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Abstract

The encoding of chemical compounds with amplifiable DNA tags facilitates the discovery of small
molecule ligands for proteins. In order to investigate the impact of stereo- and regio-chemistry

on ligand discovery, we synthesized a DNA-encoded library of 670,752 derivatives based on 2-
azido-3-iodophenylpropionic acids. The library was selected against multiple proteins and yielded
specific ligands. The selection fingerprints obtained for a set of protein targets of pharmaceutical
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relevance clearly showed the preferential enrichment of ortho-, meta- or para-regioisomers, which
was experimentally verified by affinity measurements in the absence of DNA. The discovered
ligands included novel selective enzyme inhibitors and binders to tumor-associated antigens,
enabling conditional chimeric antigen receptor T (CAR-T) cell activation and tumor targeting.
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There is a growing interest in the use of DNA-encoded chemical libraries (DELS) as tools
for the discovery of small organic ligands against target proteins. The identification of such
compounds plays an important role in Pharmaceutical research and in Chemical Biology—.
The concept of encoding molecules with DNA barcodes, first postulated in 199210, has now
found widespread applications for the discovery of ligands against targets of biochemical

or pharmacological interest. By employing split-and-pool synthetic methodologies!113,
DNA-templated synthesis strategies'# or DNA self-assembling procedures®186 libraries
with large combinatorial diversity can be created, starting from a moderately-sized set of
oligonucleotides and building blocks.

In full analogy to antibody phage-display libraries}”-18, DELs can be screened by affinity
panning on proteins immobilized on solid supports. The high-throughput sequencing of the
DNA barcodes before and after selection allows the facile identification of preferentially
enriched ligands, which can be subsequently resynthesized for confirmation of binding
affinity346-9, While antibody phage display libraries typically yield binders against
virtually all purified protein antigens used as bait!®, only a few systematic studies have
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documented the success rate of DELSs for hit discovery, so far2%-21, In order to increase

the probability of isolating binders from DELS, one may consider to expand library size?2.
This may lead to an unacceptable growth of molecular weight if three or more sets of
building blocks are used, or may require substantial investments for the purchase of a

large number of building blocks. Chemical strategies aimed at creating structural diversity
starting from relatively compact scaffolds may help explore chemical space and facilitate hit

identification, while avoiding the creation of molecules that would violate Lipinski’s rule of
five23-25,

Our group?3, and the group of Stuart Schreiber6, have described initial library construction
activities for the incorporation of stereochemical diversity and topographic complexity into
DELs, as an avenue to explore a larger chemical space and discover selective binders
against proteins of biomedical interest2”-28, DELs are increasingly being considered as
tools for ligand discovery, but library size alone does not guarantee success in screening
campaigns327.29 Both chemical purity (which directly depends on the robustness of the
employed reactions for library synthesis) and library design contribute to the productive
discovery of binders against “hard-to-drug” targets34®.

Recent reports have shown how the discovery of small ligands, which selectively localize at
the site of disease, may open novel biomedical applications. Small molecule-drug conjugates
(SMDCs) are increasingly being considered as an alternative to antibody-drug conjugates
(ADCs) for superior pharmacodelivery applications3031, Fluorescein-labeled chemical
adaptors have been used as “bridge” molecules between tumor cells and engineered T

cells carrying an anti-fluorescein antibody on their surface (“Universal CAR-T cells”), thus
allowing the selective killing of neoplastic cells 3235, Small molecule adaptors diffuse into
tissue more efficiently than antibodies and clear more rapidly from circulation, helping spare
normal tissues3C.

In this article, we functionalized 2-azido-3-iodophenylpropionic acid derivatives in order to
construct a DEL with structural diversity both in terms of amino acid stereochemistry and
of regiochemistry of phenyl ring functionalization (i.e., using substituents in ortho, meta

or para position). The scaffold choice benefitted from the availability of DNA-compatible
reaction conditions, that had been optimized for uniform reactivity of different regioisomers
using hundreds of different building blocks23. The new library (termed NF-DEL) comprised
670,752 members, yielded binders against a large set of different protein targets and
produced hits with “antibody-like” binding properties. The stereocenter within the amino
acid moiety and the regiochemistry of iodophenyl ring substitution had a strong impact for
certain targets, leading to structurally compact ligands for several proteins of biomedical
interest.

