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Two Enabling Architectures for DNA-Templated
Organic Synthesis**

DNA-Templated Synthesis

Zev J. Gartner, Rozalina Grubina,
Christopher T. Calderone, and David R. Liu*

DNA templates can direct a wide variety of chemical
reactions!' 2 without obvious structural requirements?23
by sequence specifically recruiting reactants linked to com-
plementary oligonucleotides. The generality of DNA-tem-
plated synthesis raises the possibility of applying powerful
processes such as in vitro selection and PCR (polymerase
chain reaction) amplification to the discovery of synthetic
molecules with desired properties.?*l In addition, the scope of
DNA-templated synthesis provides an experimental basis for
models of prebiotic chemistry?®3? in which nucleic acid
templates may have mediated the earliest translation of
replicable information into a variety of functional structures.
The DNA-templated format also enables modes of reaction
that are not possible using conventional synthetic
approaches.®’!

A DNA-templated chemical reaction is mediated by a
specific architecture in which a portion of a DNA template
anneals to a complementary DNA-linked reagent. Annealing
places functional groups on the template and reagent in
reactive proximity. The structure of this architecture could
profoundly affect the nature of the resulting reaction, and it
may therefore be possible to manipulate reaction conditions
by rationally designing template-reagent complexes with
different secondary structures. We previously used the end-of-
helix (E) and hairpin (H) architectures (Figure 1) to mediate
a variety of DNA-templated reactions.?*?>*! During the
course of these studies, two challenges emerged. First, some
DNA-templated reactions do not proceed efficiently when
the annealed reactive groups on the template and reagent are
separated by even a small number of bases.?l When the E or
H architectures are used, these “distance-dependent” reac-
tions can only be encoded by template bases at the reactive
end of the template. Second, the presence of double-stranded
DNA between annealed reactive groups can greatly reduce
the efficiency of templated reactions because the flexibility of
a single-stranded template is required.®! This precludes the
possibility of performing two or more reactions in a single
DNA-templated step with the E or H architectures, even
though the template oligonucleotide may contain enough
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bases to encode multiple reactions. Herein we describe two
new architectures for DNA-templated synthesis that over-
come each of these challenges.

We hypothesized that the distance dependence of certain
DNA-templated reactions such as 1,3-dipolar cycloaddition
and reductive amination could be overcome through the
design of a new architecture that enables a reagent to anneal
simultaneously to two widely separated regions of the
template. In this omega (Q) architecture (Figure 1), the
template oligonucleotide contains a small number of constant
bases at the reactive 5’ end of the template in addition to distal
coding regions. A reagent oligonucleotide for the Q architec-
ture contains at its reactive 3’ end the bases that complement
the constant region of the template followed by bases that
complement a coding region anywhere on the template. The
constant regions are designed to be of insufficient length to
anneal in the absence of a complementary coding region.
When the coding region of the template and reagent are
complementary and anneal, however, the elevated effective
molarity of the constant regions induces their annealing.
Annealing of the constant regions forms a bulge (resembling
an Q) in the otherwise double-stranded template-reagent
complex and places groups at the ends of the template and of
the reagent in reactive proximity. In theory, this design would
enable distance-dependent DNA-templated reactions to be
encoded for the first time by bases distal from the reactive end
of the template (Figure 1).

We compared the efficiency of the Qarchitecture in
DNA-templated synthesis with that of the standard E and
H architectures. The € architectures studied consisted of
a) three to five constant bases at the 5’ end of the template,
followed by b) a 5- to 17-base loop, and c) a ten-base coding
region. As a basis for comparison, we performed four
different DNA-templated reactions that collectively span
the range of distance dependence that we have observed to
date.

