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ABSTRACT: DNA-encoded chemical libraries, i.e., collections of
compounds individually coupled to distinctive DNA fragments
serving as amplifiable identification barcodes, represent a new tool
for the de novo discovery of small molecule ligands to target proteins
of pharmaceutical interest. Here, we describe the design and
synthesis of a novel DNA-encoded chemical library containing
one million small molecules. The library was synthesized by
combinatorial assembly of three sets of chemical building blocks
using Diels-Alder cycloadditions and by the stepwise build-up of
the DNA barcodes. Model selections were performed to test library
performance and to develop a statistical method for the analysis of
high-throughput sequencing data. A library selection against car-
bonic anhydrase IX revealed a new class of submicromolar bis(sulfonamide) inhibitors. One of these inhibitors was synthesized in
the absence of the DNA-tag and showed accumulation in hypoxic tumor tissue sections in vitro and tumor targeting in vivo.

DNA-encoded chemical libraries are increasingly used in
Academia and in the Pharmaceutical Industry for the

discovery of small molecule ligands against proteins of pharma-
ceutical interest.1-3 In close analogy to display technologies of
polypeptides (e.g., Antibody Phage Display Technology) 4,5 the
covalent linkage of small molecules to unique DNA-tags enables
the affinity-based isolation of small molecule ligands against a
target protein of interest from large libraries.1-3 In most selec-
tion procedures, a DNA-encoded chemical library is incubated
with a target protein immobilized on a solid support, and
repetitive washing of the support allows the recovery of library
members that bind the target protein (Figure 1). Ligands
enriched in the selection procedure are identified by PCR
amplification of the corresponding DNA-tag and by the subse-
quent sequencing of up to millions of PCR amplicons either by
Roche’s 454 or by the Illumina technology.6,7 The relative
abundance of library codes found in the sequencing experiment
correlates to those small molecules that are retained on the target
protein in the selection experiment.

In contrast to conventional screening technologies of small
molecule libraries (e.g., by the robotic screening of single
compounds in a functional assay or fragment-based screening
of small molecule libraries),8,9 DNA-encoded chemical libraries
offer an alternative strategy for ligand discovery: (i) affinity-based

selection does not require assay development and can in
principle be performed on any isolated protein; (ii) miniaturiza-
tion of selection conditions (μL volume) enables the parallel
selection of up to millions of small molecules with minimal
amount of target protein (μg quantities of protein) and (iii) once
libraries have been synthesized selections can be performed at
low costs (i.e., cost of DNA sequencing reagents).7,10-21

At present, a number of different DNA-encoded chemical
library formats are explored in terms of library size, synthesis
strategy and number of chemical moieties displayed on theDNA-
strand.1 Here, we focus on DNA-encoded chemical libraries in
which only one chemical moiety is displayed on the DNA strand
(single pharmacophore library), but the simultaneous display
of pairs of chemical moieties at the 50 and 30 end of complemen-
taryDNA strands has also been described (encoded self-assembling
chemical libraries).13,16,18 Single pharmacophore DNA-encoded
chemical libraries can be synthesized by the combinatorial assembly
of chemical building blocks using split-and-pool synthesis 6,19,21,22 or
by the use of complementary oligonucleotide derivatives which
facilitate chemical reactions (DNA-templated synthesis).14,15,17,23
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The split-and-pool synthesis of DNA-encoded chemical libraries
typically relies on high-yield and DNA-compatible reactions for the
coupling of organic molecules to oligonucleotide derivatives.
Single reactions can be carried out in small scale (down to nano-
mole quantities of DNA-conjugates) with large excess of reagents,
as the DNA-conjugates can be purified by precipitation or immo-
bilization on positively charged resin.6,22,24 Libraries of up to
thousands of small molecules consisting of two sets of chemical
building blocks have been described using amide bond formation
or Diels-Alder cycloaddition reactions.6,12,22 Additionally, a library
constructed byDNA-templated synthesis with thousands of macro-
cyclic structures 15 and a library synthesized through the hybridization
of DNA hairpin loops yielding linear peptidic structures have also
been reported.17