Library design and construction

Figure 1 depicts the strategy used for the synthesis of a DEL with 670,752 members. A
scaffold based on 2-azido-3-iodophenylpropionate structures, featuring an iodine in ortho,
meta or para position, was used for stepwise library construction. Scaffolds were coupled
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to a universal amino-tagged 14-mer oligonucleotide by amide bond formation, followed
by functionalization of the azido moiety by copper-catalyzed alkyne-azide cyclization
with terminal alkyne derivatives or by Staudinger reduction and subsequent amide bond
formation with a set of carboxylic acids. The resulting conjugates were HPLC purified
prior to an encoding step, featuring a splint ligation (Building Blocks A; red code in the
Figure)23:27:36_The chemical transformation in this first reaction step and, simultaneously,
the regiochemistry of the iodophenyl moiety was encoded using 612 oligonucleotides [3
(regioisomers) x 204 (building blocks); Figure 1; Supplementary Figures 6 and 7].

The stereocenter within the azido-acid moiety was not encoded at this step, as the binding
affinity of the different stereocisomers can be determined at the hit validation stage. The
resulting conjugates were then mixed in equimolar amounts, split into 548 vials and used
for a subsequent transformation step, using Suzuki coupling or Sonogashira reactions. The
experimental conditions for these transformations had previously been investigated by us3’
and by other groups38-43 and have further been optimized [Supplementary Figure 13].

In analogy to the first step, the chemical structure of the second set of building blocks

was encoded by splint ligation (Building Blocks B; blue code in the Figure). Conjugates
were then pooled, purified by RP-HPLC and used for selection in either single-stranded or
double-stranded DNA format, using recently described procedures®®.

Library selections and hit validation

Figure 2 shows the selection results against carbonic anhydrase 1X (CAIX),

a tumor-associated membrane protein that can be recognized by aromatic
sulfonamides’6:23.27.304546 The fingerprints of the library before selection or after
selections (performed in duplicate) are displayed in Figure 2a, using a three-dimensional
representation, in which two axes correspond to the identity of building blocks A and

B, while the third axis indicates the number of sequence counts observed for individual
molecules. Sequence counts are also indicated by a color code. A cut-off value (indicated
in all Figures) was used in order to restrict the display of selection results only for those
molecules which had reached a minimal level of sequence counts. While the distribution
of sequence counts was homogeneous in the unselected library, distinctive lines of enriched
compounds could be seen after CAIX selection [Figure 2a]. Fingerprints from replicate
selections were remarkably reproducible and led to the identification of certain building
block combinations as preferential CAIX binders.

We resynthesized molecules based on the A160/B475 combination on solid phase, using

a three amino acid linker [HO-BAla-Asp-Lys-NH,; LH in Figure 2] at the position which
was originally occupied by the DNA tag within the library. The charged peptide linker was
chosen in order to contribute to an increased compound solubility in water. The resulting
amine derivatives (e.g. compounds 7, 9 and 11) were reacted with fluorescein isothiocyanate
(FITC), giving rise to thiourea products that could be purified by HPLC and characterized.
Fluorescence polarization measurements performed at increasing concentrations of CAIX,
revealed a dissociation constant of 8.8+0.3 nM and 7.2+0.3 nM for compounds 8 [(S)-
Phe/(R,S)A160/B475] and 10 [(R)-Phe/(R,S)A160/B475] [Figure 2b], respectively. In
comparison to compound 12 (B475, a derivative of triazol-benzenesulfonamide) and 4-
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sulfamoylbenzoic acid (p-SABA)*’, the dissociation constants were improved up to thirty-
fold [Supplementary Table 6]. Protein binding was also confirmed using a modified enzyme-
linked immunosorbent assay (ELISA) procedure, featuring the binding of the fluorescein-
conjugated molecules to immobilized protein on a solid support, followed by washing

