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Supplementary Note 1: Library coverage calculation. 

We estimated library coverage using the approach presented by Patrick et al.4 to calculate the 

expected number of distinct sequences in a library chosen at random from a set of sequence 

variants. Given a pooled library containing L sequences, and a set of V equiprobable variants, let 

vi be one of the possible variants. Since the variants are equiprobable, the mean number of 

occurrences of vi in L is 

 𝜆 = 𝐿	/	𝑉.               (S1) 

For 𝜆 ≪ 𝐿 (i.e., 𝑉 ≫ 1), the actual number of occurrences of vi in L is essentially independent of 

the number of occurrences of any other variant vj where j!"!i, and therefore well-approximated by 

a Poisson distribution 

𝑃(𝑥) = 	"!"##

$!
,                (S2) 

where P(x) gives the probability that vi occurs exactly x times in the library. The probability that vi 

occurs at least once is given by 1 − 𝑃(0) = 1 − 𝑒&# = 1 − 𝑒&'/). Therefore, the number of distinct 

variants expected in the library is given by 

𝐶 ≈ 𝑉(1 − 𝑒&'/)),               (S3) 

and the fractional completeness of the library is 

𝐹	 = 	 *
)
≈ 1 − 𝑒&'/).               (S4) 

The library size required for fractional completeness F is therefore 

𝐿	 ≈ 	−𝑉ln(1 − 𝐹).               (S5) 

In our case, V = 1183 variants and we require a fractional completeness of 𝐹 > 1 − +
++,-

= 0.99915 

to ensure with high probability the representation of all variants in the library. This necessitates a 

library size of at least 𝐿	 ≈ 	−𝑉ln(1 − 0.99915) = 8364. To achieve this, we performed a 

transformation protocol that used 10 large trays with approximately 50,000 transformants per tray 

(Methods), resulting in 𝐿 ≈ 500000. 
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Supplementary Note 2: Transcriptional profile features 

After characterization of our initial transcriptional valve library, there were several key features 

that were present within the generated transcriptional profiles. First, we noticed that dRNA-seq 

reads often had 6 nt of their 5’ sequence truncated (Supplementary Figure 6a), which could 

make it difficult to determine precise transcription start sites. As dRNA-seq progresses from the 

3’ to 5’ end of an RNA molecule, this short region likely corresponds to the point where the motor 

protein that ratchets the RNA molecule through the pore reaches the 5’-end and releases the 

molecule, causing an increased error rate or removal of the short sequence still contained within 

the pore. 

Second, we found that all dRNA-seq read depth profiles showed drops in read depth when 

moving from the 3’- to 5’-end (Supplementary Figure 6). Such a feature is found in all nanopore 

dRNA-seq studies to date covering RNA samples from many different organisms 1,2. It is thought 

to arise due to fragmentation of full-length RNA molecules (e.g., by shearing caused during 

pipetting) and/or premature abortion during sequencing resulting in truncated reads. In contrast, 

only small drops were observed for nanopore DNA sequencing of the constructs (Supplementary 
Figure 6a), possibly due to the greater stability of the molecule 3.  

The small proportion of sequencing reads representing RNA fragmented within the 

barcodes used for mapping leads to a minority of erroneous read mappings. This occurs where 

the sequencing read matches only part of the barcode and it is impossible to accurately align that 

read to a particular combinatorial design. We removed sequencing reads arising from these 

mapping artefacts by selecting only reads with alignment across the spacer, modifier and the first 

20 nt of the terminator. The model we outline later corrects for the removal of these reads. While 

this means that any drops within this region would be missed, studying the profiles generated 

without omitting these reads did not reveal any noticeable drops in this region. Termination of T7 

RNAP requires both a hairpin structure and U-tract and while both of these elements are found in 

different modifiers, neither of them are found together, making drops caused by termination highly 

unlikely. Nonetheless, this presents a limitation for studying combinatorial libraries using this 

method – only transcriptional drops at the end of the barcode can be studied.  

To validate the hypothesized causes of RNA fragmentation and explore their possible 

impact on Te measurements, we developed a mathematical model (Supplementary Note 3) and 

used data from an RNA Control Strand (RNA CS) that is externally ‘spiked-in’ to each dRNA-seq 

experiment for quality control assessments. Because the RNA CS is a single fixed length 

sequence, we could use it to test how different amounts of fragmentation or sequencing abortion 

affect the shape of the read depth profile recovered. We found that experimental data could be 
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well described by a simple model with three probabilistic processes: fragmentation before ligation 

of sequencing adapters, successful adaptor ligation, and sequencing read truncation 

(Supplementary Note 3; Supplementary Figure 3). Sequencing read truncation could be 

caused by RNA fragmentation (after adapter ligation) and/or early abortion of the sequencing 

process. We found that the impact of these effects on Te was small (Supplementary Figure 4). 

RNA fragmentation meant that many sequencing reads did not contain an intrinsic 

barcode. To demultiplex sequencing reads using our pipeline, reads are assigned via best 

alignment to an intrinsic barcode. Therefore, any reads not containing an intrinsic barcode cannot 

be mapped to a design. Fragmentation causes a significant reduction in the number of reads 

mapping to an intrinsic barcode (only ~20% of the total reads had an alignment to a barcode). 

Therefore, improvements in experimental protocols to reduce fragmentation/truncation or the 

incorporation of methods to enrich barcode containing reads (e.g., using ‘read until’ technologies 
42 or sequence-specific dRNA-seq) could both improve the accuracy of Te calculations and 

increase the size of the libraries that can be assessed using a single sequencing run.  

While read profiles for RNA CS decrease only towards the 5’-end, profiles for designs 

decrease in both directions away from the barcode. It is not clear why this is the case since the 

RNA CS sequence was included in the in vitro transcription reaction and therefore was exposed 

to the same experimental conditions as our designs. It could reflect increased degradation of in 

vitro transcribed RNA, or a gradual drop-off of T7 RNA polymerase during the process of 

transcription, both of which would not affect the measured termination efficiencies. 

A third observation was that in the case of poor polyadenylation, significant drops in read 

depth were seen outside of the core terminators and predominantly at short poly-A sequences >3 

nt in length (Supplementary Figure 6). When preparing RNA for dRNA-seq a poly-A tail is 

required for ligation of sequencing adapters to the 3’-end of the RNA molecules. As in vitro 

transcription of our constructs will not produce transcripts of this form, we used E. coli poly(A) 

polymerase to polyadenylate all the RNAs produced (Methods). Analysis of the dRNA-seq data 

showed <10 nt poly-A tails were present, which were shorter than other dRNA-seq runs we had 

previously performed (Supplementary Figure 5).  

We hypothesized that inefficient polyadenylation allows for fragmented RNAs with a short poly-A 

end to become enriched during sequencing and thus causes notable drops at these points within 

a construct that do not correspond to termination events. Our subsequent dRNA-seq runs with 

efficient polyadenylation do not show these drops in read depth at adenosine homopolymer 

regions. For runs with inefficient polyadenylation (not characterized in this paper), we could 

partially correct read profiles for designs containing parts with poly-A regions in their template 
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strand (i.e., I10, T13 and T27) by retaining only mapped reads which do not terminate at a poly-

A motif outside the terminator hairpin (Supplementary Figure 6c). However, even with this 

correction, Te measurements were significantly affected for all designs (Supplementary Figure 
6d) and therefore we repeated these experiments with efficient polyadenylation. 
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Supplementary Note 3: Modelling direct RNA sequencing 

We developed a simple probabilistic model to capture the key processes impacting the reads 

recovered from a direct RNA sequencing (dRNA-seq) run. The following figure provides an 

overview of the major steps. 
 

