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The supplementary pdf 

Supplementary Figs 1-8, Supplementary Table 1 and Information for downloading the raw design models 

and design scripts 

 

Design scripts and main pdb files 

Size: 61 MB 

http://files.ipd.uw.edu/pub/robust_de_novo_design_minibinders_2021/supplemental_files/scripts_and_m

ain_pdbs.tar.gz 

This file is the main supplement. This compressed file contains the following files: 
    => cao_2021_protocol/ 

    => design_models_final_combo_optimized/ 

    => design_models_sequence/ 

    => design_models_ssm_natives/ 

    => ngs_analysis_scripts/ 

 

Experimental data and analysis 

Size: 234 MB 

http://files.ipd.uw.edu/pub/robust_de_novo_design_minibinders_2021/supplemental_files/experimental_d

ata_and_analysis.tar.gz 

This file contains all the experimental results and the analysis protocols. 

 

Computational protocol for data analysis 

Size: 69 MB 

http://files.ipd.uw.edu/pub/robust_de_novo_design_minibinders_2021/supplemental_files/computational_

protocol_analysis.tar.gz 

This file contains all the computational analysis we did for Fig1 and SFigs. There is no experimental data 

here. 

 

Miniprotein scaffolds 

Size: 1.3 GB 

http://files.ipd.uw.edu/pub/robust_de_novo_design_minibinders_2021/supplemental_files/scaffolds.tar.gz 

This file contains all the scaffolds we used in this work. 

 

All the design models in pdb.gz format 

Size: 64GB 
http://files.ipd.uw.edu/pub/robust_de_novo_design_minibinders_2021/supplemental_files/design_models

_pdb.tar.gz 

This file contains all the design models ordered in pdb.gz format and there are more in 1 million files in 

total. If you are on an academic network, you may substitute files.ipd with research-files.ipd . This uses 

the academic internet to give you faster download speeds. 

 

All the design models in silent format 

Size: 46GB 

http://files.ipd.uw.edu/pub/robust_de_novo_design_minibinders_2021/supplemental_files/design_models

_silent.tar.gz 

This file contains all ordered designs in Rosetta binary silent format. If you're using Rosetta, it's worth 

your time to figure out how to load these. These will load 10x faster than the pdb files. (And the .tar.gz 

only contains 30 files). See also https://github.com/bcov77/silent_tools for how to deal with silent files. 

http://files.ipd.uw.edu/pub/robust_de_novo_design_minibinders_2021/supplemental_files/scripts_and_main_pdbs.tar.gz
http://files.ipd.uw.edu/pub/robust_de_novo_design_minibinders_2021/supplemental_files/scripts_and_main_pdbs.tar.gz
http://files.ipd.uw.edu/pub/robust_de_novo_design_minibinders_2021/supplemental_files/experimental_data_and_analysis.tar.gz
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Figure 1. Zoomed in view of all of the selected targeting regions for each target. 

These targeting regions (pale yellow or pale green) span a wide range of  surface 

properties, with diverse shape and chemical characteristics. We picked two different 

binding sites for EGFR, one colored in pale yellow and the other colored in pale green. 



 

 
 

Figure 2. Crystal structure characterization of the de novo miniprotein binders in 

complex with the corresponding targets. a, Structural analysis of H3_mb/H3 HA 

complex revealed that the asymmetric unit contained an H3 HA trimer bound to two copies 

of mini protein H3_mb. The HA trimer is shown in green and gray and H3_mb in red and 

gray cartoon representations. b, Electron density maps for H3_mb in the crystal structure 

with H3 HA. 2Fo-Fc and simulated annealing omit maps for one of the H3_mb mini-

proteins bound to H3HA are contoured at 1σ. For the 2Fo-Fc map, C/O/N/S are 



represented in yellow/red/blue/dark yellow sticks and for the omit map, C/O/N/S are 

represented in magenta/red/blue/yellow sticks, respectively. Electron density maps are 

represented in a skyblue mesh. The other H3_mb in the complex has corresponding 

electron density. c, Walleye stereo view of TrkA (cyan) interface with minibinder (yellow). 

Simulated annealing composite omit map is contoured at 1.5 s. Symmetry-related 

proteins are colored gray. d, Structure validation of the FGFR4 in complex with the binder. 

2mFo-DFc map (left) and mFo-DFc simulated-annealing omit map (right) for the 

miniprotein binder in complex with FGFR4 (PDB ID: 7N1J). The maps are contoured at 

1σ. e, Structure validation of the IL-7Ra in complex with the binder. mFo-DFc simulated-

annealing omit map (left) and the corresponding 2mFo-DFc (right) difference electron 

density map following refinement for the designed IL-7Ra binder in pdb 7OPB (chain E). 

