
 
 
 

1 

Multiplexed Small Molecule Ligand Binding Assays by Affinity 

Labeling and DNA Sequence Analysis 

Bo Cai and Casey J. Krusemark* 
 
Department of Medicinal Chemistry and Molecular Pharmacology, Purdue Center for Cancer 

Research, Purdue University, West Lafayette, Indiana 47907, United States 

 

Abstract: Small molecule binding assays to target proteins are a core component of drug 

discovery and development. While a number of assay formats are available, significant drawbacks 

still remain in cost, sensitivity, and throughput. To improve assays by capitalizing on the power of 

DNA sequence analysis, we have developed an assay method that combines DNA encoding with 

split-and-pool sample handling. The approach involves affinity labeling of DNA-linked ligands to 

a protein target. Critically, the labeling event assesses ligand binding and enables subsequent 

pooling of several samples. Application of a purifying selection on the pool for protein-labeled 

DNAs allows detection of ligand binding by quantification of DNA barcodes. We demonstrate the 

approach in both ligand displacement and direct binding formats and demonstrate its utility in 

determination of relative ligand affinity, profiling ligand specificity, and high-throughput small 

molecule screening. 

 

The identification and characterization of small molecule ligands to proteins are central to the 

development of drugs and chemical probes.1-4 While a variety of assay approaches are available 

for detecting protein-ligand interactions,5-7 significant limitations exist, particularly in the areas of 

throughput, cost, and sensitivity.8,9 Labeled-ligand binding assays are commonplace and have a 

particularly long history in the quantitative determination of ligand receptor affinity. Typical labels 

include radioactive atoms,10 fluorophores for detection by fluorescence polarization (FP),11 

fluorescence energy transfer (FRET),12 bioluminescence energy transfer (BRET),13 or solid phase 

beads (Alphascreen, e.g.).14 The use of DNA as a quantitative label in such assays has not been 

explored and stands to benefit from the several advantages of DNA detection (Figure 1). 

 

The in vitro selection of DNA-encoded chemical libraries (DELs), as well as phage and mRNA 

display libraries, can be considered as a parallel ligand binding assay that uses DNA tags as 

detection labels. While there are a few examples of effective affinity ranking of ligands using 

selection approaches,15 enrichment values from selections often correlate modestly to affinity. A 
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number of complicating factors, such as the ratio of the ligand affinity constant to target protein 

concentration, ligand purity, and sequencing depth can affect the enrichment-affinity 

relationship.16 As these approaches are most often used for discovery, a strong correlation is 

typically not required. 

 

The many benefits of DNA detection-based assays are well illustrated in DEL-based ligand 

discovery, which is a dramatically more accessible and lower cost alternative to high throughput 

screening (HTS).17 DNA sequence analysis as a detection platform allows for remarkable 

sensitivity, low sample requirements, and use of widely available instrumentation. Using DNA as 

a label readily allows for multiplexing by using unique labels as barcodes. Combining DNA 

encoding with split-and-pool approaches not only facilitates the synthesis of a large number of 

unique molecules in a DEL but also allows for a collective assay of molecules by in vitro selection. 

The ability to assay compounds within a pool, rather than individually (as in traditional HTS), is a 

significant benefit that dramatically decreases assay complexity, variability, and cost.18 

 

We recently reported a DNA-based assay approach, which we call selection-based sensing, 

that uses DNA-linked molecules as sample probes and also exploits split-and-pool techniques 

with DNA-encoding. We have used this method for assaying enzymatic activity with DNA-linked 

substrates or active site-reactive probes.19 In this report, we extend the use of selection-based 

sensing as an assay platform with a DNA-based ligand binding assay for the characterization of 

protein-ligand interactions. We implement the approach in both a ligand displacement assay 

(Figure 3 and Figure S1a) suitable for small molecule screening and in a direct binding format to 

determine relative affinity of DNA-linked ligands (Figure 5 and Figure S1b) through protein titration. 

Both applications rely upon use of DNA-encoding to record the sample history of a molecule and 

covalent crosslinking of a DNA-linked ligand to a target protein using a dual display format. An 

approach that has previously shown to be effective for protein affinity labeling with DNA-linked 

ligands (Figure 2).20 

 

Our approach to a ligand displacement assay by selection-based sensing involves incubation 

of a protein target with a known ligand appended to DNA along with an electrophilic crosslinker, 

which serves as a binding probe (Figures 2, S1a). Co-incubation with a competing free ligand (not 

linked to DNA) will displace the DNA-linked probe, resulting in decreased affinity labeling and 

lower DNA recovery in a subsequent purification of DNA’s linked to the protein. As an initial 

demonstration of the technique, we determined half maximal displacement (IC50) values for three 
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compounds of known affinity to the Chromobox Homolog 7 Chromodomain (CBX7-ChD). DNA-

linked probes were prepared by conjugating a peptidic ligand (ligand 1 (BrBA) (Figure S2), Kd ≈ 

26 nM)21 to different encoding DNAs. In this application, the DNA barcodes of the probes serve 

to encode the sample identity. Barcodes are simply assigned to particular samples and encode 

both the identity and the concentration of competing free ligands in a titration series (Figures 3a, 

S1a). Following incubation, affinity labeling was effectively quenched with excess free ligand 

(1000x relative to DNA-linked probe) as a precaution, components from all samples were pooled, 

and the protein-labeled probes were purified via a HaloTag (HT)22 on the target protein using 

chloroalkane beads. The recovery of each probe was quantitated collectively by next generation 

DNA sequencing. A dose-dependent reduction in crosslinking was observed with increasing 

concentration of free ligand, enabling the calculation of IC50 values (Figure 3a).  To verify these 

results, a fluorescence polarization (FP) assay was performed using identical concentrations of 

both protein and a fluorescein-labeled probe ligand, which provided comparable IC50 values 

(Figure S3).  

 

In drug discovery and development, biochemical assays are generally considered low content 

in terms of the information provided.23 The ability to assay compounds concurrently against a pool 

of multiple protein targets would improve this significantly by providing information-rich 

biochemical profiles while keeping costs low, as a large portion of HTS costs arise from the 

compounds themselves and from dispensing them. While most assay platforms are limited to a 

single protein target, this approach allows for multiple proteins to be assayed concurrently 

(provided they contain orthogonal purification tags). In addition, it is adequately robust and 

specific to allow assays within crude protein mixtures. To demonstrate these features, we 

determined the IC50 of free ligand 1 (Figure S2) to 5 protein targets labeled with 20-mer 

oligonucleotides as orthogonal purification tags within E. coli cell lysates (Figure 3b). Protein 

targets were recombinantly expressed in E. coli, and SDS-PAGE analysis of lysates confirmed 

nearly equal expression of the 5 targets (Figure S4a). To label the target proteins, a particular 

chloroalkane-labeled oligonucleotide was simply added to each lysate in excess (10 µM) and 

incubated for 30 minutes. Labeled proteins within crude lysates were then pooled and 

subsequently split for displacement assays, as in Figure 3a, without any protein purification steps. 

After incubation with free ligand, probes crosslinked to target proteins were selected by 

purification using complementary oligonucleotides on magnetic beads. The relative recoveries of 
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the DNA probes were determined by qPCR and gave IC50 values of the ligand to each of these 

five targets, which are consistent with reported values.24 

 

To evaluate robustness for high throughput applications, we prepared 96 probes composed 

of the DNA-linked ligand 1 with unique barcodes. Half of the probes were incubated with protein 

and crosslinker, while the other half were additionally incubated with excess free ligand. 

Enrichment of the probes from the two groups were well distinguished (Z’ factor = 0.77, Figure 

S5). This indicates little variation in DNA barcode detection and a robustness suitable for HTS. 

Separate incubation of individual samples in a well plate gave a similarly robust Z’ factor (0.54, 

Figure 4a).  

 

Next, we developed a binding assay for E. coli dihydrofolate reductase (eDHFR) using a 

DNA-linked trimethoprim (TMP) probe, a commonly used model ligand receptor pair.25 We 

screened a small molecule library of 1280 compounds (LOPAC®1280, Sigma-Aldrich) (Figure 

4b). The three known eDHFR inhibitors in the library, as well as a novel compound, GW192926 

(Figure S6), showed low recovery of DNA-linked probe. Inhibition assays of eDHFR with GW1929 

and TMP validated the results of the screen (Figures 4c, S7, S8, Ki of GW1929 = 410 nM, Ki of 

TMP = 15 nM). Similarly, GW1929 was able to displace a fluorescein-labeled methotrexate (MTX) 

from eDHFR in an FP assay (Figure S9, IC50 = 7.9 µM). In addition, GW1929 showed modest 

inhibition of human DHFR (Figure 4d), which may have implications for its use as a chemical 

probe for activation of peroxisome proliferator-activated receptor g.27 

 

   This technique can also be used in a direct binding, rather than competitive, format to 

determine relative affinity of numerous DNA-linked ligands concurrently (Figures 5a, S1b). In this 

approach, a ligand to be tested is conjugated to DNA in a way that allows tethering of a 

crosslinking moiety on the opposite strand, as with the probe ligand for the displacement assay. 

