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Abstract 

It is challenging to incorporate stereochemical diversity and topographic complexity into DNA-

encoded libraries (DELs) because DEL syntheses cannot fully exploit the capabilities of modern 

synthetic organic chemistry. Here, we describe the design, construction, and validation of DOS-

DEL-1, a library of 107,616 DNA-barcoded chiral 2,3-disubsituted azetidines and pyrrolidines. We 

used stereospecific C–H arylation chemistry to furnish complex scaffolds primed for DEL 

synthesis, and we developed an improved on-DNA Suzuki reaction to maximize library quality. 

We then studied both the structural diversity of the library and the physicochemical properties of 

individual compounds using Tanimoto multi-fusion similarity analysis, among other techniques. 

These analyses revealed not only that most DOS-DEL-1 members have “drug-like” properties, 

but also that the library more closely resembles compound collections derived from diversity 

synthesis than those from other sources (e.g., commercial vendors). Finally, we performed 

validation screens against horseradish peroxidase and carbonic anhydrase IX, and we developed 

a novel, Poisson-based statistical framework to analyze the results. A set of assay positives were 

successfully translated into potent carbonic anhydrase inhibitors (IC50 = 20.1–68.7 nM), which 

confirmed the success of the synthesis and screening procedures. These results establish a 

strategy to synthesize DELs with scaffold-based stereochemical diversity and complexity that 

does not require the development of novel DNA-compatible chemistry. 
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Introduction 

Chemical probes can modulate protein activities selectively, rapidly, and reversibly, enabling them 
to interrogate a wide range of therapeutic hypotheses.1 Many outstanding problems in biomedical 
research, however, cannot be addressed by currently available tool compounds, so small 
molecules that act via novel mechanisms of action (nMoAs) are needed. 

DNA-encoded library (DEL) technology provides a means to identify small-molecule “binders” that 
interact with biomacromolecules in novel ways. DELs comprise small molecules that are 
covalently linked to unique DNA sequences that encode, most frequently, their synthetic 
histories.2,3 Because the DNA barcode enables pooled storage and screening, large libraries can 
be screened in a single affinity-based experiment with an immobilized macromolecular target. 
Inhibitors of kinases,4 phosphatases,5 metalloproteases,6 and hydrolases,7 among others,8–10 
have emerged from DELs in recent years. Beyond inhibiting enzyme activity, binders may perturb 
biological systems by altering the interactomes of their protein binding partners (i.e., inducing 
novel protein associations that rewire cellular circuitry). They may also change the dynamic 
properties of their targets, which can alter cellular half-lives (degraders and stabilizers), rates of 
post-translational modifications, or protein activities (e.g., by gaining neo-functions).11,12 Binders 
can modulate protein behavior both as monovalent compounds13–15 and as bivalent molecules in 
which two binders are covalently tethered.16–18 

Due to the challenges associated with DEL synthesis, many DNA-barcoded compounds exhibit a 
narrow range of structural features and architectures. For example, reactions commonly used in 
DEL syntheses (e.g., cross-couplings, SNAr reactions, and amidations) tend to generate libraries 
rich in sp2-hybridized carbons and amide bonds.19–21 Moreover, DELs are constructed using split–
pool synthesis, so they are often enriched in compounds that resemble traditional combinatorial 
chemistry reaction products: high molecular weight, low rigidity, and few stereogenic 
elements.10,22 Recent advances in DNA-compatible methodology have begun to expand the types 
of transformations, building blocks, and structural features that may be incorporated into DELs.23–

30 However, performing complexity-generating reactions in DEL syntheses remains difficult due 
to the inherent presence of both DNA and water during the reactions, low substrate 
concentrations, high yield and purity requirements, and other factors.26,31 Approaches to improve 
the tolerance of the DNA barcode to high levels of organic solvent using cationic resins are 
currently being explored.32 Though these methods can expand the scope of DNA-compatible 
chemistry dramatically, they present their own set of challenges when applied to library syntheses. 