steps and incubation with anti-fluorescein antibody reagents#®. ELISA tests are normally
performed using monoclonal antibodies as primary reagents, but fluorescein-conjugated
small organic molecules exhibited an “antibody-like” behavior in this assay [Figure 2b]. The
binding of compound 8 [(R)-Phe/(R,S)A160/B475] and compound 10 [(S)-Phe/(R,S)A160/
B475] to CAIX on CAIX-positive tumor cell lines (SK-RC-52) was also confirmed by
fluorescence-activated cell sorting [Figure 2c].

Encouraged by the selection of high-affinity CAIX ligands, we studied whether fluorescein-
conjugated derivatives of compounds 8 and 10 could be used as small molecule “adaptors”
for conditional tumor cell killing by universal chimeric antigen receptor T (UniCAR-T)
cells3®, and for tumor targeting applications. Human CAR-T cells, engineered to display

a scFv antibody fragment specific to fluorescein, efficiently killed SK-RC-52 renal cell
carcinomas only in the presence of the “bridge” molecules 8 and 10 [Figure 2d and 2e].

In a separate experiment, compound 8 was injected into tumor-bearing mice, which were
sacrificed 60 minutes later and whose tissues were analyzed using fluorescence microscopy
techniques30. A preferential uptake of compound 8 in tumor sections, compared to normal
organs, was clearly visible [Figure 2f].

Figure 3 shows the results of DEL selections against cyclic-AMP response element binding
protein (CREB) binding protein (CREBBP) bromodomain, a transcriptional co-regulator
that is involved in many key intracellular processes*9-52,

Selection fingerprints (represented in Figure 3a both in 3D and 2D rendering) led to the
identification of A130/B99 as preferential binders. Resynthesis and characterization of
these molecules (13 and 14) as FITC derivatives revealed that the (S) enantiomer bound

to the cognate tag (compound 13) with a Kd = 0.91+0.06 uM, while the corresponding

(R) stereoisomer (compound 14) exhibited a substantially reduced binding affinity (Kd =
6.0£0.7 uM) [Figure 3b]. These findings were confirmed by small molecule ELISA [Figure
3c]. Moreover, compounds 13 and 14 exhibited a substantially reduced interaction with the
bromodomain-containing proteins BRD4(1) and BPTF, suggesting a preferential interaction
with the CREBBP bromodomain [Figure 3b].

We also performed selections against variants of phosphoinositide 3-kinase (p110a/p85a
PI13K)33-56 in order to learn whether binders could be found that discriminate between
the wildtype enzyme and a mutant form (e.g., His1047—Arg) frequently found in

tumor cells®657. A comparative inspection of selection fingerprints revealed a preferential
enrichment of A110/B489 (para regioisomer) against the wildtype protein and of A110/
B319 against the mutant [Figure 4a].

Affinity measurements showed a Kd = 12642 nM for the (~) stereoisomer (compound
17) and Kd = 306+8 nM for the (S) enantiomer (compound 16) of A110/B489 towards
the wildtype protein [Figure 4b]. Importantly, the A110/B319 combination (compound 22)
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exhibited a Kd = 185+20 nM for H1047R-PI3K, with a 20-fold selectivity compared to
the wildtype protein [Figure 4c,d]. Additional combinations of building blocks (e.g., A110/
B157) were enriched against the mutant protein and displayed an increased potency in
ELISA [Figure 4c,d]. These results were reproducible in triplicate selection experiments
[Supplementary Figure 21].