The barcodes within the DNA-linked molecules serve to encode the identity of the ligand and also 

the protein concentration of a given sample within a titration series. After crosslinking, samples 

are pooled, and DNAs linked to protein are purified. DNA sequencing then determines the relative 

crosslinking yield of each DNA to the target protein, which is dependent upon the fraction of the 

DNA-ligand bound to the protein. Because the labeling rate using the sulfonyl fluoride crosslinker 

is slow relative to ligand binding (t1/2 ≈ 1 hour, Figure S10), dose response curves do not represent 

true binding curves. Thus, we have expressed affinities as effective protein concentrations that 
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gave half-maximal enrichment (EC50 values). The use of fast-reacting photocrosslinking groups, 

as previously demonstrated,20 are expected to give EC50 values equal to dissociation constants. 

 

   As an initial test, four compounds were prepared on encoding DNA scaffolds (Figure 5a) 

with a range of affinities to CBX7-ChD. After incubation with various protein concentrations, 

affinity labeling was quenched with excess ligand, all samples were pooled, and the ligands linked 

to the target protein were purified. DNA sequencing of the pool gave enrichment curves, and the 

four ligands showed differential affinity to CBX7-ChD as expected.21 To evaluate assay 

performance in a complex mixture, we used a previously reported collection of 96 DNA-encoded 

crude compounds containing single monomer substitutions of the BrBA ligand 1 (Table S5-S8).21 

In this case, DNA barcodes were appended to the compounds to indicate both the compound 

identity and the concentration of HaloTag-CBX7-Chd (0.2 nM – 50 µM) used in the crosslinking 

reaction. Using this approach, 53 of the 96 compounds gave curves sufficient to determine EC50’s 

(Figure S11-S14, Table S4), and 8 exemplary curves are shown in Figure 5b. The remaining 

compounds gave incomplete curves and are presumed to have low affinity.  

 

This approach enables the affinity of DNA-linked ligands to be measured as crude 

compounds (provided contaminants are not ligands), which is a key benefit to improve throughput. 

Most ligand binding assays are conducted with the small molecule ligand in molar excess over 

the protein target. Thus, a high purity of a tested ligand is required, as this purity would affect the 

perceived potency. Because this approach uses the protein in excess, EC50 values are not 

dependent on the concentration of the DNA-linked ligand. To demonstrate this, we compared the 

values obtained for the DNA-conjugated compound 7 that was intentionally “contaminated” with 

a non-ligand DNA. As expected, the recovery yield of impure compound 7 was lower than the 

pure compound as assessed by qPCR, yet the EC50 values were within error (Figure 5c, 730 ± 

200 nM vs 920 ± 90 nM). To additionally verify the EC50 values from the set of 96 crude 

compounds, we synthesized 12 compounds off-DNA and tested their Kd values (Figure S15). A 

good correlation (R2 = 0.85, Figure 5d) was observed in the comparison between off-DNA Kd 

values of the pure compounds and EC50 values of the crude on-DNA compounds.  

 

In summary, the affinity labeling of DNA-linked ligands enables high-level multiplexing 

capability in labeled-ligand binding assays. These assays capitalize on DNA encoding to record 

the sample history of a DNA-linked molecule to enable pooled manipulation and downstream 

analysis. As DNA sequence analysis continues to increase in accessibility and decrease in cost, 
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we expect this method to accelerate numerous aspects of the small molecule ligand discovery 

and development process. 
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Figures and legends 

 

  

Figure 1. Use of DNA as a detection label in ligand binding assays offers advantages over conventional 
radioactive and fluorophore labels. 
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Figure 2. Selection-based sensing approach to ligand binding assays by covalent crosslinking of DNA-
linked ligand to target proteins. 

 

 

Figure 3. A DNA-based ligand displacement assay for quantifying affinity of non-labeled ligands by DNA 
sequence analysis. a) Schematic illustration of multiplexed ligand binding assays by displacement of affinity 
labeling of a DNA-linked probe ligand with free ligands and subsequent DNA sequence analysis. The assay 
was applied with a broad specificity ligand for the Polycomb (Pc) CBX Chromodomains (ChDs)28 and 3 
competing ligands (see Figure S2 for structures) to the CBX7-ChD. b) Concurrent determination of IC50 
values for ligand 1 to five protein targets within crude E. coli cell lysates. Labeling HaloTag (HT) fusion 
proteins with 20-mer oligos enabled orthogonal purification using complementary oligo beads. In all panels, 
error bars indicate one standard deviation of the signal mean for three unique DNA constructs at each free 
ligand concentration. 
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Figure 4. Application of DNA-based ligand displacement assay for screening. a) Assessment of assay 
robustness with a trimethoprim (TMP) probe and E. coli DHFR (eDHFR) in a 96-well plate. b) Screening of 
the LOPAC library against eDHFR. Samples exhibiting read numbers 1 or less (40 of 1280) were excluded 
as failed wells due to low sampling. c) Inhibition of GW1929 and TMP of eDHFR. d) Real time assay of 
inhibition of human DHFR enzyme activity. 
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Figure 5. DNA-based direct binding assay for the determination of relative binding affinity of DNA-linked 
CBX7-ChD ligands. a) Schematic illustration of multiplexed ligand binding assays by affinity labeling of 
DNA-linked ligands and subsequent DNA sequence analysis. Application of the assay with ligands 4-7 to 
the CBX7-ChD. Red boxes indicate structural changes from ligand 4. b) Direct binding assays to determine 
relative affinity of 96 DNA-linked ligands concurrently were conducted, and binding curves of representative 
8 compounds are shown. See Figs. S11-14 for additional curves. c) Measurement of the EC50 values of 
pure and “contaminated” compound 7 to CBX7-ChD. d) Correlation plot between off-DNA Kd of purified 
compounds and on-DNA EC50 values of crude library members. In panels a and c, error bars indicate one 
standard deviation of the signal mean for three unique DNA constructs at each protein concentration. In 
panel d, error bars indicate one standard deviation of the signal mean for two off-DNA Kd values.  
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1. Supplementary Methods 

General materials and instrumentation 

Unless otherwise specified, all chemical reagents were purchased from commercial sources and 

used without further purification. Common chemical reagents were purchased from Chem-Impex 

and Sigma-Aldrich. DNA oligonucleotides were purchased from Integrated DNA Technologies. All 

modified oligonucleotides were synthesized on DEAE Sepharose® Fast Flow (GE Healthcare) 

and then purified by reverse-phase high-pressure liquid chromatography (HPLC) on an Agilent 

1100 Series HPLC system. After HPLC purification, DNA was precipitated, and the DNA 

concentrations were measured using an IMPLEN NanoPhotometerTM P-Class. All reagents used 

in PCR were purchased from Thermo Fisher Scientific. PCR reactions were performed using a 

BIO RAD C1000 Touch Thermo Cycler, and qPCR tests were conducted using an Applied 

BiosystemsTM ViiATM 7 Real Time PCR system. Purified water in all reactions was obtained using 

a Millipore MilliQ water filtration system. SDS-PAGE gel imaging was performed on GE Typhoon 

FLA 9500 Fluorescent Image Analyzer Scanner. The MALDI TOF/TOF MS analysis of all purified 

DNA constructs were performed using Applied Biosystems Voyager DE Pro in the Center for Drug 

Discovery at Purdue University. Mass spectroscopy experiments were conducted on the Waters 

Acquity UPLC with SQD2 mass spectrometer at the Purdue University Mass Spectrometry 

Center. Next-generation Illumina sequencing was performed at the Purdue Genomic Core 

Facility. Sequencing reads were parsed from FASTQ file to text file format. Reads of the variable 

sequence region were matched to barcodes using Matlab, which were collated and filtered to 

count total read numbers. 

 

General procedure for the synthesis of peptides  

The ligand 1-3 in Fig. S2 were synthesized on Rink Amide MBHA resin (Novabiochem®). All 

couplings and deprotections were monitored by ninhydrin tests. Briefly, 50 mg of Rink Amide 
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MBHA resin was swelled for 15 min in N, N’- dimethylformamide (DMF) and 15 min in 

dichloromethane (DCM). The resin was resuspended in 20 % piperidine in DMF for 30 min to 

deprotect 9-fluorenylmethyloxycarbonyl (Fmoc). Each coupling reaction contained 5 equivalents 

of Fmoc-amino acid, 5 equivalents of 1-Hydroxy-7- azabenzotriazole (HOAt), and 5 equivalents 

of 0.1 M N, N'-diisopropylcarbodiimide (DIC) and was allowed to proceed for 90 min. Following 

each coupling, the Fmoc group was removed by treating the resin with 20 % piperidine in DMF 

for 30 min. Peptides were finally cleaved with 95 % trifluoroacetic acid (TFA), 2.5 % 

triisopropylsilane (TIPS), and 2.5 % H2O for 3 h. The crude peptide was precipitated out of cold 

ethyl ether and purified on a reversed-phase HPLC using a H2O/MeCN + 0.1% TFA gradient with 

detection at 215 nm. The purity of all peptides was > 95% (confirmed by LC-MS). The mass of all 

peptides was confirmed by Waters Acquity UPLC with SQD2 mass spectrometer (Scheme S1-

S3, Table S3). 