An alternative strategy for addressing the structural gaps in current DELs is to integrate the 
principles of diversity-oriented synthesis (DOS). DOS uses strategically designed sequences of 
complexity-generating transformations to yield compounds with structural features often found in 
naturally occurring small molecules (“natural products”), such as spirocyclic ring systems and 
series of contiguous stereocenters.33–35 These compounds of “intermediate complexity”—more 
complex than the contents of many screening libraries but less complex than natural products—
exhibit properties that are both correlated with success in the clinic and favorable for protein 
binding.36–38 Phenotypic screening experiments with non-encoded libraries derived from DOS, 
whose members contain chemical features associated with natural products, have identified 
nMoA compounds that engage a diverse range of targets.39 It is not yet known whether these 
types of compounds can similarly expand the capabilities of target-based screening by enabling 
DELs to identify binders of proteins that are currently challenging to engage. 

Here, we describe the design, synthesis, structural analysis, and test screening of a library of 
107,616 DNA-barcoded saturated N-heterocycles, which we refer to as “DOS-DEL-1.” To 
synthesize DOS-DEL-1, we leveraged stereospecific C–H arylation chemistry to build complex 
scaffolds that were attached to DNA for DEL synthesis. We then examined the physicochemical 
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properties of the final compounds and compared DOS-DEL-1 to non-encoded small-molecule 
libraries. Finally, we performed affinity-based enrichment experiments to confirm the success of 
DOS-DEL-1’s synthesis procedure. This study illustrates that a DEL comprising all possible 
stereoisomers of novel scaffolds can be constructed without the arduous development of new 
DNA-compatible chemistry. DOS-DEL-1 and the procedures used to characterize it enable the 
future exploitation of novel DELs and their comparative analyses to existing DELs. 

 

Results 

Library design. We aimed to synthesize a DEL featuring under-represented chemical features 
like stereochemical diversity, topographic complexity, and small rings. Compounds containing 
these features may be generated via Pd-mediated C–H arylation of azetidines and pyrrolidines,40 
but this reaction cannot currently be performed in the presence of DNA. We instead envisioned a 
pathway that would incorporate C–H arylation before DNA attachment, where all the tools of 
modern synthesis are available. 

We designed DOS-DEL-1 to comprise a complete matrix of stereoisomers of 2,3-disubstituted 
azetidines and pyrrolidines (Fig. 1a). While azetidines and pyrrolidines have similar reactivities, 
their minor differences in ring size and geometry can alter compound topography dramatically.41 
Synthesizing all stereoisomers of these complex scaffolds facilitates the study from primary 
screening results of structure–activity relationships (SAR), including stereochemistry-based SAR; 
enrichment in a barcode associated with one stereoisomer but not others is evidence of a specific 
binding event. This approach has benefitted both non-encoded42 and DNA-barcoded43 screening 
libraries. 

DOS-DEL-1 contains approximately 100,000 compounds. Current DELs can theoretically contain 
>1012 distinct compounds,20 but evidence is lacking that larger numbers produce greater 
screening successes, and indeed there are suggestions that the opposite might be true.44 We 
therefore focused on ensuring that our DNA barcodes were encoding the correct compounds (i.e., 
not reaction by-products or unreacted starting materials). Furthermore, a smaller library size 
permits the library’s inherently unequal distribution of barcodes to be considered during 
enrichment calculations. While this focus on quality often came at the expense of quantity, DOS-
DEL-1 is similar in size to the original (non-encoded) Broad DOS library that has yielded many 
nMoA compounds despite its relatively modest size.39 

Scaffold synthesis. All four stereoisomers of each of the azetidine and pyrrolidine scaffolds were 
synthesized and prepared for DNA attachment (Fig. 1b). To synthesize one set of enantiomers, 
D-azetidine-2-carboxylic acid (1a) and D-proline (1b) were first converted to aminoquinolines 2a 
and 2b.40 To retain the cis stereodiad, 2a was treated with excess Boc anhydride and catalytic 
DMAP to generate the corresponding bis-Boc product, which was then exposed to H2O2 and LiOH 
to afford carboxylic acid 3a. The trans diastereomer 3b was obtained via Boc protection of the 
amine, followed by treatment with excess NaOH at 110 °C. The proline derivatives 3c and 3d 
were synthesized in a similar manner that accounted for the increased steric hindrance around 
the amide. The corresponding enantiomers were synthesized analogously. 

These eight scaffolds were then prepared for attachment to an amine-functionalized duplex DNA 
“headpiece”21 (DNA-HP; Fig. S1). For each intermediate, a spacer was installed to distance the 
densely functionalized core from the site of DNA conjugation. The resulting NHS esters 4a-4d 
and ent-4a-4d were readily attached to DNA (Table S1). 