Selections were also performed against cancer targets, including murine and human
extradomain D of tenascin-C (a tumor-associated antigen which is abundantly found in

the neoplastic extracellular matrix®8) [Figure 5a,b], the Leu27—Glu mutant of human

CtIP (a multifunctional protein involved in the repair of DNA double-strand breaks®?)
[Figure 5c¢] and urokinase-type plasminogen activator (UPA, a strong prognostic marker

of poor outcome in metastatic breast cancer89) [Figure 5d]. The Leu27—Glu mutation
abrogates CtIP tetramer assembly, leading to strong defects in DNA end resection and
homologous recombination®?. Selection fingerprints were displayed in two-dimensional
format, featuring the building blocks in the two dimensions and sequence counts as color
code**. A preferential enrichment of A481/B335 was observed in the tenascin-C selections,
both for the murine and the human antigen, which share a 90% sequence identity [Figure
5a,b]. Compounds with apparent Kd values in the 10-30 uM range were identified [Figure
5a,b, Supplementary Figure 22 and Supplementary table 6]. Connecting two moieties of (S)-
Phe/A481/B335 through a p-alanine/B-alanine/lysine linker led to the dimeric compound
26, which bound to human tenascin C, displaying an apparent Kd value of 1.7 £ 0.1 uM.
Interesting binders directed against L27E-CtIP and uPA could further be identified and
confirmed by ELISA after resynthesis [Figure 5c,d].

DISCUSSION

A regio- and stereo-defined DEL has been synthesized, which has been screened against
multiple protein targets and has produced specific hits, often with dissociation constants
in the submicromolar range. Ligands exhibited antibody-like binding properties, as target
recognition could be confirmed in all cases using an adapted ELISA methodology®? with
human monoclonal 1gG1 antibody bearing the anti-fluorescein variable heavy and light
chains previously described?.

We tested our library by performing selections against biomedically relevant proteins,
some of which belonged to classes which are considered to be “difficult to drug”

using small molecule ligands (e.g., transcription factors, protein-protein interactions). We
found ligands that discriminated between closely-related protein targets. The discovery of
selective binders 22 and 23, with a 20-fold higher affinity towards the H1047R mutant

of p110a in the p110a/p85a PI3K complex, may be of practical relevance since the
mutation is frequently found in cancer and is associated with PI3K/AKT/mTOR signaling
activation83.64, Similarly, 13 and 14 recognized CREBBP bromodomain but not the
closely-related bromodomains of BRD4(1) and BPTF. CREBBP malfunctioning may cause
mental diseases and growth deficiencies such as Rubinstein-Taybi Syndrome 1 (RSTS1)5°
and Menke-Hennekam Syndrome 1 (MKHK1)66 as well as the growth of some types

of cancer9.67-69 For therapeutic applications, a high CREBBP selectivity over other
bromodomain-containing proteins is desirable®2:79,
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For certain targets, the regiochemistry of iodophenylalanine modification and the chiral
center of this amino acid contributed to the experimentally observed enrichment factors
and affinity constants. For example, PI3K binders based on the A110-B489 combination
revealed that the para regioisomers had >20-fold improved affinity, while a 2.5-fold
difference in Kd values between the R and S stereoisomers of the para derivative was
observed [Figure 4].

Small-molecules used for in vivo tumor-targeting applications have often been derived from
naturally-occurring compounds. For example, folate derivatives have been used to target
folate receptors on ovarian cancer and other types of tumor cells33, while somatostatin
analogues have been used to target somatostatin receptors overexpressed in neuroendocrine
tumors’1:72, “Drugs of the future” for targeted cancer therapy should not be limited to
those cancer entities for which natural ligands exist. Both the discovery of accessible

tumor markers’3-7° and the facile identification of small organic ligands’® will be crucially
important.