The omit difference map is contoured at an r.m.s.d.-value of +3 (carve radius = 5 Å) and 

the 2mFo-DFc map is contoured at an r.m.s.d.-value of 1.0 (carve radius = 2 Å). f, mFo-

DFc simulated-annealing omit map of the VirB8 binder in the complex structure. 

 

 

 

 

 

 

 



 

 

Figure 3. Structure comparison of the binding modes of the miniprotein binders 

and native ligands with the target proteins. Left, the crystal structure of the de novo 



miniprotein binders in complex with TrkA(a), FGFR2(b) and IL-7Rα(c). Right, the crystal 

structure of the native ligands in complex with the corresponding targets. PDB codes for 

the native complexes are 1WWW for TrkA, 1EV2 for FGFR2 and 3DI3 for IL-7Rα. 

 

 

 

 



 

Figure 4. Designed binders have high target specificity. To assess the cross reactivity 

of each miniprotein binder with each target protein, The biotinylated target proteins were 

loaded onto biolayer interferometry SA sensors, allowed to equilibrate, and baseline 

signal set to zero.  The BLI tips were then placed into 100 nM binder solution for 300 

seconds, washed with buffer, and dissociation was monitored for an additional 600 

seconds. The raw traces were used to create the cross reactivity matrix. Each heat map 

value corresponds to the maximum response value of a single trace per pair, and the 

value was normalized dividing by the maximum response for the cognate pair. In such a 

way, the cognate pair always has a value 1, while the values of the non-cognate pairs 



indicate the non-specificity of that binder. Heatmap shows the maximum response signal 

for each binder-target pair normalized by the maximum response signal of the cognate 

designed binder-target pair.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 5a. Display of original blots for B-actin and pERK Western blot analysis (Extended 

Data Figure 9a). Displayed as composite image (chemiluminescent blot with molecular markers 

overlaid)  

 

 

 



 

 

Figure 5b. Display of original blots for B-actin, pERK and pAKT Western blot analysis 

(Extended Data Figure 12b). Displayed as composite image (chemiluminescent blot with 

molecular markers overlaid)  

 

 

 

 



 

 

 

Figure 5c. Display of original blots for B-actin and pERK Western blot analysis (Extended 

Data Figure 9c). Displayed as composite image (chemiluminescent blot with molecular markers 

overlaid)  

 

 

 

 

 

 

 



 

 

 

 

 

Figure 5d. Display of original blots for B-actin and pERK Western blot analysis (Extended 

Data Figure 9d). Displayed as composite image (chemiluminescent blot with molecular markers 

overlaid)  

 

 

 

 



 

 

Figure 5e. Display of original blots for B-actin and pERK Western blot analysis (Extended 

Data Figure 9e). Displayed as composite image (chemiluminescent blot with molecular markers 

overlaid) 

 

 

 

 

 

 



 

 

Figure 5f. Display of original blots for B-actin, pERK and pAKT Western blot analysis 

(Extended Data Figure 9f). Displayed as composite image (chemiluminescent blot with 

molecular markers overlaid)  

 



 

 

Figure 6. SSM Fingerprint Validation. a, SSM Fingerprint validation distributions. As 

described in the methods, the p-value that the experimental data could be randomly 

shuffled given the design model is assessed. Lower p-values give greater confidence that 

the design model matches the experimental data, while p-values near 1 indicate that the 

design model has little predictive power in predicting the data. A design must score better 

(lower) than 0.005 on both metrics to be considered verified. This value was chosen 

because LCB1 received this score in its Entropy category, and LCB1 was confirmed via 

Electron Microscopy (LCB1’s P-entropy was the worst score of any structurally verified 

binder in this manuscript). Extended Data Table 4 gives the calculated values for the 12 

characterized binders with the rest available in the Supplemental Information. b, Table of 

the SSM fingerprint scores. The SSM fingerprint scores for the 12 characterized binders are 

shown as well as the two Cryo-EM verified SARS-CoV-2 binders. Using LCB1’s P-Entropy column 

as the reference for verification, all but CD3δ_mb and IGF1R_mb pass this validation metric in 

both columns. For the values that are below the threshold p-value of 0.005, possible explanations 

for the failures are that the IGF1R design model was lost (user error) and had to be reconstructed 

via prediction. The CD3δ binder is weak and the target protein is sticky. K/O mutations may still 

be able to bind via alternate binding configurations. 

 

 

 



 

 

 



 



Figure 7. Representative flow cytometry graphs of the large scale experimental 

testing results. Yeast surface display screening of the original design library are shown 

in (a) for IL-7Rα and (b) for TrkA, whereas the results for the site saturation library 

screening are shown in (c) for IL-7Rα and (d) for TrkA. The cells labeled without the target 

protein were used as the negative control and gates were set based on the fluorescent 

signal of the control. The gates that were used to collect the cells for the next round 

screening and/or next-gen sequencing are shown as red squares. w/ represents cell 

labeling using the with avidity condition, and w/o indicates cell labeling using the without 

avidity condition (see methods for more details).  