 

General procedure for the synthesis of ligands on-DNA 

The benzoic acid (non-ligand control) and the ligands of CBX7-ChD and eDHFR were synthesized 

on-DNA as previously described1. All peptides were synthesized on a 5’-amine-modified 40-mer 

(ssDNAa-linker-ssDNAb-5’-NH2) on cartridges. Briefly, 200 μL of diethylaminoethanol (DEAE) 

slurry (GE Healthcare) in 50 % aq. ethanol was loaded on a cartridge. The cartridge was washed 

with 1 mL of DEAE binding buffer (10 mM HOAc and 0.005 % Triton X-100) for 3 times. 20 nmol 

of the 40-mer DNA was then diluted with 1 mL of DEAE binding buffer and went through the 

cartridge. The DEAE slurry was washed with 3 x 1 mL MeOH. Each coupling reaction contained 

50 mM carboxylic acids, 5 mM HOAt and 50 mM N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride (EDC-HCl) in 40 % DMF/60 % MeOH and was allowed to proceed for 30 min. Each 

coupling reaction was repeated twice at room temperature. Following the second coupling, the 

Fmoc group was removed by treating the DEAE slurry with 20% piperidine in DMF for 30 min. 
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The final DNA-peptide conjugate was eluted using DEAE Elution Buffer (1.5 M NaCl and 0.005 % 

Triton X-100). The trimethoprim (TMP) carboxylic acid derivative was synthesized as previously 

described1,3 and was conjugated to the 5’-amine-modified 40-mer using the same procedure as 

mentioned above. Eluted conjugates were HPLC purified, ethanol precipitated and MALDI 

confirmed by Applied Biosystems Voyager DE Pro (Scheme S4-S8, Table S2). 

 

Synthesis of sulfonyl fluoride reactive group on DNA 

The 4-[2-(hex-5-ynoylamino)ethyl]benzenesulfonyl fluoride was synthesized and conjugated to 

ssDNAa’-3’-CapN3-5’-FAM using click chemistry as previously described2. Desired DNA product 

was HPLC purified, ethanol precipitated and MALDI confirmed by Applied Biosystems Voyager 

DE Pro (Scheme S9, Table S2). 

 

Synthesis of DNA-linked chloroalkane tag 

The chloroalkane tag (1-(2-(2-azidoethoxy)ethoxy)-6-chlorohexane) was synthesized as 

previously described1. The ssDNA-5’-chloroalkane was synthesized by conjugating chloroalkane 

tag to hexynyl DNA using click chemistry (Scheme S10). The final product was HPLC purified, 

precipitated and re-suspended in water. The MALDI of ssDNA-5’-chloroalkane was confirmed by 

Applied Biosystems Voyager DE Pro (Table S2). 

 

PCR amplification of DNA-ligands onto dsDNA constructs 

Each of the ligand-40-mer conjugates were attached to 60-mer dsDNA constructs by PCR using 

the following conditions: 1X DreamTaq buffer (Thermo Fisher Scientific), 0.2 mM dNTPs, 0.5 μM 

ligand-40 mer as forward primer, 0.5 μM ssDNAc’ as reverse primer, 0.01 ng/μL 60-mer dsDNA 
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template, and 0.025 U/μL DreamTaq DNA polymerase for 20 cycles (94 °C for 3 min, 94 °C for 

15 s, annealing at 58 °C for 15s, extension at 72 °C for 30s, and a final extension of 72 °C for 5 

min). The PCR product was purified by homemade Solid-phase Reversible Immobilization (SPRI) 

beads and quantified by UV absorbance at 260 nm using an IMPLEN NanoPhotometerTM P-Class.  

 

Quantitative PCR experiments 

All qPCR reactions were performed in 384-well plates. The total volume of each qPCR reaction 

was 10 µL containing 2.5 µL of DNA template sample, 2.5 µL of 1 µM forward and reverse primers 

and 5 µL of Applied BiosystemsTM PowerUpTM SYBRTM Green Master Mix (Applied BiosystemsTM). 

The thermal cycling procedure of the qPCR machine was set as follows: Hold stage: The wells 

were brought to 50°C at a rate of 1.6°C/s and held at 50°C for 2 min. Following hold stage, the 

wells were brought to 95°C at a rate of 1.6°C/s and held at 95°C for 10 min. The following 35 PCR 

cycles consisted of 95°C for 15 s, 60°C for 20 s at a rate of 1.6°C/s. The melt curve stage 

consisted of 95°C for 15 s, 60°C for 1 min and 95°C for 15 s (the speed of temperature change 

was set to 1.6°C/s, 1.6°C/s and 0.05°C/s, respectively). 

 

DNA sequencing data analysis 

Sequencing reads were parsed from the forward read FASTQ file to text file format, giving the 

variable 20-mer barcode sequences only. Reads of the variable sequence region were matched 

to barcodes as individual 20-mers using Matlab scripts. Reads with any of the 20-mer sequences 

matching less than 18 bases were discarded. Only sequences with at least 18 out of 20 correct 

base matches were assigned to barcodes. Reads were collated and filtered to count total read 

numbers. Enrichments were calculated relative to the non-ligand control and initial preselection 

sample mixture.  
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Cloning information  

The Halotag fusion of CBX constructs were obtained from Addgene (Dr. Xiaojun Ren lab 

plasmids). Addgene Plasmids ID for these constructs are: # 82510 (HT-CBX2), # 82513 (HT-

CBX4), # 82514 (HT-CBX6), # 82520 (HT-CBX7) and # 82516 (HT-CBX8). PCR amplification 

was performed with the five constructs to obtain the Halotag fusion of CBX chromodomains. The 

Halotag-CBX2/4/6/7/8-ChD was cloned into pET28b (Novagen®). Halotag-eDHFR was cloned 

into pET28b using the procedure as previously described1. The cloned plasmids were confirmed 

by sequencing at Purdue sequencing facility. Cloned plasmids in pET28b vector were used for 

expression and purification of proteins. 

 

Protein expression  

Each of the expression plasmid was transformed into E. coli BL21 (DE3) Rosetta cells 

(Novagen®). 50 μl of each transformation was plated on a LB agar plate containing kanamycin 

(50 µg/mL) and chloramphenicol (34 µg/mL) and was incubated overnight at 37°C. A single colony 

was selected and resuspended in 3 mL of LB broth (with antibiotics) for 12 h at 37 °C. The starter 

culture was then added to a flask with 300 mL of LB broth containing kanamycin (50 µg/mL) and 

chloramphenicol (34 µg/mL). The cells were grown at 37 °C until the OD600 reached 0.5 to 0.8.  

The induction was performed by adding IPTG (final concentration = 0.5 mM) to the culture and 

incubated at 37 °C for 4 h. After induction, the cells were spun down at 3,000 xg for 10 min. 

Protein expression was checked by Coomassie stained protein gel (Fig. S4).  

 

LDA for the determination of the IC50 values of free ligands 1-3 in Fig. S2 
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Each crosslinking reaction contains 250 nM Halotag-CBX7-ChD, 1 µM BSA, 1 mg/mL Salmon 

Sperm DNA (Thermo Fisher Scientific) in 20 µL of buffer (100 mM sodium phosphate, pH 8.0, 

250 mM NaCl, 0.02% (v/v) Tween-20). To each solution was added varying concentration of the 

free ligand (100 nM – 200 μM for ligand 1 and ligand 2; 25 nM – 100 μM for ligand 3, eight different 

concentrations of each ligand were tested). Following 30 minutes’ incubation, to each of the eight 

tubes was added three unique DNA-linked BrBA probes (final concentration = 50 nM) and 

ssDNAa’-linked sulfonyl fluoride reactive group (final concentration = 100 nM). The mixture was 

then allowed to incubate for another 30 min. To each tube was then added 1000x free BrBA 

(relative to DNA-linked BrBA probes) to quench the crosslinking reaction. All eight tubes for each 

ligand were pooled and captured by 2 μL of Magne® HaloTag® Beads (Promega) at 4°C for 1 h. 

The beads were washed with PBS containing 1 μM BSA and 1 mg/mL Salmon Sperm DNA 

(Thermo Fisher Scientific) with 5% SDS for 3 times. For the fourth wash, beads were washed with 

PBS. Beads were resuspended in 20 μL water and boiled under 95°C for 10 min. The final elution 

was PCR amplified followed by the addition of specific sequencing adapters. The recovery of 

each DNA-linked BrBA was determined by DNA sequencing. The DNA-linked benzoic acid was 

doped into each tube to serve as the non-ligand control. The enrichment of DNA-linked BrBA was 

given as the fold change in the recovery of DNA-BrBA relative to the recovery of DNA-linked non-

ligand control. The data were normalized using the highest enrichment as 100% signal and 0 as 

0% signal. The IC50 of each ligand was derived with GraphPad Prism 8 using the following model: 

log (inhibitor) vs. response – variable slope (four parameters). 