Amine acylation reactions are representative of distance-
independent reactions that proceed efficiently even when
considerable distances (e.g. 30 bases) separate the amine and
carboxylate groups.?*2 As expected, amine acylation (20 mm
DMT-MM,® 30°C, pH7.0, 12h) proceeded efficiently
(46-96 % yield) in all architectures regardless of the distance
between reactive groups on the reagent and template
(Figure 2, lanes 1-5, and Figure 3a). The Q architecture
mediated efficient amine acylation with three, four, or five
constant bases at the reactive ends of the template and
reagent and 10 or 20 bases between annealed reactants (n=
10 or 20). Importantly, control reactions in which the distal
coding region contained three sequence mismatches failed to
generate significant product despite the presence of the
complementary three- to five-base constant regions at the
ends of the template and reagent (see Figure 2, lane 5 for a
representative example). The Q architecture therefore did
not impede the efficiency or sequence specificity of the
distance-independent amine acylation reaction.

DNA-templated Wittig olefination proceeds at a signifi-
cantly lower rate when the aldehyde and phosphorane are
separated by larger numbers of template bases, even though
product yields are typically excellent after > 12 h of reaction
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Figure 1. Four architectures for DNA-templated synthesis. The € and T architectures are presented in this work. Templates are colored black and
reagents are colored red. The number of single-stranded-template bases that separate the reactive groups of the template and the reagent is
designated “n”. For the Q architectures, the number of fixed bases at the reactive end of the template is shown following the Q symbol.
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Figure 2. Denaturing polyacrylamide-gel electrophoresis analysis of representative DNA-templated amine acylation, Wittig olefination, 1,3-dipolar
cycloaddition, and reductive amination reactions with the end-of-helix (E) and € architectures. For lanes 5, 9, 13, and 17, reagents with coding
region sequences containing three mismatches were used. R=template oligonucleotide, R’ =reagent oligonucleotide.

regardless of the intervening distance.?! After only 2 h of
reaction (pH 7.5, 30°C) in the E or H architectures, yields of
olefin products are three- to sixfold lower when the reactants
are separated by ten or more bases (n =10 or 20) than when
reactants are separated by only one base (n=1) (Figure 2,
lanes 6 and 7, and Figure 3b). In contrast, the Q architecture
with four or five constant bases at the reactive end results in
efficient and sequence-specific Wittig product formation after
2 h even when 10 or 20 bases separate the coding region and
the reactive end of the template (Figure 2, lanes 8 and 9, and
Figure 3b). These results suggest that the constant regions at
the reactive ends of the template and reagent in the
Q architecture enable the aldehyde and phosphorane to
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react at an effective concentration comparable to that in the
E architecture when n=1 (Figure 1).

Of the many DNA-templated reactions that we have
studied to date, the 1,3-dipolar cycloaddition and reductive
amination reactions?! demonstrate the most pronounced
distance dependence. Both reactions proceed with low to
modest efficiency (7-44 % yield) in the E or H architectures
when 10 or 20 bases separate the annealed reactive groups
(Figure 2, lanes 10, 11, 14, and 15, and Figure 3c—d). This
distance dependence limits the positions on a DNA template
that can encode these or other distance-dependent reactions.
In contrast, both 1,3-dipolar cycloaddition and reductive
amination proceed efficiently (up to 97 % yield) and sequence
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Figure 3. Comparison of end-of-helix (E), hairpin (H), and Q architec-
tures for mediating DNA-templated a) amine acylation, b) Wittig olefi-
nation, c) 1,3-dipolar cycloaddition, and d) reductive amination reac-
tions. on=1, = n=10, m n=20. See Experimental Section for reaction
conditions. In each case <5% product was generated under these
reaction conditions when reagent coding region sequences contained
three mismatches.

specifically when encoded by template bases 15-25 bases
away from the functionalized end of the template in the
Q architecture with four or five constant bases (Figure 2,
lanes 12, 13, 16, and 17, and Figure 3c—d). These results
demonstrate that the Q architecture enables distance-depend-
ent reactions to be efficiently mediated by DNA bases far
from the reactive end of the template. By overcoming the
distance dependence of these reactions while preserving the
efficiency of distant independent reactions, the Q architecture
should enable virtually any contiguous subset of bases in a
single-stranded 30-base template to encode any viable DNA-
templated reaction. Interestingly, the Q2 templates with only
three constant bases at their reactive ends do not consistently
improve the efficiency of these reactions relative to the
E architecture (Figure 3 c—d), which suggests that four or five
constant bases may be required in the Q architecture to fully
realize favorable proximity effects.

