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Current approaches to reaction discovery focus on one particular
transformation. Typically, researchers choose substrates based
on their predicted ability to serve as precursors for the target
structure, then evaluate reaction conditions'™ for their ability to
effect product formation. This approach is ideal for addressing
specific reactivity problems, but its focused nature might leave
many areas of chemical reactivity unexplored. Here we report a
reaction discovery approach that uses DNA-templated organic
synthesis”'® and in vitro selection to simultaneously evaluate
many combinations of different substrates for bond-forming
reactions in a single solution. Watson—Crick base pairing con-
trols the effective molarities of substrates tethered to DNA
strands; bond-forming substrate combinations are then revealed
using in vitro selection for bond formation, PCR amplification
and DNA microarray analysis. Using this approach, we discov-
ered an efficient and mild carbon-carbon bond-forming reaction
that generates an enone from an alkyne and alkene using an
inorganic palladium catalyst. Although this approach is
restricted to conditions and catalysts that are at least partially
compatible with DNA, we expect that its versatility and efficiency
will enable the discovery of additional reactions between a wide
range of substrates.

A reaction discovery system capable of simultaneously evaluating
many combinations of substrates for bond-forming reactivity in a
single solution must meet several requirements. First, the system
must organize complex substrate mixtures into discrete pairs that
can react (or not react) without affecting the reactivity of the other
substrate pairs. Second, the system requires a general method for
separating reactive substrate pairs from unreactive pairs. Last, the
reactive substrate pairs must be identified efficiently.

Recent developments in DNA-templated organic synthesis’"
indicate that DNA annealing can organize many substrates in a
single solution into DNA sequence-programmed pairs. To this end,
we prepared two pools of DNA-linked substrates, with 7 substrates
in pool A and m substrates in pool B. Each substrate in pool A is
covalently linked to the 5" end of a set of DNA oligonucleotides
containing one ‘coding region’ (uniquely identifying that substrate)
and one of m different ‘annealing regions’ (Fig. 1a). Each of the m
substrates in pool B is attached to the 3" end of an oligonucleotide
containing a coding region that uniquely identifies the substrate and
complements one of the m annealing regions in pool A.

When pools A and B are combined in a single aqueous solution at
nanomolar concentrations, Watson—Crick base pairing organizes
the mixture into n X m discrete pairs of substrates attached to
complementary sequences. Only substrates linked to complementary
oligonucleotides experience effective molarities in the millimolar
range®; substrates linked to non-complementary oligonucleotides
experience nanomolar solution concentrations and hence do not
react with each other at a significant rate. This effective molarity-
based design enables reactions that might otherwise be suppressed
by the preferential dimerization of one or both substrates. The
possibility of interference by the structure of DNA during
reactions between substrates is minimized by using long and flexible
substrate-DNA linkers'".
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The separation of reactive pairs of substrates is based on selection
concepts used in the directed evolution of catalytic RNA and
DNA'>" (Fig. 1b). We covalently linked each pool B substrate to
its corresponding oligonucleotide by a linker containing a biotin
group and a disulphide bond (Fig. 1b and Supplementary Infor-
mation). After incubation under a set of chosen reaction conditions,
followed by cleavage of the disulphide bonds, only pool A sequences
encoding bond formation between a pool A and pool B substrate
remain covalently linked to biotin. Streptavidin affinity selection of
the resulting solution separates biotinylated from non-biotinylated
sequences. In contrast to many existing reaction discovery screens"”
focused on a particular reaction type, our selection-based approach
does not depend on any specific substrate or product property but
instead can identify all substrate pairs capable of forming a covalent
bond under the reaction conditions.

Reactive substrate pairs are identified by amplification of the
selected sequences by polymerase chain reaction (PCR) followed by
DNA microarray analysis (see below). Because PCR amplification is
extremely sensitive, femtomole quantities of substrates are sufficient
for the entire reaction discovery process.

