGATTTCTGCATAGCCAGA
CTTGGGGGTGATGAGTTTACCTTCAAGAAACTGATCAGGGATAGCGGTCAGGTGTTTTTACAACCACTA
AACCCACAGTACCCAATGATCCCATGCAATGAGAGTTGTTCCGTTGTGGGGAAAGTTATCGCTAGTCAG
TGGCCTGAAGAAACGTTTGGCTGA

Clscec,p
ATGAGCACAAAAAAGAAACCATTAACACAAGAGCAGCTTGAGGACGCACGTCGCCTTAARAGCAATTTAT
GAAAAAAAGAAAAATGAACTTGGCTTATCCCAGGAATIGGTCGCATACGAGATGGGGATGGGGCAGTCC
BEEGTTHEEEAGT TATTTAATGGCATCHEEGCATTAAATGCTTATAACGCCGCATTGCTTGCARAAATT
CTCAAAGTTAGCGTTGAAGAATTTAGCCCTTCAATCGCCAGAGAAATCTACGAGATGTATGAAGCGGTT
AGTATGCAGCCGTCACTTAGAAGTGAGTATGAGTACCCTGTTTTTTCTCATGTTCAGGCAGGGATGTTC
TCACCTGAGCTTAGAACCTTTACCAAAGGTGATGCGGAGAGATGGGTAAGCACAACCAAAAAAGCCAGT
GATTCTGCATTCTGGCTTGAGGTTGAAGGTAATTCCATGACCGCACCAACAGGCTCCAAGCCAAGCTTT
CCTGACGGAATGTTAATTCTCGTTGACCCTGAGCAGGCTGTTGAGCCAGGTGATTTCTGCATAGCCAGA
CTTGGGGGTGATGAGTTTACCTTCAAGAAACTGATCAGGGATAGCGGTCAGGTGTTTTTACAACCACTA
AACCCACAGTACCCAATGATCCCATGCAATGAGAGTTGTTCCGTTGTGGGGAAAGTTATCGCTAGTCAG
TGGCCTGAAGAAACGTTTGGCTGA

Supplementary Figure 6 (continued). Gene sequences of selected cl variants. Mutations
to wild-type cl are highlighted in green and base pair substitutions to obtain the stronger

activators are highlighted in blue.



Clscer
ATGAGCACAAAAAAGAAACCATTAACACAAGAGCAGCTTGAGGACGCACGTCGCCTTAAAGCAATTTAT
GAAAAAAAGAAAAATGAACTTGGCTTATCCCAGGAATCTEGTCGCAGACAAGATGGGGATGEBGBCAGTCC
BAGTTETCEGCTTTATTTAATGGCATCEGAGCATTAAATGCTTATAACGCCGCATTGCTTGCAAAAATT
CTCAAAGTTAGCGTTGAAGAATTTAGCCCTTCAATCGCCAGAGAAATCTACGAGATGTATGAAGCGGTT
AGTATGCAGCCGTCACTTAGAAGTGAGTATGAGTACCCTGTTTTTTCTCATGTTCAGGCAGGGATGTTC
TCACCTGAGCTTAGAACCTTTACCAAAGGTGATGCGGAGAGATGGGTAAGCACAACCAAAAAAGCCAGT
GATTCTGCATTCTGGCTTGAGGTTGAAGGTAATTCCATGACCGCACCAACAGGCTCCAAGCCAAGCTTT
CCTGACGGAATGTTAATTCTCGTTGACCCTGAGCAGGCTGTTGAGCCAGGTGATTTCTGCATAGCCAGA
CTTGGGGGTGATGAGTTTACCTTCAAGAAACTGATCAGGGATAGCGGTCAGGTGTTTTTACAACCACTA
AACCCACAGTACCCAATGATCCCATGCAATGAGAGTTGTTCCGTTGTGGGGAAAGTTATCGCTAGTCAG
TGGCCTGAAGAGACGTTTGGCTGA