DNA-encoded chemical libraries have been used in selection
experiments against kinases,14,21 proteases 13,19 and other targets
of pharmaceutical interest (e.g., BcL-xL,12 TNF,10 HSA 25)
yielding ligands with dissociation constants ranging from low
μM to single-digit nM values. DNA-encoded chemical libraries
have also been used to improve known lead structures. The
incorporation of a lead structure during library synthesis, with the
aim to optimize a starting compound with suboptimal affinity to
the target, has been experimentally demonstrated with the
successful isolation of highly potent and selective serine protease
inhibitors.13,19

The recent availability of sequencing technologies, which
permit the simultaneous analysis of millions of DNA sequences,
allows the decoding of large DNA-encoded chemical libraries.7,21

This development allowed increasing DNA-encoded chemical
library diversity by the introduction of additional sets of building
blocks within a split-and-pool synthesis. Barry Morgan and
colleagues have recently described two libraries based on cya-
nuric chloride substitutions with three and four sets of chemical
building blocks yielding hundreds of millions of encoded small
molecules.21

In this article, we describe the synthesis of a new DNA-
encoded chemical library with one million compounds based on
Diels-Alder cycloadditions and amine modifications. A novel
library synthesis strategy allowed the assembly of three sets of
chemical building blocks and three DNA-coding regions. We
performed selections against the model target streptavidin to
validate library performance and derive statistical tools for high-
throughput sequencing data analysis. Furthermore, we selected
from one million DNA-encoded compounds potent inhibitors of
carbonic anhydrase IX (CA IX), an enzyme upregulated in

cancer.26 In particular, a bis(sulfonamide) CA IX inhibitor
allowed the detection of the cognate target protein at hypoxic
sites on tumor tissue sections, with a performance which rivaled
the one of monoclonal antibodies in similar immunochemical
procedures. Importantly, the bis(sulfonamide) CA IX binding
compound exhibited the ability to selectively localize to neoplastic
lesions in mice carrying xenografted LS174T and SK-RC-52
tumors.

’RESULTS AND DISCUSSION

Design and Synthesis of a DNA-Encoded Chemical Li-
brary. DNA encoding facilitates the construction and screening
of small molecule libraries of unprecedented size. A split-and-
pool synthesis approach with alternating steps for the stepwise
assembly of chemical moieties and for the synthesis of the
corresponding DNA barcodes was chosen for library construc-
tion (Figure 2). We used amide-bond formation and Diels-
Alder cycloadditions as key synthetic steps, since these reactions
had previously been successfully used by our group for the
construction of smaller DNA-encoded chemical libraries and
for the isolation of binders to proteins of pharmaceutical
interest.6,22 The one-million compound library was constructed
by the following sequential chemical steps: (i) coupling of 25
scaffold molecules with both amino- and (2E,4E)-hexadiene-
functionalities to amino-modified oligonucleotides carrying code
1. The resulting 25 oligonucleotide conjugates were then pooled
and split into 200 reaction vessels; (ii) in each vessel, the free
amino-group was modified with a reactive building block and the
new functionality was encoded by hybridization of a partially
double-stranded DNA-fragment followed by Klenow-fragment
mediated polymerization (iii).6 These 200 encoded reaction
products were then pooled and split to 200 new reaction vessels;
(iv) in each vessel, a Diels-Alder reaction between the (2E,4E)-
hexadiene group and maleimides as dienophiles was carried out
before the final encoding step, achieved by ligation to a partially
double-stranded DNA fragment carrying code 3. The 200
reactions were then pooled to yield a library with one million
DNA encoded members (v) (Figure 2).
In detail, the 25 initial DNA derivatives were synthesized by

the coupling of a (2E,4E)-hexadiene-modified hydroxyproline
derivative and Fmoc-protected amino acids to individual amino-
tagged oligonucleotides (Figure 2 and Supporting Figure 1),
which carried a 9 bp “code” region and two hybridization
domains for subsequent encoding and PCR amplification steps.