We prepared pool A and pool B containing 12 substrates each
(Fig. 2a), representing 144 heterocoupling combinations (see Sup-
plementary Methods and Supplementary Fig. S1 for details). We
also prepared DNA-linked substrates to enable the detection of
homocoupling of any of the 24 different substrates, bringing the
total number of unique substrate combinations to 168 (Fig. 2a). The
24 substrates in Fig. 2a were chosen to represent simple functional
groups commonly encountered in organic molecules. New reactions
forming bonds between simple functionalities are of special interest
because they might provide more accessible alternatives to coupling
reactions that require more complex substrates. Although our
approach requires the preparation of DNA-linked substrates, a
single nanomole-scale preparation of each pool provided sufficient
material for more than 1,000 reaction discovery experiments that
could collectively evaluate more than 168,000 combinations of
substrates and reaction conditions.

To test the ability of our system to detect a single reactive
combination of substrates out of 168 possibilities, we combined
pool A and pool B in the presence of Cu(I), conditions known to
promote a cycloaddition between a terminal alkyne (A5 in Fig. 2a)
and an azide (B9 in Fig. 2a)". Pool A members (2 pmol total) were
combined with 2 pmol total of pool B members (12 fmol of material
encoding each possible substrate combination) in the presence of
500 pM Cu(I) in a total volume of 12 pl. After 10 min at 25°C, the
salts were removed and disulphide linkages were cleaved with 0.1 M
tris-carboxyethylphosphine hydrochloride. A control experiment
lacking Cu(I) but identical in all other respects was also performed.

Sequences encoding bond-forming substrate pairs were captured
with streptavidin-linked magnetic particles and amplified by PCR
with a DNA primer labelled with the cyanine fluorophore Cy3. For
comparison, an aliquot of the pool A sequences before selection was
amplified by PCR with a Cy5-labelled primer. The Cy3-labelled and
Cy5-labelled PCR products were combined and hybridized to a
DNA microarray containing all 168 possible reaction-encoding
sequences. The ratios of Cy3 (green) to Cy5 (red) fluorescence for
all array locations were calculated and ordered by rank, and spots
with green/red fluorescence ratios significantly higher than the
majority of spots (in the experiments below, ratios above 1.5)
were considered to be positive. A pre-quantified internal standard
(bottom right corner of the array images in Fig. 2b) corresponding
to a moderate level of reactivity was used as a positive control and as
a reference for comparing different arrays.

For the experiment performed in the presence of Cu(I), the array
spot corresponding to the combination of the alkyne (A5) and the
azide (B9) was the sole spot that had a significant green/red
fluorescence ratio (A5 + B9 = 8.5, standard = 2.8; see Fig. 2b
and Supplementary Data). In contrast, the experiment performed
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in the absence of any added metal yielded no green array spots other
than the standard (Fig. 2b). These results show that the above
method can detect a single bond-forming substrate combination
from a complex mixture of 168 combinations, and confirm the high
chemoselectivity characteristic of the Sharpless-modified Huisgen
cycloaddition reaction’®.

Cu(I) damages DNA by promoting radical-mediated processes'®.
Indeed, we observed 48% degradation of a DNA oligonucleotide
exposed for 10min to the Cu(I)-containing conditions (Sup-
plementary Data). The successful detection of the alkyne-azide
cycloaddition under conditions that degrade DNA shows that
reaction conditions do not need to be fully DNA compatible,
because the extreme sensitivity of PCR amplification'” enables
bond formation to be revealed even if a significant fraction of the
total DNA in an experiment is destroyed.

To validate this reaction discovery system further, we performed
a selection for bond formation after exposure to organic reagents
(1-(3-(dimethylamino)propyl)-3-ethylcarbodiimide hydrochloride
and N-hydroxysuccinimide at pH 6.0) known to promote the
coupling of amines with carboxylic acids'®. Microarray analysis
revealed one positive; this spot indeed corresponded to the combi-
nation of the carboxylic acid from pool A (A10) and the amine from
pool B (B12) (A10 + B12 = 6.9, standard = 15.6; see Fig. 2b and
Supplementary Data).