Clscet,p
ATGAGCACAAAAAAGAAACCATTAACACAAGAGCAGCTTGAGGACGCACGTCGCCTTAAAGCAATTTAT
GAAAAAAAGAAAAATGAACTTGGCTTATCCCAGGAATEGGTCGCATACGAGATGGGGATGEBGBCAGTCC
RACTTGTCEGGCTTTATTTAATGGCATCEEAGCATTAAATGCTTATAACGCCGCATTGCTTGCAAAAATT
CTCAAAGTTAGCGTTGAAGAATTTAGCCCTTCAATCGCCAGAGAAATCTACGAGATGTATGAAGCGGTT
AGTATGCAGCCGTCACTTAGAAGTGAGTATGAGTACCCTGTTTTTTCTCATGTTCAGGCAGGGATGTTC
TCACCTGAGCTTAGAACCTTTACCAAAGGTGATGCGGAGAGATGGGTAAGCACAACCAAAAAAGCCAGT
GATTCTGCATTCTGGCTTGAGGTTGAAGGTAATTCCATGACCGCACCAACAGGCTCCAAGCCAAGCTTT
CCTGACGGAATGTTAATTCTCGTTGACCCTGAGCAGGCTGTTGAGCCAGGTGATTTCTGCATAGCCAGA
CTTGGGGGTGATGAGTTTACCTTCAAGAAACTGATCAGGGATAGCGGTCAGGTGTTTTTACAACCACTA
AACCCACAGTACCCAATGATCCCATGCAATGAGAGTTGTTCCGTTGTGGGGAAAGTTATCGCTAGTCAG
TGGCCTGAAGAGACGTTTGGCTGA

Clapstet
ATGAGCACAAAAAAGAAACCATTAACACAAGAGCAGCTTGAGGACGCACGTCGCCTTAARAGCAATTTAT
GAAAAAAAGAAAAATGAACTTGGCTTATCCCAGGAATCTEGTCGCAGACAAGATGGGGATGEGGCAGRRAG
EEEATETGEGCTTTATTTAATGGCATCEBEEGCATTAAATGCTTATAACGCCGCATTGCTTGCARAAATT
CTCAAAGTTAGCGTTGAAGAATTTAGCCCTTCAATCGCCAGAGAAATCTACGAGATGTATGAAGCGGTT
AGTATGCAGCCGTCACTTAGAAGTGAGTATGAGTACCCTGTTTTTTCTCATGTTCAGGCAGGGATGTTC
TCACCTGAGCTTAGAACCTTTACCAAAGGTGATGCGGAGAGATGGGTAAGCACAACCAAAAAAGCCAGT
GATTCTGCATTCTGGCTTGAGGTTGAAGGTAATTCCATGACCGCACCAACAGGCTCCAAGCCAAGCTTT
CCTGACGGAATGTTAATTCTCGTTGACCCTGAGCAGGCTGTTGAGCCAGGTGATTTCTGCATAGCCAGA
CTTGGGGGTGATGAGTTTACCTTCAAGAAACTGATCAGGGATAGCGGTCAGGTGTTTTTACAACCACTA
AACCCACAGTACCCAATGATCCCATGCAATGAGAGTTGTTCCGTTGTGGGGAAAGTTATCGCTAGTCAG
TGGCCTGAAGAAACGTTTGGCTGA

Supplementary Figure 6 (continued). Gene sequences of selected cl variants. Mutations
to wild-type cl are highlighted in green and base pair substitutions to obtain the stronger

activators are highlighted in blue.



ClapsTeT,p
ATGAGCACAAAAAAGAAACCATTAACACAAGAGCAGCTTGAGGACGCACGTCGCCTTAAAGCAATTTAT
GAAAAAAAGAAAAATGAACTTGGCTTATCCCAGGAATEGGTCGCATACGAGATGGGGATGEGGCAGRARAG
EEEATETEEGCTTTATTTAATGGCATCEBEEGCATTAAATGCTTATAACGCCGCATTGCTTGCAAAAATT
CTCAAAGTTAGCGTTGAAGAATTTAGCCCTTCAATCGCCAGAGAAATCTACGAGATGTATGAAGCGGTT
AGTATGCAGCCGTCACTTAGAAGTGAGTATGAGTACCCTGTTTTTTCTCATGTTCAGGCAGGGATGTTC
TCACCTGAGCTTAGAACCTTTACCAAAGGTGATGCGGAGAGATGGGTAAGCACAACCAAAAAAGCCAGT
GATTCTGCATTCTGGCTTGAGGTTGAAGGTAATTCCATGACCGCACCAACAGGCTCCAAGCCAAGCTTT
CCTGACGGAATGTTAATTCTCGTTGACCCTGAGCAGGCTGTTGAGCCAGGTGATTTCTGCATAGCCAGA
CTTGGGGGTGATGAGTTTACCTTCAAGAAACTGATCAGGGATAGCGGTCAGGTGTTTTTACAACCACTA
AACCCACAGTACCCAATGATCCCATGCAATGAGAGTTGTTCCGTTGTGGGGAAAGTTATCGCTAGTCAG
TGGCCTGAAGAAACGTTTGGCTGA

