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Despite their limited chemical functionality, proteins and
nucleic acids dominate the solutions to many complex chemical
problems because they can be evolved through iterated cycles of R O 88 e )
diversification, selection, and amplification. Researchers have —_— o*re .Jv—a '\—'—'f—:»
demonstrated extensively that proteins and nucleic acids initially thio-quenched tmeo sme 1omn 20 min
lacking desired activities can be mutated, amplified, and reselectedFigure 1. Synthesis directed by hairpin (H) and end-of-helix (E) DNA
to afford evolved molecules with greatly enhanced propetties. emplates. Reactions were analyzed by denaturing PAGE after the
We are interested in creating amplifiable and evolvable libraries indicated reaction times. Lanes 3 and 4 contained templates quenched
of non-natural small molecules by developing methods to translate With €xcesss-mercaptoethanol prior to reaction.

DNA into synthetic structures. Achieving this goal requires using

; . . 1 : template: H HHHHHEE EE EE EEEEEE

DNA to direct chemical reactions sequence-specifically in a nucleophile: S § SSSSSS SSSSSSNNNN
manner much more ge;neral than has been repqr}ed thus fgr. reagentt MXMXMXMXMXMXMXMXM X
Researchers have previously demonstrated the ability of nucleic - i
acid templates to promote the coupling of adjacently annealed ._,.._..
oligonucleotides to form nucleic acids and nucleic acid analogues. : | - - e e e =
We hypothesized that the proximity effect provided by DNA- “ii‘_ - -
templated synthesis can be used to generate libraries of synthetic o SIAB SBAP SIA SMCC GMBS BMPS SVSB SMCC SVSB
small molecules unrelated in structure to the DNA backbone in Temuate"a"k@ o o SN o o
one-pot, parallel reactions. s E)Lv' J,\mj:.z Tmp,m_,\,ﬂ\/\b

We examined the ability of two DNA architectures to support 0 o TRl emee ° B
solution-phase DNA-templated synthesis (Figure 1). Both hairpin  rempae—y*~n*& o o
(H) and end-of-helix (E) templates bearing electrophilic maleimide SBAP ﬁ\/\j@ Tomplate =N
groups reacted efficiently with one equivalent of thiol reagent J Tempete=l omBs 0 " =
linked to a complementary DNA oligonucleotide to yield the =~ Temae=}"~7 SA SVse 5™

thioether product in minutes at 2&. DNA-templated reaction Figure 2. Matched (M) or mismatched (X) reagents linked to thiols (S)
rates kapp= ~10° M~1s™1) were similar for H and E architectures  or primary amines (N) were mixed with 1 equiv of template functionalized
despite significant differences in the relative orientation of their with the variety of electrophiles shown. Reactions with thiol reagents
reactive groups. In contrast, no product was observed when usingwere conducted at pH 7.5 under the following conditions: SIAB and
reagents containing sequence mismatches, or when using temSBAP: 37°C, 16 h; SIA: 25°C, 16 h; SMCC, GMBS, BMPS, SVSB:
plates pre-quenched with exce$snercaptoethanol (Figure 1). 25°C, 10 min. R_eactions with amine reagents were conducted €25
Both H and E templates therefore support the sequence-specifid®H 8-5 for 75 min.

DNA-templated addition of a thiol to a maleimide even though

the structures of the resulting products differ markedly from the (@) 0 1 3.8 LA el e & 1 3
structure of the natural phosphodiester backbone. Little or no b b - 8" . e
nontemplated intermolecular reaction products are produced under i3

the reaction conditions (pH 7.5, 2&, 250 mM NaCl, 60 nM imn  Smin  15min  45min  105min  16h
template and reagent). 013013013013 01301 3

Surprisingly, sequence-specific DNA-templated reactions span- () -
ning a variety of reaction types (3 substitutions, additions to s
o,B-unsaturated carbonyl systems, and additions to vinyl sulfones), e 2<C  mc  ac  #cT  =c

nucleophlle§ (thiols qnd am!nes), and reactant structure§ .a”Figure 3. (a) H templates linked ta-iodoacetamide group were reacted
prpceeded in good yields with excellent sequence selectivity with thiol reagents containing 0, 1, or 3 mismatches &l@5b) Reactions
(Figure 2). In each case, matched but not mismatched reagentsy (a) were repeated at the indicated temperature for 16 h. Calctilated
afforded product efficiently despite considerable variations in their reagentr, 38°C (matched), 28C (single mismatch).

transition-state geometry, steric hindrance, and conformational ) ] o )
flexibility. Collectively, these findings indicate that DNA-  ing a range of reaction types and is not limited to the creation of

templated synthesis is a general phenomenon capable of supportstructures resembling nucleic acid backbones. .
Since sequence discrimination is important for the faithful