To probe the structural features underlying the observed
properties of the Q architecture, we characterized the thermal
denaturation of template-reagent complexes in the Q-5 and
E architectures when n=10 or n=20. For all template-
reagent combinations, only a single cooperative melting
transition was observed. Compared to the E-architecture
reagent lacking the five-base constant region, the Q-5 reagent
increased hypochromicity upon annealing by =50 % but did
not significantly affect melting temperature (Table 1). These
results are consistent with a model in which template-reagent
annealing in the Q architecture is dominated by coding-region
interactions, even though the constant region forms a
secondary structure once the coding region is annealed. The
entropic cost of partially ordering the loop between the
coding and constant regions may therefore be barely offset by
the favorable interactions that arise upon annealing of the
constant region.
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Table 1: Melting temperatures of selected template-reagent combina-
tions using the Q and end-of-helix (E) architectures.F!

Architecture Buffer T.[°Cl
E (n=10) PBS 45
Q (n=10) PBS 46
E (1=10) HSP 55
Q (n=10) HSP 54
E (n=20) PBS 40
Q (n=20) PBS 39

[a] For conditions, see Experimental Section. PBS = phosphate-buffered
saline, HSP=high salt phosphate buffer.

DNA templates of arbitrary length are easy to synthesize
and undesired cross-reactivity in a given solution is avoided
by using concentrations that are too low to allow noncomple-
mentary reactants to react intermolecularly.® These features
of DNA-templated synthesis in theory enable more than one
DNA-templated reaction to take place on a single template in
one solution, eliminating the effort associated with additional
DNA-templated steps and product purification. However,
multiple DNA-templated reactions per step are difficult to
achieve with the E, H, or Q architectures because the reagent
oligonucleotide that remains annealed to the template
following the first reaction forms a relatively rigid double
helix that can prevent a second reagent, annealed further
away along the template, from encountering the reactive end
of the template.? To overcome this difficulty, we moved the
reactive group on the template from the end to the middle of
the oligonucleotide, and attached the reactive group to the
non-Watson—Crick face of a base. We hypothesized that this T
architecture (Figure 1) would enable two DNA-templated
reactions, one with a reagent annealed between the reactive
group and the 5" end of the template, and one with a reagent
annealed between the reactive group and the 3’ end of the
template, to take place sequence specifically in the same
solution on a single template.

To test the viability of the Tarchitecture in DNA-
templated reactions, we evaluated the efficiency of the
amine acylation, Wittig olefination, 1,3-dipolar cycloaddition,
and reductive amination reactions in the T architecture with
one to five bases between the annealed reactants. The
T architecture directed these four reactions sequence specif-
ically with efficiencies comparable to or greater than those of
the E or H architectures (Figure 4, 69-100 % yield whenn =1
or when n = —1. The observed degree of distance dependence
in the Tarchitecture for each of the four reactions is
consistent with the findings described above (compare
Figure 4 and Figure 3). Together these results demonstrate
that the T architecture can mediate sequence-specific and
efficient DNA-templated synthesis.

Once the ability of the T architecture to support efficient
DNA-templated synthesis had been established, we tested its
ability to direct two DNA-templated reactions on one
template in one solution. We performed two different two-
reaction sequences with the Tarchitecture. In the first of
these, a benzaldehyde-linked T template 1 was combined with
a phosphane-linked reagent 2 and an a-iodoamide-linked
reagent 3 in a single solution (pH 8.5, 1m NaCl, 25°C, 1 h)
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Figure 4. Efficiencies of DNA-templated reactions mediated by the