Clanscecra
ATGAGCACAAAAAAGAAACCATTAACACAAGAGCAGCTTGAGGACGCACGTCGCCTTARAGCAATTTAT
GAAAAAAAGAAAAATGAACTTGGCTTATCCCAGGAATCTEGTCGCAGACAAGATGGGGATGGGGCAGEEE
EEEGTTECEEAGT TATTTAATGGCATCATEGCATTAAATGCTTATAACGCCGCATTGCTTGCAAAAATT
CTCAAAGTTAGCGTTGAAGAATTTAGCCCTTCAATCGCCAGAGAAATCTACGAGATGTATGAAGCGGTT
AGTATGCAGCCGTCACTTAGAAGTGAGTATGAGTACCCTGTTTTTTCTCATGTTCAGGCAGGGATGTTC
TCACCTGAGCTTAGAACCTTTACCAAAGGTGATGCGGAGAGATGGGTAAGCACAACCAAAAAAGCCAGT
GATTCTGCATTCTGGCTTGAGGTTGAAGGTAATTCCATGACCGCACCAACAGGCTCCAAGCCAAGCTTT
CCTGACGGAATGTTAATTCTCGTTGACCCTGAGCAGGCTGTTGAGCCAGGTGATTTCTGCATAGCCAGA
CTTGGGGGTGATGAGTTTACCTTCAAGAAACTGATCAGGGATAGCGGTCAGGTGTTTTTACAACCACTA
AACCCACAGTACCCAATGATCCCATGCAATGAGAGTTGTTCCGTTGTGGGGAAAGTTATCGCTAGTCAG
TGGCCTGAAGAAACGTTTGGCTGA

Clanscecro,p
ATGAGCACAAAAAAGAAACCATTAACACAAGAGCAGCTTGAGGACGCACGTCGCCTTAARAGCAATTTAT
GAAAAAAAGAAAAATGAACTTGGCTTATCCCAGGAATEGGTCGCATACGAGATGGGGATGGGGCAGEEE
EEEGTTHEEEAGT TATTTAATGGCATCAFEGCATTAAATGCTTATAACGCCGCATTGCTTGCARAAATT
CTCAAAGTTAGCGTTGAAGAATTTAGCCCTTCAATCGCCAGAGAAATCTACGAGATGTATGAAGCGGTT
AGTATGCAGCCGTCACTTAGAAGTGAGTATGAGTACCCTGTTTTTTCTCATGTTCAGGCAGGGATGTTC
TCACCTGAGCTTAGAACCTTTACCAAAGGTGATGCGGAGAGATGGGTAAGCACAACCAAAAAAGCCAGT
GATTCTGCATTCTGGCTTGAGGTTGAAGGTAATTCCATGACCGCACCAACAGGCTCCAAGCCAAGCTTT
CCTGACGGAATGTTAATTCTCGTTGACCCTGAGCAGGCTGTTGAGCCAGGTGATTTCTGCATAGCCAGA
CTTGGGGGTGATGAGTTTACCTTCAAGAAACTGATCAGGGATAGCGGTCAGGTGTTTTTACAACCACTA
AACCCACAGTACCCAATGATCCCATGCAATGAGAGTTGTTCCGTTGTGGGGAAAGTTATCGCTAGTCAG
TGGCCTGAAGAAACGTTTGGCTGA