 

 

 

 



 



 



 



 

 

 

Figure 8. SSM mutational effects. The experimentally observed effect on binding for 

each mutation is plotted in heatmap style. Red squares improved binding, blue squares 

made binding worse, and white remained the same. Gray squares had inconsistent data 

and an SC50 could not be reliably determined. Examining this data can be the first step 

towards qualitative validation by looking for vertical blue bars (positions resistant to 



mutation) which hopefully align with the monomer core and interface core positions. 

While historically this type of data is plotted with enrichments, by using the SC50 fitting 

procedure, data from all sorting pools may be combined giving a higher dynamic range. 

The SSM graphs for the remaining tested binders are in the Supplemental Information.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 1. Topologies, initial amino acid sequences, final optimized amino acid 

sequences and physicochemical properties of the de novo miniprotein binders 

for all 12 targets. 

Target Binder Topology Original sequence 
SC50 original 

sequence 
(Yeast kD) 

Optimized sequence 
Num of 

mutations 

H3 H3_mb HHH 

SEHEEFLEWLLRKIEE
AIKRGNKISAEFLIGLA
KQFLHVLNDDEIRRRL

ERLERLLH 

80 nM* 

SQHEKFLEWMLRKIEEAI
KRGNKISAEFLINLAKNFI
HVLGDDEIRRRLERLER

QLH 

8 

TrkA TrkA_mb HHH 

RDELKERIFKTIVRAVV
TGDPELLKEAKKLLEK
LKKLGRLDQSAKQLE

KAVRFVEKQLRS 

3μM 

RDEIKERIFKAVVRAIVTG
NPEQLKEAKKLLEKLKKL
GRLDQDAKKFEKAIRQV

EKRLRS 

12 

FGFR2 
FGFR2_

mb 
HHH 

DPSKELDKVYRTAFK
RITSIPDKEKQKEVVK
EATELLRRIAKDEEEK

KLASLISLFLKTLS 

600 pM 

DRRKEMDKVYRTAFKRI
TSTPDKEKRKEVVKEAT
EQLRRIAKDEEEKKKAA

YMILFLKTLG 

12 

EGFR 
EGFRn_

mb 
HHH 

DHWEEVFRWALELLQ
EATEQNDPTKAKKILE
EAHKLLRRELSEEEAR
AVVRYLKQLVDRELS 

300 nM 

DHWEEVFRWALEHLQE
ATQQNDPQKAKKILEEA
HKWLRRELSEEEARAVV

RWLKQLVDRELS 

5 

EGFR 
EGFRc_

mb 
HHH 

SPDEAKKLLQEAEKLA
RKQNDRMELAYVEFL
KHVLENAKRLNDKRA
VESVRELARDALEELQ

S 

200 nM 

SLDEAKKLLQEAEKLAR
KLNDRMELAYVEFLKHIL
ETAKKQNDKRTIESVRD

MARDALEELQS 

10 

PDGFR 
PDGFR_

mb 
HEEHE 

DDERLARLAFRVLIKR
AGVPDFDVKVTNGKV
RVTITGRDQASQEAL
QLVFALARRLGLQVQI

DTR 

600 nM 

DDERLATLAFRALIKRAG
VKNLDVKVTNGKVRVTIT
GRDQASFKALQLVFALA

RRLGLQVQIDTR 

7 

InsulinR 
InsulinR_

mb 
HHHH 

DEELLELVYEAVEKND
PRLLFEAWMILASLLD
KTGDPKIEELLRLLQL

VDRGDPDARRRIKELF
K 

800 nM 

DEELMELVYEAVEKNDP
ELLFEAWMELASLLDET
GDPKIEEALGLLQQVDG

GNPDAGRRIKELFK 

10 

IGF1R 
IGF1R_m

b 
HHH 

STRNAEFIVLLAELCA
KSQNDPSLQEYVKKV
KKIVESLLSNGDEKSA
EEVARKALEYCADG 

10μM* 

STRNAEFIMLLLELCVKS
KNDPQVQEYVKKVKKQ
VERLVGNGDEKKAEEVA

RKALEYCADG 

11 

Tie2 Tie2_mb HHHH 

SLVEELERLLEEAGVD
PELIEKLSAVILQLLIRG
LDPKDVLRFLLEMLER
DGNPLRRVVEELLKR 

600 nM 

SIDEELERLLEEAGVDPE
LIDDLYAVIYQLYIRGLSD
KDVLRFLLENLERDGTPL

RRVVEELLKR 

11 

IL-7Rα 
IL-

7Rα_mb 
HHH 

SVKKKVRKVEKKARK
AGDELAVLLARRVLEA
LEKGLVSEEDADESA

DRIEEALKK 

3 nM 

SVIEKLRKLEKQARKQG
DEVLVMLARMVLEYLEK
GWVSEEDADESADRIEE

VLKK 

13 

CD3δ CD3δ_mb EHEEHE 

NHIACEIHNPEAAKEIA
KVANVRRVFVIKQPG
NRYFVLLKDADPEGV
KKVASKYNARCVIRE 

31 μM* 

NHIACEIHNPEAAKEIAK
VANVRRVYFIKQPGNRY
FVLLKNADPEGVKKVRS

KYNVRCVIRE 

5 

TGF-β 
TGF-
β_mb 

EHEEHE 

TCTIEVVGVDPEAVEA
IAAAFGAEVREKDGKL
EIHLDDPHGAESAAAA

ISVLANVRVRLQC 

30 nM 

HCTIEVVGVDPEKVEAIA
AAYGAEVCEKDGKFEIH
LDDPHSAESAAVAISVLT

NRPVRLQC 

10 

VirB8 VirB8_mb HHH 

NAEEILEKATLIAIEAW
MLAKDEEVKKLVRTLA
RQVRKLLSNNDDDSA
KSVLDTLKSVLEDLKS 

100 nM 

NAEEITEKATLVGIEAWL
LAKDEEQKKKVRTLNRQ
VKKLLQQNDLDQAKRVL

DQLKSVLEDLKS 

14 

 