- - - -
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- = - - - - Figure 5. Then =1, n = 10, andn = 1 mismatched (mis) reactions
Rl eee— an described in Figure 4a were repeated with template and reagent
(DNA) - - concentrations of 12.5, 25, 62.5, or 125 nM.
(ONA}  Lgamp (ABle  (C3)s  (EG)s (HC)s  (HC)e
~. O. _base -~ OuH o 0 .0 bases were replaced with any of the analogues in Figure 4b had
(b) ° °© . WG‘F':\ little effect on the rates of product formation. These findings
0...0 DNA 0. 9 AB cs ° indicate that backbone structural elements specific to DNA are
:'P‘oe A not responsible for the observed distance independence of DNA-
o %, % templated synthesis. However, the addition of a 10-base DNA
.OwOWOMO:‘P:OB ,OWWCQPZ‘ oligonucleotide complementary to the single-stranded intervening
‘ EG T HC region significantly reduced product formation (Figure 4b),

Figure 4. (a) The depicted reaction was performed using a 41-base E Suggesting that the flexibility of this region is critical to efficient
template and a 10-base reagent designed to anre30 bases from the ~ DNA-templated synthesis.
5 end of the template. The kinetic profiles in the graph show the average ~ The distance-independent reaction rates may be explained if
of two trials (deviations< 10%). The h = 1, mis” reagent contains  the bond-forming events in a DNA-templated format are suf-
three mismatches. (b) The = 10 reaction in (a) was repeated using ficiently accelerated relative to their nontemplated counterparts
templates in which the nine bases following theéN&1,-dT were replaced such that DNA annealing, rather than bond formation, is rate-
with the backbone analogues shown. Five equivalents of a DNA determining. If DNA annealing is at least partially rate-limiting,
oligonucleotide complementary to the intervening bases was added tothen the rate of product formation should decrease as the
the “DNA + clamp” reaction. Reagents were matched (0) or contained concentration of reagents is lowered because annealing, unlike
three mismatches (3). The gel shows reactions &tafter 25 min. templated bond formation, is a bimolecular process. Decreasing
the concentration of reactants in the case of the E template with
temperature beyond thi, ® of the mismatched reagents (Figure one or 10 intervening bases between reactive groups resulted in
3b). The decrease in the rate of product formation as temperaturea marked decrease in the observed reaction rate (Figure 5). This
is elevated further indicates that product formation proceeds by observation suggests that proximity effects in DNA-templated
a DNA-templated mechanism rather than a simple intermolecular synthesis can enhance bond-formation rates to the point that DNA
mechanism. annealing becomes rate-determining.

In addition to reaction generality and sequence specificity, = These findings raise the possibility of using DNA-templated
DNA-templated synthesis also demonstrates remarkable distancesynthesis to translate in one-pot libraries of DNA into libraries
independence. Both H and E templates linked to maleimide or of synthetic molecules suitable for diversification, selection, and
o-iodoacetamide groups promote the sequence-specific reactionrPCR amplification. The ability of DNA-templated synthesis to
with matched, but not mismatched, thiol reagents annealed support a variety of transition-state geometries suggests its
anywhere on the templates examined thus far (up to 30 basespotential in directing a range of powerful water-compafible
away from the reactive group on the template). Reactants annealedynthetic reactions. The sequence specificity described above
one base away react with rates similar to those annealed 2, 3, 4suggests that mixtures of reagents may be able to react predictably
6, 8, 10, 15, 20, or 30 bases away. In all cases, templated reactiorwith complementary mixtures of templates. Finally, the observed
rates are at least several hundred-fold higher than the rate ofdistance independence suggests that different regions of DNA
untemplated reaction for both E templatég,{= 10*~10° M~? (“codons”) may be used to encode different groups on the same
stvs 5x 10t M7t 571, Figure 4a) and H templates (data not synthetic scaffold without impairing reaction rates.
shown). At intervening distances of 30 bases, products are As a demonstration of this approach, we synthesized a library
efficiently formed presumably through transition states resembling of 1025 maleimide-linked E templates, each with a different DNA
200-membered rings. These findings contrast sharply with the
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; ; ; ; i~K.; Heggie, W.; Hesson, D. P.; Hoppe, D.; Hoppe, |.; Hyatt, J. A.; Ikeda, D.;
templates in which the I.ntervenmg bases were replaced by a sgrle acobi, P. A.; Kim, K. S.; Kobuke, Y.; Kojima, K.; Krowicki, K.; Lee, V. J.;
of DNA analogues designed to evaluate the possible contribution Leutert, T.; Malchenko, S.; Martens, J.; Matthews, R. S.; Ong, B. S.; Press,
of (i) interbase interactions, (i) conformational preferences of _Jr II?{).; BatJuMT.TV. R.;d RlousEseAau,UG.r;]_gaulterL.JH(.1 MY SLlJJZUkP‘II’ M.;TTatsuta,”K.;
olbert, L. M.; Truesdale, E. A.; Uchida, I.; Ueda, Y.; Uyehara, T.; Vasella,
the DNA backbone, (I!I.) Fhe Charged phOSphate ba.Ckbone’. andA. T.; Vladuchick, W. C.; Wade, P. A.; Williams, R. M.; Wong, H. N. C.
(iv) backbone hydrophilicity. Templates in which the intervening  am. chem. Sod981 103 3210-3213.
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oJx/Nxo Nrp  TGGTGCGEAGCCGCCGTGACGGGTGATACCACCTCCOAGCCGAGGAGLCG-3] (3)1 2 3 4 5 & 7 (b)
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1
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of selected products \ |"ulli' | Rir Roe
5" -TGGTGCGGAGCCGCCG27227227GATACCACCTCCGAGCCGAGGAGCCG-3" i I \'hr-.ll | Rm\z‘él".f’\"""""’"""""""‘"’“ FCR
DNA encoding selected and amplified molecules Il '|||JI ) Rig Rs, Smrmr
(=]
characterize by DNA . . . -
J sequencing and digestion Figure 7. (a) Lanes 1 and 5: PCR: amplified library before stretptavidin
primary product binding selection. Lanes 2 and 6: PCR amplified library after selection.
5" -TGGTGCGGAGCCGCCGTGACGGGTGATACCACCTCCGAGCCGAGGAGCCG-3"  (1,000-fold I S .
enfichment) Lanes 3 and 7: PCR amplified authentic biotin-encoding template. Lane
Figure 6. A model translation, selection, and amplification of synthetic 4: 20 bp ladder. Lanes-57 were digested witfispi51. DNA sequencing
molecules that bind streptavidin from a DNA-encoded library. traces of the amplified templates before and after seletion are also shown,