Small organic ligands for tumor-associated antigens can serve as versatile building blocks
for the development of innovative biomedical strategies. This concept is well exemplified
by the use of fluorescein conjugates in UniCAR-T cell technology. Conventional chimeric
antigen receptor (CAR) T cells have been used to treat certain hematological malignancies,
leading to durable complete responses’’. However, CAR-T cells (which display anti-tumor
antibodies on their surface) exhibit a constitutive biocidal activity, that cannot easily be
switched off and which may lead to /n vivotoxicity (e.g., B cell aplasia in anti-CD19
CAR-T therapeutics)’’. UniCAR-T cells kill tumor cells only in the presence of suitable
fluorescein-conjugates, which act as a “bridge” between the engineered T cell and the
cancer cell. When the fluorescein-conjugated adaptor has cleared from the body (e.g., by
renal clearance), the UniCAR-T cell loses its biocidal activity, which can be reactivated

at a later time point by a subsequent administration of the adaptor molecule’8. Compared
to antibodies small organic ligands can reach the target rapidly /n vivo, and also clear

from circulation within minutes after intravenous injection30:79-82_ Small organic ligand
derivatives (e.g., fluorescein conjugates) might outperform antibodies for UniCAR-T cell
therapy33:34.78_ CAIX ligands are ideally suited for the /n vivo targeting [Figure 2f] of renal
cell carcinomas30:31, but other targets expressed on a broader set of cancer entities may be
preferable for practical applications. For example, tenascin-C splice isoforms [Figure 5a,b]
are found in the majority of solid tumors, lymphomas and in the bone marrow of acute
leukemias, while being virtually undetectable in normal adult tissues83:84,

In our laboratory, we have built DELSs for the last 17 years, and the NF-DEL has proven to
be one of the most productive sources of protein binding specificities, despite containing
only 670,752 compounds. The library had a high purity, as reactions with excellent
conversion yields were used. Moreover, the compact structures generated by Suzuki or
Sonogashira coupling enabled the regio- and stereo-defined projection of functional groups
towards the cognate target protein. Collectively, this work provides additional evidence for
the potential of DEL technology as a versatile and convenient source of small molecule
ligands for important therapeutic targets. Compared to conventional collections of chemical
compounds for high-throughput screening, which may contain up to one million molecules
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and can cost over a billion dollars?3, a library such as the one described contains a
similar number of compounds, does not require expensive logistics, and can be productively
screened against multiple protein targets in a relatively short timeframe.

METHODS

Detailed methods, synthetic procedures and characterization of compounds are described in
the Supplementary Information.

Library synthesis.

Equimolar mixtures of scaffolds 1(S) and 1(R), 2(S) and 2(R), 3(S) and 3(R)
(Supplementary Figure 1) were coupled to a universal 5> amino-modified oligonucleotide (5
pumol, 5’-C6-amino-GGAGCTTCTGAATT-3’) using the 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) / A-hydroxysulfosuccinimide (S-NHS) method?® (Supplementary
Figure 2). The HPLC-purified derivatives 4 (R,S), 5 (R,S) and 6 (R,S) either were
conjugated with 76 alkynes with a reported “on-DNA” CUAAC method? or reduced with
tris(2-carboxyethyl)phosphine (TCEP, in TRIS pH=8 buffer, 40°C, 3h) and conjugated

to additional 128 carboxylic acids!. The obtained 612 derivatives were individually
purified by RP-HPLC. To each oligonucleotide-conjugates (5 nmol), 5”-phosphorylated-
oligonucleotides (code A: 5’-CTGTGTGCTGXXXXXXCGAGTCCCATGGCGC-3’ where
X correspond to a variable region, 7.5 nmol), a “splint’ oligonucleotide (s1: 5’-
CAGCACACAGAATTCAGAAGCTCC-3’, 8.5 nmol) and NEB T4-ligase buffer were
added. The reactions were heated for 5 minutes at 70 °C, cooled to room temperature
followed by addition of T4 DNA ligase3=. The ligation was kept at room temperature

for 2 hours. The enzyme was deactivated by adding acetate buffer pH=4.7 and by

heating at 70 °C for 5 minutes. The encoded derivatives were pooled, precipitated by
ethanol and purified by RP-HPLC at 60°C (Supplementary Figures 6, 7 and 9). The

