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Abstract

Achieving sufficient enrichment of ligands from DNA-encoded libraries for detection can be 

difficult, particularly for low affinity ligands within highly complex libraries. To address this 

challenge, we present an approach for crosslinking DNA-linked ligands to target proteins using 

electrophilic or photoreactive groups. The approach involves the teathering of a ssDNA 

oligonucleotide to a DNA-encoded molecule to enable attachment of a reactive group post-

synthetically via DNA hybridization. Crosslinking traps ligand-protein complexes while in 

solution and allows for stringent washing conditions to be applied in the subsequent purification. 

Five reactive groups (tosyl, NHS ester, sulfonyl fluoride, phenyl azide, and diazirine) were tested 

for crosslinking efficiency and specificity with three DNA-linked ligands to their target proteins. 

In a model selection, crosslinking resulted in improved enrichment of both high and a low affinity 

ligands in comparison to a selection with a solid-phase immobilized protein.

Introduction

DNA-encoded combinatorial libraries have become useful sources of drug lead and 

molecular probe compounds.1,2 A critical step in these campaigns is the in vitro selection, 

where binders are distinguished from non-binders. The signal to noise of this binding assay 

can make or break the ligand discovery success from these highly complex libraries.

Enrichment of ligands from DNA-encoded libraries generally involves immobilization of a 

purified target protein onto a physical matrix (e.g. biotinylated protein on streptavidin 

magnetic beads, His-tagged protein on Ni-NTA resin, or chemical modification of resin/

beads with protein), incubation of the target with the library, washing of the support, and 

finally elution of bound ligands.3 While solid-phase selections have been successful in a 

number of applications, in certain (and typically unreported) cases, such selections fail to 

yield enrichments significant enough to indicate potential ligands using next-generation 

DNA sequencing. This approach has several limitations: background binding to the support 
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matrix, potential for multivalent binding, limited control over protein concentration, and loss 

of native properties of the target protein upon immobilization. In addition, the required 

washing steps make solid-phase selections particularly challenging for enrichment of low 

affinity ligands.3 In order to address these limitations, a number of approaches have been 

developed including isolation in kinetic capillary electrophoresis,4 interaction dependent 

PCR/primer extension,5,6 exonuclease protection through DNA-programmed affinity 

crosslinking,7 and co-compartmentalization with DNA-linked protein targets in emulsion 

droplets.8

Herein, we explore the potential for crosslinking of DNA-linked ligands to their binding 

proteins to facilitate the enrichment of ligands from DNA-encoded libraries. Covalent 

crosslinking of transiently interacting biomolecules is a common approach to enable the 

identification of binder pairs by co-purification. Protein-protein complexes are often trapped 

using formaldehyde9 or synthetic bifunctional crosslinkers10 prior to immunoprecipitation. 

Crosslinking of protein-nucleic acid complexes is generally performed with 

formaldehyde11–12 or UV light13,14 and is a key component of RNA-binding protein 

interactome capture,15 CLIP/CLIP-seq,16,17 and XChIP-seq.18 In addition, 

photocrosslinking has been employed to improve discovery of ssDNA apatamers using 

photoSELEX.19 Given the utility of these techniques, particularly in characterizing protein-

DNA interactions, we hypothesized that crosslinking of small molecule-DNA conjugates to 

target binding proteins would facilitate the enrichment of ligands from DNA-encoded 

libraries.

In this paper, we test five reactive groups (both photoreactive and electrophilic) for 

crosslinking efficiency with three model ligand-receptor systems. In a model library 

enrichment with DNA-encoded ligands of varying affinity to a protein target, we 

demonstrate the ability to co-purify crosslinked conjugates after protein denaturation and 

stringent washing conditions.

Results and discussion

Our approach for affinity crosslinking involves appending a small molecule ligand (or DNA-

encoded library member) from the 5′ end of a double-stranded DNA construct and the 

display of a reactive group from the 3′ end of the opposite DNA strand (Scheme 1). This 

approach offers a number of conveniences for assembly of a DNA-encoded small molecule 

with a DNA-linked reactive group. Reactive groups with moderate stability can be 

synthesized on oligonucleotides directly before use and assembled quickly by DNA 

hybridization. Also, the modularity of the approach allows various reactive groups to be 

readily tested with a single ligand construct. This dual display of functional moieties on a 