 

LDA for the determination of the IC50 values of BrBA to Halo-CBX2/4/6/7/8 

Each of the five proteins (in crude cell lysates) was pre-incubated with a unique 10 µM 20-mer 

DNA-linked chloroalkane in 100 µL of buffer (100 mM sodium phosphate, pH 8.0, 250 mM NaCl, 
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0.02% (v/v) Tween-20) for 30 min. The labeling was quenched by the addition of 1000x free 

chloroalkane (relative to DNA-linked chloroalkane). All five proteins were pooled and was evenly 

split to eight tubes containing varying concentration of the free ligand 1 (BrBA) (20 nM – 100 μM). 

The solution was allowed to incubate for 30 min, followed by the addition of eight unique DNA-

linked BrBA (final concentration = 20 nM) and ssDNAa’-linked sulfonyl fluoride reactive group 

(final concentration = 40 nM) to each tube. After 30 min, 1000x free BrBA (relative to DNA-linked 

BrBA probes) was added to each tube to quench the crosslinking reaction. All eight tubes were 

pooled and evenly separated to 5 new tubes. To each tube was added corresponded DNA-linked 

biotin and 4 µL of NanoLink Streptavidin Magnetic Beads (Vector Laboratories). Following 1 h of 

incubation, the beads were washed with PBS containing 1% SDS, 1 μM BSA and 1 mg/mL 

Salmon Sperm DNA (Thermo Fisher Scientific) for 3 times. For the fourth wash, beads were 

washed with PBS. Beads were resuspended in 20 μL water and boiled under 95°C for 10 min. 

The recovery of the eight DNA-linked probes for each protein was quantified by qPCR. The IC50 

values of BrBA to five proteins were derived with GraphPad Prism 8 using the following model: 

log (inhibitor) vs. response – variable slope (four parameters). 

 

LOPAC library screening  

The LOPAC library screening was performed in Chemical Genomics Facility at Purdue University. 

To generate the probe for LOPAC library screening, the trimethoprim-40-mer conjugate (Scheme 

S8) was attached to unique 60-mer dsDNA constructs by PCR. The screening was performed in 

four 384-well plates. Each well contained approximately 50 nM Halotag-eDHFR, 2 nM DNA-linked 

trimethoprim and 10 nM crosslinker in 22 µL of buffer (100 mM sodium phosphate, pH 8.0, 250 

mM NaCl, 0.02% (v/v) Tween-20). First, 220 nL of the compounds in the LOPAC library were 

added to each well using Echo Acoustic Liquid Handler (final concentration of each compound = 
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10 µM). Then, 15 µL of the buffer containing 75 nM protein was dispensed into each well using a 

multidrop dispenser (Thermo Fisher Scientific) and was allowed to incubate with compounds in 

the LOPAC library for 30 min. Following incubation, 2 µL of 20 nM DNA-linked trimethoprim was 

transferred from storage 384-well plate to the assay plate using the Fluent® Automation 

Workstation (Tecan). The four 384-well assay plates were allowed to shake for 30 min. After 30 

min-incubation, 5 µL of 40 nM crosslinker was added to each well using the Mantis Liquid Handling 

Robots and was allowed to incubate on shaker for another 30 min. All the fractions in each of the 

four 384-well assay plates were combined together by centrifuging the components from the 

entire plate into a V-bottomed polypropylene reservoir VBLOK200 (Clickbio). Each of the four 

elution samples was captured separately by 5 μL of Magne® HaloTag® Beads (Promega) at 4°C 

for 1 h. The beads were washed with PBS containing 1 μM BSA and 1 mg/mL Salmon Sperm 

DNA (Thermo Fisher Scientific) with 5% SDS for 3 times. For the fourth wash, beads were washed 

with PBS. Beads were resuspended in 20 μL water and boiled under 95°C for 10 min. The final 

elution was PCR amplified followed by the addition of specific sequencing adapters. The recovery 

of each DNA-linked trimethoprim was determined by DNA sequencing. DNA samples with read 

numbers below 2 in sequencing considered as failed wells and were excluded from analysis due 

to low sampling. 

 

Determination of the EC50 values of compound 4 - 7 in Fig. 5a 

The compound to be tested was conjugated to ssDNAa-linker-ssDNAb-5’-NH2 to allow covalent 

crosslinking (Scheme S4-S7). Each of the conjugates was attached to 24 unique 60-mer dsDNA 

constructs by PCR. The DNA barcodes serve to encode both the identity of the DNA-linked 

compound and also the protein concentration of a given sample within a titration series. For each 

crosslinking reaction, a DNA-linked nonligand control and three of the DNA-linked compound 
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(same compound, three encoding DNA to get triplicate results, final concentration = 20 nM) were 

incubated with eight varying concentration of Halotag-CBX7-ChD (from 1 nM to 50 µM), 1 µM 

BSA, 1 mg/mL Salmon Sperm DNA (Thermo Fisher Scientific) in 20 µL of buffer (100 mM sodium 

phosphate, pH 8.0, 250 mM NaCl, 0.02% (v/v) Tween-20) for 30 min. Then, to each of the eight 

tubes was added 40 nM ssDNAa’-linked sulfonyl fluoride reactive group. The mixture was allowed 

to incubate for another 30 min. Following crosslinking, to each tube was then added 1000x free 

BrBA (relative to DNA-linked compounds) to quench the crosslinking reaction. All eight fractions 

of each DNA-linked compound were pooled and captured by 2 μL of Magne® HaloTag® Beads 

(Promega) at 4°C for 1 h. The beads were washed with PBS containing 1 μM BSA and 1 mg/mL 

Salmon Sperm DNA (Thermo Fisher Scientific) with 5% SDS for 3 times. For the fourth wash, 

beads were washed with PBS. Beads were resuspended in 20 μL water and boiled under 95°C 

for 10 min. The final elution was PCR amplified followed by the addition of specific sequencing 

adapters. The recovery of each DNA-linked compound was determined by DNA sequencing. The 

EC50 of each compound was derived with GraphPad Prism 8 using the following model: Sigmoidal 

dose-response (variable slope).  

 

Determination of the EC50 values of 96 compounds in the positional scanning library 

The positional scanning library used was prepared as previously described1. The 96 compounds 

(Table S5-S8) to be tested were conjugated to ssDNAa-linker-ssDNAb-5’-NH2 to allow covalent 

crosslinking. Each of the DNA-linked compounds was attached to unique 60-mer dsDNA 

constructs by PCR. Following PCR amplification, all of the 96 DNA-linked compounds were 

pooled. For each crosslinking reaction, a DNA-linked nonligand control and the 96 DNA-linked 

compounds (final total concentration = 1 µM) were incubated with eight varying concentration of 

Halotag-CBX7-ChD (from 0.15 nM to 50 µM), 1 µM BSA, 1 mg/mL Salmon Sperm DNA (Thermo 
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Fisher Scientific) in 20 µL of buffer (100 mM sodium phosphate, pH 8.0, 250 mM NaCl, 0.02% 

(v/v) Tween-20) for 30 min. Then, to each of the eight tubes was added 2 μM ssDNAa’-linked 

sulfonyl fluoride reactive group. The mixture was allowed to incubate for another 30 min. Following 

crosslinking, to each tube was added 1000x free BrBA (relative to DNA-linked compounds) to 

quench the crosslinking reaction. The eight fractions were separately captured by 2 μL of Magne® 

HaloTag® Beads (Promega) at 4°C for 1 h. The beads were washed with PBS containing 1 μM 

BSA and 1 mg/mL Salmon Sperm DNA (Thermo Fisher Scientific) with 5% SDS for 3 times. For 

the fourth wash, beads were washed with PBS. Beads were resuspended in 20 μL water and 

boiled under 95°C for 10 min. The final elution was PCR amplified followed by the addition of 

specific sequencing adapters to each of the eight elution. The recovery of each DNA-linked 

compound was determined by DNA sequencing. The EC50 of each DNA-linked compound was 

derived with GraphPad Prism 8 using the following model: Sigmoidal dose-response (variable 

slope).  

 

Study on the time-dependency of crosslinking  

Each crosslinking reaction contains 1 µM DNA-linked BrBA, 1 µM Halotag-CBX7-ChD, 1 µM BSA, 

1 mg/mL Salmon Sperm DNA (Thermo Fisher Scientific) in 20 µL of buffer (100 mM sodium 

phosphate, pH 8.0, 250 mM NaCl, 0.02% (v/v) Tween-20). The ssDNAa-linked BrBA was 

incubated with protein for 30 min prior to the addition of the ssDNAa’-linked sulfonyl fluoride (DNA-

SF, final concentration = 1 µM). The crosslinking reaction was allowed to proceed for different 

time periods, quenched by the addition of 6x SDS-loading buffer, directly boiled under 95 °C for 

2 min, and analyzed by SDS-PAGE. To study the effect of hydrolysis of DNA-SF, the DNA-SF 

was incubated in buffer for 1 h prior to the addition of DNA-linked BrBA and Halotag-CBX7-ChD; 

the crosslinking was allowed to proceed for 1 h, quenched by SDS-loading buffer and analyzed 
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by SDS-PAGE. The intensity of crosslinked bands was normalized using 0 as 0% signal and the 

intensity of crosslinked band after 1 h – crosslinking as 100% signal (Fig. S10). 