After successfully ‘rediscovering’ known bond-forming reactions,
we examined the reactivity of a simple Pd(II) salt. Inorganic Pd salts
and complexes containing Pd are known to mediate diverse coup-
ling reactions'”, indicating that Pd can activate a variety of organic
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functional groups. Selection for bond formation in the presence of
500 pM Na,PdCl, for 1h at 37 °C resulted in five strong positives
(A74B3, A5+B3, A4+B8, A5+B5 and A5 homocoupling)
with significant green/red fluorescence ratios (3.6 to 2.6;
standard = 2.9). In addition, we observed five weaker positives
(A9+B3, A8+B3, A8+B8, A5+B8 and A5+B9) with lower, but
possibly significant, green/red fluorescence ratios ranging from 1.9
to 1.6 (Fig. 2b and Supplementary Data). One positive representing
the combination of aryl iodide (A7) and acrylamide (B3) is
consistent with the well-known Heck reaction®**' (assuming the
formation of some Pd(0) under the reaction conditions). Other
positives could be rationalized with mechanistic steps precedented
in known Pd-mediated chemistries. For example, the spot indicat-
ing bond formation between an olefin (A4) and an aryl boronic acid
(B8) is consistent with transmetallation of Pd(II) by the aryl boronic
acid” followed by the insertion of an olefin into the Pd—aryl bond
and subsequent 3-hydride elimination®.

To determine whether these array results reflect genuine bond-
forming events, we examined the putative reactions corresponding
to the above ten spots in separate DNA-templated reactions.
Denaturing polyacrylamide gel electrophoresis (PAGE) analysis |
indicated that all five strong positives and three of the five weak
positives corresponded to authentic DNA-templated reactions,
whereas two weak positives (A9+B3 and A5+B9) showed little or
no product formation (Fig. 3 and Supplementary Fig. S2). We
observed no product formation in control reactions in which
Na,PdCl, was omitted, or in which either of the reactive substrates
was replaced with an unreactive alkane group. These findings are
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consistent with the detection of Pd-dependent reactions that couple
substrate groups and do not couple the functionality present in
DNA.

We further characterized the PAGE-validated Pd-mediated
DNA-templated reactions using matrix assisted laser desorption
ionization—time-of-flight (MALDI-TOF) mass spectrometry
(Fig. 3). The observed product masses are consistent with covalent
bond formation. We suggest possible structures consistent with the
observed masses for each of the reaction products but note that
other products or mixtures of products are also consistent with
the data. Together with the PAGE analysis, these results show
that this reaction discovery system reliably and efficiently reveals
| bond-forming events even under conditions that cause multiple
| combinations of substrates to react.

Increasing the stringency of the reaction conditions by decreasing
the temperature to 25°C and quenching the reaction after 20 min
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Figure 2 Results from reaction discovery selections and analysis. a, Pool A and pool B
substrates used in this work. b, Qualitative results of reaction discovery selections after
exposure to the reaction conditions listed below each array image. Spots that are
significantly green suggest bond formation between the corresponding substrates
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decreased the number of strong positives to four (A5+B5, A5+B3,
A4+B8 and A5 homocoupling; green/red fluorescence ratios = 3.7
to 2.7; standard = 3.5) and the number of weak positives to two
(A5+B8 and A5+B9; fluorescence ratios = 1.9 and 1.7; see Fig. 2b
and Supplementary Data). Consistent with these results, the five
authentic bond-forming reactions among this set (all four strong
positives and weak positive A5+B8) showed substantial product
formation by PAGE analysis when performed under the 25°C
conditions, whereas the three additional reactions listed in Fig. 3
but not appearing as positives in the 25°C experiment (A8+B8,
A8+B3 and A7+B3) showed significantly weaker product for-
mation (Fig. 3). Varying the stringency of the reaction conditions
before selection can therefore efficiently distinguish substrate com-
binations on the basis of their level of reactivity.