 
Overview of the direct RNA sequencing model. Reads are denoted by squiggles that are color 

coded to show core regions (e.g., blue region is the intrinsic barcode). Red dots show points of random 
fragmentation, orange oblongs represent sequencing adapters attached to only the 3’-end of an RNA 

molecule, and green ticks denote reads that contain a complete barcode sequenced and which are 
used to generate a read depth profile. Pf, Pa, and Pt are probabilities that reads are selected for each 

of the modification steps (i.e., random fragmentation, adapter ligation, and truncation, respectively). 

 

We begin by assuming that all starting RNA transcripts correspond to either an isoform 

that terminates at the transcriptional valve or at an appropriate point downstream of the valve.  

First, reads are chosen with probability Pf to become fragmented at a random location along their 

length. This step captures the inevitable fragmentation that occurs when extracting and purifying 

an RNA sample. Next, sequencing adapters are attached to full length transcripts and fragmented 

RNAs with probability Pa and only molecules with an adapter attached are taken forward for 

sequencing. Sequenced molecules are then chosen with probability Pt for truncation at a random 

position along the sequence. This step captures possible further fragmentation of the RNA during 

sequencing library preparation whereby only the fragment containing the adapter is sequenced, 

or possible truncation of reads due to premature termination during the sequencing of a molecule. 

In both cases, this significantly reduces the information captured per read and renders many 

reads impossible to demultiplex when truncation occurs downstream of the intrinsic barcode. 

Finally, we filter out any that do not contain a complete transcriptional valve design (i.e., intrinsic 

barcode). Reads without a full barcode cannot be uniquely identified and so the reads are 

removed during the demultiplexing step. Reads that make it through these steps are then used to 

generate a read depth profile. 
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To demonstrate the model’s ability to capture read depth profiles generated from real 

sequencing data, we made use of the RNA Control Strand (CS) that is externally ‘spiked-in’ to all 

dRNA-seq runs for Quality Control (QC) purposes. The RNA CS is a single known sequence 

unlike any other in our library and only consists of full-length RNA molecules. Fitting our model to 

dRNA-seq data from the two biological replicates, we found that parameter values of Pf = 0.1, Pa 

= 0.66 to 0.90 (depending upon the sequencing run) and Pt = 0.45 enabled a close fit for all 

sequencing runs, with only minor deviations at 5’ and 3’ ends of the RNA CS sequence 

(Supplementary Figure 3a). We also assumed the presence of an intrinsic barcode in the center 

of the RNA CS sequence and found that our model could also accurately predict read depth 

profiles recovered after demultiplexing of the real dRNA-seq data (Supplementary Figure 3b). 

This suggests that the read distribution that is generated by the model closely fits that recovered 

from sequencing. 

 Finally, to assess how well the observed read depth profiles matched the ground truth,  

we used the model with parameters fitting to the real dRNA-seq data for RNA CS to simulate the 

sequencing process on synthetically generated transcripts for a hypothetical set of transcriptional 

valves with termination efficiencies varying between 0 and 1. By comparing the actual termination 

efficiency of each hypothetical valve with the observed termination efficiency measured from the 

generated read depth profiles, we found a slight over estimation in Te (Supplementary Figure 
4). To ensure this didn’t bias our measurements for the data from the real transcriptional valves, 

this deviation was corrected for by subtracting the calculated error from the observed termination 

efficiency seen in the model simulations, to give a final Te value. Though Pt varied between 

sequencing runs, the error correction for any given Te value was found to be consistent across 

sequencing runs (±1% deviation). 
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Supplementary Figure 1: Analysis of library assembly. (a) Number of DNA-seq reads for each 

design, ordered by number of reads. (b) Number of dRNA-seq reads for each design, ordered by 

number of reads. (c) Frequency of each part in the DNA-seq (left) and dRNA-seq (right) data. 

Part and design frequencies were calculated relative to the total number of annotated sequencing 

reads. (d) Number of single nucleotide polymorphisms (SNP) per design.  
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Supplementary Figure 2: Design of library used to optimize demultiplexing.  (a) The library 

consists of 5 spacers (S1–S5), 18 modifiers (all parts with references beginning with M1–M3) and 

6 terminators (T2–T7), resulting in 540 unique designs. For part sequences see Supplementary 
Table 1. (b) Modifiers were based upon 3 random starting template sequences, represented by 

different colored subsequences. From each template sequence 6 variants were made, each 

containing different proportions of the template sequence indicated by the number of base pairs: 

11 bp sub-sequence, 20 bp sub-sequence, full 30 bp sequence, a 20 bp sub-sequence with U-

tract interactor motif, a 20 bp sub-sequence with A-tract interactor motif, a 20 bp sub-sequence 

with structural motif.  
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Supplementary Figure 3: Fitting model to direct RNA sequencing data. (a) Read depth 

profiles shown for all reads mapping to the RNA CS sequence for two dRNA-seq biological 

replicates (filled red) and fitted dRNA-seq model used to simulate the processing of the total 

number of reads with a BLASTN alignment to the RNA CS sequence, where Pf = 0.1, Pa = 0.8, Pt 

= 0.45 (dashed black line for observed profile, solid black line for the model ground truth). (b) 

Read depth profiles for reads that map to the grey ‘intrinsic barcode’ for the real dRNA-seq data 

(filled red) and fitted model (dashed black line for observed profile, solid black line for the model 

ground truth). The termination efficiency for the RNA CS ‘intrinsic barcode’ is zero.  
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Supplementary Figure 4: Deviation between observed and actual termination efficiencies. 
Each point denotes a model simulation based on 100,000 simulated reads for transcriptional 

valves with varying termination efficiencies and parameter values of Pf = 0.1, Pa = 0.87 and Pt = 

0.45 (Supplementary Note 2). Dashed line shows y = x.  
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Supplementary Figure 5: Polyadenylation efficiencies. Histograms showing the varying 

lengths of RNA poly-A tail lengths for several sequencing libraries prepared in this work 

(Supplementary Table 2). RNA from L3 and L4 were pooled and prepared together as a single 

sequencing library. 
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Supplementary Figure 6: Impact of polyadenylation efficiency on direct RNA sequencing 
read profiles. (a) Normalized sequencing read depth profiles from nanopore-based DNA-seq and 

dRNA-seq for 42 designs containing the same core terminator T33 (non-terminating control) and 

modifiers of length 30 nucleotides. Vertical dotted lines denote transcript and valve boundaries. 

Plasmid map illustrated beneath, to scale. Grey shaded region is expanded in the panel below. 

(b) Expanded region from panel A showing dRNA-seq read depth profiles with dots corresponding 

to adenosine nucleotides. Adenosine homopolymers >3 nt in length are highlighted in red and 

their lengths are shown below. (c) Corrected (dashed grey lines) and raw (solid black lines) dRNA-

seq read depth profiles for two different designs where the core terminator contains an adenosine 

homopolymer within the terminator sequence. Vertical dotted lines indicate spacer-modifier and 

modifier-terminator boundaries. (d) Comparison of estimated termination efficiency of designs 

from library L2 with and without efficient polyadenylation during sequencing library preparation.  

��� ��� ��� ��� ��� ���

���

���

���

���

���

���

��� � �� �� �� � � � �� ����� � � �� � � ��

��	

���

��� �� � ������������ � ������ ��� �� �� � � � � ��

��	

���

�

��	

���

�

��	

���


��

�
�
�
��
��
��

�
��

�


��

��
�
�
�
��
��
��

�
��

�


��

�� ���

�

��� ���

�
�
�
��
��
��

�
��

�


��

��

� ������ ����

�� ��

� �������� � �� � �� � � ��� ��� ��� ���� ��� ���� � � � �� ���� � �� ������ � ������

��	

���

������ ����
 � � � �

��������

�

�
�
�
��
��
��

�
��

�


��

��
�
�
�
��
��
��

�
��

�


��

��

������ ����

!��"#��"$� 

!��"#��"$�%

������ ����

��& ��'��
(���)���

 	 �

�

�

$�
��

��
��
�
�
�*
')
��
�)
+,
� �

�-�
�*
')
��
��

�
�+
��

��
+�
��
�
��

$��������� �*')���)+, ��
�.*')���� ��+����+������

� � / �� %



14 

 

Supplementary Figure 7: Comparison of termination efficiencies across experimental 
replicates. (a) Comparison of termination efficiency between experimental replicates of the same 

library (L2). (b) Comparison of termination efficiency of constructs shared between two different 

libraries (L2 and L3). Each point represents a single transcriptional valve design and dotted line 

shows the linear regression. R2 is the square of the Pearson correlation coefficient. See 

Supplementary Table 2 for library compositions.   
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Supplementary Figure 8: Analysis of possible predictors of termination efficiency. (a) 

Scatter plot for each terminator showing Te against percentage GC content of each design. 