DNA scaffold was inspired by prior work with bivalent protein binding agents20 and with 

dual pharmacophore DNA-encoded libraries.21 This approach has been recently used by Li 

and coworkers7,22,23 with DNA-programmed photoaffinity crosslinking probes and by 

Rosen et al.24 for affinity crosslinking of His-tagged proteins with activated ester-modified 

oligonucleotides.
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As outlined in Scheme 1, the implementation of this crosslinking approach involves 

appending small molecule library members via a ssDNA tether on a dsDNA-encoding 

construct. After equilibration with a protein target, a reactive group containing ssDNA 

complementary to the tethered ssDNA is added to allow for crosslinking of the DNA-linked 

small molecule to the protein target. After crosslinking, the protein can be denatured, 

captured via an affinity tag (e.g. biotin), and washed stringently prior to detection by qPCR 

or DNA sequencing.

A wide variety of reactive groups have been employed in affinity-based crosslinking 

approaches.25 To assess suitability for application with DNA-linked small molecules, several 

reactive groups were tested using modified oligonucleotides. Any of three electrophiles 

(tosyl 1, N-hydroxysuccinimide (NHS) ester 2, sulfonyl fluoride 3) or two photoreactive 

groups (diazirine 4 and phenyl azide 5) (Fig. 1A) were synthesized on a 3′-modified, 20-mer 

oligonucleotide ssDNA. These reactive group-containing oligos also contained a 5′-

fluorescein amide (FAM) modification to facilitate detection of crosslinking. Ligands were 

synthesized separately on a 5′-modified, complementary ssDNA (Fig. 1B). The ligand 

receptor pairs employed included glycylleucine carboxybenzylsulfonamide (GL-CBS) to 

bovine carbonic anhydrase II (CAII),26 staurosporine (STS) to protein kinase A (PKA),27 

and a peptide ligand to the chromodomain of chromobox protein 8 (CBX8).28

Crosslinking efficiencies of the reactive group oligos to target proteins were assessed when 

hybridized to ligand-containing oligos. Ligand-ssDNAs were first incubated with protein to 

allow for equilibration prior to addition of the reactive group ssDNA. After incubation (and 

irradiation at 354 nm for 4 and 5), crude reaction mixtures were analyzed by SDS-PAGE. 

The crosslinking efficiency of the protein to DNA for each reactive group was determined by 

comparing the FAM fluorescence intensity of the free oligonucleotide to the crosslinked, 

gel-shifted oligo-protein complex. In the ligand directed crosslinking of CAII (Fig. 1C), 

efficiencies observed were as high as 36% for 5, and reactive groups 2, 3, and 5 performed 

similarly. In reactions with the CBX peptide ligand-ssDNA and CBX8 protein (ESI Fig. S5), 

both 2 and 3 gave significant crosslinking, 45% and 71%, respectively. With STS-ssDNA 

and PKA (ESI Fig. S6), 2 was the only reactive group to give substantial crosslinking. 

Overall for these three ligand-receptor pairs, 2 and 3 reacted much more efficiently than 1. 

Of the photoreactive groups, 5 consistently gave greater crosslinking yields than 4.

The crosslinking efficiency comparisons suggest that the NHS ester is generally the highest 

yielding reactive groups for crosslinking and perhaps the best choice when approaching a 

protein target de novo. The electrophilic groups were explored primarily due to the highly 

selective and efficient affinity crosslinking previously demonstrated with tosyl groups by 

Hamachi and coworkers29,30 in both live cells and animals. Crosslinking with the acyl 

imidazole group (also developed by Hamachi and coworkers)31 was explored briefly, 

however, the group was found to be reactive with the fluorescein tag in the preparation of a 

modified oligo. Because crosslinking with the electrophiles involves a properly placed, 

suitable nucleophile on the protein, a concern was that yields would be very case dependent. 

In exo-mechanism affinity labeling, tosyl groups have shown to react with His, Glu, and Tyr 

side chains,29 NHS esters with Lys,32 and sulfonyl fluorides with Ser, Tyr, and Lys.33 In 

contrast, the highly reactive nitrene and carbene species generated by photoactivation of the 
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aryl azide and diazirine, respectively, can insert in a number of bonds (C-H or N-H) on the 

protein.32

In addition to labeling efficiency, the ligand dependency of crosslinking is critical. Non-

specific, ligand-independent crosslinking of the target protein would produce background 

signal in a binding assay or library selection. To assess ligand dependency of crosslinking, 

the three proteins were incubated with the reactive group oligos paired with a non-ligand 

oligo, ligand oligo, or the ligand oligo in the presence of a competitive ligand, Fig. 2A–C. 