DOS-DEL-1 library synthesis. The on-DNA synthetic pathway was designed to maximize the 
yield and purity of the final compounds. The Boc protecting group is more easily cleaved from the 
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azetidines than from the pyrrolidines (Tables S2–S3 and Figs. S2–S3), so we decided to perform 
this transformation directly after DNA attachment; this ordering allows each set of substrates to 
undergo deprotection separately before being pooled for appendage diversification. Reductive 
amination and sulfonylation were identified as high-yielding N-capping reactions (Tables S4–S5), 
and the Suzuki reaction was chosen to functionalize the aryl iodide. The Suzuki reaction 
proceeded in low yield and generated multiple by-products when performed in the presence of a 
free amine (Fig. S4), so it was designated as the last step in the pathway. Conditions based on 
known DNA-compatible Suzuki reactions resulted in unacceptably high dehalogenation of the aryl 
iodide substrate.45 Pd(dppf)Cl2 was discovered to be a superior alternative to Pd(PPh3)4, 
eventually affording higher yields and less deiodination with fewer equivalents of palladium after 
substantial optimization (Table S6). 

We next determined the building blocks that would be used to realize the full library. Appendages 
contribute substantially to the physicochemical properties of DEL members,3 so we avoided 
compounds with high molecular weight and lipophilicity when selecting candidate building blocks. 
Incomplete reactions and undesired by-products can compromise DEL screens,46 so only building 
blocks that achieved ≥85% conversion with all tested scaffolds were included. The actual 
scaffolds to be used for library synthesis—rather than model systems—were used during these 
experiments. Overall, 42 sulfonyl chlorides, 72 aldehydes, and 117 boronic acids were validated 
(Tables S7–S9; Supplementary Dataset 1). 

Following the successful synthesis of a 16-member pilot library (Figs. S5–S9), we performed a 
full-library synthesis (Fig. 1c). After scaffold encoding, DNA attachment, and Boc deprotection, 
the resulting free amines were pooled for appendage diversification via N-capping and again for 
cross-coupling, each step receiving a DNA barcode (Supplementary Dataset 2). The final library 
contains 107,616 distinct compounds derived from 8 scaffolds, 114 N-capping (BB1) elements, 
and 118 Suzuki-derived (BB2) elements (117 boronic acids plus one blank well). 

Cheminformatic analysis of DOS-DEL-1. To determine the physicochemical properties of the 
compounds that compose DOS-DEL-1 and its subsets (Fig. 2a), all library members were 
enumerated computationally. The vast majority of compounds in DOS-DEL-1 fall within the “drug-
likeness” guidelines outlined by Lipinski and Veber (Fig. 2b).47,48 ≥90% of compounds meet 
benchmarks regarding LogP, topological polar surface area (TPSA), and numbers of hydrogen-
bond donors, hydrogen-bond acceptors, and rotatable bonds. 58% of compounds meet all 6 
cutoffs, and 88% meet 5 of 6 (Table S10). 

In addition to analyzing DOS-DEL-1 as a whole, studying distinct sub-libraries (Supplementary 
Dataset 3) allowed us to determine the effects of synthetic decisions on physicochemical 
properties (see Fig. 2a). Two such decisions that considerably altered MW, LogP, and TPSA were 
1) the choice of N-capping reagent class (“ald” vs. “sc”), and 2) the functionalization of the aryl 
iodide (“Suz” vs. “no Suz”). The sulfonyl group in all members of the “sc” sub-library contributed 
to a higher mean MW, lower mean LogP, and higher mean TPSA compared to the “ald” sub-
library (see Fig. 2b). The shapes of the property distributions, however, differ between the two 
sub-libraries (Fig. 2c), which indicates that the sulfonyl group is not the lone contributor to these 
differences. Performing a Suzuki reaction tended to increase MW, LogP, and TPSA compared to 
the parent aryl iodides (see Fig. 2c), even though iodine is a heavy, lipophilic atom. Additional 
comparison plots (Figs. S10–S33 and Supplementary Dataset 4) show how these synthetic 
choices influenced additional physicochemical properties (e.g., numbers of hydrogen-bond 
donors and acceptors) and the distributions of those properties in various DOS-DEL-1 sub-
libraries. 