Calculation based on 80 nt upstream of 3’-end of design. (b) Scatter plot for each terminator 

showing Te against the thermodynamic minimum free energy of each design. Calculation using 

default settings, based on 120 nt upstream of 3’-end of the design. (c) Scatter plot for each valve 

showing Te against the thermodynamic minimum free energy of each valve sequence. All folding 

energies calculated using RNAfold 5. 
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Supplementary Figure 9: Effect of U-tract changes on termination efficiency. Scatter plot 

showing how the absolute change in termination efficiency increases with an increasing number 

of U’s in the U-tract. Each point corresponds to an individual terminator.   
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Supplementary Table 1: Oligonucleotide sequences 

ID Forward strand 
oligonucleotide 
sequence 
(5’–3’) 

Reverse strand 
oligonucleotide 
sequence 
(5’–3’) 

Library Description 

pT7 CTAATACGACTCACTATAGGGAGAG CTAGCTCTCCCTATAGTGAGTCGTATTA
GACGT 

– Promoter 

S10 AATTCCTGTGTACCGGGAACCAGCCA
GACTACACAGGGTAA 

GCTCTTACCCTGTGTAGTCTGGCTGGTT
CCCGGTACACAGG 

L2 Spacer 

S16 AATTCGTGCAGAGACAAGCGTTTGGG
GCACCAGCACAGTAA 

GCTCTTACTGTGCTGGTGCCCCAAACGC
TTGTCTCTGCACG 

L2 Spacer 

S18 AATTCTTCAAAGCTACGAGCGCTAGA
GATGTGAGACCCTAA 

GCTCTTAGGGTCTCACATCTCTAGCGCT
CGTAGCTTTGAAG 

L2 Spacer 

S19 AATTCCTAATTATGTCTCAAAAGCTC
GAAGATTACACCTAA 

GCTCTTAGGTGTAATCTTCGAGCTTTTG
AGACATAATTAGG 

L2 Spacer 

S20 AATTCTTGTCGCTAAAGAAACCTTTC
CCAATTAATACATAA 

GCTCTTATGTATTAATTGGGAAAGGTTT
CTTTAGCGACAAG 

L2 Spacer 

S21 AATTCGGAATCGCTGATCTACAGAAC
GGTCCTTATGGGTAA 

GCTCTTACCCATAAGGACCGTTCTGTAG
ATCAGCGATTCCG 

L2 Spacer 

S22 AATTCATCACTCACACATCGCTCGAG
ATCGGTACGGGGTAA 

GCTCTTACCCCGTACCGATCTCGAGCGA
TGTGTGAGTGATG 

L2 Spacer 

M10 GAGCTTTCTCCGAAGTGTAGTAAAAA
AATAAAAA 

GGCATTTTTATTTTTTTACTACACTTCG
GAGAAA 

L2 Modifier 

M11 GAGCGATTACAGAAGCGTGGTATTTT
TTATTTTT 

GGCAAAAAATAAAAAATACCACGCTTCT
GTAATC 

L2 Modifier 

M12 GAGCCAGGAACTTATCAATAGTCGCC
CGAAAGGG 

GGCACCCTTTCGGGCGACTATTGATAAG
TTCCTG 

L2 Modifier 

M13 GAGCCCTATTTACCTCAGT GGCAACTGAGGTAAATAGG L2 Modifier 

M14 GAGCTAGACAGTAATACCC GGCAGGGTATTACTGTCTA L2 Modifier 

M15 GAGCCTATCTGGTGCTACA GGCATGTAGCACCAGATAG L2 Modifier 

M16 GAGCTTATCGGTTACCAGA GGCATCTGGTAACCGATAA L2 Modifier 

M17 GAGCGTATCCAGACTTATTGAGGTTT
ACGCACTA 

GGCATAGTGCGTAAACCTCAATAAGTCT
GGATAC 

L2 Modifier 

M18 GAGCATTCGCTGAGAGTTACACGATA
CTGACTAT 

GGCAATAGTCAGTATCGTGTAACTCTCA
GCGAAT 

L2 Modifier 

M19 GAGCTTGAAATCGGATACTTCCTGAA
CTGCGAAT 

GGCAATTCGCAGTTCAGGAAGTATCCGA
TTTCAA 

L2 Modifier 

M20 GAGCATAGACTTTCGTGGATTATTAC
CTTACAACTGATAGGACGGACTC 

GGCAGAGTCCGTCCTATCAGTTGTAAGG
TAATAATCCACGAAAGTCTAT 

L2 Modifier 
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M21 GAGCATAGCCGAGATTATCCACCAGC
AACAGTTCGTTATTGTAGTGATT 

