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The discovery of synthetic molecules with desired properties is g M o Og-n o
a central challenge of chemistry. Researchers typically evaIuateHo?C\/\)LH “\)’*H""\u/m\uf HN,&&\/\)LH%
synthetic molecules using a screen, a process by which compounds He © -8
are individually assayed. In contrast, researchers (and nature) have
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discovered functional biological molecules usggjectiong pro- H
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cesses that physically separate molecules with favorable properties L o Ao K
from inactive molecules. Selections offer much higher potential 4\ . D
throughput than screens because all molecules are processe: )
simultaneously, typically do not require sophisticated equipment, J\.‘,H g e
M
and unlike screens can be iterated to multiply the net enrichment ,@AN % ‘n’\H Jﬁ%
of desired molecules. In addition, the outcomes of laboratory and HeN ‘
biological selections are typically linked to amplifiable nucleic acids,
enabling selections to offer far greater sensitivities than screens. . N
DNA-linked  negative target predicted enrichment  sensitivity
Despite these attractions, selections for synthetic molecules are proteinligand ~ control profein activity factar {mol)
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largely unexplored because of the challenging requirements as- glutathione 18 20
; . - . ; ; . 1 2 Stransferase  Kd=104M 2,500 10
sociated with their implementation. These requirements include (i) o
carponic

solution-phase libraries, and (i) a means of identifying each possible 3 Zord  ihidrase  Ka=09nM® 330 102
species surviving the selection. In addition, each molecule entering

X L ) ) o X i 2 streptavidin Kq =40 iM% 4,400 1018
a selection is ideally associated with an amplifiable information
carrier that uniquely identifies that molecule. Biological systems s 4 papain ICsp =14 M 64 o'
can satisfy these criteria when selecting proteins or nucleic acids, 5 4 chymotrypsin  Cgp =290 nM 76 1018
but are not compatible with most synthetic structures. Solution- "
4 papain ICsq = 270 ni4d 98 10

phase libraries analyzed using peptide nucleic acicftagsmass
spectrometr§P¢ can meet the first two requirements, but do not 6 4 trypsin Ky=100nM* 125 1017
enable signal amplification, a crucial aspect of biological selections Figure 1. Enrichment factors for a single affinity selection containing a
that confers their unmatched sensitivity. Solid-phase libraries cosyn- 1:1000 ratio of protein-binding:nonbinding molecules are shown in column
thesized with nucleic acid tagsoffer an amplifiable signal but 5. Minimum quantities of protein-binding molecules to achieve an enrich-
cannot be subjected to selections because the libraries are not ifnent factor of at least 50-fold are listed in column 6.
solution. DNA-linked protein ligands were enriched relative to DNA-linked
The covalent linkage of DNA oligonucleotides to corresponding nonbinders (the “enrichment factor”).
synthetic molecules, either as a consequence of DNA-templated = Glutathione amide binds to glutathioBeransferase (GST) with
organic synthesfsor as a result of conjugating DNA to synthetic modest affinity Kq = ~10 uM*3 and therefore represents a
molecules, in theory enables synthetic molecules to satisfy the abovestringent test of protein binding selections3400” DNA-linked
requirements. Here, we report general in vitro selections for DNA- glutathione amide molecule&)(were combined with a 100- to &0
linked synthetic small molecules with protein binding affinity and  fold molar excess of a DNA-linked negative contr@),(and the
specificity. resulting mixtures were selected for binding to GST-linked agarose
We prepared a variety of small molecules conjugated to DNA beads. The selection enriched as few a%ddpies of the DNA-
oligonucleotides such that each small molecule is linked to a unique linked glutathione by 100- to-10*fold (Figure 2, top and the
DNA sequence. Small molecules were chosen either for their known Supporting Information). This 16° mol sensitivity is at least 0
affinities to one of six proteins or as nonbinding negative controls fold greater than that of state-of-the-art general screening méthods
(Figure 1). Solutions containing mixtures of DNA-linked protein  for protein binding small molecules. Although the concentration
ligands and DNA-linked negative controls simulated DNA-tem- of DNA-linked molecules during selections was lower than mi-
plated small molecule libraries containing small fractions of library cromolar, the selections were successful because the effective
members with protein binding activities. Selections for protein concentration of immobilized GST exceededO M, enabling a
affinity were performed by incubating these mixtures fer2Lh significant fraction ofl to remain bound to GST. These results
with target proteins covalently linked to beads (see the Supporting demonstrate that selections for modest protein affinities are possible
Information). Nonbinders were removed by washing, and molecules in this format.
that remained bound to beads were added to PCR reactions to To evaluate the generality of this approach, we performed similar
amplify the oligonucleotides surviving selection. Sequences encod- selections for binding to streptavidin, carbonic anhydrase, papain,
ing protein ligands or nonligands were distinguished using restric- trypsin, and chymotrypsin in addition to GST (Figure 1). Col-
tion endonucleases that only cleave the ligand-encoding sequencedectively, these six diverse proteins bind the ligands in Figure 1
The efficiency of each selection was assessed by the degree to whictwith predicted affinities that span more than 8 orders of magnitude.
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Figure 2. (Top) 1 and 2 were combined in the quantities listed and