T architecture. See Experimental Section for reaction conditions. Posi-
tive values of n refer to reagents annealing to the 3’ side of the reactive
group on the template, while n=—1 refers to a reagent that anneals
leaving one unpaired base 5’ of the reactive group on the template.
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(Figure 5a). The phosphane-linked oligonucleotide comple-
mented ten bases of the template between its 5 end and the
aldehyde (n=—4), while the iodide-linked oligonucleotide
complemented ten bases between the aldehyde and the 3’ end
of the template (n=0). DNA-templated S\2 reaction
between the phosphane and o-iodoamide generated the
corresponding phosphorane, which then participated in a
DNA-templated Wittig reaction to generate cinnanamide 4 in
52% overall yield after 1h (Figure 5b, lanes9 and 10).
Control reactions containing sequence mismatches in either
reagent generated no detectable product. An additional
control reaction in which there was no aldehyde group
linked to the template generated only the Sy2 reaction
product (Figure Sb, lanes 3 and 4), and control reactions in
the absence of either the phosphane group or the o-
iodoamide group did not generate any detectable products
(Figure 5b, lanes 5-8).

In a second two-reaction sequence mediated by the
T architecture, we combined an amine-linked T template §
with a propargylglycine-linked 5’ reagent 6 at n=—1 and a
phenylazide-linked 3" reagent 7 at n=1. The addition of
20mMm DMT-MM at pH7.0 to induce amide formation,

a)
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Figure 5. Two DNA-templated steps on a single template in one solution, mediated by the T architecture. a) Sy2 reaction-Wittig olefination
sequence. b) Analysis of the reactions in (a) by denaturing polyacrylamide-gel electrophoresis. The 30-base T architecture template 1 with an
aldehyde group was present in lanes 1, 2, and 5-10. A template lacking the aldehyde group but otherwise identical to 1 was present in lanes 3
and 4. DNA-linked phosphane reagent 2 was present in lanes 3-6, 9, and 10. DNA-linked a-iodoamide reagent 3 was present in lanes 3, 4, and
7-10. Lanes 1, 3, 5, 7, and 9 show reactions after 30 min; lanes 2, 4, 6, 8, and 10 show reactions after 1 h. ¢) Amine acylation—Huisgen cycloaddi-

tion sequence. For reaction conditions, see Experimental Section.
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followed by the addition of 500 um copper(i) sulfate and
sodium ascorbate to induce the recently reported Sharpless-
modified Huisgen 1,3-dipolar cycloaddition,?" provided 1,4-
disubstituted triazoylalanine adduct 8 in 32% overall yield
(Figure 5¢). We conclude from these results that the T arch-
itecture enables two sequence-specific DNA-templated reac-
tions to take place on one template in one solution.
Importantly, the T-architecture templates described above
were accepted as efficient templates for both a single cycle of
primer extension as well as standard PCR amplification by
Tag DNA polymerase, consistent with the known tolerancel*!
of several DNA polymerases for modifications to the non-
Watson—Crick face of DNA templates. In addition to reducing
the number of separate DNA-templated steps required for
the synthesis of a target structure, this architecture may
enable three-component reactions,3¥! commonly used to
build structural complexity into synthetic libraries, to be
performed in a DNA-templated format.

The Q and Tarchitectures developed in this work
significantly expand the scope of DNA-templated synthesis.
Our findings also demonstrate how reactivity can be ration-
ally manipulated in a DNA-templated format by altering the
design of template and reagent architectures, rather than by
the traditional approach of changing global reaction condi-
tions. By enabling distance-dependent DNA-templated reac-
tions to be encoded by bases located far away from the
reactive end of the template, the Q2 architecture expands the
types of reactions that can be encoded anywhere on a DNA
template. The T architecture enables two DNA-templated
reactions to take place on a single template in one step.
Together these new architectures are proving to be useful in
ongoing efforts to synthesize new compounds translated from
corresponding DNA sequences.