Supplementary Figure 6 (continued). Gene sequences of selected cl variants. Mutations
to wild-type cl are highlighted in green and base pair substitutions to obtain the stronger

activators are highlighted in blue.
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Supplementary Figure 7. Desigh and characterization of bidirectional promoters with
two and three inputs. (a) Design and experimental data of a bidirectional promoter with
operators Osgecl, Oscec2 and Ocs3 targeted by clsges p and cl. (b) Bidirectional promoter with
operators Oscepl, Oscen2 and Ocs3 targeted by clsceap and cl. (c) Bidirectional promoter with
operators Osgssl and Oscea2 targeted by Clsgesp and cClscgap. Operator position three is
obliterated to circumvent binding (annotated with an asterisk). (d) Bidirectional promoter with
operators Osgecl, Oscea2 and Ocs3 targeted by Clsgss p, Clsceapr @and cl. Synthetic promoters
Pvand P were characterized by GFP or mCherry expression, respectively. GFP and mCherry
expression was normalized to ODgoy and data were obtained from four replicates. Error bars

show one standard deviation.
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Supplementary Figure 8. Construction and characterization of a 2-input gene circuit.
(a) Design of the 2-input gene network. Two sensors act on an integrating circuit with two cl
variants (cl and clsgec p) Operating on a bidirectional promoter and two reporter genes. The
bidirectional promoter was designed for two inputs using the operator Osggs at position one
and two and CS at position three. The expression of cl and cClsgegp Was linked to
supplementing arabinose and 30C6-HSL, respectively. (b) Experimental data for the 2-input
system illustrating the concentration-dependent response of GFP and mCherry. Addition of
30C6-HSL resulted in a concentration-dependent increase of GFP and decrease of mCherry,
whereas supplementing arabinose accounted for a concentration-dependent decrease of
GFP. All data represent the average of four replicates and error bars correspond to the

standard deviations between the measurements.
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Supplementary Figure 9. Characterization of the 2-input gene circuits in binary format.
(a) Experimental data for the gene network depicted in Fig. 5a-b with the binary inputs of
0.1% Ara and 0.1 mM IPTG used for the on state. (b) Experimental data for the network
depicted in Supplementary Fig. 8 with the inducer concentrations of 0.1% Ara and 1.0 uM
30C6-HSL. Activation and repression were normalized to the basal expression of each
promoter in the absence of any inducer. All data represent the average of four replicates and
error bars correspond to the standard deviations between the measurements.
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Supplementary Figure 10. Correlation between the number of inputs k and the number
of logic functions y. Promoter Py variants can get activated or repressed whereas P
variants can only get repressed. This results in five (yx=1 = 5, one input), eight (yx=> = 8, two
inputs), or six (yk=3 = 6, three inputs) different logics per operator combination. Promoter
activation () or repression (W) are illustrated with arrows. Respective operators for different
orthogonal cl variants are highlighted in orange, grey and green and the operator with the

obliterated binding site is illustrated in white for all the exemplified promoters.
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Supplementary Table 1. Combinatorial libraries used in this study.

Library  Plasmid

Randomized amino acids

Library size

Library 1  pLITMUS-rpoN-cl,p-J23106-genelll
Library 2 pLITMUS-rpoN-cl,,-J23106-genelll
Library 3 pLITMUS-rpoN-cl,-J23106-genelll

44Q 45S 46G 47V 55N
45S 46G 47V 48G 55N
45S 46G 48G 49A 55N

3.2x10°
3.2x10°
3.2x10°
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Supplementary Table 2. Sequencing results of combinatorial libraries. Ten clones were sequenced from each library to confirm

diversity. Wild-type amino acids are highlighted in blue, stop codons are annotated with an asterisk.

Library 1 Library 2 Library 3

Position 44 45 46 47 55 Position 45 46 47 48 55 Position 45 46 48 49 55
Clone 1 K E R P Clone 1 E T E E N Clone 1 S P P A P
Clone 2 A R Q S M Clone 2 P A C F R Clone 2 i 7 S G A N
Clone 3 M \ L * G Clone 3 S N P Vv L Clone 3 A L L F F
Clone 4 R P R i R Clone 4 F Y L S M Clone 4 S G G A N
Clone 5 T G S Cc G Clone 5 G c L Cc A Clone 5 L F L L F
Clone 6 C K E N G Clone 6 I P M P T Clone 6 F P L P A
Clone 7 G Vv M W P Clone 7 F N =] F N Clone 7 K M R R N
Clone 8 T R » K D Clone 8 S | G L Y Clone 8 A - M W N
Clone 9 L R R Y N Clone 9 K | | Y L Clone 9 S G G A N
Clone 10 G L E G P Clone 10 | I T Clone 10 no results

Wild-type Q S G Vv N Wild-type S G G N Wild-type S G G A N
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Supplementary Table 3. Genotypes of E. coli strains used in this study.