Multi-fusion similarity analysis of DOS-DEL-1. Tanimoto-based multi-fusion similarity analysis 
can be used to calculate the structural relationships between sets of small molecules,49 which 
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provide further insight into the consequences of synthetic decisions. First, we analyzed compound 
structures within DOS-DEL-1. Eight sub-libraries (see Fig. 2a) were defined according to 
combinations of reaction parameters; for example, the “az/sc/Suz” sub-library comprises 
azetidines with a sulfonyl chloride N-capping reagent and a functionalized aryl iodide. Within-
group and cross-group multi-fusion similarities were calculated for each sub-library (Fig. S34). 
Overall, despite its use as a “diversification” step, the Suzuki reaction appears to increase 
similarities both within and across sub-libraries, though this may be partially explained by the 
larger size of the “Suz” sub-libraries.50 

Next, each sub-library was compared to five off-DNA small-molecule collections (Supplementary 
Dataset 5): 2,477 natural products (NP),36 6,152 commercial compounds (CC),36 6,623 diversity-
oriented synthesis (DOS1) compounds,36 12,011 known bioactives (BIO),51 and another 19,149 
DOS compounds (DOS2; Fig. 3).51 The resulting average-maximum fusion similarity plots render 
these data in two dimensions, with each point representing the Tanimoto similarity of the nearest 
neighbor (vertical coordinate) and the average similarity (horizontal coordinate).  

As mentioned above, we had sought to synthesize a DEL whose members more closely 
resembled compounds from DOS (DOS1 and DOS2) than those found in commercial collections 
(CC), which often exhibit high sp2-content and low stereochemical complexity. According to mean-
fusion similarity (Fig. 3a), DOS-DEL-1 compounds are most like DOS1 and DOS2, especially a 
subset of DOS1 in the middle of the plot. They are least similar to CC, though many members of 
DOS-DEL-1 find their most similar structure in CC or BIO. For comparison, mean-maximum 
similarity fusions between members of DOS-DEL-1 are also depicted.  

We then compared each of the eight DOS-DEL-1 sub-libraries to these five reference compound 
collections (Fig. 3b). The highest maximum-fusion similarity was achieved by comparing CC and 
the “ald/Suz” sub-libraries, which is consistent with the set of reactions most commonly performed 
in industry.52,53 Performing a Suzuki reaction appears to increase multi-fusion similarity to all five 
reference libraries broadly, though the effect on median-fusion similarity for CC and maximum-
fusion similarity for NP is weak. Neither ring size nor N-capping reagent class produce a 
consistent effect across reference libraries, though the higher maximum-fusion similarity of CC to 
DOS-DEL-1 “pyr/Suz” sub-libraries highlights the dearth of azetidines in commercial collections. 

Barcode validation. After DEL synthesis, next-generation DNA sequencing can identify which 
DNA barcodes are present and quantify their relative abundances. Deep sequencing (Table S11 
and Fig. S35) revealed all but three of the 100,000+ expected barcodes; the three missing 
sequences were each detected in subsequent experiments (Fig. S36; Supplementary Dataset 6). 
When each set of tags was analyzed separately, the relative abundances of only two BB1 tags 
and three BB2 tags fell outside 0.5x–2.0x of their set’s mean abundance (Figs. S37–S39). As 
described previously,54,55 the resulting distribution of individual compound barcode frequencies is 
well-approximated by a negative binomial distribution, especially when barcodes containing the 
two most problematic BB2 tags are omitted (Fig. S40). Due to the size of DOS-DEL-1, these minor 
discrepancies can be accounted for during analysis of the screening data.  

DEL affinity-based screens. To assess the quality of DOS-DEL-1, we performed test screening 
experiments with two targets often used for this purpose: horseradish peroxidase (HRP) and 
carbonic anhydrase IX (CA-IX).  

Rather than rely upon raw sequencing counts in post-screen eluents, we sought to account for 
the non-uniform distribution of library barcodes and the possibility of compounds binding the 
immobilization matrix. To do this, we envisioned a “barcode enrichment” score for each barcode 
as the quotient of its post-screen abundance (the “after” distribution) and its abundance in a 
beads-only no-target control (the “before” distribution). Such a quotient, however, would have a 
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much lower level of confidence when the input representation was low than when the input 
representation was high. To account for this discrepancy, we instead computed ratios between 
confidence limits estimated from the data at fixed values of confidence (CI95) using Poisson 
distributions modeled on the numbers of observed sequence reads. We defined “normalized fold 
change” as the ratio of a CI95 underestimate of the “after” distribution and a CI95 overestimate of 
the “before” distribution (see Supporting Information). Compared to a negative-binomial 
distribution (Fig. 4),54,55 this Poisson-based method better represents both low- and high-
abundance barcodes (under ~25 and over ~380 sequencing reads in Fig. 4, respectively) prior to 
screening. 