Experimental Section

Unless otherwise specified, DNA oligonucleotides were synthesized
and functionalized as previously described,® by using 2-[2-(4-
monomethoxytrityl)aminoethoxy]ethyl-(2-cyanoethyl)-N, N-diisopro-
pylphosphoramidite (Glen Research, Sterling, Virginia, USA) for 5'-
functionalized oligonucleotides, and by using 2-dimethoxytrityloxy-
methyl-6-fluorenylmethoxycarbonylaminohexane-1-succinoyl  long
chain alkylamino-CPG (Glen Research) for 3'-functionalized oligo-
nucleotides. In the case of templates for the T architecture, the amine
groups were installed by using 5'-dimethoxytrityl-5-[ N-(trifluoroace-
tylaminohexyl)-3-acrylimido]-2'-deoxyuridine-3'-(2-cyanoethyl-N, N-
diisopropyl)phosphoramidite (Glen Research) and then acylated as
reported previously.*]

Amine acylation: Amine-labeled and carboxylic acid labeled
DNA were combined in aqueous N-[3-morpholinopropane]sulfonic
acid (MOPS) buffer (100 mm), NaCl (1m), pH 7.0 (60 nm in template
DNA, 120 nm in reagent DNA) in the presence of 4-(4,6-dimethoxy-
1,3,5-triazin-2-yl)-4-methylmorpholinium  chloride = (DMT-MM;
20 mm). The reactions were carried out for 12 h at 25°C.

Wittig olefination: Aldehyde-labeled and phosphorane-labeled
DNA were combined in aqueous MOPS (100 mm), NaCl (1m), pH 7.5
(60 nM in template DNA, 120 nM in reagent DNA). The reactions
were carried out for 2 h at 30°C.

1,3-Dipolar cycloaddition: Glyoxamide-linked DNAP®! was incu-
bated in N-methylhydroxylamine hydrochloride (260 mm) for 1 h at
room temperature. It was subsequently combined with maleimide-
labeled DNA in aqueous MOPS (50 mm), NaCl (2.8 wm), pH 7.5 (final
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concentration of N-methylhydroxylamine hydrochloride 0.75 mm,
60 nM in template DNA and 90 nm in reagent DNA). The reactions
were carried out for 12 h at 37°C.

Reductive amination: Amine-labeled and aldehyde-labeled
DNA were combined in aqueous N-[2-morpholinoethane]sulfonic
acid (MES) buffer (100 mm), NaCl (1m), pH 6.0 (60 nMm in template
DNA, 120nM in reagent DNA). Sodium cyanoborohydride was
added as a 5™ stock solution in NaOH (1wm) to a final concentration of
38 mwm, and reactions were carried out for 2 h at 25 °C. Reactions were
quenched by ethanol precipitation in the presence of 15 mM methyl-
amine.

1—4 (T architecture): The 5'-phosphane-linked oligonucleotide 2
was generated by coupling 4-(diphenylphosphanyl)benzoic acid to the
T (n=—4) oligonucleotide listed below as described previously.?’!
The 3'-0-iodoamide-linked reagent 3 was prepared by treating the T
(n=1) oligonucleotide (see below) with SIA as described previ-
ously.”l The aldehyde-labeled template 1 was prepared by treating
the “T template” oligonucleotide (see below) with para-formylben-
zoic acid N-hydroxysuccinimidyl ester as described previously.*
Template 1 was combined with reagents 2 and 3 in aqueous N-(2-
hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid) (HEPES) buffer
(200 mm) at pH 8.5 with NaCl (1m), (63 nm template and 125 nm of
each reagent). The reactions were carried out for up to 1 h at 25°C.