 

Fluorescence polarization assay 

The fluorescence polarization assay was performed in black 384-well plates. The assay buffer 

contains 20 mM Tris-HCl, pH 8.0, 250 mM NaCl, 1 mM DTT, 1 mM PMSF and 0.02% (v/v) Tween-

20. For eDHFR, the probe fluorescein-methotrexate (Biotium) and inhibitors were dissolved in 

DMSO. The concentration of inhibitors was varied, with constant concentration of fluorescein-

methotrexate and Halotag-eDHFR at 2 nM and 5 nM, respectively. For CBX7-ChD, the FAM-

probe and protein concentration was set to 50 nM and 250 nM, respectively. Plates were 

incubated for 15 min in darkness prior to reading with a SynergyTM 4 plate reader (BioTek) with 

λexc = 485 nm, λemi = 530 nm. The IC50 of each compound was derived with GraphPad Prism 8 

using the following model: log (inhibitor) vs. response – variable slope (four parameters).  

 

Dihydrofolate reductase assay 

The dihydrofolate reductase assay was performed using the Dihydrofolate Reductase Assay Kit 

(Sigma-Aldrich, Catalog Number CS0340) with a Varian Cary® 50 UV-Vis Spectrophotometer 

(Agilent). The kinetic program was set to read every 0.1 second for 3 minutes at 340 nm and 

22 °C. 1 mL of 1x assay buffer was added to a quartz cuvette as the blank sample. For the 

inhibition assay performed with human DHFR, each quartz cuvette contains 20 μL of supplied 

human DHFR, 6 μL of 10 mM NADPH, 5 μL of 10 mM dihydrofolic acid, 1 μL of 100 μM inhibitor 

and 968 μL of 1x supplied assay buffer. For the inhibition assay performed with eDHFR, the 

enzyme concentration was set to 20 nM. The absorbance at 340 nm (A340) was recorded with the 

spectrophotometer, which was normalized using the highest value within each test as 100% signal 
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and 0 as 0% signal. The A340 – Time plot was generated using GraphPad Prism 8. The inhibition 

kinetics tests of GW1929 and TMP were performed in quartz cuvettes. Each cuvette contains 990 

μL of 1x supplied assay buffer with 20 nM eDHFR in the presence of 100 nM GW1929 (or 5 nM 

TMP), 6 μL of 10 mM NADPH and varying concentration of dihydrofolic acid (0 to 60 μM). The 

Lineweaver-Burk plot was generated with GraphPad Prism 8 using the reciprocal of the initial 

velocity as y axis and the reciprocal of the substrate concentration as x axis (1/V vs. 1/[S]).  
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2. Supplementary Schemes 

 
 
Scheme S1. Synthesis of compound 1 in Figure S2 

 

 
Scheme S2. Synthesis of compound 2 in Figure S2 

 

 
Scheme S3. Synthesis of compound 3 in Figure S2 
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Scheme S4. Synthesis of compound 4 in Figure 5a 

 
Scheme S5. Synthesis of compound 5 in Figure 5a 

 
Scheme S6. Synthesis of compound 6 in Figure 5a 

 

 
Scheme S7. Synthesis of compound 7 in Figure 5a 
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Scheme S8. Conjugation of trimethoprim to DNA  

 
 

 
 
Scheme S9. Synthesis of sulfonyl fluoride reactive group on DNA 

 

 
Scheme S10. Synthesis of DNA-linked chloroalkane tag 
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3. Supplementary Protein Sequences 

Sequences of Halotag-CBX2/4/6/7/8-ChD, Halotag-eDHFR  
Halotag-CBX2-ChD: 
ATGGCAGAAATCGGTACTGGCTTTCCATTCGACCCCCATTATGTGGAAGTCCTGGGCGAG
CGCATGCACTACGTCGATGTTGGTCCGCGCGATGGCACCCCTGTGCTGTTCCTGCACGGT
AACCCGACCTCCTCCTACGTGTGGCGCAACATCATCCCGCATGTTGCACCGACCCATCGC
TGCATTGCTCCAGACCTGATCGGTATGGGCAAATCCGACAAACCAGACCTGGGTTATTTCT
TCGACGACCACGTCCGCTTCATGGATGCCTTCATCGAAGCCCTGGGTCTGGAAGAGGTCG
TCCTGGTCATTCACGACTGGGGCTCCGCTCTGGGTTTCCACTGGGCCAAGCGCAATCCAG
AGCGCGTCAAAGGTATTGCATTTATGGAGTTCATCCGCCCTATCCCGACCTGGGACGAATG
GCCAGAATTTGCCCGCGAGACCTTCCAGGCCTTCCGCACCACCGACGTCGGCCGCAAGC
TGATCATCGATCAGAACGTTTTTATCGAGGGTACGCTGCCGATGGGTGTCGTCCGCCCGC
TGACTGAAGTCGAGATGGACCATTACCGCGAGCCGTTCCTGAATCCTGTTGACCGCGAGC
CACTGTGGCGCTTCCCAAACGAGCTGCCAATCGCCGGTGAGCCAGCGAACATCGTCGCG
CTGGTCGAAGAATACATGGACTGGCTGCACCAGTCCCCTGTCCCGAAGCTGCTGTTCTGG
GGCACCCCAGGCGTTCTGATCCCACCGGCCGAAGCCGCTCGCCTGGCCAAAAGCCTGCC
TAACTGCAAGGCTGTGGACATCGGCCCGGGTCTGAATCTGCTGCAAGAAGACAACCCGGA
CCTGATCGGCAGCGAGATCGCGCGCTGGCTGTCGACGCTCGAGATTTCCGGCGCGAATT
CATCGATAGATCTGATATCGGTACCAGTCGACTCTAGAGCAGTCTCTATGGAGGAGCTGAG
CAGCGTGGGCGAGCAGGTCTTCGCCGCCGAGTGCATCCTGAGCAAGCGGCTCCGCAAGG
GCAAGCTGGAGTACCTGGTCAAGTGGCGCGGCTGGTCCTCCAAACATAACAGCTGGGAG
CCGGAGGAGAACATCCTGGACCCGAGGCTGCTCCTGGCCTTCCAGAAGAAGGAAGAGCT
CCGTCGACAAGCTTGCGGCCGCACTCGAGCACCACCACCACCACCACTGA 
 