Figure 1. Selection of binders using a DNA-encoded chemical library. (i) The one million compound library consisting of three chemical building
blocks is panned on a target protein immobilized on a solid support. Nonbinding conjugates are washed away before (ii) PCR amplification and Illumina
high-throughput sequencing of the retained DNA-conjugates. (iii) High code frequencies observed in the decoding experiment correspond to hit-
structures that are resynthesized for further characterization.
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After deprotection, the amino group was modified with sets of
carbonyl chlorides, sulfonyl chlorides, isothiocyanates, carboxylic
acid anhydrides and carboxylic acids (Supporting Figure 3).
Finally, high-yield Diels-Alder cycloadditions with reactive
maleimido derivatives were performed (Supporting Figure
4).22 The performance of the individual reaction steps could
not be analytically monitored in the split-and-pool library
synthesis, but was assessed in model reactions and was confirmed
by the satisfactory recovery of “positive control” chemical
moieties (e.g., desthiobiotin) incorporated during library synth-
esis and detected after library selection on the cognate binding
proteins (e.g., streptavidin selection, see below).
The Diels-Alder reaction was encoded by ligation of

50phosphorylated, partially double-stranded oligonucleotides carry-
ing code 3 (8 bases), to BamHI restricted DNA-conjugates.
Compared to the ligation of a double-stranded DNA coding
fragment, the new encoding procedure allowed to use only one
oligonucleotide per code which was annealed to a shorter constant
complementary oligonucleotide (Figure 2), thus reducing costs.
The extension of split-and-pool synthesis from two to three

building blocks features a dramatic increase in library size. Library
members are slightly larger than what is required by the “rule-of-
five” 27,28 (average molecular weight of 805 g/mol, ClogP <5 for
most library members) (Supporting Figure 5), which is not a
major limitation when targeting extracellular proteins.29

Affinity-Based Selections. In full analogy to antibody phage
library selections,30 we panned the onemillion compound library

against proteins immobilized on sepharose resin. As negative
control, sepharose resin without immobilized target protein
(“empty resin”) was used. After repeated washing cycles, the
DNA-code of the encoded compounds retained on the resin was
PCR amplified and subjected to high-throughput sequencing. A
comparison of sequence counts of individual library members
before and after selection allowed the identification of prefer-
ential binding molecules.
Selections were performed at a concentration of 2 nM (total

library concentration, each library member has a theoretical
concentration of 2 fM) in a volume of 100 μL (containing
∼1.2 � 105 molecules of each library member). To prevent
unspecific binding of library members (e.g., through their DNA-
tag), we added herring sperm DNA to the selection mixture.
After selection, DNA-tags were PCR amplified and DNA flank-
ing sites necessary for Illumina high-throughput sequencing were
introduced.7

Selection Decoding. To assess library performance, we se-
quenced the library before selection, after selection against strepta-
vidin resin and after selection against empty resin. A total of 0.64
million compounds were detected from 1.8 million DNA-tags
sequenced from the unselected library (from a random sampling,
one would expect 0.84 million compounds) (Figure 3a). The
absolute sequence count distribution (background distribution)
(Figure 4a) can be described by a negative binomial distribution,
in analogy to the analysis of the sequence data obtained with a
4’000 member library and 454 sequencing.10 We estimated the

Figure 2. Scheme of a three-step split-and-pool synthesis of a DNA-encoded chemical library. Twenty-five scaffold molecules with an amino- and a
(2E,4E)-hexadiene functionality are conjugated to amino-modified oligonucleotides in a two step process using a set of Fmoc-protected amino acid
building blocks (red, i or i0) and a diene-hydroxyproline derivative (i or i0). (ii) The primary or secondary amino group is modified with reactive building
blocks (blue, e.g., activated carboxylic acids, sulfonyl chlorides), and (iii) the second reaction is encoded by elongation of the DNA-tag. (iv) Maleimides
are prepared (e.g., from the corresponding amines, orange) and used in 200Diels-Alder cycloaddition reactions. The reaction is encoded by ligation of a short
DNA fragment carrying code 3. (v) The 200 encoded reactions are then pooled to yield a DNA-encoded chemical library containing one million members.
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background distribution for each sequencing experiment by fitting a
negative binomial distribution in a robust way.31 Outliers in the
selection experiments were detected based on deviations from
the background distribution. Multiple testing was performed using
the Bonferroni-Holm correction to control the Family-Wise-Error-
Rate (FWER) with the level 0.05, yielding p-values for the library
members enriched after selection.32 As expected, before selection
most library members were found to be evenly distributed and only
four library members displayed more than 37 counts (i.e., p-values
<0.05) (Figure 3a, 4a). For visualization, the sequence counts were
plotted against the code-combination in pseudofour dimensional
plots. The axes represent code 1, 2, and 3 while the sequence counts
are depicted by the color of the dots (Figure 3a).
The sequence count profile after selection against streptavidin