GGCAAATCACTACAATAACGAACTGTTG
CTGGTGGATAATCTCGGCTAT 

L2 Modifier 

M22 GAGCAAGGCGTGACTACAACCAATCT
TCTATTCTGCGAGAGTAAAGTTT 

GGCAAAACTTTACTCTCGCAGAATAGAA
GATTGGTTGTAGTCACGCCTT 

L2 Modifier 

T10 TGCCGCTGATGCCAGAAAGGGTCCTG
AATTTCAGGGCCCTTTTTTTACATGG
ATTGA 

CTAGTCAATCCATGTAAAAAAAGGGCCC
TGAAATTCAGGACCCTTTCTGGCATCAG
C 

L2 Terminator 

T12 TGCCACTGATTTTTAAGGCGACTGAT
GAGTCGCCTTTTTTTTGTCTA 

CTAGTAGACAAAAAAAAGGCGACTCATC
AGTCGCCTTAAAAATCAGT 

L2 Terminator 

T13 TGCCAGTTAACCAAAAAGGGGGGATT
TTATCTCCCCTTTAATTTTTCCTA 

CTAGTAGGAAAAATTAAAGGGGAGATAA
AATCCCCCCTTTTTGGTTAACT 

L2 Terminator 

T14 TGCCCGTGTTCCTGAACGCCCGCATA
TGCGGGCGTTTTGCTTTTTGA 

CTAGTCAAAAAGCAAAACGCCCGCATAT
GCGGGCGTTCAGGAACACG 

L2 Terminator 

T15 TGCCTCTGAATGCGTGCCCATTCCTG
ACGGAATGGGCATTTCTGCGCAA 

CTAGTTGCGCAGAAATGCCCATTCCGTC
AGGAATGGGCACGCATTCAGA 

L2 Terminator 

T16 TGCCGTTATTAAATAGCCTGCCATCT
GGCAGGCTTTTTTTATCGA 

CTAGTCGATAAAAAAAGCCTGCCAGATG
GCAGGCTATTTAATAAC 

L2 Terminator 

T17 TGCCCGTCTGCGTATGGAACGTGGTA
ACGGTTCTACTGAAGATTTA 

CTAGTAAATCTTCAGTAGAACCGTTACC
ACGTTCCATACGCAGACG 

L2 Terminator 

T18 TGCCTACTTCTTACTCGCCCATCTGC
AACGGATGGGCGAATTTATACCCA 

CTAGTGGGTATAAATTCGCCCATCCGTT
GCAGATGGGCGAGTAAGAAGTA 

L2 Terminator 

T20 TGCCCTGAAATATCCAGCGGATCAAG
AAAATTCGTTGGATATTTTTTA 

CTAGTAAAAAATATCCAACGAATTTTCT
TGATCCGCTGGATATTTCAG 

L2 Terminator 

T21 TGCCAAACACGTAGGCCTGATAAGCG
AAGCGCATCAGGCAGTTTTGCGTA 

CTAGTACGCAAAACTGCCTGATGCGCTT
CGCTTATCAGGCCTACGTGTTT 

L2 Terminator 

T27 TGCCTTTCAGCAAAAAACCCCTCAAG
ACCCGTTTAGAGGCCCCAAGGGGTTA
TGCTAGGA 

CTAGTCCTAGCATAACCCCTTGGGGCCT
CTAAACGGGTCTTGAGGGGTTTTTTGCT
GAAA 

L2 Terminator 

T29 TGCCCAGAAATCATCCTTAGCGAAAG
CTAAGGATTTTTTTTATCTGAAA 

CTAGTTTCAGATAAAAAAAATCCTTAGC
TTTCGCTAAGGATGATTTCTG 

L2 Terminator 

T33 TGCCCAGCGTTGAACCTACGACAGTC
TCTTATTGACGAGTAAAGTGCTA 

CTAGTAGCACTTTACTCGTCAATAAGAG
ACTGTCGTAGGTTCAACGCTG 

L2 Terminator 

S1 AATTCGACTTTCACGTGAACCTGTTC
CCAATATAA 

GCTCTTATATTGGGAACAGGTTCACGTG
AAAGTCG 

L1 Spacer 

S2 AATTCAATGTGGAACTCTTCGCTCAT
GTAGAATAA 

GCTCTTATTCTACATGAGCGAAGAGTTC
CACATTG 

L1 Spacer 

S3 AATTCGGTGCAGCGGAGAAAAGATTT
GCTACCTAA 

GCTCTTAGGTAGCAAATCTTTTCTCCGC
TGCACCG 

L1 Spacer 

S4 AATTCCTTGATATAAAACTTCCGGGA
GTAGGATAA 

GCTCTTATCCTACTCCCGGAAGTTTTAT
ATCAAGG 

L1 Spacer 

S5 AATTCCAAGAACTCGTTTTCCTATAT
GGCGTCTAA 

GCTCTTAGACGCCATATAGGAAAACGAG
TTCTTGG 

L1 Spacer 

M1N GAGCTTTCTCCGAAGTGTAGTAAATA
AAGCGTCC 

GGCAGGACGCTTTATTTACTACACTTCG
GAGAAA 

L1 Modifier 
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M1A GAGCTTTCTCCGAAGTGTAGTAAATT
TTATTTTT 