step 1 of Library was split in 548 reaction vessels (1 nmol each) and coupled with 388
boronates and 160 alkynes through Suzuki and Sonogashira “on-DNA” cross-coupling?
respectively (Supplementary Figures 12 and 13). The obtained derivatives (2 nmol) were
precipitated and encoded by enzymatic ligation3-° using a “splint” oligonucleotide (s2: 5’-
CGTCGATCCGGCGCCATGG-3’, 3.5 nmol) and an additional phosphorylated code (code
B: 5’-GGATCGACGYYYYYYYGCGTCAGGCAGC-3’ where Y correspond to a variable
region, 3 nmol). The ligation products were pooled in equimolar amount and finally
precipitated and purified (RP-HPLC, 60°C, Supplementary Figure 14) obtaining a final
library containing 670’752 different combinations.

Affinity Selections.

The purified NF-DEL was screened in duplicate or in triplicate against the target proteins
of interest as previously reported®’. Additional details are reported in Chapter 5 of the
Supplementary Information.

Hit re-synthesis.

The CREBBP binders were synthesized starting from (S)-2-amino-3-(4-
iodophenyl)propanoic acid, (/)-2-amino-3-(4-iodophenyl)propanoic acid and (5-acetyl-2-
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fluorophenyl)boronic acid. The Suzuki products were coupled with 4-bromopyridine-2-
carboxylic acid and derivatized as a- L-lysine amide (Supplementary Information, Chapter
6.1). CAIX, wt-PI3K, H1047R-PI3K, uPA, hTNC, mTNC, CtIP binders and the negative
control (FluoL-NH>) have been synthesized on solid phase starting from Fmoc- L-
Lys(Boc)-Wang resin in which L-Aspartic acid a-fert-butyl ester and p-alanine have been
added as linker to the jodo-phenylalanine scaffolds. The building blocks A were added
by amide coupling or CUAAC and the building blocks B by palladium-catalyzed Suzuki
or Sonogashira cross-couplings. The final compounds were cleaved from the resin in
acidic conditions, obtaining the fully-deprotected peptides (Supplementary Information,
Chapter 6.2). The obtained lysine derivatives were further conjugated with fluorescein-5-
isothiocyanate to obtain the desired FITC-labelled compounds (Supplementary Table 5).

FP measurements with FITC-labelled compounds.

The FITC-labelled compounds were diluted to a final concentration between 10 and 50

nM (5 uL) and incubated for 15 minutes in a black 384-well plate (Greiner small-volume,
non-binding) with serial dilutions of protein (5 uL). The fluorophore was excited at 485 nm
and the emission was measured at 535 nM on a Spectra Max Paradigm multimode plate
reader (Molecular Devices). The experiments were performed in triplicate and the resulting
data was fitted by Prism 7 ([Inhibitor] vs. response, Variable slope four parameters).

ELISA measurements with FITC-labelled compounds.

The protein (200 nM) was coated on F8 maxisorp (Thermo Scientific) plate overnight

at 4 °C. The immobilized protein was incubated for 30 minutes in the dark with serial
dilutions of FITC-labelled compound and an additional 30 minutes with human monoclonal
IgG1 anti-fluorescein antibody®. After several washing steps, protein A-HRP (1 ug/mL) was
added to each well and the non-bound protein was washed away. The substrate 3,3",5,5"-
tetramethylbenzidine (TMB) was added and developed in the dark for 1-5 minutes. The
reaction was quenched by adding 50 pL of 1 M sulfuric acid. The absorbance was measured
on a Spectra Max Paradigm multimode plate reader (Molecular Devices) at 620-650 nm and
450 nm. Additional details are reported in the Supplementary Information (Chapter 7.2).

UniCAR-T production and Killing assay.

The production of anti-fluorescein uniCAR-T and the killing assay against SK-RC-52 in
presence of FITC-labelled small CAIX-binders were performed essentially as previously
described®10, but using the vectors of Myburgh and colleagues for viral particle production
and for cell transductionll,

Ex-Vivo.

