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Extended Data Fig. 6 | Comparison of designed DBPs with nearest native 
structures by target motif or protein structure. a-c, Alignment of DBP designs 
to PDB structures containing an identical DNA binding site motif. Native 
structures are shown in gray aligned to the DBP design (colored). DNA sequence 
matches were found by creating a set of all contiguous DNA binding site motifs 
in the PDB where any atom of a protein residue was within 5 Å of an atom in the 
contiguous DNA sequence motif. D-h, Structural alignment of DBP designs 
to nearest PDB structures by TM-align. TM-align searches were performed on 
protein-DNA co-complex structures in the PDB to identify the nearest native 
protein scaffold. Nearest structures are shown in gray aligned to the DBP  
design (colored). i, Computed statistics on native DBPs in the PDB 

(Supplementary Table 3) redesigned in the presence of the designed DBP’s DNA 
target motif. We examined whether the same amino acids formed hydrogen 
bonds with the same DNA base atoms (motif interaction recovery). The native 
redesign method was able to achieve full motif interaction recovery (dashed 
line) for DBPs 6 and 35, but not the remainder of analyzed designs. j, Analysis 
of sidechain preorganization for recovered motifs residues by average top two 
RotamerBoltzmann score. Violin plots show the distribution of avg_top_two_
rboltz among recovered interacting residues for each design. Individual data 
points are shown for designs with full motif atom recovery (original design in red, 
best native redesigns in blue).
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Extended Data Fig. 7 | Global view of the DBP48 co-crystal structure. a, Packing of the DBP48 co-crystal structure with asymmetric unit highlighted in blue. b, Global 
density of the DBP48 crystal structure.

http://www.nature.com/nsmb
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Extended Data Fig. 8 | Analysis of DBPs 1, 3, 5, 6, 9, 48, and 35 with universal 
protein binding microarray experiments containing all 7-mers. Solid lines 
represent replicate 1 while dashed lines represent replicate 2, where applicable. 
DBPs 6, 9, and 48 were highly specific to the intended target and the mean 
percentile rank of 7-mers containing the designed binding site 5-mer or 6-mer 

was 99.54%, 99.89%, and 97.59%, respectively. DBPs 5 and 35 were less specific to 
their target site but still preferred the target motif over sequences with a mutated 
binding motif (designed motif percentile 86.54% and 81.88%, respectively). DBPs 
1 and 3 did not appear to have a preference to the designed target site (33.19% and 
46.58%, respectively).

http://www.nature.com/nsmb
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Extended Data Fig. 9 | Optimizing DBP35 to disrupt off-target DNA binding. 
7-mers containing TGTCAC were enriched in designs targeting the sequence 
B (1L3L) dsDNA oligo in uPBM experiments. a, Design structure of DBP35 with 
R33 highlighted in yellow. b, Structure of DBP35 modeled with 7-mer TGTCACA 
shows R33 forming a potential hydrogen bond with G8. c, Structure of DBP35 
modeled with affinity enhancing mutations K18V, R33N, and P42Q informed 
by SSM experiments. d, Binding activity (PE/FITC) from yeast display titration 
(without avidity) of biotinylated dsDNA target shows several orders of magnitude 
improvement in binding activity in DBP35 combo mutants, with binding 
signal detectable with dsDNA labeling below 1 nM. e, Relative binding activity 
(Normalized PE/FITC) from a yeast display competition assay of DBP35 K18V 
R33N P42Q showing substantial improvement in specificity over DBP35 (Fig. 2C). 

Competition assay was performed with biotinylated dsDNA target at 20 nM and 
competitor dsDNA at 160 nM. f, Yeast display titration (without avidity) showing 
binding activity (Median PE/FITC) of DBP35 with biotinylated dsDNA target 
containing designed target motif (CTGCACA) or substituted with alternative 
target motif (TGTCACA) shows increase in binding strength for TGTCACA over 
CTGCACA. g, Yeast display titration (without avidity) of wildtype DBP9 shows 
that the designed target motif is strongly preferred over the off-target sequence. 
h, Combo mutants of DBP35 show significant disruption of binding to dsDNA 
oligos containing the alternate TGTCAC motif by yeast display. i, Orthogonality 
matrix for 5 designed DNA binders screened by yeast display against all 
target sequences for which designs were made, normalized by row, at a DNA 
concentration of 1uM (with avidity).