Little to no crosslinking to the target protein was observed with the non-ligand oligo, and 

suppression in crosslinking was observed in all three systems with the addition of a 

competitive ligand. To assess ligand dependency of crosslinking, bovine serum albumin 

(BSA) was included in the crosslinking reactions and little, if any, crosslinking to BSA was 

observed.

To determine if crosslinking levels were dependent on ligand affinity (particularly for the 

long-lived electrophile 3), we prepared three ligands on DNA with varying affinities for 

CAII (Fig. 3A) and applied them in reactions using either 5 or 3 (Fig. 3B and 3C). The on-

DNA affinities were consistent with published reports of the free molecules.26,34,35 The 

differences in crosslinking observed at both 10 μM and 1 μM CAII for each ligand were 

consistent with the target protein concentrations and ligand Kd’s with both reactive groups. 

In these tests, significant levels of BSA crosslinking were observed when reactive group 5 
was paired with the GL-CBS ligand oligo in reactions that lacked the target protein (Fig. 3B, 

Lanes 6 and 12). This crosslinking likely reflects the propensity of BSA to bind to 

hydrophobic small molecules and potentially to sulfonamides specifically36,37. Thus, this 

labeling may still be considered ligand-dependent. Bio-layer inferometry analysis, however, 

with the GL-CBS ligand and BSA at 10 μM did not indicate binding (Figure S4).

Encouraged by the results of crosslinking efficiency and ligand-dependency, we sought to 

apply this crosslinking strategy to enrich ligands on encoding DNA sequences in a model 

selection. Appending a reactive group on the 3′ end opposite a 5′ end DNA-linked small 

molecule presented a challenge when considering the construct architecture and workflow of 

many DNA-encoded library approaches. Libraries generated by DNA-programmed 

combinatorial chemistry (DPCC) are constructed on ssDNA but are subsequently duplexed 

in a primer extension reaction to minimize any effects of DNA secondary structure in 

selections.38 Libraries prepared using DNA ligation also yield dsDNA encoding 

sequences.39 To address this issue, a starting oligonucleotide could be used that contains a 

polyethylene glycol (PEG) spacer between two oligo segments to result in a dsDNA 

encoding sequence tethered to a ssDNA sequence via the spacer. This ssDNA would contain 

the small molecule at its 5′ end and would be available for hybridization to a 

complementary, reactive group oligo. The spacer would prevent read-through of the 

appended ssDNA by DNA polymerase in a primer extension, and the 5′ and 3′-end 

modifications of the tethered ssDNA would prevent any interference in encoding by DNA 

ligation.

To prepare constructs for test selections, two CAII ligands and a non-ligand control (Scheme 

2) were synthesized on a 5′-amine-modified, 40-mer oligonucleotide, which contained a 
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PEG spacer between two 20-mer sequences. Using these oligos as primers in a PCR with 

unique 100-mer templates gave 100-mer dsDNA products tethered to the ligand-containing 

20-mer ssDNA. DNA templates assigned to each ligand contained a unique, internal 20-mer 

sequence for use as a specific priming site to enable qPCR analysis of ligand enrichments. A 

mock library was then prepared by mixing ligand constructs GL-CBS and D-CBS at 0.1 nM 

each with an excess of control, non-ligand construct (Bz) (10 nM).

Using this mixture, test selections were conducted using the crosslinking approach with the 

sulfonyl fluoride oligo or using a traditional solid-phase selection with CAII immobilized on 

magnetic beads. For both selections, an approximate protein concentration of 1 μM was used 

to pose a challenge for the enrichment of the low affinity ligand, D-CBS (Kd = 4.5 μM).