BALB/c nu/nu mice bearing established subcutaneous SK-RC-52 tumors (~400 mm3) were
injected intravenously with fluorescein-labelled compound 8 (50 nmol) dissolved in sterile
PBS buffer pH 7.4 (100 uL). After 1 hour, the animals were sacrificed by CO, asphyxiation.
The organs and tumors were extracted and flash-frozen in Neg-50 cryo medium (Thermo
Fisher Scientific) with dry ice. The samples were cut into sections of 10 um width and
nuclear staining was performed with Fluorescence Mounting Medium containing DAPI
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(Dako Omnis). All pictures were acquired on an Axioskop 2 fluorescence microscope
(Zeiss).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1|. Library design, synthesis and encoding.
Schematic representation of the strategy used for library synthesis, using regio- and

stereoisomers of 2-azido-3-iodophenylpropionic acid. The chemical building blocks A
and B and the corresponding encoding DNA portions are color-coded in red and

blue, respectively. The first set of building blocks was conjugated to the central

scaffold through a triazole ring or amide bond (*), the second set of building

blocks was connected by either Suzuki- or Sonogashira coupling. a, EDC, S-NHS,
DIPEA, r.t., 30°, 5’-C6-amino-GGAGCTTCTGAATT in TEA buffer (pH=10), 37 °C,
6h. b, RP-HPLC purification. c, CUAAC on-DNA reaction3” d, TCEP, TRIS buffer
pH=7, 40 °C, 3h, RP-HPLC purification. e, on-DNA amide bond formation8. f,
adaptor 5’-CAGCACACAGAATTCAGAAGCTCC-3’, ligase buffer, T4 DNA-ligase. g,
RP-HPLC purification at 60°C. h, Pd(OAc),, TPPTS, 200 mM Na,COs3, 60°C, 3h37.

i, Pd(OAC),, TPPTS, CuSQ,, Ascorbate, 200 mM Na,COs, 70°C, 2h37. j, adaptor 5’-
CGTCGATCCGGCGCCATGG-3’, ligase buffer, T4 DNA-ligase. See Chapter 4 and 8 of the
Supplementary Information for exact structures and detailed conditions.
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Figure 2 |. Selection against carbonic anhydrase IX, hit validation and conversion of ligands to

CAR-T cell activators.

a, NF-DEL high-throughput DNA sequencing results represented as three-dimensional

fingerprints before and after selections against CAIX. The x and y axes represent the two
building blocks while the color heat map and z-axis correspond to the DNA sequence
counts. Selections were performed in triplicate (see Supplementary Figure 21). In order to
show reproducibility of selection results, two CAIX prints are shown in this Figure. Cut-off
values equal to 20 (for CAIX selection #1) and 15 (for CAIX selection #2) were applied to

Nat Chem. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Favalli et al.

Page 17

the fingerprints. No cut-off was applied for the naive library fingerprint. The most enriched
combination is indicated with an arrow (average EF=23+5 x 102). For the calculation of
enrichment factors (EF) see Supplementary Tables 2,3 and Equation 1 (S29). b, off-DNA
affinity measurements of selected compounds by FP and small-molecule ELISA, see also
Supplementary Table 6. Error bars indicate standard deviation of three measurements. c,
FACS with 8 and 10 on SK-RC-52 cells (renal cell carcinoma, in blue), on HEK293T
(human embryonic kidney cells, control, in green), on SK-RC-52 cells alone (renal cell
carcinoma, control, in red). d, Schematic representation of the immunological synapse

of a fluorescein-specific universal CAR-T cell with a CAIX-presenting SK-RC-52 tumor
cell, established by cross-linking the cells with the heterobifunctional crosslinker (blue).
Killing was monitored after 24 h. % SK-RC-52 lysis is given as a function of ligand 8
(dark blue) and 10 (light blue) concentration. % SK-RC-52 lysis is also given for controls
I-1V and the functional combination V(anti CAIX CAR-T). Error bars indicate standard
deviation of three measurements e, Chemical structures of compounds 7, 8, 9, 10, 11, 12
and of tripeptide linker (LH, LFluo). f, Evaluation of the tumor-targeting performance of
compound 8 after /.v. administration for human SK-RC-52 xenografted in mice, using ex
vivo immunofluorescence detection of the fluorescein moiety. Images were taken 60 min
after intravenous injection of 65 ug of compound 8 (green = ligand, blue = DAPI staining.
Scale bar = 100 pm).
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Figure 3 |. Selection against CREBBP bromodomain, hit validation and selectivity determination.