GGCAAAAAATAAAATTTACTACACTTCG
GAGAAA 

L1 Modifier 

M1U GAGCTTTCTCCGAAGTGTAGTAAAAA
AATAAAAA 

GGCATTTTTATTTTTTTACTACACTTCG
GAGAAA 

L1 Modifier 

M1S GAGCTTTCTCCGAAGTGTAGTAAACC
CGAAAGGG 

GGCACCCTTTCGGGTTTACTACACTTCG
GAGAAA 

L1 Modifier 

M1T GAGCTTTCTCCGAAGTGTAGTAAA GGCATTTACTACACTTCGGAGAAA L1 Modifier 

M1X GAGCTTTCTCCGAAG GGCACTTCGGAGAAA L1 Modifier 

M2N GAGCAAGGACTTTCTCTACTGATTGT
AAGACCGA 

GGCATCGGTCTTACAATCAGTAGAGAAA
GTCCTT 

L1 Modifier 

M2A GAGCAAGGACTTTCTCTACTGATTTT
TTATTTTT 

GGCAAAAAATAAAAAATCAGTAGAGAAA
GTCCTT 

L1 Modifier 

M2U GAGCAAGGACTTTCTCTACTGATTAA
AATAAAAA 

GGCATTTTTATTTTAATCAGTAGAGAAA
GTCCTT 

L1 Modifier 

M2S GAGCAAGGACTTTCTCTACTGATTCC
CGAAAGGG 

GGCACCCTTTCGGGAATCAGTAGAGAAA
GTCCTT 

L1 Modifier 

M2T GAGCAAGGACTTTCTCTACTGATT GGCAAATCAGTAGAGAAAGTCCTT L1 Modifier 

M2X GAGCAAGGACTTTCT GGCAAGAAAGTCCTT L1 Modifier 

M3N GAGCCAGGAACTTATCAATAGTCGTT
GTGACACT 

GGCAAGTGTCACAACGACTATTGATAAG
TTCCTG 

L1 Modifier 

M3A GAGCCAGGAACTTATCAATAGTCGTT
TTATTTTT 

GGCAAAAAATAAAACGACTATTGATAAG
TTCCTG 

L1 Modifier 

M3U GAGCCAGGAACTTATCAATAGTCGAA
AATAAAAA 

GGCATTTTTATTTTCGACTATTGATAAG
TTCCTG 

L1 Modifier 

M3S GAGCCAGGAACTTATCAATAGTCGCC
CGAAAGGG 

GGCACCCTTTCGGGCGACTATTGATAAG
TTCCTG 

L1 Modifier 

M3T GAGCCAGGAACTTATCAATAGTCG GGCACGACTATTGATAAGTTCCTG L1 Modifier 

M3X GAGCCAGGAACTTAT GGCAATAAGTTCCTG L1 Modifier 

T2 TGCCCGTAAAAACCCGCCGAAGCGGG
TTTTTACGTAACA 

CTAGTGTTACGTAAAAACCCGCTTCGGC
GGGTTTTTACG 

L1 Terminator 

T3 TGCCAGTAAAAACCCGCCGAAGCGGG
TTTTTACGTAACA 

CTAGTGTTACGTAAAAACCCGCTTCGGC
GGGTTTTTACT 

L1 Terminator 

T4 TGCCAAAAAAAACACCCTAACGGGTG
TTTTTTTTTTTTA 

CTAGTAAAAAAAAAAAACACCCGTTAGG
GTGTTTTTTTT 

L1 Terminator 

T5 TGCCAGAATTCAGTCAAAAGCCTCCG
ACCGGAGGCTTTTGACTATTACTACT
AGA 

CTAGTCTAGTAGTAATAGTCAAAAGCCT
CCGGTCGGAGGCTTTTGACTGAATTCT 

L1 Terminator 

T6 TGCCAGAATTCAGCCCGCCTAATGAG
CGGGCTTTTTTTTACTAA 

CTAGTTAGTAAAAAAAAGCCCGCTCATT
AGGCGGGCTGAATTCT 

L1 Terminator 



20 

T7 TGCCAGAAAAGAGGCCTCCCGAAAGG
GGGGCCTTTTTTCGTTTTA 

CTAGTAAAACGAAAAAAGGCCCCCCTTT
CGGGAGGCCTCTTTTCT 

L1 Terminator 

T50 AATTCTAAAAATATCCAACGAATTTT
CTTGATCCGCTGGATATTTTTTTTCA
GA 

CTAGTCTGAAAAAAAATATCCAGCGGAT
CAAGAAAATTCGTTGGATATTTTTAG 

L4 Terminator, +U-tract, 
T20 

T51 AATTCTAAagttaaccaaAAAGGGGG
GATTTTATCTCCCCTTTtttttcctA 

CTAGTaggaaaaaAAAGGGGAGATAAAA
TCCCCCCTTTttggttaactTTAG 

L4 Terminator, +U-tract, 
T13 

T52 AATTCTAAcgtgttcctgAACGCCCG
CATATGCGGGCGTTtttttttgA 

CTAGTcaaaaaaaAACGCCCGCATATGC
GGGCGTTcaggaacacgTTAG 

L4 Terminator, +U-tract, 
T14 

T53 AATTCTAAcgtctgcgtaTGGAACGT
GGTAACGGTTCTATTTTTTTTctgaa
gatttA 

CTAGTaaatcttcagAAAAAAAATAGAA
CCGTTACCACGTTCCAtacgcagacgTT
AG 

L4 Terminator, +U-tract, 
T17 

T54 AATTCTAAtacttcttacTCGCCCAT
CTGCAACGGATGGGCGATTTTTttta
tacccA 

CTAGTgggtataaaAAAAATCGCCCATC
CGTTGCAGATGGGCGAgtaagaagtaTT
AG 

L4 Terminator, +U-tract, 
T18 

T55 AATTCTAAaaacacgtagGCCTGATA
AGCGAAGCGCATCAGGCTTTTttttg
cgtA 

CTAGTacgcaaaaAAAAGCCTGATGCGC
TTCGCTTATCAGGCctacgtgtttTTAG 

L4 Terminator, +U-tract, 
T21 

T56 AATTCTAAtctgaatgcgTGCCCATT
CCTGACGGAATGGGCATTTTTtttct
gcgcaA 

CTAGTtgcgcagaaaAAAAATGCCCATT
CCGTCAGGAATGGGCAcgcattcagaTT
AG 

L4 Terminator, +U-tract, 
T15 

T57 AATTCTAACAGCGTTGAACCTACGAC
AGTCTCTTATTGACGAGTAAAGTGCT
A 

CTAGTAGCACTTTACTCGTCAATAAGAG
ACTGTCGTAGGTTCAACGCTGTTAG 

L4 Terminator, Negative 
control, T33 

T58 AATTCTAAAAATAGTTACCGAAAGTG
TCCTGACCCAGTTGAGGCGTTTACTC
A 

CTAGTGAGTAAACGCCTCAACTGGGTCA
GGACACTTTCGGTAACTATTTTTAG 

L4 Terminator, Negative 
control, T34 

T59 AATTCTAAAAGACCCCCGCACCGAAA
GGTCCGGGGGTTTTTTTTA 

CTAGTAAAAAAAACCCCCGGACCTTTCG
GTGCGGGGGTCTTTTAG 

L4 Terminator, E. coli, 
ilvBN 

T60 AATTCTAAcaacaatgacAAGCGGTG
GAGATCTTCTCTGCCGCTTttttttt
catA 

CTAGTatgaaaaaaaAAGCGGCAGAGAA
GATCTCCACCGCTTgtcattgttgTTAG 

L4 Terminator, E. coli, 
ECK120015452 

T61 AATTCTAAGTCAGTCGTCAGACGCCG
GTTAATCCGGCGTTTTTTTTGACGCC
CACA 

CTAGTGTGGGCGTCAAAAAAAACGCCGG
ATTAACCGGCGTCTGACGACTGACTTAG 

L4 Terminator, E. coli, 
ECK120051408 

T62 AATTCTAAAAAAAGTAACTAATGAGA
AAAGCGCAGGGTGAAAGCCCTGCGCT
TTTTCTTA 

CTAGTAAGAAAAAGCGCAGGGCTTTCAC
CCTGCGCTTTTCTCATTAGTTACTTTTT
TTAG 

L4 Terminator, B. subtilis, 
rpmF 

T63 AATTCTAAACTGAGTAATAGTATGGT
TTTAAACGAGACCCCTGTGGGTCTCG
TTTTTTGA 

CTAGTCAAAAAACGAGACCCACAGGGGT
CTCGTTTAAAACCATACTATTACTCAGT
TTAG 

L4 Terminator, B. subtilis, 
tufA 

T64 AATTCTAAGAGGTGTAAGAAAAAAGC
CAGAGCTTTGAAAAAGGTTCTGGCTT
TTTTTCTA 

CTAGTAGAAAAAAAGCCAGAACCTTTTT
CAAAGCTCTGGCTTTTTTCTTACACCTC
TTAG 

L4 Terminator, B. subtilis, 
rpmGA 

T65 AATTCTAACAGAGTAATCTGAAGCAA
CGTAAAAAAACCCGCCCCGGCGGGTT
TTTTTATA 

CTAGTATAAAAAAACCCGCCGGGGCGGG
TTTTTTTACGTTGCTTCAGATTACTCTG
TTAG 

L4 Terminator, E. coli, rpl 



21 

T66 AATTCTAAAAATGCTTGATTAAAAAG
GCGCTACTCGGCATGGGGAAGCGCCT
TTTTTATA 

CTAGTATAAAAAAGGCGCTTCCCCATGC
CGAGTAGCGCCTTTTTAATCAAGCATTT
TTAG 

L4 Terminator, E. coli, fis 

T67 AATTCTAAGGCCGCATATCAGCTTAA
AAAATGAACCATCGCCAACGGCGGTG
GTTTTTTA 

CTAGTAAAAAACCACCGCCGTTGGCGAT
GGTTCATTTTTTAAGCTGATATGCGGCC
TTAG 

L4 Terminator, E. coli, sod 

T68 AATTCTAAATCTAAGCTCAATAAGAG
GCTATCAGGCTTAACCGCTTGGTAGC
CTTTTTGA 

CTAGTCAAAAAGGCTACCAAGCGGTTAA
GCCTGATAGCCTCTTATTGAGCTTAGAT
TTAG 

L4 Terminator, V. 
natriegens, groE 

T69 AATTCTAATTAGCTCTTAACTGAGTT
GAAAAAGAGGCGGCTTTATAGTCGCC
TTTTTTGA 