(Figure 3b) was dramatically different compared to the one of the
unselected library (Figure 3a). The profile indicated the enrich-
ment of two planes, with code-x-code-y-code-z being either x-1-z
or x-y-1, representing two compound classes (Figure 3b). The
compound classes contained at least one D-desthiobiotin moiety
(code 2 = 1 or code 3 = 1), which is known to bind to streptavidin

in the nanomolar range.33 The significant enrichment of the two
compound classes (p-value <0.05, i.e., counts above 40, average
count of a library member was 1.4) (Figure 4b) served as a
quality control for library synthesis (reaction step 2 and 3), selection
conditions and for Illumina-based decoding. The sequence count
profile for a library selection on empty resin, which is depicted in
Figure 3c, was similar to the profile of the unselected library,
except for a slight enrichment of DNA-conjugates with code 3 =
20 (i.e., 7 hits with p-values <0.05, which means more than 108
counts, average count of a DNA-conjugate was 4.0) (Figure 4c).
This observation confirmed that false-positives (i.e., molecules
interacting with the solid support) were not frequently found in
the experimental conditions used for selections and can be easily
identified by performing control selections.
Next, we performed an affinity-based selection against carbo-

nic anhydrase IX (CA IX). The sequence count profile of the CA
IX selection showed a fingerprint of enriched DNA-conjugates
(Figure 3d) (i.e., 81 hits with p-values <0.05, which means more
than 28 counts, average count of a library was 0.76). In detail, 73
out of 81 hit structures, identified in the CA IX selection

Figure 3. Decoding of the one million compound library before and after selection against target proteins using Illumina high-throughput sequencing.
Sequence counts of library codes are plotted vs the code combination in pseudo-four-dimensional plots. The codes are represented on the axes, and the
sequence counts are depicted by the color of the dots. (a) The unselected library before selection was analyzed with 1.8 million sequence tags. All DNA-
conjugates identified are depicted indicating a flat background distribution of sequencing counts. (b) The sequence profile of DNA-conjugates enriched
(p-value <0.05 for control of FWER) after a selection against streptavidin (1.4 million sequences analyzed). Two compound classes with code 2 = 1 or
code 3 = 1 (plane [x-1-z] and [x-y-1]) were selected. Both compound classes include D-desthiobiotin structures, which are known to bind to streptavidin.
(c) For comparison, the sequence count profile of a selection against sepharose resin with no protein immobilized shows that only a few compounds with
Code 3 = 20 are retained on the solid support (4.0 million sequences analyzed, displayed are DNA-conjugates with p-value <0.05 for control of FWER).
(d) The sequence profile after selection against CA IX (0.76 million sequences evaluated) reveals the preferential enrichment of compounds with code
2 = 83 and/or code 3 = 6 (displayed are DNA-conjugates with p-value <0.05 for control of FWER, selected structures are shown in Figure 6).
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(Figure 3d), shared the common structural feature of a sulfon-
amide group with code 2 = 52, code 2 = 83 or code 3 = 6 (8 hits

shared building blocks also found in the selection against empty
resin and were not investigated further). Notably, six of the hit

Figure 4. Statistical analysis of the high-throughput sequencing decoding. Logged histogram (log10) of the absolute sequence counts. Vertical lines
(dashed) show the cutoff for significant values according to p-values with FWER smaller than 0.05 based on robust parameter estimation for a negative
binomial density distribution and correction for multiple testing. (a) Amplification of the library before selection; (b) selection against streptavidin; (c)
selection against empty resin; d: selection against carbonic anhydrase IX.