Strain Genotype Company

fhuA2A(argF-lacZ)U169 phoA ginV44 ®80A (lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1 hsdR17

DH5a derivative NEB
fhuA2 [lon] ompT gal (A DE3) [dcm] AhsdS A DE3 = A sBamHIo AEcoRI-B int::(lacl::PlacUV5::T7
BL21(DE3) gene1)i21 Anin5 NEB
F’[traD36 laclq A(lacZ) M15 proA+B+] gInV (supE) thi-1 A(mcrB-hsdSM)5 (rK- mK- McrB-) thi
TG1 A(lac-proAB) Zymo Research

F- mcrA A( mrr-hsdRMS-mcrBC) ®80lacZAM15 A lacX74 recA1 araD139 A( araleu)7697 galU

galK rpsL (StrR) endAl nupG Thermo Scientific

TOP10
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Supplementary Table 4. Plasmids used in this study.

Plasmid Class Antibiotic resistance  Source Addgene ID
pLITMUS-J23106-genelll Phagemid Ampicillin This work
pLITMUS-rpoN-cl-J23106-genelll Phagemid Ampicillin This work 80843
PLITMUS-rpoN-cly,-J23106-genelll Phagemid Ampicillin This work 80852
pLITMUS-RFP-J23106-genelll Phagemid Ampicillin This work
pLITMUS-rpoN-Clscea-J23106-genelll Phagemid Ampicillin This work 80905
PLITMUS-rpoN-clscea p-J23106-genelll Phagemid Ampicillin This work 80860
PLITMUS-rpoN-Clscea p°*%-J23106-genelll Phagemid Ampicillin This work
pLITMUS-rpoN-Clsgss-J23106-genelll Phagemid Ampicillin This work 80906
pPLITMUS-rpoN-Clsgsg p-J23106-genelll Phagemid Ampicillin This work 80861
pLITMUS-rpoN-Clsger-J23106-genelll Phagemid Ampicillin This work 80907
pPLITMUS-rpoN-Clsger p-J23106-genelll Phagemid Ampicillin This work 80862
PLITMUS-rpoN-clsger p°*°-J23106-genelll Phagemid Ampicillin This work
pLITMUS-rpoN-Clyaster-J23106-genelll Phagemid Ampicillin This work 80908
pPLITMUS-rpoN-Clyaster p-J23106-genelll Phagemid Ampicillin This work 80863
pLITMUS-rpoN-cI4A5T6T,pG43-J23106-geneIII Phagemid Ampicillin This work
pLITMUS-rpoN-Clyascec7e-J23106-genelll Phagemid Ampicillin This work 80909
PLITMUS-rpoN-Clyascecre,p-J23106-genelll Phagemid Ampicillin This work 80864
pLITMUS-p15A-araC-pBAD-cl-pLlac-Clscea Phagemid Ampicillin This work
pLITMUS-p15A-araC-pBAD-cl-pLlac-Clscea-LUXR-pLUX*-Clsgg pLVA Phagemid Ampicillin This work
M13KO7-APS-Agenelll-AgeneVI Helper phage Kanamycin This work 80840
pJPC12-Pry-B0034-genelll Accessory plasmid  Chloramphenicol This work
pJPC12-Pry-B0034-geneVI Accessory plasmid  Chloramphenicol This work
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Supplementary Table 4 (continued). Plasmids used in this study.