SC50 values from initial library unless * (* from SSM library). 

 

 



Information for downloading the raw design models and design scripts 

 

# The supplement for Cao 2021  De novo design of protein binding proteins 

from target structure alone 

#  has been divided across several files in order to aid with downloading. 

# 

# Some of these files are very large... 

 

# The main supplement. This is what you want if you aren't here to analyze 

our data. 

#   Contains these files: 

#      cao_2021_protocol/ 

#      design_models_final_combo_optimized/ 

#      design_models_sequence/ 

#      design_models_ssm_natives/ 

#      ngs_analysis_scripts/ 

 

# 61 MB 

files.ipd.uw.edu/pub/robust_de_novo_design_minibinders_2021/supplemental_file

s/scripts_and_main_pdbs.tar.gz 

 

 

# In this file, you will find all of our experimental data and data derived 

from that data. 

#   Contains these files: 

#      ngs_analysis/ 

#      sorting_ngs_data/ 

 

# 234 MB 

files.ipd.uw.edu/pub/robust_de_novo_design_minibinders_2021/supplemental_file

s/experimental_data_and_analysis.tar.gz 

 

 

# In this file, you will find all of the scaffolds we used in this work. 

#   Contains these files: 

#      scaffolds/ 

 

# 1.3 GB 

files.ipd.uw.edu/pub/robust_de_novo_design_minibinders_2021/supplemental_file

s/scaffolds.tar.gz 

 

 

# In this file, you will find all of the computational analysis we did for 

Fig1 and SFigs. There is no experimental data here! 

#   Contains these files: 

#       computational_protocol_analysis/ 

 

# 69 MB 

files.ipd.uw.edu/pub/robust_de_novo_design_minibinders_2021/supplemental_file

s/computational_protocol_analysis.tar.gz 

 

 

#############################################################################

#################################################                                                                                                

# 



#                                                 LAND OF THE BIG FILES                                                    

# 

#                                                                                                                             

#############################################################################

################################################ 

 

# These files are big! Think carefully here about whether you actually need 

every single design we ordered, or if  

#   the design_models_ssm_natives/ above will satisfy your needs. 

 

# If you are on an academic network, you may substitute files.ipd with 

research-files.ipd . This uses the academic internet 

#  to give you faster download speeds. 

 

 

# All ordered proteins in .pdb.gz format: (There are 1M+ files here) 

#   Contains these files: 

#      design_models_pdb/ 

 

# 64 GB 

files.ipd.uw.edu/pub/robust_de_novo_design_minibinders_2021/supplemental_file

s/design_models_pdb.tar.gz 

 

 

 

# All ordered proteins in Rosetta binary silent format. If you're using 

Rosetta, it's worth your time to figure out how to load these. 

#  These will load 10x faster than the pdb files. (And the .tar.gz only 

contains 30 files). See also github.com/bcov77/silent_tools 

#   Contains these files: 

#      design_models_silent/ 

 

# 46 GB 

files.ipd.uw.edu/pub/robust_de_novo_design_minibinders_2021/supplemental_file

s/design_models_silent.tar.gz 
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