Halotag-CBX4-ChD: 
ATGGCAGAAATCGGTACTGGCTTTCCATTCGACCCCCATTATGTGGAAGTCCTGGGCGAG
CGCATGCACTACGTCGATGTTGGTCCGCGCGATGGCACCCCTGTGCTGTTCCTGCACGGT
AACCCGACCTCCTCCTACGTGTGGCGCAACATCATCCCGCATGTTGCACCGACCCATCGC
TGCATTGCTCCAGACCTGATCGGTATGGGCAAATCCGACAAACCAGACCTGGGTTATTTCT
TCGACGACCACGTCCGCTTCATGGATGCCTTCATCGAAGCCCTGGGTCTGGAAGAGGTCG
TCCTGGTCATTCACGACTGGGGCTCCGCTCTGGGTTTCCACTGGGCCAAGCGCAATCCAG
AGCGCGTCAAAGGTATTGCATTTATGGAGTTCATCCGCCCTATCCCGACCTGGGACGAATG
GCCAGAATTTGCCCGCGAGACCTTCCAGGCCTTCCGCACCACCGACGTCGGCCGCAAGC
TGATCATCGATCAGAACGTTTTTATCGAGGGTACGCTGCCGATGGGTGTCGTCCGCCCGC
TGACTGAAGTCGAGATGGACCATTACCGCGAGCCGTTCCTGAATCCTGTTGACCGCGAGC
CACTGTGGCGCTTCCCAAACGAGCTGCCAATCGCCGGTGAGCCAGCGAACATCGTCGCG
CTGGTCGAAGAATACATGGACTGGCTGCACCAGTCCCCTGTCCCGAAGCTGCTGTTCTGG
GGCACCCCAGGCGTTCTGATCCCACCGGCCGAAGCCGCTCGCCTGGCCAAAAGCCTGCC
TAACTGCAAGGCTGTGGACATCGGCCCGGGTCTGAATCTGCTGCAAGAAGACAACCCGGA
CCTGATCGGCAGCGAGATCGCGCGCTGGCTGTCGACGCTCGAGATTTCCGGCGCGAATT
CACTTGCTATGGAGCTGCCAGCTGTTGGCGAGCACGTCTTCGCGGTGGAAAGCTTCGAGA
AGAAGCGGATCCGCAAGGGCAGAGTGGAGTATCTGGTGAAATGGAGAGGCTGGTCGCCC
AAATATAACACGTGGGAACCGGAGGAGAACATCCTGGACCCCAGGCTGCTGATCGCCTTC
CAGAACAGGGAACGGCAGGAGCAGGAGCTCCGTCGACAAGCTTGCGGCCGCACTCGAGC
ACCACCACCACCACCACTGA 
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Halotag-CBX6-ChD: 
ATGGCAGAAATCGGTACTGGCTTTCCATTCGACCCCCATTATGTGGAAGTCCTGGGCGAG
CGCATGCACTACGTCGATGTTGGTCCGCGCGATGGCACCCCTGTGCTGTTCCTGCACGGT
AACCCGACCTCCTCCTACGTGTGGCGCAACATCATCCCGCATGTTGCACCGACCCATCGC
TGCATTGCTCCAGACCTGATCGGTATGGGCAAATCCGACAAACCAGACCTGGGTTATTTCT
TCGACGACCACGTCCGCTTCATGGATGCCTTCATCGAAGCCCTGGGTCTGGAAGAGGTCG
TCCTGGTCATTCACGACTGGGGCTCCGCTCTGGGTTTCCACTGGGCCAAGCGCAATCCAG
AGCGCGTCAAAGGTATTGCATTTATGGAGTTCATCCGCCCTATCCCGACCTGGGACGAATG
GCCAGAATTTGCCCGCGAGACCTTCCAGGCCTTCCGCACCACCGACGTCGGCCGCAAGC
TGATCATCGATCAGAACGTTTTTATCGAGGGTACGCTGCCGATGGGTGTCGTCCGCCCGC
TGACTGAAGTCGAGATGGACCATTACCGCGAGCCGTTCCTGAATCCTGTTGACCGCGAGC
CACTGTGGCGCTTCCCAAACGAGCTGCCAATCGCCGGTGAGCCAGCGAACATCGTCGCG
CTGGTCGAAGAATACATGGACTGGCTGCACCAGTCCCCTGTCCCGAAGCTGCTGTTCTGG
GGCACCCCAGGCGTTCTGATCCCACCGGCCGAAGCCGCTCGCCTGGCCAAAAGCCTGCC
TAACTGCAAGGCTGTGGACATCGGCCCGGGTCTGAATCTGCTGCAAGAAGACAACCCGGA
CCTGATCGGCAGCGAGATCGCGCGCTGGCTGTCGACGCTCGAGATTTCCGGCGCGAATT
CCTGCAGGATGGAGCTGTCTGCAGTGGGCGAGCGGGTCTTCGCGGCCGAATCCATCATC
AAACGGCGGATCCGAAAGGGACGCATCGAGTACCTGGTGAAATGGAAGGGGTGGGCGAT
CAAGTACAGCACTTGGGAGCCCGAGGAGAACATCCTGGACTCGCGGCTCATTGCAGCCTT
CGAACAAAAGGAGAGGGAGCGTGAGGAGCTCCGTCGACAAGCTTGCGGCCGCACTCGAG
CACCACCACCACCACCACTGA 
 
Halotag-CBX7-ChD: 
CGAGGGCCACCATGGCAGAAATCGGTACTGGCTTTCCATTCGACCCCCATTATGTGGAAG
TCCTGGGCGAGCGCATGCACTACGTCGATGTTGGTCCGCGCGATGGCACCCCTGTGCTGT
TCCTGCACGGTAACCCGACCTCCTCCTACGTGTGGCGCAACATCATCCCGCATGTTGCAC
CGACCCATCGCTGCATTGCTCCAGACCTGATCGGTATGGGCAAATCCGACAAACCAGACC
TGGGTTATTTCTTCGACGACCACGTCCGCTTCATGGATGCCTTCATCGAAGCCCTGGGTCT
GGAAGAGGTCGTCCTGGTCATTCACGACTGGGGCTCCGCTCTGGGTTTCCACTGGGCCAA
GCGCAATCCAGAGCGCGTCAAAGGTATTGCATTTATGGAGTTCATCCGCCCTATCCCGACC
TGGGACGAATGGCCAGAATTTGCCCGCGAGACCTTCCAGGCCTTCCGCACCACCGACGTC
GGCCGCAAGCTGATCATCGATCAGAACGTTTTTATCGAGGGTACGCTGCCGATGGGTGTC
GTCCGCCCGCTGACTGAAGTCGAGATGGACCATTACCGCGAGCCGTTCCTGAATCCTGTT
GACCGCGAGCCACTGTGGCGCTTCCCAAACGAGCTGCCAATCGCCGGTGAGCCAGCGAA
CATCGTCGCGCTGGTCGAAGAATACATGGACTGGCTGCACCAGTCCCCTGTCCCGAAGCT
GCTGTTCTGGGGCACCCCAGGCGTTCTGATCCCACCGGCCGAAGCCGCTCGCCTGGCCA
AAAGCCTGCCTAACTGCAAGGCTGTGGACATCGGCCCGGGTCTGAATCTGCTGCAAGAAG
ACAACCCGGACCTGATCGGCAGCGAGATCGCGCGCTGGCTGTCGACGCTCGAGATTTCC
GGCGCGAATTCTGGCGGTTCGGGAGGCGGGAGTGGAGGTGAGCAGGTGTTCGCCGTGG
AGAGCATCCGGAAGAAGCGCGTGCGGAAGGGTAAAGTCGAGTATCTGGTGAAGTGGAAA
GGATGGCCCCCAAAGTACAGCACGTGGGAGCCAGAAGAGCACATCTTGGACCCCCGCCT
CGTCATGGCCTACGAGGAGAAGGAGGAGTGA 
 
Halotag-CBX8-ChD: 
ATGGCAGAAATCGGTACTGGCTTTCCATTCGACCCCCATTATGTGGAAGTCCTGGGCGAG
CGCATGCACTACGTCGATGTTGGTCCGCGCGATGGCACCCCTGTGCTGTTCCTGCACGGT
AACCCGACCTCCTCCTACGTGTGGCGCAACATCATCCCGCATGTTGCACCGACCCATCGC
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TGCATTGCTCCAGACCTGATCGGTATGGGCAAATCCGACAAACCAGACCTGGGTTATTTCT
TCGACGACCACGTCCGCTTCATGGATGCCTTCATCGAAGCCCTGGGTCTGGAAGAGGTCG
TCCTGGTCATTCACGACTGGGGCTCCGCTCTGGGTTTCCACTGGGCCAAGCGCAATCCAG
AGCGCGTCAAAGGTATTGCATTTATGGAGTTCATCCGCCCTATCCCGACCTGGGACGAATG
GCCAGAATTTGCCCGCGAGACCTTCCAGGCCTTCCGCACCACCGACGTCGGCCGCAAGC
TGATCATCGATCAGAACGTTTTTATCGAGGGTACGCTGCCGATGGGTGTCGTCCGCCCGC
TGACTGAAGTCGAGATGGACCATTACCGCGAGCCGTTCCTGAATCCTGTTGACCGCGAGC
CACTGTGGCGCTTCCCAAACGAGCTGCCAATCGCCGGTGAGCCAGCGAACATCGTCGCG
CTGGTCGAAGAATACATGGACTGGCTGCACCAGTCCCCTGTCCCGAAGCTGCTGTTCTGG
GGCACCCCAGGCGTTCTGATCCCACCGGCCGAAGCCGCTCGCCTGGCCAAAAGCCTGCC
TAACTGCAAGGCTGTGGACATCGGCCCGGGTCTGAATCTGCTGCAAGAAGACAACCCGGA
CCTGATCGGCAGCGAGATCGCGCGCTGGCTGTCGACGCTCGAGATTTCCGGCGCGAATT
CACTTGCTATGGAGCTTTCAGCGGTGGGGGAGCGGGTGTTCGCGGCCGAAGCCCTCCTG
AAGCGGCGCATACGGAAAGGACGCATGGAATACCTCGTGAAATGGAAGGGATGGTCGCA
GAAGTACAGCACATGGGAACCGGAGGAAAACATCCTGGATGCTCGCTTGCTCGCAGCCTT
TGAGGAAAGGGAAGAGCTCCGTCGACAAGCTTGCGGCCGCACTCGAGCACCACCACCAC
CACCACTGA 
 