DEL screens were first performed with HRP, which is commonly used in initial screening 
experiments.19,56 We observed that many of the compounds with the highest normalized fold-
change scores contain sulfonyl chloride–derived Michael acceptors (Fig. 5a). Our normalization 
procedure enabled analysis of the leftmost portion of the plot (those barcodes with the lowest 
“before” representation), which is typically challenging to interpret when enrichment scores are 
not normalized due to artificially high enrichment scores (Fig. S41). 

We expanded this analysis to individual and paired diversity elements to determine if electrophiles 
were broadly enriched by exposure to HRP. To do this, we compared the representation of 
diversity elements among the top k=2,389 compounds ranked by normalized fold-change relative 

to that of the top k=2,389 compounds ranked by the input (“before”) representation. We scored 
each diversity element or pair of elements using chigram analysis (see Supporting Information). 
This analysis revealed that the first-, second-, and fifth-most highly enriched BB1 DNA tags 
correspond to compounds containing sulfonyl chloride-derived Michael acceptors, and that their 
relative rank matches the order that would be predicted when considering reactivity principles 
(Fig. 5b). Neither p-ethylphenylsulfonamides (Fig. S42) nor N-phenylacrylamides (Fig. S43) were 
enriched, which suggest that an electrophilic motif is necessary but not sufficient for binding. 
Analyzing pairs of diversity elements revealed little influence of BB2 upon enrichment but more 
substantial effects due to scaffold identity (Fig. 5c). Finally, as an internal control, DNA tags 
encoding the same building block exhibited broadly similar behavior (Fig. S44). 

We then sought ways to study the chemistry at BB2. DOS-DEL-1 was designed to contain 1,824 
compounds with an aryl primary sulfonamide motif at BB2. This sub-structure is known to promote 
binding to CA-IX,19,57 so enrichment of primary sulfonamides upon exposure to CA-IX would 
suggest that the on-DNA Suzuki reactions had been successful. 

The normalized fold-change plot revealed that many of the most highly enriched compounds 
contain an aryl primary sulfonamide (Fig. 5d). Most of these compounds contain para aryl 
sulfonamides and fewer contain meta aryl sulfonamides. This ordering is consistent with the 
increased accessibility of the para sulfonamide over the meta regioisomer to the enzyme active 
site. In this case, Poisson normalization revealed additional primary sulfonamides that would have 
otherwise been obscured (see Supplementary Dataset 6). 

Chigram analysis revealed that primary sulfonamide–containing compounds were broadly 
enriched by exposure to CA-IX. The first- and second-most highly enriched BB2 DNA tags among 
the top k=1,120 compounds correspond to para and meta aryl primary sulfonamides, respectively 
(Fig. 5e), which reaffirms the normalized fold-change analysis. Expanding this analysis to pairs of 
diversity elements suggested generally little impact of scaffold and BB1 identity on the enrichment 
of sulfonamide-containing compounds, though there does appear to be modest complementarity 
between para primary sulfonamides and trans azetidine scaffolds (Fig. 5f). These results are 
consistent with previous observations that the primary sulfonamide motif dominates the binding 
interaction with CA-IX.43 DNA tags encoding the same building block again behaved similarly (Fig. 
S45). Taken together, both sets of screening results confirm the robustness of the on-DNA 
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chemistry during library synthesis and the ability of our analysis method to uncover relationships 
between structures of highly enriched compounds. 

CA-IX hit synthesis and evaluation. To validate compound–target interactions, positives from 
the CA-IX screens (and control compounds) were synthesized off DNA (Fig. 6a; Fig. S46) and 
subjected to a carbonic anhydrase inhibition assay (Fig. 6b; Figs. S47–S52). Every compound 
with a sulfonamide at the para position (5–8) exhibited potent inhibition (IC50 = 20.1–68.7 nM)—
even Boc carbamates 8a/8b. Therefore, the identity of BB1 largely does not influence protein 
binding, which was suggested by the screening data (see Fig. 5f). Moving the sulfonamide to the 
meta position (8a/8b vs. 9a/9b) reduced inhibitory activity by ~15- to ~50-fold, which is consistent 
with the chigram analysis (see Figs. 5e and 5f). Stereochemistry did not influence IC50 in most 
cases, but pyrrole 7a and carbamate 9b were found to be ~3-fold and ~40-fold more potent than 
their enantiomers, respectively. No inhibitory activity was detected with biphenyl azetidines 10a 
or 10b, which lack primary sulfonamides. 