For the crosslinking selection, the DNA-conjugate mixture was equilibrated with a 

biotinylated CAII in solution. Then a 3′-modified ssDNA with 3 complementary to the 

tethered ssDNA was added in slight excess of all DNA constructs (150 nM) for crosslinking 

to the target protein. After overnight incubation, the proteins were denatured with SDS 

(while maintaining DNA hybridization),40 and the target protein was captured with 

streptavidin magnetic beads. Taking advantage of the crosslinking, extensive and stringent 

washes of the beads was performed. Using qPCR to quantify the mixtures before and after 

selection, the crosslinking approach yielded 17,000-fold enrichment of the high affinity 

ligand, GL-CBS, and 1700-fold enrichment of the low affinity ligand, D-CBS, relative to the 

non-ligand, Bz, construct (Table 1). The trend in enrichment was consistent with the 

differences in crosslinking yields observed at 1 μM CAII in Fig. 3C. The enrichment of both 

ligands was dependent on the crosslinking. A replica experiment lacking the reactive group 

(3′-OH ssDNA) failed to produce significant enrichments or ligand-DNA recovery (Table 

1).

In comparison, the traditional solid-phase affinity selection enriched the high affinity ligand 

720-fold, but did not enrich the low affinity ligand significantly. Failure to enrich the D-CBS 

ligand was anticipated in this selection given the dissociation constant is ~5-fold above the 

protein concentration used. With this selection containing an initial binding step and five 

bead washes (6 total partitioning cycles), the best case recovery of this ligand could be 

estimated at 0.002% (0.17^6),41 which is well below the observed background recovery of 

non-ligands. In contrast, the crosslinking selection involves just a single partitioning step, 

which is slightly less efficient due to crosslinking yields.

An additional solid-phase test selection was performed at much higher (estimated 17 μM) 

protein concentration (Table 1). In this case, enrichment of both ligands was detected, and 

the relative recovery of the GL-CBS and D-CBS ligands observed was consistent with their 

Kd’s, the number of partitioning cycles, and the estimated protein concentration. While the 

recovery of ligand-DNA was as good or greater than as observed with crosslinking, the non-

ligand recovery was also greater due to the less stringent washing conditions, which lessened 

the overall enrichment.

In the crosslinking-based test selection, a biotin affinity tag introduced by NHS-coupling on 

CAII was used to purify DNAs crosslinked to the protein target. The stability of the biotin-
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streptavidin interaction to relatively high levels of SDS makes this system particularly 

suitable for this application. While acylation of proteins with biotin is a commonly 

employed approach for immobilization of selection targets, it is not suitable for many 

proteins. A milder alternative would be the BirA tag, which allows for enzymatic 

biotinylation through a short peptide tag.42 Additionally, other affinity tags can be used 

under denaturing conditions, such as His6-Ni-NTA. Also, immunopurifications using various 

epitope tags can be performed on denatured proteins after appropriate dilution of 

denaturants.43

Both the absolute recovery and relative enrichment of ligands are key considerations in the 

development of selection strategies. While the traditional, solid-phase selection (Table 1) did 

provide approximately 5-fold greater recovery of the high affinity GL-CBS ligand compared 

to the crosslinking selection, the overall enrichment was 20-fold lower. The lower recovery 

in the crosslinking case is likely a result of the crosslinking and protein capture efficiencies. 

The crosslinking approach clearly benefited from stringent washes, which reduced the 

background recovery of the non-ligand, Bz, construct 100-fold over the standard selection. 

Due to the typically high complexity of DNA-encoded libraries, selection methods must 

produce a high level of enrichment of ligands over non-ligands. The enrichment required is 

case dependent and is a function of the library complexity size and the number of DNA 

sequence reads obtainable. As each member in a DNA-encoded library may only be present 

at thousands of molecules each, high enrichment should not be achieved at the expense of 

ligand recovery. Large losses of DNA-linked ligands would lead to under sampling of the 

population. Since the concentration of each library member in a selection is insignificantly 

low, the free ligand to protein-bound ligand ratio is equal to the ratio of the Kd to the protein 

concentration. As this ratio becomes much greater than 1, significant enrichment becomes 

difficult to achieve with solid-phase selections without incurring dramatic losses of 

ligands.41 Since DNA-encoded libraries are an expensive resource, minimizing the amount 

used is desirable.

The model selection results demonstrate the potential for crosslinking to improve selections 

of DNA-encoded libraries. This approach could be particularly useful in cases where the 

dissociation constants (Kd’s) of ligands are significantly greater than the target protein 

concentration. This may arise because of difficulties in obtaining a concentrated target 

protein. Many proteins are prone to aggregation at high concentration. Targeting of 

unpurified, dilute proteins directly in cell lysates, where the context may be critical for 

protein function, would be desirable. Additionally, crosslinking may allow discovery of very 

low affinity (Kd > 10 μM) fragment ligands from DNA-encoded libraries.