Plasmid Class Antibiotic resistance  Source Addgene ID
pJPC12-APS-Pgy-B0034-geneVi Accessory plasmid  Chloramphenicol This work 80858
pJPC12-APS-Py 5cea-Ocs3-B0034-geneVI Accessory plasmid Chloramphenicol This work
pIPC12-APS-Py 5666-Ocs3-B0034-geneVI Accessory plasmid  Chloramphenicol This work
pIJPC12-APS-Py 5661-Ocs3-B0034-geneVI Accessory plasmid ~ Chloramphenicol This work
pIPC12-APS-Py 4ast61-Ocs3-B0034-geneVI Accessory plasmid Chloramphenicol This work
pJPC12-APS-Py 4ascec76-Ocs3-B0034-geneVI Accessory plasmid Chloramphenicol This work
pJPC13-APS-T7-B0034-geneVI Accessory plasmid Chloramphenicol This work
pJPC12-APS-mCherry-Pr/Pry-GFP Reporter plasmid Chloramphenicol This work 80859
pJPC12-APS-mCherry-P/Py scea-GFP Reporter plasmid Chloramphenicol Thiswork 80910
pJPC12-APS-mCherry-P/Py sgec-GFP Reporter plasmid Chloramphenicol Thiswork 80911
pJPC12-APS-mCherry-P/Py sger-GFP Reporter plasmid Chloramphenicol This work 80912
pJPC12-APS-mCherry-P/Py 4aster-GFP Reporter plasmid Chloramphenicol This work 80913
pJPC12-APS-mCherry-P/Py snscec7c-GFP Reporter plasmid Chloramphenicol This work 80914
pJPC12-APS-mCherry-Oscgal,2-Ocs3-GFP Reporter plasmid Chloramphenicol This work
pJPC12-APS-mCherry-Osgecl,2-Ocs3-GFP Reporter plasmid Chloramphenicol This work
pJPC12-APS-mCherry-Oscgal-Oscec2-Ocs3-GFP Reporter plasmid Chloramphenicol This work
pJPC12-APS-mCherry-Oscgal-Oscec2-O3*-GFP Reporter plasmid Chloramphenicol This work
pJPC12-APS-mCherry-Osgecl,2,3-GFP Reporter plasmid Chloramphenicol This work
pJPC12-APS-0s5c6c1,2-Ocs3-mCherry-Oscal,2-Ocs3-GFP Reporter plasmid Chloramphenicol This work
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Supplementary Table 5. Sequencing primer used in this study.

Name Oligonucleotide sequence

M13KO7-F1 5' GCT ACA ACG GTT AAT TTG C 3'
M13KO7-F2 5' ATG AAA AAG TCT TTA GCC 3'
M13KO7-R 5' CCA GTT ACA AAA TAA ACA GC 3!
pLITMUS-F1 5' GIC GAT TTT TGT GAT GCT CG 3'
pLITMUS-F2 5' CGT AGT TAT CTA CAC GAC G 3'
pLITMUS-F3 5' AAA AGG ATC TAG GTG AAG 3'
pLITMUS-F4 5' GCC TTT TTA CGG TTC CTG 3'
pLITMUS-R1 5' GGG TTA TTG TCT CAT GAG CGG ATA C 3'
pLITMUS-R2 5' TGC TTA TAC AAT CTT CCT G 3'
pLITMUS-R3 5' GTC AGT GCG TCC TGC TG 3'
pJPC12-F1 5' AAA CGA CGG CCA GTG AGC 3!
pJPC12-F2 5' AGC CGT ACA TGA ACT GAG 3'
pJPC12-R 5' GAT AAC AAT TTC ACA CAG G 3'

Supplementary Table 6. Oligos used for combinatorial library cloning.

Name Oligonucleotide sequence

Library 1-F 5' GTC GCA TAC GAG ATG GGG ATG GGG NNS NNS NNS NNS GGT GCT TTA TTT AAT GGC ATC 3'

Library 1-R 5' GCG TTA TAA GCA TTT AAT GCS NNG ATG CCA TTA AAT AAA GCA CC 3

Library 2-F 5' GTC GCA TAC GAG ATG GGG ATG GGG CAG NNS NNS NNS NNS GCT TTA TTT AAT GGC ATC 3'

Library 2-R 5' GCG TTA TAA GCA TTT AAT GCS NNG ATG CCA TTA AAT AAA GC 3'

Library 3-F 5' GTC GCA TAC GAG ATG GGG ATG GGG CAG NNS NNS GTT NNS NNS TTA TTT AAT GGC ATC NNS
GCA TTA AAT GCT TAT AAC GC 3'

Library 3-R 5' GCG TTA TAA GCA TTT AAT GC 3
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