 

Discussion 

Phenotypic screening has benefitted tremendously from the inclusion of novel chemical 
structures, such as those that result from either biosynthetic pathways yielding natural products 
or DOS yielding synthetic compounds.39 The application of the DOS approach to DEL-based 
screening, however, had not been explored before this study. We acknowledge that these initial 
findings have not yet illuminated the full consequences of incorporating under-represented 
chemical features into DELs, but the synthesis and characterization of DOS-DEL-1 are helpful 
first steps towards answering this important question in the future. 

While compounds that contain common structural motifs like peptide bonds have had success in 
DEL screens,9,58 the full potential of DELs likely remains untapped. We have shown that modern 
organic synthesis can furnish DEL scaffolds that yield products containing rare structural features. 
Instead of installing structural complexity on DNA, we performed our key complexity-generating 
transformations before DNA attachment. This approach has enabled for the first time, to our 
knowledge, the DNA barcoding of all possible stereoisomers of complex scaffolds containing 
multiple stereogenic elements. This design choice is supported by recent studies that describe 
the significant influence of scaffold geometry on the behavior of DNA-barcoded compounds.43 We 
hope to leverage this insight towards the discovery of small-molecule binders of challenging 
therapeutic targets in the future—increasingly sophisticated DELs and screening efforts with that 
aim are ongoing. 

DEL technology can generate exceedingly large libraries, but we consciously sacrificed library 
size to maximize the robustness of our synthesis and screening procedures. A recent analysis 
has questioned the relationship between DEL productivity and library size,59 and results from the 
Liu laboratory have confirmed that libraries need not exceed tens or hundreds of thousands of 
members to find potent nMoA compounds.60,61 Larger libraries are correlated with weaker signals 
in DEL screens,21 and this effect appears to outweigh the benefits of increased appendage 
diversity in libraries comprising >108 members.44 Furthermore, data from smaller libraries are 
more easily normalized because fewer sequencing reads are required to account for unequal 
barcode distributions, both at specific tagging steps and in the resulting distribution of full 
barcodes. This challenge is similar to well-studied sequencing biases in the context of differential 
gene-expression analysis.62 

The use of split–pool synthesis places strict demands on DEL chemistry if both individual hits and 
broader trends are to be extracted from screening data reliably. As a result, we developed an 
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improved on-DNA Suzuki reaction that uses Pd(dppf)Cl2 to minimize hydrodehalogenation by-
products. We also tailored the on-DNA pathway to account for differences in reactivity between 
the azetidine and pyrrolidine scaffolds, and we set a high bar for building-block validation (≥85%). 
Our screens using HRP and CA-IX confirmed the robustness of our approach to on-DNA 
chemistry, and the choice of test proteins allowed us to assess the quality of the library in a 
manner that was agnostic to variable scaffold size and geometry. Phenotypic screening 
experiments have already demonstrated that the activity of 2,3-disubstituted azetidines can be 
affected by changes in stereochemistry and appendage identity,63 so we are confident that we will 
observe these trends in future DEL screens. 

We developed a framework for analyzing DEL screening data that both normalizes barcode 
enrichment values and identifies SAR in a systematic, unbiased manner. Previous uses of 
Poisson or negative binomial distribution statistics to model screening data assumed an equal 
distribution of library members,54,55,64 but our method accounts for experimentally determined low-
abundance tags and compounds when calculating barcode enrichment. It also enables the 
automation of unbiased SAR discovery as expressed by preferences in screening experiments 
for either individual diversity elements or pairs of diversity elements. These computational 
advances draw upon our experience in generating SAR rules for non-encoded DOS libraries,65 
and extend them using a Poisson-based barcode enrichment model suitable for a non-uniform 
input distribution including (possibly) rare tags or barcodes. This strategy should be broadly 
applicable to all DEL screening data in which the baseline distribution of barcodes (or a no-target 
control experiment) has also been measured. 