This approach to crosslinking could also show utility in various DNA-based assay platforms 

for detecting and characterizing binding to proteins. Validation and qualitative ranking of 

protein binding for ligands on DNA could be conducted by simple gel-based assays 

(analogous to gel-shift assays with DNA-binding proteins)44, which require only pmol or 

less quantities for detection. This crosslinking approach could be applied in recently 

developed methods for highly multiplexed protein interaction detection by parallel DNA 

sequencing, such as single-molecular-interaction sequencing (SMI-seq)45 or parallel analysis 

of translated ORFs (PLATO).46
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Conclusions

In summary, we developed an approach for applying crosslinking to the selection of ligands 

from DNA-encoded libraries. Employing a tethered ssDNA construct allows for a reactive 

group to be synthesized separately and appended to DNA-encoded ligands after 

equilibration with protein targets. The sufficient crosslinking yields and the ability to 

perform stringent washes after protein denaturation resulted in improved enrichments of 

DNA-linked ligands in a model selection. The technique is amenable to DNA-encoded 

libraries produced from a number of platforms and shows particular promise for enrichment 

of low affinity ligands and for protein targets obtainable only at low concentrations.

Experimental

Unless otherwise noted, reagents were used as provided from commercial sources. Water 

used in all experiments and analyses was purified by a Millipore Milli-Q RO water 

purification system. Oligonucleotides were purchased from IDT and used as provided 

(sequences and specific modifications are given in ESI). Bovine carbonic anhydrase II was 

purchased from Sigma-Aldrich (C3934). DNA conjugates were purified on a Varian Pro Star 

HPLC system and analytical analysis on an Agilent 1100 series HPLC system, both using 

Agilent Microsorb-MV 300-5 C18 250 x 4.6 mm reverse phase columns. Analytical 

separations were performed using 100 mM triethylammonium acetate (TEAA), pH 5.5 in 

water (A) or 100 mM triethylammonium acetate in 90 % MeCN (B) with a linear gradient 

from 5 – 60 % B over 22 minutes. Purifications were performed using the previous or 

0.75 % (v/v) 1,1,1,3,3,3-hexafluoropropan-2-ol, and 10 μM EDTA to pH 7.0 with 

triethylamine in water (A) or 90 % MeOH (B) with a linear gradient from 5 – 50 % B over 

22 minutes. ESI-MS analysis was completed using an ABSciex 4500 QTrap from fractions 

collected from HFIP-based HPLC purifications. MALDI analysis was completed on an 

Applied Biosystems Voyager DE PRO instrument operated by the Purdue University 

Campus-Wide Mass Spectrometry Center after TEAA-based purification, ethanol 

precipitation, and ZipTip cleanup. On-DNA ligand dissociation constants were determined 

using a ForteBio Octet Red384. NMR analysis were completed on a Bruker ARX300 

instrument as part of the Purdue Interdepartmental NMR Facility. All gel images were 

recorded by a GE Healthcare Typhoon Trio+ with gel band quantifications determined using 

ImageJ software.

General procedure for acylation of amine-modified ssDNA

Acylation of amine-modified ssDNA was completed using a general procedure, modified 

from Halpin et al.47 A solution of 1 nmol of amine-modified ssDNA in 1 mL of DEAE bind 

buffer (10 mM HOAc, 0.005 % Triton X-100) was immobilized onto 200 μL of 50% DEAE 

Sepharose slurry, pre-washed with DEAE Bind Buffer on a DNA solid-phase cartridge using 

a vacuum manifold. The immobilized DNA-containing cartridge was washed with 3 mL 

MeOH on the vacuum manifold and then the cartridge was placed between two 1 mL 

syringes. The carboxylic acid coupling reaction mixture of 40 % DMF in MeOH with 50 

mM carboxylic acid, 50 mM EDC-HCl, and 5 mM HOAt was pulled up by one syringe and 

passed back and forth through the column several times and then incubated for 30 minutes at 
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RT, after which the reaction mixture was eluted on the vacuum manifold. A fresh reaction 

mixture was prepared and added to the cartridge and incubated for 30 minutes at RT. After 

elution of the second reaction mixture, the cartridge was washed with 3 mL DMF, 3 mL 

MeOH, and 1 mL DEAE bind buffer. The modified oligo was then eluted with 1 mL DEAE 

elution buffer (1.5 M NaCl, 100 mM TEAA, pH 5.5, 0.005 % Triton X-100) and purified by 

HPLC.