Figure 5. DNA-based hit-validation of the CA IX selection. (a) General core structure; (b) table of structures with inhibition data [a] and selection
results [b]; (c) inhibition of CA IX with DNA-conjugates was measured in an esterase assay using p-nitrophenyl acetate as substrate.
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sequences encoded for bis(sulfonamide) structures with one
aliphatic sulfonamide moiety (code 2=52) and one phenyl-
sulfonamide moiety (code 3 = 6). Figure 5 shows structures of
DNA-conjugates selected for further hit-validation.
Characterization of CA IX Inhibitors. Hit structures from

library selections are typically resynthesized as individual com-
pounds devoid of DNA and used in biochemical assays.10,12,21

Considering that the affinity-based screening with libraries of
three or more chemical building blocks may lead to hundreds of
enriched compounds, larger efforts are required for conventional
resynthesis of hit-compounds. Here, we synthesized compounds
enriched in the CA IX selection (Figure 5a and b) as molecules
tagged with a short DNA fragment. The DNA-based synthesis
facilitated purification steps (HPLC and ethanol precipitation),
quantification by absorbance measurements and analytical char-
acterization by ESI-MS. However, we could not analyze the
stereochemistry of the Diels-Alder products when coupled to
DNA. Investigations of similar Diels-Alder reactions in the
absence of the DNA-tag showed that endo diastereomers may
be preferentially formed.34 Figure 5c depicts carbonic anhydrase
inhibition data of selected DNA-conjugates based on an esterase
activity assay with p-nitrophenyl acetate as the substrate.35,36 The
compounds enriched in the selection experiments showed
inhibition of CA IX with an IC50 in the range of 0.24 μM -
0.33 μM (p < 0.05), while a nonenriched library member
(16-197-112, selection count =1) showed no detectable
inhibition (IC50 > 10 μM) (Figure 5c). Selected compounds
with p-values <0.05 tended to have smaller inhibition constants
compared to less enriched compounds (e.g., compound 16-36-6
and 16-83-117). However, a 1:1 correlation of sequence counts
and inhibition constants was not expected because of (i) statistical
reasons, (ii) variations of synthesis yields for different members
present in the library and (iii) selection conditions used (e.g., higher
selection pressure might lead to a better discrimination of binders in
micromolar to nanomolar range). These findings were in good
agreement with observations previously made with a number of
smaller DNA-encoded chemical libraries.6,10,12,19

One of the CA IX inhibitors (16-52-6; see also Supporting
Figure 7) was selected for further hit-validation. As several bis-
(sulfonamide) compounds were highly enriched in the selection
experiment, we wanted to explore whether this novel compound
class could exhibit beneficial properties for CA IX tumor target-
ing. Immunofluorescence histology analysis is a technique com-
monly used in the antibody field to verify specific antigen
binding. Figure 6a shows immunofluorescent staining of colo-
rectal LS174T adenocarcinoma tumor sections with a commer-
cially available antibody specific to carbonic anhydrase IX. CA IX
overexpression is linked to cells under hypoxic conditions at a
distance of 100 to 200 μm from the nearest oxygen-supplying
blood vessel and commonly observed in solid tumors.37-39 A
distinct staining pattern (shown in green, detected with a
fluorescently labeled secondary antibody) was observed at a
distance of ∼100 μm from the tumor blood vessels (shown in
red, detected with a primary antibody against CD31). We used
the small molecule ligand 16-52-6, specific to CA IX, as a
fluorescein conjugate, in order to study its binding properties
on the tumor section, upon addition of an anti-fluorescein
secondary antibody for fluorescence detection (shown in green).
The fluorescein moiety was introduced via a triethylene glycol
linker instead of the DNA-tag, and the conjugate showed
submicromolar inhibition of CA IX (IC50 = 0.65 μM; Kd =
0.60 μM; Supporting Figure 8). In close analogy to the use of an
antibody specific to CA IX as primary detection reagent
(Figure 6a), the fluorescein-16-52-6 conjugate clearly delineated
hypoxic regions around tumor blood vessels (Figure 6b), con-
firming the ability of the CA IX ligand to selectively recognize the
cognate antigen in tumor tissue.
Based on the encouraging staining results obtained with

fluorescein-16-52-6 on tumor sections, we studied the in vivo
tumor targeting performance of this compound in nude mice
bearing subcutaneous LS174T tumors (tumor volume 500
mm3). Fluorescein-16-52-6 (68 nmol) or a fluorescein-derivative
without CA IX ligand as negative control (68 nmol) were
injected intravenously into mice, which were then sacrificed after