subjected to a single selection for GST binding. DNA surviving selection
was amplified by PCR and digested witHindlll to determine the
enrichment factors fot. (Middle) Three successive selections for carbonic
anhydrase binding (without PCR amplification between selections) were
performed on an initial 1:1 000 000 mixture 8. DNA surviving each
selection was amplified by PCR and digested wtimdlll to reveal the
ratio of 3:4 after each iterated selection. (Bottom) A 24:4:1 mixturd:6f6

was subjected to two iterated selections for papain affinity, resulting in the
enrichment of both nonspecific and specific protease inhib&oand 6,

respectively. Repeating the selection in the presence of excess free

chymotrypsin resulted in the exclusive enrichment of the papain-specific
binder 6) (see Supporting Information).

In each case, affinity selection enriched as little as'46102°
mol of the known DNA-linked ligand by at least 50-fold over the
nonbinder (Figure 1), indicating that DNA conjugation does not

simulates a library containing predominantly nonbinding molecules
(4 does not bind chymotrypsin or papain) with a minor fraction of
nonspecific bindersy binds both proteases) and an even smaller
fraction of a target-specific binde6 (binds papain only). When
this mixture is subjected to two iterated selections for binding to
papain, boths and 6 are enriched as expected. When the above
mixture is instead selected for binding to papain in the presence of
excess free chymotrypsin, however, only the papain-specific ligand
(6) is enriched (Figure 2, bottom and Supporting Information). The
ability of these selections to separate target-specific and nonspecific
synthetic molecules suggests their use to discover molecules that
exclusively bind one member of a family of related proteins.

In summary, we have described general in vitro selections for
DNA-linked synthetic small molecules with protein binding affinity
and specificity. Spatially separated scréeae more flexible in
the properties they can evaluate, are not sensitive to the possibility
of interference from a macromolecular tag, and can examine direct
effects on living cells. On the other hand, the selections described
above require only readily accessible equipment, can be applied to
a variety of proteins unrelated in function, yield high degrees of
enrichment for active molecules, offer sensitivities far greater than
those of small molecule screening methods, and can be iterated to
multiply their effectiveness. The application of methods developed
here to DNA-templated libraries may play an important role in the
discovery of synthetic molecules with desired properties using
powerful selection and amplification strategies previously available
only to biological molecules.
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Note Added after ASAP: In version published 9/13/2003,was

impair the ability of these ligands to bind their protein targets and ,correct in Figure 1 and Supporting Information. Final version
suggesting that these selections may be applicable to a variety ofpublished 9/16/2003 and in print is correct.

unrelated proteins.

Supporting Information Available: Experimental details, oligo-

In theory, selections can be iterated to multiply the net enrichment ,,cleotide sequences and structures, and additional data (PDF). This

of desired molecules. To test this possibility with DNA-linked
synthetic molecules, we subjected a 1:1000 mixture of DNA-linked
phenyl sulfonamide3):DNA-linked fMet-Leu-Phe 2) to a selection

for binding carbonic anhydrase. Molecules surviving the first

selection were eluted and directly subjected to a second selection
(without PCR between selections) using fresh immobilized carbonic

anhydrase. The first selection yielded a 1:3 rati8:@f representing

a 330-fold enrichment for the DNA-linked phenyl sulfonamide. The
second selection further enrich8cby at least 30-fold, such that
the ratio of 3:2 following two iterated selections exceeded 10:1
(>10*fold net enrichment, see Supporting Information). Similarly,
three iterated selections were used to enrich a8lsidting ratio

of 3:DNA-linked biotin (4) by a factor of 5x 1(f into a solution
containing predominanth8 (Figure 2 middle). These findings
indicate that enormous net enrichments for DNA-linked synthetic

molecules can be achieved through iterated selection and suggest

that desired molecules as rare as 1 part fvdithin DNA-templated
synthetic libraries may be isolated in this manner.

In addition to affinity, binding specificity is an important property
of synthetic molecules. Selections for specificity in principle can

be performed in a single experiment by selecting simultaneously

for target binding as well as for the inability to bind one or more
nontargets. To validate selections for specificity among DNA-linked
synthetic molecules, we combined into one solution DNA-linked
biotin (4), DNA-linked chymostatin%), and DNA-linked antipain

(6) in a 24:4:1 ratio, respectively (Figure 2, bottom). This mixture

material is available free of charge via the Internet at http://pubs.acs.org.
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