http://www.nature.com/nsmb
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Extended Data Fig. 10 | Use of DBPs to direct transcriptional repression 
in E. coli. a, Vectors encoding the repressor variants were constructed with 
a repressor under control of the IPTG-inducible PTac promoter. A synthetic 
promoter containing the designed DBP binding sites (blue text) around the 
-10 and -35 elements (red text) was used to control expression of YFP. b, Fold 
repression was not observed at 1 mM IPTG induction as determined by flow 
cytometry analysis of cells containing single DBP domains (DBP57, DBP48) and 
tandem linked DBP domains used as repressors. Error bars represent standard 
error of the mean of n = 4 biological replicates. c, Fold repression of 96 DBP-TetR 
designs revealed substantial repression for at least two variants incorporating 
DBP57 and DBP48 in cells induced at 0.1 mM IPTG. n = 1. d, Normalized  
median YFP Fluorescence from flow cytometry analysis of cells containing 

the successful DBP57-TetR (upper) and DBP48-TetR (lower) NOT gate circuits. 
Error bars represent standard deviation of the mean (n = 7 biological replicates 
represented as dots). e, Representative histograms of YFP fluorescence from 
E. coli cells transformed with DBP-TetR NOT circuits. Fold repression of YFP 
was ~8.1x and ~3.4x for DBP57-TetR (upper left) and DBP48-TetR (lower right) 
repressor variants, respectively, when encoded with their cognate promoters 
upon induction with 1 mM IPTG. Fold repression is indicated in each subplot. 
Error bars represent standard error of the mean of n = 8 biological replicates.  
f-g, Fold repression of 96 DBP heterodimer (f ) and homodimer (g) designs 
revealed substantial repression for 4 and 7 variants, respectively, in cells induced 
at 1 mM IPTG.

http://www.nature.com/nsmb
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Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 

- Accession codes, unique identifiers, or web links for publicly available datasets 

- A description of any restrictions on data availability 

- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

All underlying data for figures in the main text, extended data are supplied. Underlying data for the supplement, along with PDB files for design hits, are provided in 

the supplementary data files. All sequencing data for yeast display sorting experiments and mammalian transcriptional activation assays have been deposited to the 

NCBI SRA (accession #: PRJNA1014465). Protein-binding microarray data is deposited to GEO (accession #: GSE237017). The co-crystal structure of DBP48 has been 

deposited in RCSB as PDB ID 8TAC. Publicly available data from the PDB (https://www.rcsb.org) were used for seeding bioinformatic searches and target DNA 

structures (accession codes 1PER, 1BC8, 1YO5, 1L3L, 2O4A). The following publicly available sequence databases were used for bioinformatic searches: UniClust30 

(https://uniclust.mmseqs.com), Uniref100 (https://www.uniprot.org/uniref), JGI metagenome protein sequence database (https://genome.jgi.doe.gov/portal/).
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Data exclusions There is no data exclusion in this study.
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are reported as the mean of replicate data points, individual replicate data are shown in the supplemental info. For yeast display and 

transcriptional regulation experiments replicates are unique biological replicates, for microarray data replicates are technical replicates from 
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Materials & experimental systems

n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods

n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies

Antibodies used anti-c-myc (Immunology Consultants CMYC45F, 1:100 dilution)

Validation Validation was performed by the vendor (https://www.icllab.com/media/catalog/product//pdf/PP_CMYC-45F_1.pdf) and confirmed 

to react with EQKLISEEDL as determined by ELISA and IEP techniques. 

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK293T (ATCC)

Authentication All cell lines were used as received without further authentication

Mycoplasma contamination Cell lines were not detected for mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

Commonly misidentified cell lines were not used in this study

Novel plant genotypes N/A

Seed stocks N/A

Authentication N/A

Plants

Flow Cytometry

Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Yeast cells are incubated with the target protein and then labeled with anti-Myc antibody conjugated with FITC and 

Streptavidin with PE. The cells were washed with PBSF. See methods for experimental deails.  For E. coli experiments, cells 

were washed with PBSF and directly measured in the flow cytometer for YFP expression.

Instrument Sony SH800, ThermoFisher Attune NXT
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Software CytoFlow

Cell population abundance Yes

Gating strategy Cells labeled without the target protein were used as negative control and all the cells showing binding signal were collected. 

Example code for data analysis and gating strategy are provided in Supplementary Information Figure 10. At least 15,000 

events were collected for all analytical samples.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.