CTAGTCAAAAAAGGCGACTATAAAGCCG
CCTCTTTTTCAACTCAGTTAAGAGCTAA
TTAG 

L4 Terminator, V. 
natriegens, PN96_1 

T70 AATTCTAAGTAACGTTTTAAGTTAAT
AAGAAGCCCCGAGTTATGCTCGGGGC
TTTTTGTA 

CTAGTACAAAAAGCCCCGAGCATAACTC
GGGGCTTCTTATTAACTTAAAACGTTAC
TTAG 

L4 Terminator, V. 
natriegens, PN96_2 

T71 AATTCTAAGATCGCTAGACTAAGAGA
CCCCGTCTTCCGAAAGGGAGGCGGGG
TCTTTCTA 

CTAGTAGAAAGACCCCGCCTCCCTTTCG
GAAGACGGGGTCTCTTAGTCTAGCGATC
TTAG 

L4 Terminator, C. 
crescentus, saA 

T72 AATTCTAAGCCTCTGACGATTCGAAA
GCGCCGCCGGGTTTCGTCCCGGCGGC
GCTTTTCA 

CTAGTGAAAAGCGCCGCCGGGACGAAAC
CCGGCGGCGCTTTCGAATCGTCAGAGGC
TTAG 

L4 Terminator, C. 
crescentus, CNA_1 

T73 AATTCTAACATAGCCCGTGAGCGAAA
CGCCCCGGAGGTCCGCCTCCGGGGCG
TTTTTCTA 

CTAGTAGAAAAACGCCCCGGAGGCGGAC
CTCCGGGGCGTTTCGCTCACGGGCTATG
TTAG 

L4 Terminator, C. 
crescentus, CNA_2 

T74 AATTCTAATGGGGGGTATGGGGGGTA
TGGGGGGTATGGGGGGTATGGGGGGT
ATGGGGGA 

CTAGTCCCCCATACCCCCCATACCCCCC
ATACCCCCCATACCCCCCATACCCCCCA
TTAG 

L4 G-quadruplex 

T75 AATTCTAATACTACGCTATCCACTCC
GCCCCCTTGGGGCCTCTAAACGGGTC
TTGAGGGGTTTTTTTTA 

CTAGTAAAAAAAACCCCTCAAGACCCGT
TTAGAGGCCCCAAGGGGGCGGAGTGGAT
AGCGTAGTATTAG 

L4 Terminator, Tract 
variant, T-theta, poly-T 

T76 AATTCTAAATCTAAGATATGAAGGGA
ATCCCCTTGGGGCCTCTAAACGGGTC
TTGAGGGGAAAAAAAAA 

CTAGTTTTTTTTTCCCCTCAAGACCCGT
TTAGAGGCCCCAAGGGGATTCCCTTCAT
ATCTTAGATTTAG 

L4 Terminator, Tract 
variant, T-theta, poly-A 

T77 AATTCTAAAGGCCAGATCTAGAAGCA
TGCCCCTTGGGGCCTCTAAACGGGTC
TTGAGGGGCCCCCCCCA 

CTAGTGGGGGGGGCCCCTCAAGACCCGT
TTAGAGGCCCCAAGGGGCATGCTTCTAG
ATCTGGCCTTTAG 

L4 Terminator, Tract 
variant, T-theta, poly-C 

T78 AATTCTAATCGACGACGTAACCGGCC
TTCCCCTTGGGGCCTCTAAACGGGTC
TTGAGGGGGGGGGGGGA 

CTAGTCCCCCCCCCCCCTCAAGACCCGT
TTAGAGGCCCCAAGGGGAAGGCCGGTTA
CGTCGTCGATTAG 

L4 Terminator, Tract 
variant, T-theta, poly-G 

T79 AATTCTAATCTCCTGCATTCCTCGTA
CAGGGTCCTGAATTTCAGGGCCCTTT
TTTTTA 

CTAGTAAAAAAAAGGGCCCTGAAATTCA
GGACCCTGTACGAGGAATGCAGGAGATT
AG 

L4 Terminator, Tract 
variant, T10, poly-T 

T80 AATTCTAATCTCTTCTATCCCGTCAA
ACGGGTCCTGAATTTCAGGGCCCAAA
AAAAAA 

CTAGTTTTTTTTTGGGCCCTGAAATTCA
GGACCCGTTTGACGGGATAGAAGAGATT
AG 

L4 Terminator, Tract 
variant, T10, poly-A 

T81 AATTCTAAGGCCTAATATCTCACCCT
AAGGGTCCTGAATTTCAGGGCCCCCC
CCCCCA 

CTAGTGGGGGGGGGGGCCCTGAAATTCA
GGACCCTTAGGGTGAGATATTAGGCCTT
AG 

L4 Terminator, Tract 
variant, T10, poly-C 
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T82 AATTCTAATTAACAGAACACCAGAAT
CCGGGTCCTGAATTTCAGGGCCCGGG
GGGGGA 

CTAGTCCCCCCCCGGGCCCTGAAATTCA
GGACCCGGATTCTGGTGTTCTGTTAATT
AG 

L4 Terminator, Tract 
variant, T10, poly-G 

T83 AATTCTAATATGTTAAATACCGTTCG
CCTCCTTAGCGAAAGCTAAGGATTTT
TTTTA 

CTAGTAAAAAAAATCCTTAGCTTTCGCT
AAGGAGGCGAACGGTATTTAACATATTA
G 

L4 Terminator, Tract 
variant, T29, poly-T 

T84 AATTCTAAACTGAACCACGAATACGC
AATCCTTAGCGAAAGCTAAGGAAAAA
AAAAA 

CTAGTTTTTTTTTTCCTTAGCTTTCGCT
AAGGATTGCGTATTCGTGGTTCAGTTTA
G 

L4 Terminator, Tract 
variant, T29, poly-A 

T85 AATTCTAACACTCGTTTATCCTTAAC
TATCCTTAGCGAAAGCTAAGGACCCC
CCCCA 

CTAGTGGGGGGGGTCCTTAGCTTTCGCT
AAGGATAGTTAAGGATAAACGAGTGTTA
G 

L4 Terminator, Tract 
variant, T29, poly-C 

T86 AATTCTAAATTTCGTAATAACCTTTA
GCTCCTTAGCGAAAGCTAAGGAGGGG
GGGGA 

CTAGTCCCCCCCCTCCTTAGCTTTCGCT
AAGGAGCTAAAGGTTATTACGAAATTTA
G 

L4 Terminator, Tract 
variant, T29, poly-G 

T87 AATTCTAATGTCTGAATGCCGTTATC
TCGCCTGCCATCTGGCAGGCTTTTTT
TTA 

CTAGTAAAAAAAAGCCTGCCAGATGGCA
GGCGAGATAACGGCATTCAGACATTAG 

L4 Terminator, Tract 
variant, T16, poly-T 

T88 AATTCTAAGAGCATACGAATAGAACA
TGGCCTGCCATCTGGCAGGCAAAAAA
AAA 

CTAGTTTTTTTTTGCCTGCCAGATGGCA
GGCCATGTTCTATTCGTATGCTCTTAG 

L4 Terminator, Tract 
variant, T16, poly-A 

T89 AATTCTAAACGGGTAGAAGGATGACA
ACGCCTGCCATCTGGCAGGCCCCCCC
CCA 

CTAGTGGGGGGGGGCCTGCCAGATGGCA
GGCGTTGTCATCCTTCTACCCGTTTAG 

L4 Terminator, Tract 
variant, T16, poly-C 

T90 AATTCTAAAAGTGTGAGGTCAAATAA
AGGCCTGCCATCTGGCAGGCGGGGGG
GGA 

CTAGTCCCCCCCCGCCTGCCAGATGGCA
GGCCTTTATTTGACCTCACACTTTTAG 

L4 Terminator, Tract 
variant, T16, poly-G 

T99 TGCCAACTAGCATAACCCCTTGGGGC
CTCTAAACGGGTCTTGAGGGGTTTTT
TGCA 

CTAGTTGCAAAAAACCCCTCAAGACCCG
TTTAGAGGCCCCAAGGGGTTATGCTAGT
T 

L4, L3 Terminator, T-theta 

M50 GAGCTACTACGCTATCCACTCCGCTT
CCCATCACGAGATCTTGAAATTC 

GGCAGAATTTCAAGATCTCGTGATGGGA
AGCGGAGTGGATAGCGTAGTA 

L3 Modifier, T10 Loop 
interactor (near) 

M51 GAGCATCTAAGATATGAAGGGAATTG
GCACAACGACTGAACCAGGACCC 

GGCAGGGTCCTGGTTCAGTCGTTGTGCC
AATTCCCTTCATATCTTAGAT 

L3 Modifier, T10 Stem1 
interactor (near) 

M52 GAGCAGGCCAGATCTAGAAGCATGCA
CGACAACCCTTTCACGGGCCCTG 

GGCACAGGGCCCGTGAAAGGGTTGTCGT
GCATGCTTCTAGATCTGGCCT 

L3 Modifier, T10 Stem2 
interactor (near) 

M53 GAGCTCGACGACGTAACCGGCCTTCT
CAACATTATACAAATCCAGATGG 

GGCACCATCTGGATTTGTATAATGTTGA
GAAGGCCGGTTACGTCGTCGA 

L3 Modifier, T16 Loop 
interactor (near) 

M54 GAGCTACTTTGTCTTCTCTACCACCT
CTTGCCCGTATGCCTTGGCAGGC 

GGCAGCCTGCCAAGGCATACGGGCAAGA
GGTGGTAGAGAAGACAAAGTA 

L3 Modifier, T16 Stem1 
(near) 

M55 GAGCGCATAAAGACGGGAGAAAGAGT
TACAGCAAAGAGAAGGCCTGCCA 

GGCATGGCAGGCCTTCTCTTTGCTGTAA
CTCTTTCTCCCGTCTTTATGC 

L3 Modifier, T16 Stem2 
(near) 

M56 GAGCTAGTTACCCAACCGTGCGCATG
TGATCCTGTTAAGATGCTTTCGC 

GGCAGCGAAAGCATCTTAACAGGATCAC
ATGCGCACGGTTGGGTAACTA 

L3 Modifier, T29 Loop 
interactor (near) 
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M57 GAGCTCTCCTGCATTCCTCGTACATA
GCTTAAACTTGATTTAAGGATGA 