General procedure for alkynyl reactive group coupling to ssDNA′-3′-N3

Using a modified procedure from Hong et al.48 The general conditions are as follows: 1.0 

μM ssDNA′-3′-N3 was added to 50 mM sodium phosphate, pH 7.4, 150 mM NaCl, 5 mM 

aminoguanidinium hydrochloride, 5 % (v/v) 5:1 50mM THPHA:50mM CuSO4 (premixed), 

1 mM alkyne, and 5 mM sodium ascorbate with a final concentration of 5 % (v/v) DMSO. 

The mixture was incubated for 20 minutes at RT and then concentrated and excess organics 

removed through 1-butanol extractions. The resulting aqueous mixture was used directly for 

crosslinking experiments.

General procedure for electrophilic crosslinking

The target protein (1.0 μM) and BSA (1.0 μM) in 0.1 M sodium phosphate, pH 8, 0.25 M 

NaCl, 0.02% (v/v) Tween-20, was combined with the ligand-ssDNA conjugate (1.0 μM) and 

incubates for 30 minutes prior to the addition of the reactive group-ssDNA (0.75 μM). 

Electrophilic crosslinking was allowed to proceed 16 h at RT, quenched by the addition of 

6X SDS-loading buffer, and directly analyzed by SDS-PAGE. Gels were imaged 

immediately for FAM fluorescence and then Coomassie stained.

General procedure for photocrosslinking

Photocrosslinking was performed as described above, except the system was allowed to 

incubate with both the ligand-ssDNA and reactive group-ssDNA’ for 30 minutes at RT. 

Irradiation was completed by exposure to a 4W 356 nm UV light source at 4 °C for 1 hour, 

quenched by the addition 6X SDS-loading buffer, and directly analyzed by SDS-PAGE. Gels 

were imaged immediately for FAM fluorescence and then Coomassie stained.

General procedure for enrichment of ligands via crosslinking (SDS + stringent washes)

A premix of ligand-dsDNA and non-ligand-dsDNA (0.11 nM and 10 nM, respectively) was 

added to 1.0 μM biotinylated B. CAII and 10 ;M BSA in 0.1 M sodium phosphate, pH 8.0, 

0.25 M NaCl, 0.02 % (v/v) Tween-20, 1.0 mg/mL tRNA and incubated at RT for 30 min. 

Meanwhile, the reactive group ssDNA was prepared as described above (General procedure 

for alkynyl reactive group coupling to ssDNA′-3′-N3). The ssDNA′-3′-reactive group was 

added in 15x excess of ligand and non-ligand DNA to the protein/DNA mixture and 

incubated 16 h at RT. SDS was added to a final concentration of 5.0 % (w/v) and the mixture 

was incubated for 30 min at RT, diluted with the above buffer to a final SDS concentration of 

1.0 % (w/v) and incubated with pre-washed Nanolink Streptavidin Magnetic Beads (1.5x 

based on capacity) for 2 h. The magnetic beads were then separated and supernatant 

removed. The magnetic beads were then washed with the above buffer + 0.1 % (w/v) SDS 

five times. Following the final wash, the magnetic beads were eluted by suspending in 10 μL 
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water and heated at 95 °C for 5 minutes. qPCR analysis of the premix and magnetic bead 

elution was completed by comparison of CT standard curves of identical dsDNA constructs.

General procedure for enrichment of ligands via solid-phase affinity pulldowns

Biotinylated B. CAII (1.2x based on magnetic bead capacity) was immobilized onto pre-

washed Nanolink Streptavidin Magnetic Beads by incubating in 0.1 M sodium phosphate, 

pH 8.0, 0.25 M NaCl, 0.02 % (v/v) Tween-20, 1.0 mg/mL tRNA, 10 μM BSA for 2 h at RT. 