Halotag-eDHFR: 
CGAGGGCCACCATGGCAGAAATCGGTACTGGCTTTCCATTCGACCCCCATTATGTGGAAG
TCCTGGGCGAGCGCATGCACTACGTCGATGTTGGTCCGCGCGATGGCACCCCTGTGCTGT
TCCTGCACGGTAACCCGACCTCCTCCTACGTGTGGCGCAACATCATCCCGCATGTTGCAC
CGACCCATCGCTGCATTGCTCCAGACCTGATCGGTATGGGCAAATCCGACAAACCAGACC
TGGGTTATTTCTTCGACGACCACGTCCGCTTCATGGATGCCTTCATCGAAGCCCTGGGTCT
GGAAGAGGTCGTCCTGGTCATTCACGACTGGGGCTCCGCTCTGGGTTTCCACTGGGCCAA
GCGCAATCCAGAGCGCGTCAAAGGTATTGCATTTATGGAGTTCATCCGCCCTATCCCGACC
TGGGACGAATGGCCAGAATTTGCCCGCGAGACCTTCCAGGCCTTCCGCACCACCGACGTC
GGCCGCAAGCTGATCATCGATCAGAACGTTTTTATCGAGGGTACGCTGCCGATGGGTGTC
GTCCGCCCGCTGACTGAAGTCGAGATGGACCATTACCGCGAGCCGTTCCTGAATCCTGTT
GACCGCGAGCCACTGTGGCGCTTCCCAAACGAGCTGCCAATCGCCGGTGAGCCAGCGAA
CATCGTCGCGCTGGTCGAAGAATACATGGACTGGCTGCACCAGTCCCCTGTCCCGAAGCT
GCTGTTCTGGGGCACCCCAGGCGTTCTGATCCCACCGGCCGAAGCCGCTCGCCTGGCCA
AAAGCCTGCCTAACTGCAAGGCTGTGGACATCGGCCCGGGTCTGAATCTGCTGCAAGAAG
ACAACCCGGACCTGATCGGCAGCGAGATCGCGCGCTGGCTGTCGACGCTCGAGATTTCC
GGCGCGAATTCTGGCGGTTCGGGAGGCGGGAGTGGAGGTATGATCAGTCTGATTGCGGC
GTTAGCGGTAGATCGCGTTATCGGCATGGAAAACGCCATGCCGTGGAACCTGCCTGCCGA
TCTCGCCTGGTTTAAACGCAACACCTTAAATAAACCCGTGATTATGGGCCGCCATACCTGG
GAATCAATCGGTCGTCCGTTGCCAGGACGCAAAAATATTATCCTCAGCAGTCAACCGGGTA
CGGACGATCGCGTAACGTGGGTGAAGTCGGTGGATGAAGCCATCGCGGCGTGTGGTGAC
GTACCAGAAATCATGGTGATTGGCGGCGGTCGCGTTTATGAACAGTTCTTGCCAAAAGCG
CAAAAACTGTATCTGACGCATATCGACGCAGAAGTGGAAGGCGACACCCATTTCCCGGATT
ACGAGCCGGATGACTGGGAATCGGTATTCAGCGAATTCCACGATGCTGATGCGCAGAACT
CTCACAGCTATTGCTTTGAGATTCTGGAGCGGCGGTAA 
 
Primary sequences of Halotag-CBX2/4/6/7/8-ChD, Halotag-eDHFR  
Halo-CBX2-ChD: 
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MAEIGTGFPFDPHYVEVLGERMHYVDVGPRDGTPVLFLHGNPTSSYVWRNIIPHVAPTHRCIAP
DLIGMGKSDKPDLGYFFDDHVRFMDAFIEALGLEEVVLVIHDWGSALGFHWAKRNPERVKGIA
FMEFIRPIPTWDEWPEFARETFQAFRTTDVGRKLIIDQNVFIEGTLPMGVVRPLTEVEMDHYRE
PFLNPVDREPLWRFPNELPIAGEPANIVALVEEYMDWLHQSPVPKLLFWGTPGVLIPPAEAARL
AKSLPNCKAVDIGPGLNLLQEDNPDLIGSEIARWLSTLEISGANSSIDLISVPVDSRAVSMEELSS
VGEQVFAAECILSKRLRKGKLEYLVKWRGWSSKHNSWEPEENILDPRLLLAFQKKEELRRQAC
GRTRAPPPPPL 
 
Halo-CBX4-ChD: 
MAEIGTGFPFDPHYVEVLGERMHYVDVGPRDGTPVLFLHGNPTSSYVWRNIIPHVAPTHRCIAP
DLIGMGKSDKPDLGYFFDDHVRFMDAFIEALGLEEVVLVIHDWGSALGFHWAKRNPERVKGIA
FMEFIRPIPTWDEWPEFARETFQAFRTTDVGRKLIIDQNVFIEGTLPMGVVRPLTEVEMDHYRE
PFLNPVDREPLWRFPNELPIAGEPANIVALVEEYMDWLHQSPVPKLLFWGTPGVLIPPAEAARL
AKSLPNCKAVDIGPGLNLLQEDNPDLIGSEIARWLSTLEISGANSLAMELPAVGEHVFAVESFEK
KRIRKGRVEYLVKWRGWSPKYNTWEPEENILDPRLLIAFQNRERQEQELRRQACGRTRAPPP
PPL 
 
Halo-CBX6-ChD: 
MAEIGTGFPFDPHYVEVLGERMHYVDVGPRDGTPVLFLHGNPTSSYVWRNIIPHVAPTHRCIAP
DLIGMGKSDKPDLGYFFDDHVRFMDAFIEALGLEEVVLVIHDWGSALGFHWAKRNPERVKGIA
FMEFIRPIPTWDEWPEFARETFQAFRTTDVGRKLIIDQNVFIEGTLPMGVVRPLTEVEMDHYRE
PFLNPVDREPLWRFPNELPIAGEPANIVALVEEYMDWLHQSPVPKLLFWGTPGVLIPPAEAARL
AKSLPNCKAVDIGPGLNLLQEDNPDLIGSEIARWLSTLEISGANSCRMELSAVGERVFAAESIIKR
RIRKGRIEYLVKWKGWAIKYSTWEPEENILDSRLIAAFEQKEREREELRRQACGRTRAPPPPPL 
 
Halotag-CBX7-ChD: 
MAEIGTGFPFDPHYVEVLGERMHYVDVGPRDGTPVLFLHGNPTSSYVWRNIIPHVAPTHRCIAP
DLIGMGKSDKPDLGYFFDDHVRFMDAFIEALGLEEVVLVIHDWGSALGFHWAKRNPERVKGIA
FMEFIRPIPTWDEWPEFARETFQAFRTTDVGRKLIIDQNVFIEGTLPMGVVRPLTEVEMDHYRE
PFLNPVDREPLWRFPNELPIAGEPANIVALVEEYMDWLHQSPVPKLLFWGTPGVLIPPAEAARL
AKSLPNCKAVDIGPGLNLLQEDNPDLIGSEIARWLSTLEISGANSGGSGGGSGGEQVFAVESIR
KKRVRKGKVEYLVKWKGWPPKYSTWEPEEHILDPRLVMAYEEKEE 
 
Halotag-CBX8-ChD: 
MAEIGTGFPFDPHYVEVLGERMHYVDVGPRDGTPVLFLHGNPTSSYVWRNIIPHVAPTHRCIAP
DLIGMGKSDKPDLGYFFDDHVRFMDAFIEALGLEEVVLVIHDWGSALGFHWAKRNPERVKGIA
FMEFIRPIPTWDEWPEFARETFQAFRTTDVGRKLIIDQNVFIEGTLPMGVVRPLTEVEMDHYRE
PFLNPVDREPLWRFPNELPIAGEPANIVALVEEYMDWLHQSPVPKLLFWGTPGVLIPPAEAARL
AKSLPNCKAVDIGPGLNLLQEDNPDLIGSEIARWLSTLEISGANSLAMELSAVGERVFAAEALLK
RRIRKGRMEYLVKWKGWSQKYSTWEPEENILDARLLAAFEEREELRRQACGRTRAPPPPPL 
      
Halotag-eDHFR:  
MAEIGTGFPFDPHYVEVLGERMHYVDVGPRDGTPVLFLHGNPTSSYVWRNIIPHVAPTHRCIAP
DLIGMGKSDKPDLGYFFDDHVRFMDAFIEALGLEEVVLVIHDWGSALGFHWAKRNPERVKGIA
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FMEFIRPIPTWDEWPEFARETFQAFRTTDVGRKLIIDQNVFIEGTLPMGVVRPLTEVEMDHYRE
PFLNPVDREPLWRFPNELPIAGEPANIVALVEEYMDWLHQSPVPKLLFWGTPGVLIPPAEAARL
AKSLPNCKAVDIGPGLNLLQEDNPDLIGSEIARWLSTLEISGANSGGSGGGSGGMISLIAALAVD
RVIGMENAMPWNLPADLAWFKRNTLNKPVIMGRHTWESIGRPLPGRKNIILSSQPGTDDRVTW
VKSVDEAIAACGDVPEIMVIGGGRVYEQFLPKAQKLYLTHIDAEVEGDTHFPDYEPDDWESVFS
EFHDADAQNSHSYCFEILERR 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

34 

4. Supplementary Figures 

 
 
Figure S1. Affinity Labeling of DNA-linked Ligands for High Throughput Ligand Binding 
Assays. (a) Ligand displacement assay for compounds’ IC50 determination. (b) DNA-based 
crosslinking assay for the determination of ligands’ EC50 values. 
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Figure S2. Structures of tested free ligands 1-3 to the CBX7-chromodomain used in ligand 
displacement assays in Figure 3a.  
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Figure S3. IC50 of ligands 1-3 determined by a traditional fluorescence polarization (FP) 
assay. 
 