5—8 (Tarchitecture): The 5'-propargylglycine-linked oligonu-
cleotide 6 was generated by combining the corresponding T (n=—1)
5’-amine-linked reagent oligonucleotide (see below) with bis(sulfo-
succinimidyl)suberate (2 mgmL~') in sodium phosphate (200 mm,
pH 7.2)/DMF (9:1) for 10 min at 25°C, followed by treatment with
racemic propargylglycine (300 mm, 0.3 vol) in NaOH (300 mm) for 2 h
at 25°C. The 3'-azido-linked oligonucleotide 7 was generated by
combining the T (n=1) amine-linked reagent oligonucleotide (see
below) with N-hydroxysuccinimidyl-4-azidobenzoate (2 mgmL™!) in
sodium phosphate (200 mm, pH 7.2)/DMF (9:1) for 2h at 25°C.
Reagents 6 and 7 were purified by gel filtration and reversed-phase
HPLC. Template § and reagents 6 and 7 were combined in aqueous
MOPS (100 mm, pH 7.0) in the presence of NaCl (1m) and DMT-MM
(20 mm) for 12h (60 nM in template, 120 nMm in reagents) at 25°C.
Copper(u1) sulfate pentahydrate and sodium ascorbate were then
added to 500 um each. After 1 h at 25°C, the reactions were quenched
by ethanol precipitation.

DNA oligonucleotide sequences used: E or Q template: 5'-H,N-
GGT ACG AAT TCG ACT CGG GAA TAC CAC CTT; H tem-
plate: 5-H,N-CGC GAG CGT ACG CTC GCG GGT ACG AAT
TCG ACT CGG GAA TAC CAC CTT; T template: 5-GGT ACG
AAT TCG AC(dT-NH,) CGG GAATAC CAC CTT; E or H reagent
(n=1): 5-AAT TCG TAC C-NH,; E or H reagent (n=10): 5-TCC
CGA GTC G-NH,; E or H reagent (n=20): 5-AAG GTG GTA T-
NH,; mismatched E or H reagent: 5-TCC CTG ATC G-NH,; Q-3
reagent (n=10): 5-TCC CGA GTC GAC C-NH,; Q-4 reagent (n=
10): 5-TCC CGA GTC GTA CC-NH,; Q-5 reagent (n=10): 5-TCC
CGA GTC GGT ACC-NH,; Q-3 reagent (n=20): 5~AAG GTG
GTA TAC C-NH,; Q-4 reagent (n=20): 5-AAG GTG GTA TTA
CC-NH,; Q-5 reagent (n=20): 5-AAG GTG GTA TGT ACC-NH,;
mismatched Q-3 reagent: 5-TCC CTG ATC GAC C-NH,; mis-
matched Q-4 reagent: 5'-TCC CTG ATC GTA CC-NH,; mismatched
Q-5 reagent: 5-TCC CTG ATC GGT ACC-NH,; Treagent (n=1):
5-GGT ATT CCC G-NH,; Treagent (n=2): 5-TGG TAT TCC C-
NH,; Treagent (n=3): 5-GTG GTA TTC C-NH,; Treagent (n =4):
5-GGT GGT ATT C-NH,; Treagent (n=5): 5-AGG TGG TAT T-
NH,; Treagent (n=—1): 5-NH,-GTC GAA TTC G; Treagent (n=
—4) for 2: 5'-[C},-amine linker]-AAT TCG TAC C.

Reaction yields were quantified by denaturing polyacrylamide
gel electrophoresis followed by ethidium bromide staining, UV
visualization, and densitometry of product and template starting
material bands. Yield calculations assumed that templates and
products were denatured and therefore stained with comparable
intensity per base; for those cases in which products are partially
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double-stranded during quantification, changes in staining intensity
may result in higher apparent yields. Representative reaction
products were characterized by MALDI (matrix-assisted laser
desorption/ionization) mass spectrometry in addition to denaturing
polyacrylamide gel electrophoresis.

Melting curves were obtained on a Hewlett-Packard 8453 UV/Vis
spectrophotometer using a Hewlett-Packard 89090A Peltier thermo-
controller. Absorptions of template-reagent pairs (1.5 um each) at
260 nm were measured every 1°C from 20°C to 80°C, holding for
1 min at each temperature, in either phosphate-buffered saline (NaCl
(137 mm), KCl (2.7mm), potassium phosphate (1.4 mm), sodium
phosphate (10 mm), pH 7.4) or in high salt phosphate buffer (sodium
phosphate (50 mm), NaCl (1m), pH 7.2).
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