a, Fingerprint of a CREBBP bromodomain selection plotted in 3D and 2D representation,

respectively. The x and y axes represent the two building blocks while the color heat
map and z-axis correspond to the DNA sequence counts. A cut-off value equal to 15

was applied to fingerprints. Combinations A130/B99 and A130/B128 were preferentially
enriched (EFa130/899=149+16 and EF a130/8128=76%3. For the calculation of EFs see
Supplementary Tables 2,3 and Equation 1 (S29). Selections were performed in triplicate

(see Supplementary Figure 21). b, Fluorescence polarization of FITC-labelled compounds

13 and 14 with CREBBP bromodomain and control bromodomains BRD4(1) and BPTF.
Error bars indicate standard deviation of three measurements.

The asterisk (*) indicates the dissociation constant value (Kd). ¢, Snapshot of maxisorp plate
carrying small-molecule ELISA of compounds 13 and 14 after addition of TMB and 1M
H,SQO4. The assay was performed in triplicate against immobilized CREBBP bromodomain.
d, Chemical structures of selected compounds and building blocks.
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Figure 4 |. Selections against PI3BKCA variants
a, Two-dimensional fingerprints of NF-DEL selections against the PI3Ks wildtype

p110a/p85a PI3K (upper panel) and H1047R-p110a mutant of p110a/p85a PI3K (lower
panel). The x and y axes represent the two building blocks while the color heat map
shows the HTDS sequence counts. Building blocks A, corresponding to para- (1-204),
meta (205-408) and ortho- (409-612) regio-isomers, are highlighted in blue, red and
green, respectively. Cut-off values equal to 25 (for w#PI3K variant selection) and 30 (for
H1047R mutant of PI3K variant selection) were applied to the fingerprints. The most
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enriched building block combinations are indicated with arrows. For the calculation of

EFs see Supplementary Tables 2,3 and Equation 1 (S29). b, The binding of the most
enriched combination (A110/B489, EF=657) against the wildltype protein corresponding
to stereoisomers 15 and 16 was validated by fluorescence polarization and compared

with a derivative of building block A110 alone (15). The meta and ortho-isomers of 17
corresponding to combinations A314/B489 (18) and A518/B489 (19) were also measured
for comparison. Error bars indicate standard deviation of three measurements. The asterisk
(*) indicates the dissociation constant value (Kd). ¢, Enriched compounds corresponding to
combinations A110/B157 (20 and 21) and A110/B319 (22 and 23) were validated by small-
molecule ELISA against both H1047R mutant (left panel) and wildtype PI3K (right panel).
Error bars indicate standard deviation of three measurements. The asterisk (*) indicates the
dissociation constant value (Kd). d, Chemical structures of selected compounds.
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Figure 5 |. Selections against tumor-associated antigens and human CtIP.
Two-dimensional fingerprints of selections against: a, human tenascin-C (hTNC); b, murine

tenascin-C (mTNC); c, the L27E mutant of N-terminal CtIP d, urokinase-type plasminogen
activator (UPA). A cut-off value equal to 20 was applied to all the fingerprints. The

most enriched combinations (A481/B335 for hTNC and mTNC, A110/B453 for uPA and
Ab4/B369 for L27E-CtIP) were re-synthesized off-DNA and validated by small-molecule
ELISA. Error bars indicate standard deviation of three measurements. Details on DNA
counts for individual library members, enrichment factors and dissociation constants are
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reported in Supplementary Tables 2,3 and 6. The asterisk (*) indicates the dissociation
constant value (Kd).
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