together with the sequences of the non-biotin-encoding and biotin-

sequence in an eight-base encoding region (Figure 6). One ofencoding templates. (b) General scheme for the creation and evolution
these sequences;BGACGGGT-3, was chosen to code for the  of libraries of non-natural molecules using DNA-templated synthesis,
attachment of a biotin group to the template. A library of thiol where—Ri represents the library of product functionality transferred from
reagents linked to 1025 different oligonucleotides was also reagent library 1, and-Ris represents a selected product.
generated. The reagent linked teASCTGCCCA-5 contained a
biotin group, while the other 1024 reagents (linked te 3 ing the mechanisms of catalytic nucleic acids, which typically
NGNTNGNN-5, where N= A, C, G, or T) contained no biotin. localize substrates to a strand of RNA or DN¥. Previous
Equimolar ratios of all 1025 templates and 1025 reagents were Observations of DNA-templated syntheses of nucleic acid ana-
mixed in one pot at 60 nM total concentration for 10 min at 25 logue$ may in part arise from the general proximity effects
°C, and the resulting products were selected in vitro for binding described here rather than from the commonly cited reason of
to immobilized streptavidin. Molecules surviving the selection the template precisely aligning reactive groups.
were amplified by PCR using primers binding outside of the  The generality of DNA-templated synthesis provides a basis
coding region and analyzed by restriction digestion and DNA for translating the amplifiable information in a library of DNA
sequencing. into non-natural synthetic small molecules in one pot, as

Digestion with the restriction endonuclea3spi5l, which demonstrated by the translation, selection, and amplification of
cleaves GTGAC and therefore cuts the biotin-encoding template the model synthetic library described above. Linked to their
but none of the other templates, revealed a 1:1 ratio of biotin- encoding DNA, libraries of synthetic molecules generated in this
encoding to non-biotin-encoding templates following selection. manner may be subjected to powerful genetic methods previously
This represents a 1000-fold enrichment compared with the available only to proteins and nucleic acids, including sequencing,
unselected library. DNA sequencing of the PCR-amplified pool random mutation, recombination, and in vitro selection. In contrast
before and after selection suggested a similar degree of enrichmento existing library synthesis methods, yields of each reaction are
and indicated that the biotin-encoding template is the major much less important in this format because PCR amplification
product after selection and amplification (Figure 7a). The ability requires only vanishingly small quantities 10* molecules) of
of DNA-templated synthesis to support the simultaneous sequencetemplate following selection. In addition, these libraries are
specific reaction of 1025 reagents, each of which faces a 1024:1selected on the basis of each individual molecule’s properties,
ratio of nonpartner-to-partner templates, demonstrates its potentialobviating the need for assaying and deconvoluting mixtures.
as a method to create synthetic libraries in one pot. The aboveOngoing efforts in our group seek to further develop this new
proof-of-principle translation, selection, and amplification of a approach to generating molecular function.
synthetic library member having a specific property (avidin
affinity in this example) addresses several of the requirements
];Og)the evolution of non-natural small molecule libraries (Figure DNA sequencing. Professor E. J. Corey and Professor Stuart Schreiber
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of long-distance DNA-templated reactions may also arise in part
from the tendency of water to contract the volume of nonpolar JA015873N
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