Figure 6. (a, b) Immunofluorescence analysis performed on human colorectal adenocarcinoma LS174T xenografted tumor tissue sections. Red staining
represents endothelial cells (anti-CD31 staining), whereas green staining represents expression of CA IX detected by (a) polyclonal anti-CA IX antibody
or (b) a complex of inhibitor fluorescein-16-52-6 and anti-fluorescein polyclonal IgG. Scale bars, 100 μm. (c) Fluorescence imaging of isolated organs
performed 1 or 2.5 h after iv injection of 68 nmol of fluorescein-16-52-6 or 68 nmol of a fluorescein derivative without CA IX ligand (negative control) in
nude mice bearing LS174T tumors. Fluorescence intensity was measured at λex = 465 nm, λem = 520 nm with an exposure time of 1 s using an IVIS
Spectrum (Xenogen, Caliper Life Sciences) instrument and showed in vivo tumor accumulation of the compound fluorescein-16-52-6: a) tumor, b) liver,
c) lung, d) spleen, e) heart, f) kidney.
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1 or 2.5 h. Individual organs and tumors were analyzed by
fluorescence measurements (Figure 6c). A strong tumor accumula-
tion of fluorescein-16-52-6 was observed 1 and 2.5 h after injection,
while the negative-control fluorescein conjugate exhibited no pre-
ferential accumulation in the neoplastic site (Figure 6c). Similar
results were obtained in vivo using mice bearing the renal cell
carcinoma xenograft SK-RC-52 (Supporting Figure 9).
Carbonic anhydrase IX has recently emerged as a potential

target for cancer therapy.26 RNAi experiments indicated that the
simultaneous blockade of CA IX and CA XII leads to tumor
growth retardation, as a result of impaired acidification of the
tumor environment.39 While classical inhibitors of carbonic
anhydrases such as acetazolamide are clinically used as anti-
glaucoma drugs, the development of selective carbonic anhy-
drase inhibitors to the membrane bound isozymes CA IX and XII
has been a matter of intense medicinal chemical research.37

Recently, anti-cancer strategies including the development of
bioreductive prodrugs,40 membrane-impermeable glycoconju-
gates 41 or positively charged CA inhibitors,42 and the covalent
linkage of acetazolamide to an albumin-binding moiety 36 have
been proposed to direct binding of the inhibitor to membrane
bound carbonic anhydrase IX and XII. First in vivo data monitor-
ing hypoxia response with fluorescently labeled sulfonamides in
HT-29 colorectal tumors have been reported,43 and growth
retardation in an SK-RC-52 tumor model with an albumin-
binding acetazolamide derivative has been shown.36 At a clinical
level, CA IX targeting is currently being investigated with WX-
G250, an IgG1 chimeric monoclonal antibody specific to CA IX,
for the treatment of renal cell carcinoma.44,45

The selection of bis(sulfonamide) compounds indicates the
simultaneous engagement of both sulfonamide moieties in the
binding event. A small molecule inhibitor with two sulfonamide
moieties has been previously studied with a different carbonic
anhydrase (CA II), and crystallographic evidence revealed that
one sulfonamide engaged zinc in the active site, while a second
sulfonamide moiety interacted with residues at the entrance to
the active site cleft.46 The recently solved crystal structure of
CA IX reveals the homodimeric nature of this protein,47 which is
consitent with size-exclusion chromatographic data.48 The two
active sites in the CA IX homodimer are located at a distance of
approximately 30 Å, which makes bridging of the two active sites
by a bis(sulfonamide) inhibitor virtually impossible. However,
polar sites for a productive interaction with the second sulfon-
amide moiety can be found in close proximity to the entrance of
the active site.47

The compound isolated from the DNA-encoded chemical
library showed specific tumor accumulation in two different
tumor models. Tumor pretargeting studies with a bispecific
monoclonal antibody with high-affinity for CA IX and a radio-
labeled peptide showed excellent tumor:organ ratios over a range
of time points after injection.49 Additional in vivo targeting
experiments are required to investigate whether sulfonamide-
based small molecule inhibitors can also be used to deliver toxic
agents specifically to the tumor site.
In summary, we have described the design, synthesis and

characterization of a DNA-encoded chemical library containing
one million compounds coupled to DNA fragments, which serve
as amplifiable identification bar codes. High-throughput sequenc-
ing of the library before and after selection showed the feasibility
of selecting binding molecules out of a large pool of encoded
compounds. The library was used to select ligands to carbonic
anhydrase IX, and bis(sulfonamide) binders could be isolated,

which exhibited binding constants in the submicromolar range
and selective CA IX targeting in hypoxic tumors in vivo. Taken
together, our large DNA-encoded chemical library promises its
general applicability for the isolation of ligands against pharma-
ceutically relevant target proteins.