DOS-DEL-1 also shows that a modestly sized DEL can include drug-like compounds with a wide 
range of physicochemical properties. Like other types of libraries built using combinatorial 
techniques,22 DELs often contain compounds of high molecular weight and lipophilicity.10 The vast 
majority of compounds in DOS-DEL-1, however, comply with traditional measures of drug-
likeness. But because many orally available drugs violate these guidelines,66 non-compliant 
compounds were also included. 

Multi-fusion similarity analysis revealed that DOS-DEL-1 members are more like compounds 
derived from DOS than those from commercial vendors, despite the use of commonly used DNA-
compatible transformations. Analyzing individual sub-libraries allowed us to study how individual 
synthetic decisions affected both physicochemical properties and similarity to off-DNA compound 
collections. These results demonstrate that an emphasis on scaffold complexity—installed with 
modern off-DNA synthesis—can imbue DELs with structural diversity. Combining these analyses 
with DEL screening data may facilitate improved understanding of the consequences of small-
molecule properties and synthetic choices on protein binding. 

 

Conclusion 

DEL technology is attracting attention from academia and industry alike,67 but substantial 
advances must be made for the reality in the laboratory to fulfill its promise. All too often, DEL 
screening with challenging targets fail to yield effective binders.68,69 Despite recent breakthroughs 
in screening, barcoding, and data analysis, the search for small-molecule binders remains 
fundamentally limited by the types of chemical structures that can be attached to DNA. On-DNA 
methodologies and synthetic planning have lagged behind their increasingly sophisticated off-
DNA counterparts, but the results described herein constitute one strategy for expanding the 
types of chemical structures found in DELs.   
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Supporting Information. 

• Detailed methods for all chemical, biological, and computational procedures, full 
characterization data (including NMR spectra) for all synthetic intermediates and final 
compounds, and additional details regarding reagents and instruments used. 

• Supplementary Datasets 1-6 containing raw data regarding building block validation, 
DNA barcoding, physicochemical property calculations, DOS-DEL-1 and comparator 
library compound structures, and affinity-based screens with HRP and CA-IX. 
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Figures 

 

 

Fig. 1 | Design and synthesis of DOS-DEL-1. a, The eight azetidine- and pyrrolidine-based 
scaffolds that constitute the basis of DOS-DEL-1 can be accessed from commercially available 
chiral α-amino acids. b, Synthesis of NHS esters 4a-4d for scaffold attachment to DNA. Azetidine 
2a and pyrrolidine 2b were synthesized from D-azetidine-2-carboxylic acid (1a) and D-proline 
(1b), respectively according to the procedures described by Maetani et al.40 Reagents and 
conditions can be found in the Supporting Information. c, Synthesis of DOS-DEL-1. After scaffold 
attachment (via NHS esters 4a-4d and ent-4a-4d) to a double-stranded DNA “headpiece” (DNA-
HP; Fig. S1), the azetidines and pyrrolidines undergo Boc deprotection separately. Then, all eight 
scaffolds are pooled for two rounds of DNA-encoded split–pool synthesis: 114 N-capping 
reactions and 118 Suzuki reactions. The resulting library has three sources of diversity, comprises 
107,616 unique compounds, and includes all possible stereoisomers of the azetidine and 
pyrrolidine scaffolds (as indicated by the red balls). 
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Fig. 2 | DOS-DEL-1 synthetic decisions influence small-molecule physicochemical 
properties. a, DOS-DEL-1 sub-libraries corresponding to divergent synthetic decisions. Subsets 
of DOS-DEL-1 may be defined according to the size of the heterocyclic scaffold (azetidine=“az” 
or pyrrolidine=“pyr”), the identity of the N-capping reagent (aldehyde=“ald” or sulfonyl 
chloride=“sc”), or the functionalization of the aryl iodide (Suzuki=“Suz” or no Suzuki=“no Suz”). 
Red balls indicate both possible configurations at that position. b, Distribution statistics for 
physicochemical properties corresponding to Lipinski’s “rule of 5” (ref. 47) or Veber’s 
bioavailability guidelines (ref. 48). Values depict mean ± SD, median, or % compliance with “rules” 
across all members of the library or indicated sub-library. c, Physicochemical property 
distributions of DOS-DEL-1 sub-libraries. Histogram bins are colored according to adherence to 
(blue) or violation of (red) Lipinski’s (MW < 500 Da; LogP ≤ 5) or Veber’s (TPSA < 140 Å2) 
guidelines. Bin height or depth represents the fraction of the sub-library’s compounds that fall 
within the bin’s boundaries. Sub-libraries that represent divergent synthetic decisions are 
juxtaposed to highlight the consequences of those decisions on physicochemical properties. 
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  a              b 