GGCATCATCCTTAAATCAAGTTTAAGCT
ATGTACGAGGAATGCAGGAGA 

L3 Modifier, T29 Stem1 
interactor (near) 

M58 GAGCTCTCTTCTATCCCGTCAAACTA
AGTACCAAACGTCATTCCTTAGC 

GGCAGCTAAGGAATGACGTTTGGTACTT
AGTTTGACGGGATAGAAGAGA 

L3 Modifier, T29 Stem2 
interactor (near) 

M59 GAGCTGGTGCGTAGTAGACTTAACAA
GATGTGATTTCGAAGCGTTTAGA 

GGCATCTAAACGCTTCGAAATCACATCT
TGTTAAGTCTACTACGCACCA 

L3 Modifier, T-theta Loop 
interactor (near) 

M60 GAGCGTGTAGGTATGTGTCGGTCGTT
GTGGTGGTTTAGTGTCCAAGGGG 

GGCACCCCTTGGACACTAAACCACCACA
ACGACCGACACATACCTACAC 

L3 Modifier, T-theta 
Stem1 interactor (near) 

M61 GAGCTAATTCTGAGCTAGACTATGAT
TCCCTCCAACAAATGCCCCTCAA 

GGCATTGAGGGGCATTTGTTGGAGGGAA
TCATAGTCTAGCTCAGAATTA 

L3 Modifier, T-theta 
Stem2 interactor (near) 

M62 GAGCTGAAATTCGGCCTAATATCTCA
CCCTAAAGACTAATACTTCCCGC 

GGCAGCGGGAAGTATTAGTCTTTAGGGT
GAGATATTAGGCCGAATTTCA 

L3 Modifier, T10 Loop 
interactor (far) 

M63 GAGCCAGGACCCTTAACAGAACACCA
GAATCCTAGCGAACCCAACCTCT 

GGCAAGAGGTTGGGTTCGCTAGGATTCT
GGTGTTCTGTTAAGGGTCCTG 

L3 Modifier, T10 Stem1 
interactor (far) 

M64 GAGCGGGCCCTGGCCGAACGTCTAGC
CCACCAAATGAAGCCTTAAGAGA 

GGCATCTCTTAAGGCTTCATTTGGTGGG
CTAGACGTTCGGCCAGGGCCC 

L3 Modifier, T10 Stem2 
interactor (far) 

M65 GAGCCCAGATGGGAACCGCCATCTAA
CAGAAGTAAACATTACCCATCAG 

GGCACTGATGGGTAATGTTTACTTCTGT
TAGATGGCGGTTCCCATCTGG 

L3 Modifier, T16 Loop 
interactor (far) 

M66 GAGCTGGCAGGCTCCGCTGCACTCCC
GTTAATCCCATATTATTCTTCAT 

GGCAATGAAGAATAATATGGGATTAACG
GGAGTGCAGCGGAGCCTGCCA 

L3 Modifier, T16 Stem1 
interactor (far) 

M67 GAGCGCCTGCCATATGTTAAATACCG
TTCGCCTGCTTAACCTACTTGAT 

GGCAATCAAGTAGGTTAAGCAGGCGAAC
GGTATTTAACATATGGCAGGC 

L3 Modifier, T16 Stem2 
interactor (far) 

M68 GAGCGCTTTCGCACTGAACCACGAAT
ACGCAAATAACCCAGCTACCGAA 

GGCATTCGGTAGCTGGGTTATTTGCGTA
TTCGTGGTTCAGTGCGAAAGC 

L3 Modifier, T29 Loop 
interactor (far) 

M69 GAGCAAGGATGACACTCGTTTATCCT
TAACTATCTACCTTATCACTCTA 

GGCATAGAGTGATAAGGTAGATAGTTAA
GGATAAACGAGTGTCATCCTT 

L3 Modifier, T29 Stem1 
interactor (far) 

M70 GAGCTCCTTAGCATTTCGTAATAACC
TTTAGCATAGCATCACAGACTAC 

GGCAGTAGTCTGTGATGCTATGCTAAAG
GTTATTACGAAATGCTAAGGA 

L3 Modifier, T29 Stem2 
interactor (far) 

M71 GAGCCGTTTAGATTAAGAGAGGAGAT
AGTCAATAACAGAACAAGAGCGT 

GGCAACGCTCTTGTTCTGTTATTGACTA
TCTCCTCTCTTAATCTAAACG 

L3 Modifier, T-theta Loop 
interactor (far) 

M72 GAGCCCAAGGGGGCCGGATTCGAACA
TTCTACCTATTACACAGCTTTAA 

GGCATTAAAGCTGTGTAATAGGTAGAAT
GTTCGAATCCGGCCCCCTTGG 

L3 Modifier, T-theta 
Stem1 interactor (far) 

M73 GAGCCCCCTCAAGGAGAGTTAATCGA
AGAGAATCAGACACAAGGCGGAA 

GGCATTCCGCCTTGTGTCTGATTCTCTT
CGATTAACTCTCCTTGAGGGG 

L3 Modifier, T-theta 
Stem2 interactor (far) 
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M74 GAGCCAGCCCAGAGTAGTATTTCTCC
GAAGTGTAGTAAAAAAATAAAAA 

GGCATTTTTATTTTTTTACTACACTTCG
GAGAAATACTACTCTGGGCTG 

L3 Modifier, M11 A-tract 
interactor (near) 

M75 GAGCCGACGTGTTATCTAAGATTACA
GAAGCGTGGTATTTTTTATTTTT 

GGCAAAAAATAAAAAATACCACGCTTCT
GTAATCTTAGATAACACGTCG 

L3 Modifier, M11 T-tract 
interactor (near) 

M76 GAGCAAAAAATAAAAAGGAGGAGCAG
CATACTTACAAGACACGGGATAT 

GGCAATATCCCGTGTCTTGTAAGTATGC
TGCTCCTCCTTTTTATTTTTT 

L3 Modifier, A-tract 
interactor (far) 

M77 GAGCTTTTTTATTTTTTGTCTGAATG
CCGTTATCTCTTCTCAATATGAA 

GGCATTCATATTGAGAAGAGATAACGGC
ATTCAGACAAAAAATAAAAAA 

L3 Modifier, T-tract 
interactor (far) 

M78 GAGCGAATAGAACATGGAACAATCAG
CACTGAGCGGCACTTCGGTGCCG 

GGCACGGCACCGAAGTGCCGCTCAGTGC
TGATTGTTCCATGTTCTATTC 

L3 Modifier, Long HP 
TTCG (near) 

M79 GAGCACGGGTAGAAGGATGACAACGG
GAAGAGCGCACGGgagaCCGTGC 

GGCAGCACGGtctcCCGTGCGCTCTTCC
CGTTGTCATCCTTCTACCCGT 

L3 Modifier, Long HP 
GAGA (near) 

M80 GAGCAAGTGTGAGGTCAAATAAAGCA
ATAAGTCGGTGCCGAAAGGCACC 

GGCAGGTGCCTTTCGGCACCGACTTATT
GCTTTATTTGACCTCACACTT 

L3 Modifier, Long HP 
GAAA (near) 

M81 GAGCGTAGTAGATAAGGTGGATGTGG
GACGAGCAGTGGGGCGTTCGCGC 

GGCAGCGCGAACGCCCCACTGCTCGTCC
CACATCCACCTTATCTACTAC 

L3 Modifier, Short HP 
TTCG (near) 

M82 GAGCGATTAGGAAGATTAGGCACATT
ACAGACTGGAACGCCCGAAAGGG 

GGCACCCTTTCGGGCGTTCCAGTCTGTA
ATGTGCCTAATCTTCCTAATC 

L3 Modifier, M12 Short 
HP GAAA (near) 