 
 
 
 
 
 

 
Figure S4. SDS-PAGE analysis of the protein expression. (a). Expression of HaloTag fusion 
of the CBX family Chromodomains (CBX2, CBX4, CBX6, CBX7, CBX8) used within crude lysates 
for ligand displacement assays in Fig. 3b. (b). Expression analysis in crude E. coli lysate and 
analysis of purified of Halo-eDHFR.  
                                                                          
 



 
 
 

37 

 
Figure S5. Assessment of the DNA-barcode robustness of the ligand displacement assay 
with CBX7 chromodomain in 2 wells.  
 
 

 
Figure S6. Structures of hit compounds from the LOPAC library screening 
 
 
 
 

0 16 32 48
0

1

2

3

replicates

lo
g 

[E
nr

ic
hm

en
t]

DNA-linked BrBA

DNA-linked BrBA + excess free BrBA
S/B = 80 
Z’ = 0.77

N

N

N

NH2N

NH2

N

N
H

O
OHO

OH

O

Methotrexate

OH

OHO

N
H

N
H

N

NH2

N

H2N N

N

O

O

Aminopterin

O

NN

HN

O

OH

O

GW1929

N

N NH2

NH2

O

O

O

Trimethoprim



 
 
 

38 

 
Figure S7. Real time assay of the inhibition of enzyme activity of eDHFR using 0.1 µM of 
the indicated inhibitors. 
 
 

 
Figure S8. Lineweaver-Burk plot of inhibition of eDHFR with GW1929 and TMP using data 
presented in Fig. 4c.  
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Figure S9. Fluorescence polarization assay for the determination of the IC50 of GW1929 
using a fluorescein-conjugated methotrexate as a probe.  
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Figure S10. Time-dependency of crosslinking. (a) Crosslinking of DNA-linked BrBA (Ligand 1, 
Fig. S2) to Halo-CBX7-ChD using DNA-linked sulfonyl fluoride as the crosslinker. The crosslinking 
reaction was quenched at different time points (from 3 min to 3 h). A hydrolysis test in the final 
lane involved preincubation of the sulfonyl fluoride oligo in labeling buffer alone for 1 hour prior to 
addition to the labeling reaction. (b) Normalized intensity of crosslinked bands using background 
signal from a protein-free lane as 0% signal and the intensity of crosslinked band after 1 h – 
crosslinking as 100% signal. 
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Figure S11. On-DNA EC50 of compound 1-23 in the PSL determined by DNA-based cross-
linking assay 
 

 
Figure S12. On-DNA EC50 of compound 33-64 in the PSL determined by DNA-based cross-
linking assay 
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Figure S13. On-DNA EC50 of compound 65-83 in the PSL determined by DNA-based cross-
linking assay 
 

 
Figure S14. On-DNA EC50 of compound 84-98 in the PSL determined by DNA-based cross-
linking assay. Compound 98 is the doped positive control (DNA-linked BrBA). 
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Figure S15. IC50 values of off-DNA hits in binding assay to Halotag-CBX7-ChD. The IC50 
values were converted to Kd values using Cheng Prusoff equation. 
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5. Supplementary Tables 

Table S1. Oligonucleotide sequences and modifications 
Name Sequences and modifications 

ssDNAa-5’-C12-NH2 /5AmMC12/ATGGTATCAAGCTTGCCACA 

ssDNAa’-5’-FAM /56-FAM/TGTGGCAAGCTTGATACCAT 

ssDNAa’-3’-C12-NH2-5’-FAM /56-FAM/TGTGGCAAGCTTGATACCATXXXXX 

ssDNAa-linker-ssDNAb-5’- 
C12-NH2 

/5AmMC12/ATGGTATCAAGCTTGCCACA/iSp18/GTCGAGCTCTCTACTGCATA 

ssDNAc’ TGACACCTTGTCCCGGGTTC 

ssDNAf1-5’-alkyne /5Hexynyl/GCCTGATTCCCGCTGATTAT 

ssDNAf2-5’-alkyne /5Hexynyl/GATCTCTGTGAAGTTAGTGC 

ssDNAf3-5’-alkyne /5Hexynyl/GATCTCGATTATGCTCAAGG 

ssDNAf4-5’-alkyne /5Hexynyl/GAGACACTTATGGCTCATGT 

ssDNAf5-5’-alkyne /5Hexynyl/CGTCGTGCTGCGTGACTATA 

ssDNAf1’-3’-biotin ATAATCAGCGGGAATCAGGC/3Bio/ 

ssDNAf2’-3’-biotin GCACTAACTTCACAGAGATC/3Bio/ 

ssDNAf3’-3’-biotin CCTTGAGCATAATCGAGATC/3Bio/ 

ssDNAf4’-3’-biotin ACATGAGCCATAAGTGTCTC/3Bio/ 

ssDNAf5’-3’-biotin TATAGTCACGCAGCACGACG/3Bio/ 

 
Table S2. MALDI analysis of chemically-modified oligonucleotides 

Oligonucleotide Calculated [M-H]- Observed [M-H]- 
ssDNAF1-5’-chloroalkane 6467.2 6468.8 
ssDNAF2-5’-chloroalkane 6571.3 6571.6 
ssDNAF3-5’-chloroalkane 6540.3 6542.0 

ssDNAF4-5’-chloroalkane 6540.3 6541.7 

ssDNAF5-5’-chloroalkane 6532.3 6534.2 
ssDNAa-linker-ssDNAb-5’-non-ligand 12941.7 12941.5 

ssDNAa-linker-ssDNAb-5’-Compound 4 13610.4 13611.3 
ssDNAa-linker-ssDNAb-5’-Compound 5 13564.5 13567.1 
ssDNAa-linker-ssDNAb-5’-Compound 6 13624.4 13626.3 
ssDNAa-linker-ssDNAb-5’-Compound 7 13596.3 13599.0 

ssDNAa-linker-ssDNAb-5’-TMP 13197.0 13197.6 

 
 



 
 
 

45 

 
Table S3. Observed masses of small molecules 

Small Molecules Calculated [M+H]- Observed [M+H]+ 
Compound 1 (Figure S2) 789.33 788.74 

Compound 2 (Figure S2) 792.39 792.06 

Compound 3 (Figure S2) 694.43 694.12 

Trimethoprim carboxylate-
derivative (Scheme S8) 

377.17 377.40 

 
Table S4. On-DNA EC50 values and enrichment of compounds within the Positional 
Scanning Library (PSL) 

Compound ID in 
Figure S11-S14 

Compound ID in 
Table S5-S8 

On-DNA EC50 determined  
by cross-linking (nM) 

Enrichment from selection 
against 250 nM protein 

78 P(-4)-6 17 640 

8 P(-1)-8 22 533 

21 P(-1)-21 25 312 

92 P(-4)-20 26 781 

84 P(-4)-12 28 486 

85 P(-4)-13 29 665 

87 P(-4)-15 30 711 

4 P(-1)-4 31 351 

20 P(-1)-20 32 275 

86 P(-4)-14 39 518 

95 P(-4)-23 40 931 

2 P(-1)-2 46 327 

1 P(-1)-1 48 542 

17 P(-1)-17 49 392 

67 P(-3)-19 52 493 

76 P(-4)-4 53 246 

34 P(-2)-10 54 255 

59 P(-3)-11 54 457 

98 P(-3)-17 56 473 

65 Parental 56 290 

54 P(-3)-6 59 419 
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19 P(-1)-19 60 149 

55 P(-3)-7 68 289 

35 P(-2)-11 71 120 

3 P(-1)-3 80 531 

83 P(-4)-11 80 506 

58 P(-3)-10 83 379 

93 P(-4)-21 85 761 

23 P(-1)-23 86 326 

57 P(-3)-9 86 312 

18 P(-1)-18 103 267 

53 P(-3)-5 105 480 

9 P(-1)-9 120 430 

75 P(-4)-3 142 133 

88 P(-4)-16 145 434 

64 P(-3)-16 164 369 

90 P(-4)-18 173 621 

82 P(-4)-10 182 536 

81 P(-4)-9 195 545 

74 P(-4)-2 212 413 

41 P(-2)-17 260 286 

96 P(-4)-24 270 430 

56 P(-3)-8 290 272 

73 P(-4)-1 310 457 

91 P(-4)-19 315 361 

33 P(-2)-9 330 210 

80 P(-4)-8 340 469 

77 P(-3)-15 390 146 

63 P(-4)-5 390 472 

66 P(-3)-18 394 329 

94 P(-4)-22 451 479 

68 P(-3)-20 495 275 

89 P(-4)-17 570 332 

62 P(-3)-14 580 169 
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22 P(-1)-22 615 185 

36 P(-2)-12 760 163 

10 P(-1)-10 810 257 

47 P(-2)-23 1590 143 
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Table S5. Building blocks of the P (-1) Position of the PSL.  
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Table S6. Building blocks of the P (-2) Position of the PSL 
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Table S7. Building blocks of the P (-3) Position of the PSL 
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Table S8. Building blocks of the P (-4) Position of the PSL 
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