’METHODS

DNA-Encoded Chemical Library Synthesis. Detailed synth-
esis procedures for the construction of the one million member DNA-
encoded compound library can be found in the Supporting Information.
In short, the library was constructed by the assembly of three chemical
moieties in a split-and-pool synthesis: (i) 25 DNA-conjugated scaffold
molecules containing an amino group and a (2E,4E)-hexadiene moiety,
(ii) a set of carboxylic acids, acyl chlorides, carboxylic acid anhydrides,
and isothiocyanates that were reacted with the amine function, and (iii) a
set of maleimides and maleimides derived from their corresponding
amines that were reacted in a Diels-Alder cycloaddition with the
(2E,4E)-hexadiene moiety. The parallel extension of the DNA-tag after
each chemical reaction enabled the unique encoding of each chemical
structure present in the library.
Tumor Mouse Models. The human colorectal adenocarcinoma

cell line LS174T (CL-188, ATCC) was maintained in DMEM, supple-
mented with 10% fetal bovine serum (FBS) and antibiotic-antimycotic
solution at 37 �C in an atmosphere of 5% CO2. The human renal cell
carinoma (RCC) cell line SK-RC-5250 was maintained in RPMI medium,
supplemented as described above. Tumor cells (1 �107) were injected
subcutaneously into the left flank of 8-10 week old female Balb/c nu/nu
mice (Charles River). Xenografted tumors were allowed to grow for 20 days
(LS174T) or 17 days (SK-RC-52) to a size of typically 500mg (LS174T) or
400 mg (SK-RC-52) for imaging applications.
Immunofluorescence on Frozen Tissue Sections. LS174T

human colorectal adenocarcinoma xenografted tumor tissue was pre-
pared as described previously.48 Tissue sections (10 μm) were first fixed
for 8 min in ice-cold acetone, rehydrated with PBS, and saturated with
PBS containing 20% FCS. Sections were double stained for CA IX and
CD31. Sections were incubated for 1 h with a complex of the fluorescein-
labeled small molecule ligand 16-52-6 (fluorescein-16-52-6, 25 nM; for
structure and synthesis see Supporting Information) and rabbit poly-
clonal anti-FITC-HRP IgG (10 μg/mL, no. 4510-7864, AbD Serotec).
Primary rabbit polyclonal anti-CA IX antiserum (sc-25599; Santa Cruz
Biotechnolgy) was used for staining a positive control section. CA IX
staining was detected using goat anti-rabbit Alexa Fluor 594 (Invitrogen).
Primary rat anti-mouse CD31 antibody (BD Biosciences) was detected
with donkey anti-rat Alexa Fluor 488 (Invitrogen). Commercial binding
reagents were diluted according to the manufacturer’s recommendation.
Rinsingwith PBSwas performedbetween all incubation steps. Finally, slides
weremountedwith fluorescencemountingmedium (DAKO) and analyzed
with a Zeiss Axioskop 2 mot fluorescence microscope (Carl Zeiss AG).
Images were captured with an AxioCamMRC using AxioVision 4.7 image
analysis software (Carl Zeiss AG).
Fluorescence Imaging. LS174T or SK-RC-52 tumor-bearing

mice were injected iv into the tail vein with 68 nmol (80 μg) of
fluorescein-16-52-6 (Supporting Information) at 1 h (LS174T and
SK-RC-52) and 2.5 h (LS174T) prior to sacrifice. For comparison,
LS174T or SK-RC-52 tumor-bearing mice were injected iv into the tail
vein with 68 nmol (39 μg) amino-tri(ethylene glycol)-fluorescein
(Supporting Information) at 1 h prior to sacrifice. CA IX targeting
was analyzed with IVIS Spectrum (Xenogen, Caliper Life Sciences)
either by imaging the whole animal or isolated organs with λex = 465 nm,
λem = 520 nm, exposure time = 1 s, f/stop = 1 and medium binning. For
image analysis, Living Image software (Caliper Life Sciences) was used.
Experiments were performed under a project license granted by the
Veterin€aramt des Kantons Z€urich, Switzerland (169/2008).
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