The above results suggested that the Pd(II)-mediated carbon—
carbon bond formation between a simple terminal alkyne and
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(quantitative fluorescence ratios in Fig. 3 and the Supplementary Data are used for actual
interpretations). The 840 reaction possibilities in these five experiments were evaluated by
one researcher in two days. See Supplementary Methods for detailed reaction conditions.
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Figure 3 Characterization in a DNA-templated format of array positives resulting from

exposure to 500 pM NaPdCl, at 37 °C for 1 h, or at 25 °C for 20 min. Putative reactions
were screened by PAGE and MALDI-TOF mass spectrometric analysis (Supplementary
Information). Template architectures and reaction conditions were chosen to match those
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Entry Metal(s) Solvent Conditions yield
a 1 equiv. Na,PdCl, 1 M NaCl in H,0 25°C,15h 86%
b 5mol% Na,PdCl, 100 MM NaClinH,0 25°C,2h 90%
1 equiv. CuCl,
c 5 mol% Na,PdCl, 9:1 THF: H,0 25°C,4h 91%
1 equiv. CuCl,
d 15 mol% Na,PdCl, 9:1 THF: H,0 25°C, 14 h 73%
1 atm O,
e 1 equiv. CuCl, 100 mM NaClinH,0 25°C, 4 h 0%
f 1 equiv. CuCl 100 MM NaClinH,0 25°C,4h 0%

Figure 4 Characterization of a new alkyne—alkene macrocyclization reaction in a
non-DNA-templated format. The macrocyclic enone product (2) was characterized by
'H-NMR, "*C-NMR, COSY, UV~visible spectrometry and high-resolution mass
electrospray (Supplementary Information). We speculate that product formation proceeds
through the following sequence: soft deprotonation of the alkyne to form a Pd(llj—alkynyl
intermediate; insertion of the alkene into the Pd-alkyne bond; 8-hydride elimination to
form a conjugated enyne; Pd(ll)-catalysed hydration of the alkyne to form an enol =-allyl
Pd complex; enol tautomerization and =-allyl Pd protonation to generate the trans-enone.

terminal alkene (A5+B5) proceeds efficiently to generate a possible
enone product (Fig. 2b and Fig. 3), prompting a detailed investi-
gation of this reaction. We synthesized a small-molecule substrate
(1) to study a non-DNA-templated, intramolecular version of this
alkyne—alkene coupling reaction on a multi-milligram scale (Fig. 4).
The addition of 1 to one equivalent of Pd(Il) in 1M aqueous
NaCl over 15h followed by purification by reverse-phase high-
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used in the selection rather than to maximize product yields. Product structures other than
those proposed are possible. The green/red fluorescence ratio for the internal standard at
37°Cand 25°Cis 2.9 and 3.5, respectively. For A8 + B3, reactivity was not sufficient to
obtain reliable product mass characterization.

performance liquid chromatography provided the 20-membered
macrocyclic trans-enone 2 as a single olefin stereoisomer in 86%
isolated yield (Fig. 4, entry a). The structure of 2 was confirmed by
'H-NMR, ""C-NMR, homonuclear correlated spectroscopy
(COSY) and high-resolution mass spectrometry (Supplementary
Data). To our knowledge, this is the first example of macrocyclic
enone formation from a simple alkyne-alkene precursor. The
finding also shows that a reaction discovered by a selection for
DNA-templated covalent bond formation can operate in a non-
DNA-templated format on a much larger (10°-fold) scale.

Because the formation of an enone from an alkyne and an alkene
represents an oxidative coupling, we proposed that the reaction
could be performed with catalytic quantities of Pd by introducing
an oxidant such as CuCl, + air to reoxidize Pd(0) to Pd(II) (ref. 24).
Indeed, the addition of 1 to 5mol% Pd and 1 equivalent of CuCl,
over 2h in water at 25°C provided enone 2 as the sole observed
product in 90% isolated yield (Fig. 4, entry b). Significantly, this
reaction maintains its high efficiency in solvent containing 9:1
tetrahydrofuran:water (Fig. 4, entry c). Product was formed in
similar yields, although at a slower rate, using 1 atm O, instead of
CuCl, to reoxidize Pd(0) (Fig. 4, entry d). Control reactions with
CuCl, or CuCl alone yielded no observed product formation (Fig. 4,
entries e and f).