M83 GAGCGGCTAAAGAGAAAGATTAACGT
TCCACACACGCGACGCGAGAGCG 

GGCACGCTCTCGCGTCGCGTGTGTGGAA
CGTTAATCTTTCTCTTTAGCC 

L3 Modifier, Short HP 
GAGA (near) 

M84 GAGCCGGCACTTCGGTGCCGTTTCCT
TATTGCCCTCGCCCGTCGCCCGA 

GGCATCGGGCGACGGGCGAGGGCAATAA
GGAAACGGCACCGAAGTGCCG 

L3 Modifier, Long HP 
TTCG (far) 

M85 GAGCGCACGGgagaCCGTGCATAGAA
TAGTAACACAGCGCGCAAGGAAC 

GGCAGTTCCTTGCGCGCTGTGTTACTAT
TCTATGCACGGtctcCCGTGC 

L3 Modifier, Long HP 
GAGA (far) 

M86 GAGCGGTGCCGAAAGGCACCATTAGT
ACACTCACGACCCGATCCCTTAG 

GGCACTAAGGGATCGGGTCGTGAGTGTA
CTAATGGTGCCTTTCGGCACC 

L3 Modifier, Long HP 
GAAA (far) 

M87 GAGCGCGTTCGCGCAAGACCAATTTC
AAAGCGGCGTCCTTATTTACCAT 

GGCAATGGTAAATAAGGACGCCGCTTTG
AAATTGGTCTTGCGCGAACGC 

L3 Modifier, Short HP 
TTCG (far) 

M88 GAGCTCGCTGCCCAACAACTTACTCT
CGAATATGACACTCCCGAAAGGG 

GGCACCCTTTCGGGAGTGTCATATTCGA
GAGTAAGTTGTTGGGCAGCGA 

L3 Modifier, M12 Short 
HP GAAA (far) 

M89 GAGCCGCGAGAGCGGCAAGTTAAGAC
CGTACATCACTTCAAGAGAGCAC 

GGCAGTGCTCTCTTGAAGTGATGTACGG
TCTTAACTTGCCGCTCTCGCG 

L3 Modifier, Short HP 
GAGA (far) 

M90 GAGCCCGTTGTTGTTTGATCGGCAGA
TCTGAGCCTGGGAGCTCTCTGCC 

GGCAGGCAGAGAGCTCCCAGGCTCAGAT
CTGCCGATCAAACAACAACGG 

L3 Modifier, Structure 
Pseudoknot1 
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M91 GAGCCCTGTGCCGAGGGCGCAGTGGG
CTAGCGCCACTCAAAAGGCCCAT 

GGCAATGGGCCTTTTGAGTGGCGCTAGC
CCACTGCGCCCTCGGCACAGG 

L3 Modifier, Structure 
Pseudoknot2 

S10 AATTCCTGTGTACCGGGAACCAGCCA
GACTACACAGGGTAA 

GCTCTTACCCTGTGTAGTCTGGCTGGTT
CCCGGTACACAGG 

L3 Spacer 

S16 AATTCGTGCAGAGACAAGCGTTTGGG
GCACCAGCACAGTAA 

GCTCTTACTGTGCTGGTGCCCCAAACGC
TTGTCTCTGCACG 

L3 Spacer 

S18 AATTCTTCAAAGCTACGAGCGCTAGA
GATGTGAGACCCTAA 

GCTCTTAGGGTCTCACATCTCTAGCGCT
CGTAGCTTTGAAG 

L3 Spacer 

S19 AATTCCTAATTATGTCTCAAAAGCTC
GAAGATTACACCTAA 

GCTCTTAGGTGTAATCTTCGAGCTTTTG
AGACATAATTAGG 

L3 Spacer 

S20 AATTCTTGTCGCTAAAGAAACCTTTC
CCAATTAATACATAA 

GCTCTTATGTATTAATTGGGAAAGGTTT
CTTTAGCGACAAG 

L3 Spacer 

S21 AATTCGGAATCGCTGATCTACAGAAC
GGTCCTTATGGGTAA 

GCTCTTACCCATAAGGACCGTTCTGTAG
ATCAGCGATTCCG 

L3 Spacer 

S22 AATTCATCACTCACACATCGCTCGAG
ATCGGTACGGGGTAA 

GCTCTTACCCCGTACCGATCTCGAGCGA
TGTGTGAGTGATG 

L3 Spacer 

T10 TGCCGCTGATGCCAGAAAGGGTCCTG
AATTTCAGGGCCCTTTTTTTACATGG
ATTGA 

CTAGTCAATCCATGTAAAAAAAGGGCCC
TGAAATTCAGGACCCTTTCTGGCATCAG
C 

L3 Terminator 

T16 TGCCGTTATTAAATAGCCTGCCATCT
GGCAGGCTTTTTTTATCGA 

CTAGTCGATAAAAAAAGCCTGCCAGATG
GCAGGCTATTTAATAAC 

L3 Terminator 

T29 TGCCCAGAAATCATCCTTAGCGAAAG
CTAAGGATTTTTTTTATCTGAAA 

CTAGTTTCAGATAAAAAAAATCCTTAGC
TTTCGCTAAGGATGATTTCTG 

L3 Terminator 

M20 GAGCATAGACTTTCGTGGATTATTAC
CTTACAACTGATAGGACGGACTC 

GGCAGAGTCCGTCCTATCAGTTGTAAGG
TAATAATCCACGAAAGTCTAT 

L3 Modifier (reference) 

M21 GAGCATAGCCGAGATTATCCACCAGC
AACAGTTCGTTATTGTAGTGATT 

GGCAAATCACTACAATAACGAACTGTTG
CTGGTGGATAATCTCGGCTAT 

L3 Modifier (reference) 

M22 GAGCAAGGCGTGACTACAACCAATCT
TCTATTCTGCGAGAGTAAAGTTT 

GGCAAAACTTTACTCTCGCAGAATAGAA
GATTGGTTGTAGTCACGCCTT 

L3 Modifier (reference) 

 

  



26 

Supplementary Table 2: Designed libraries 

Library Description Figures Parts used for assembly or specific 
designs 

Total designs 

L1 Initial set to test 
methodology 

SI2 S1, S2, S3, S4, S5 
 
M1N, M1A, M1U, M1S, M1T, M1X, M2N, 
M2A, M2U, M2S, M2T, M2X, M3N, M3A, 
M3U, M3S, M3T, M3X 
 
T2, T3, T4, T5, T6, T7 

540 

L2 Random library to 
explore all design 
parameters 

1, 2, 3 S10, S16, S18, S19, S20, S21, S22 
 
M10, M11, M12, M13, M14, M15, M16, M17, 
M18, M19, M20, M21, M22 
 
T10, T12, T13, T14, T15, T16, T17, T18, 
T20, T21, T27, T29, T33 

1183 

L3 Library focused on 
modifier design 
principles 

4 S10, S16, S18, S19, S20, S21, S22 
 
M50, M51, M52, M53, M54, M55, M56, M57, 
M58, M59, M60, M61, M62, M63, M64, M65, 
M66, M67, M68, M69, M70, M71, M72, M73, 
M74, , M76, M77, M78, M79, M80, M81, 
M82, M83, M84, M85, M86, M87, M88, M89, 
M90, M91 
 
T10, T16, T29, T99 

1260 

L4 Library focused on 
terminator design 
principles 

5, 6C T50, T51, T52, T53, T54, T55, T56, T57, 
T58, T59, T60, T61, T62, T63, T64, T65, 
T66, T67, T68, T69, T70, T71, T72, T73, 
T74, T75*, T76, T77, T78, T79, T80, T81, 
T82, T83, T84, T85, T86, T87, T88, T89, T90 

41 

L5 CRISPR gRNA 
arrays 

6A, 6B S20-M22-T29, S21-M10-T16, S10-M17-T20, 
S16-M12-T13, S18-M18-T33, S19-M19-T34 

6 

* T75 also referred to as T99U   
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