The magnetic beads were then separated and supernatant removed. The CAII-bound 

magnetic beads were then washed with the above buffer three times and a premix of ligand-

dsDNA and non-ligand-dsDNA (0.1 nM and 10 nM, respectively) in the above buffer (in the 

appropriate volume to give the desired effective protein concentration) was added and 

incubated at RT for 1.5 h. The magnetic beads were then separated and DNA supernatant 

removed. The CAII-bound magnetic beads were then washed with the above buffer five 

times, maintaining the same effective protein concentration in each wash. After the final 

wash, the magnetic beads were suspended in 10 μL water and heated at 95 °C for 5 min. 

qPCR analysis of the premix and magnetic bead elution was completed by comparison of 

CT standard curves of identical dsDNA constructs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Ligand-directed crosslinking of DNA to CAII. (A) Structures of reactive groups (RG) (tosyl 

1, NHS ester 2, sulfonyl fluoride 3, phenyl azide 4, diazirine 5). (B) Structure of 5′-GL-

CBS-ssDNA hybridized to 3′-reactive group-5′-FAM-ssDNA′. (C) SDS-PAGE analysis of 

reactive group crosslinking efficiencies with GL-CBS ligand to CAII (10 μM CAII, 10 μM 

BSA, 1.0 μM ligand-ssDNA, 0.75 μM RG-ssDNA′). Crosslinking yields were determined 

from ratio of the FAM fluorescence of crosslinked CAII (CAII-DNA) to the total crosslinked 

and non-crosslinked 5′-FAM-ssDNA (DNA).
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Figure 2. 
Ligand dependency of DNA-protein crosslinking. All DNA constructs were excluded from 

the protein only lane. No-ligand lanes used 5′-OH-ssDNA in place of ligand-ssDNA. 

Crosslinking of (A) CAII with GL-CBS-ssDNA using 3, (B) CBX8 with CBX peptide-

ssDNA using 3, (C) PKA with STS-ssDNA using 2. Competitor ligands used were 10 μM 

methazolamide for CAII, 5 mM SK(me3)LAF peptide for CBX8, 10 μM STS for PKA.
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Figure 3. 
Affinity-based crosslinking of DNA to CAII with ligands of varied affinity. (A) Three on-

DNA ligands with Kd’s to CAII as determined by bio-layer interferometry (ESI Tables 1–3). 

(B) FAM fluorescence of SDS-PAGE analysis from crosslinking with 5. Lanes 1, 7: CAII 

and BSA only; lanes 2, 8: Non-ligand ssDNA (5′-OH-ssDNA); lanes 3, 9: 1 μM GL-CBS-

ssDNA; lanes 4, 10: 1 μM CBS-ssDNA, lanes 5, 11: 1 μM D-CBS-ssDNA; lanes 6, 12: no 

CAII. Lanes 1–6: 10 μM CAII and 10 μM BSA, lanes 7–12: 1 μM CAII and 1 μM BSA. (C) 

FAM fluorescence of SDS-PAGE analysis from crosslinking with 3. Lane assignments are 

the same as (B).
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Scheme 1. 
Enrichment of DNA-linked ligands by crosslinking to a target protein. All library members 

contain the same 20-mer ssDNA sequence tethered to the unique dsDNA (ligand-encoding) 

construct. This allows a reactive group-ssDNA to be added by DNA hybridization after 

library synthesis and binding to a protein target. Following crosslinking, proteins can be 

denatured without impairing DNA hybridization and immobilized onto a solid support via an 

affinity tag (e.g. biotin). Stringent washing conditions can then be applied to remove non-

ligands and maximize the enrichment of ligands.
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Scheme 2. 
Preparation of ligands on DNA for crosslinking selections. Ligands were synthesized 

separately on a linkered ssDNA 40-mer and then used as primers in PCR to attach each 

ligand to a unique 100-mer DNA template.
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Table 1

Enrichment and recovery of small molecule-DNA conjugates from sulfonyl fluoride (3)-based crosslinking or 

solid-phase affinity selections for ligands binding to B. CAII. Enrichment is given as the fold change in 

concentration of each ligand-DNA construct relative to the non-ligand (Bz) DNA construct. Recovery is given 

as the amount of DNA recovered of the initial DNA mixture.

SDS + Stringent Washes Solid-Phase Affinity Pulldown

X-linking with 3
1 μM CAII

Enrichment (Recovery)

Without X-linking
1 μM CAII

Enrichment (Recovery)

1 μM CAII
Enrichment (Recovery)

17 μM CAII
Enrichment (Recovery)

GL-CBS (Kd 120 nM) 17,000 (11 %) 22 (0.021 %) 720 (52 %) 610 (89 %)

D-CBS (Kd 4.5 μM) 1,700 (1.1 %) 28 (0.026 %) 2.2 (0.16 %) 25 (3.6 %)

Bz (non-ligand) (0.00062 %) (0.00094 %) (0.073 %) (0.15 %)
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