 
 
Fig. 3 | DOS-DEL-1 members more closely resemble compounds from diversity-oriented 
synthesis than those from other sources. Tanimoto-based multi-fusion (average vs. maximum) 
similarity representations. a, Comparison of DOS-DEL-1 to itself (black) and to each of 5 
published small-molecule collections: 6,152 commercial compounds (red), 2,477 natural products 
(green), and 6,623 diversity-oriented synthesis compounds (blue) from ref. 36.; plus 12,011 
known actives and PubChem screening hits (magenta) and 19,149 diversity-oriented synthesis 
compounds (cyan) from ref. 51. b, Comparison of 8 library subsets defined by azetidine (square) 
or pyrrolidine (circle) skeleton, aldehyde (open) or sulfonyl chloride (filled) N-capping, and 
functionalization (large) or not (small) of the aryl iodide using a Suzuki reaction, to the same 
published collections. For reference, the intra-library multi-fusion similarities among all DOS-DEL-
1 members are represented as a mean (black circle) ±3 SD (black bars) of multi-fusion (median 
vs. maximum) similarities. 
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Fig. 4 | The distribution of DOS-DEL-1 barcodes is more accurately modeled by a Poisson-
derived frequency distribution than by a negative-binomial distribution. The empirical read-
count distribution (top) for DOS-DEL-1 is compared to a frequency distribution created by 
sampling from a set of Poisson-distribution models representing each tag, fit using all compounds 
containing that tag (middle). The corresponding negative-binomial distribution (bottom) is shown 
for comparison, which fails to account for tags that were inefficiently incorporated (red arrows) 
and appears to understate the most efficient tagging (red bars). 
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Fig. 5 | DOS-DEL-1 screens using test proteins reveal preferential binding as a function of 
building blocks and building-block combinations. a, Normalized fold-change plot for DOS-
DEL-1 members binding horseradish peroxidase as a function of input representation rank, and 
depicting compounds containing select significantly enriched electrophilic building blocks (blue: 
strong; green: intermediate; gold: weak). b, Enrichment plot for each of 114 N-capping building 
blocks (building block 1), expressed as standardized residuals (χ) relative to expected occurrence 
among compounds within the top 2,389 normalized fold-change scores. c, Enrichment scores, 
expressed as standardized residuals (χ) by size, for co-occurrence of pairs of building blocks 
relative to expected co-occurrence among compounds within the top 2,389 normalized fold-
change scores. d, Normalized fold-change plot for DOS-DEL-1 members binding carbonic 
anhydrase IX as a function of input representation rank, and depicting compounds containing 
select significantly enriched individual building blocks (teal: primary para sulfonamide; magenta: 
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primary meta sulfonamide). e, Enrichment plot for each of 119 Suzuki adduct building blocks 
(building block 2), expressed as standardized residuals (χ) relative to expected occurrence among 
compounds within the top 1,120 normalized fold-change scores. f, Enrichment scores, expressed 
as standardized residuals (χ) by size, for co-occurrence of pairs of building blocks relative to 
expected co-occurrence among compounds within the top 1,120 normalized fold-change scores. 
In panels 5c and 5f, all three combinations of pairs of building blocks (8 x 114, 8 x 119, 114 x 119) 
are presented on the “faces” of a single 3D plot for compactness. 
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Fig. 6 | Biochemical assay data are consistent with CA-IX screening results. a, Chemical 
structures of off-DNA compounds synthesized to assess screening results. Azetidines 5a, 5b, 6a, 
6b, 7a, and 7b correspond to on-DNA assay positives; the remaining compounds facilitated 
deeper validation of the screening data and the success of the on-DNA chemistry. Asterisks 
indicate atoms of variable stereochemical configuration (as defined below each structure). 
Synthetic details are provided in the Supporting Information (see Fig. S46; Supporting 
Information: “Synthesis of off-DNA CA-IX hits”). b, In vitro carbonic anhydrase inhibition assay 
results. Compounds depicted in Fig. 6a were subjected to a colorimetric carbonic anhydrase 
inhibition assay. IC

50
 values and 95% confidence intervals are shown. Statistics were calculated 

using GraphPad Prism software. 
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