The discovery of this alkyne-alkene coupling reaction suggests
the value of searching a large number of substrate combinations for
unexpected reactions. While aqueous Pd(II) has been known for
more than 40 years to oxidize alkenes rapidly to ketones****, which
are unreactive towards alkynes under these conditions (Fig. 2b and
Supplementary Data below Supplementary Fig. S4), our approach
to reaction discovery revealed that carbon—carbon bond formation
between alkynes and alkenes can outcompete alkene oxidation.
Although other enone-forming coupling reactions such as the
Horner-Wadsworth—-Emmons reaction®® or aldol condensation
are known, the mild reaction conditions, simple hydrocarbon
starting materials and high efficiency of the transformation dis-
covered here might render it an attractive alternative for addressing

NATURE| VOL 43130 Hlamak g)?ﬂnimt.nlgrlgm/nmurc

Alamar v. Olink

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




some macrocyclization problems in organic synthesis. In addition,
the compatibility of this reaction with both organic and aqueous
solvents might facilitate the synthesis of highly functionalized
macrocyclic enones, of which there are numerous known biologi-
cally active examples®.

Six of the eight observed heterocoupling reactions in Fig. 3
involve a substrate that couples with itself under the reaction
conditions (reactions involving either the alkyne or the aryl boronic
acid; see Supplementary Data below Supplementary Fig. S4). In a
DNA-templated format, heterocoupling without competitive
homocoupling is possible because a substrate experiences its
sequence-programmed heterocoupling partner at a much higher
effective concentration than the concentration of another identical
substrate molecule.

Biological macromolecules have previously been used to address
specific problems in chemical reactivity®”°. In contrast, our
approach uses the ability of nucleic acids to direct effective
molarities and undergo in vitro selection and amplification to reveal
bond-forming reactivity in a general manner. Once DNA-linked
substrate pools are prepared, a single researcher can evaluate
thousands of combinations of substrates and reaction conditions
in a two-day experiment. Our approach requires water-soluble
catalysts and aqueous reaction conditions that are at least partially
compatible with DNA; however, as illustrated by the alkyne—alkene
coupling reaction, some of the discovered reactions will proceed in a
non-DNA-templated format in organic solvents. We expect that
using this approach in a broad examination of reaction conditions
including transition-metal complexes, Lewis acids, mild oxidants or
reductants, and organic reagents will lead to the discovery of
additional bond-forming reactions between simple and relatively
unreactive functional groups. g
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Photosynthetic microbial mats
in the 3,416-Myr-old ocean

Michael M. Tice & Donald R. Lowe

Department of Geological and Environmental Sciences, Stanford University,
Stanford, California 94305, USA

Recent re-evaluations of the geological record of the earliest life
on Earth have led to the suggestion that some of the oldest
putative microfossils' and carbonaceous matter were formed
through abiotic hydrothermal processes™’. Similarly, many
early Archaean (more than 3,400-Myr-old) cherts have been
reinterpreted as hydrothermal deposits rather than products of
normal marine sedimentary processes>*°. Here we present the
results of a field, petrographic and geochemical study testing
these hypotheses for the 3,416-Myr-old Buck Reef Chert, South
Africa. From sedimentary structures and distributions of sand
and mud, we infer that deposition occurred in normal open
shallow to deep marine environments. The siderite enrichment
that we observe in deep-water sediments is consistent with a
stratified early ocean®’. We show that most carbonaceous matter
was formed by photosynthetic mats within the euphotic zone and
distributed as detrital matter by waves and currents to surround-
ing environments. We find no evidence that hydrothermal pro-
cesses had any direct role in the deposition of either the
carbonaceous matter or the enclosing sediments. Instead, we
conclude that photosynthetic organisms had evolved and were
living in a stratified ocean supersaturated in dissolved silica®’
3,416 Myr ago.

The Buck Reef Chert (BRC) is a 250-400-m-thick unit of
carbonaceous and ferruginous chert that regionally marks the
base of the Kromberg Formation in the Barberton greenstone
belt, South Africa' (Fig. 1). Along the west limb of the Onverwacht
anticline, it includes three main facies reflecting deposition under
progressively deeper-water conditions: first, a basal evaporite facies
5-40 m thick that interfingers with the underlying felsic sandstone
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