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INTRODUCTION: Although hundreds of organic
reactions have been validated under consen-
sus prebiotic conditions, we still have only a
fragmentary understanding of how these in-
dividual steps combined into complete syn-
thetic pathways to generate life’s building
blocks, which other abiotic molecules might
have also formed, how independent reactions
gave rise to chemical systems, and how mem-
branes encapsulating these systems came into
being. Answering such questions requires con-
sideration of very large numbers of possible
synthetic pathways. Starting with even a few
primordial substrates—e.g., H,O, Ny, HCN,
NHj3, CH,, and H,S—the number of prebioti-

cally synthesizable molecules grows rapidly
into the tens of thousands. Detailed analysis
of this space and its synthetic connectivity
may be beyond the cognition of individual
chemists but can be performed by smart com-
puter algorithms.

RATIONALE: We harnessed the power of
computer-assisted organic synthesis to map
the network of molecules that are synthesiz-
able from basic prebiotic feedstocks. This was
done by encoding currently known prebiotic
reactions in a machine-readable format, aug-
menting these reaction transforms with in-
formation about incompatible groups and
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Network of prebiotic chemistry. Computer simulation of plausible prebiotic reactions creates a network of
molecules that are synthesizable from prebiotic feedstocks and establishes multiple unreported—but now
experimentally validated—syntheses of prebiotic targets as well as self-regenerating cycles. In this schematic
illustration, light blue nodes represent abiotic molecules, dark blue nodes represent molecules along newly
discovered prebiotic syntheses of uric and citric acids, and red nodes represent other biotic molecules.
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reaction conditions, and then applying them
iteratively to a set of basic prebiotic sub-
strates. The reaction network thus created
was queried by algorithms to identify com-
plete synthetic routes as well as those tracing
reaction systems—notably, reaction cycles. All
calculations were supported by a software ap-
plication that is freely available to the scien-
tific community.

RESULTS: We demonstrate that this network
comprises more abiotic molecules than biotic
molecules. The biotic compounds differ from
the abiotic compounds in several ways: They
are more hydrophilic, more thermodynami-
cally stable, and more balanced in terms of
the hydrogen bond donors and acceptors they
contain and are synthesizable along routes
with fewer changes of conditions. The net-
work contains not only all known syntheses
of biotic compounds but also previously un-
identified routes, several of which (e.g., pre-
biotic syntheses of acetaldehyde and diglycine,
as well as malic, fumaric, citric, and uric acids)
we validated by experiment. We also demon-
strate three notable forms of chemical emer-
gence: (i) that the molecules created within
the network can themselves enable new types
of prebiotic reactions; (ii) that within just a
few synthetic generations, simple chemical
systems (including self-regenerating cycles)
begin to emerge; and (iii) that the network
contains prebiotic routes to surfactant species,
thus outlining a path to biological compart-
mentalization. We support these conclu-
sions with experimental results, establishing
previously undescribed prebiotic reactions
and entire reaction systems—notably, a self-
regenerating cycle of iminodiacetic acid.

CONCLUSION: Computer-generated reaction
networks are useful in identifying synthetic
routes to prebiotically relevant targets and
are indispensable for the discovery of pre-
biotic chemical systems that are otherwise
challenging to discern. As our network con-
tinues to grow by means of crowd-sourcing
of newly validated prebiotic reactions, it will
allow continued simulation of chemical gene-
sis, beginning with molecules as simple as
water, ammonia, and methane and leading
to increasingly complex targets, including
those of current interest in the chemical and
pharmaceutical industries.
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The challenge of prebiotic chemistry is to trace the syntheses of life’s key building blocks from a handful
of primordial substrates. Here we report a forward-synthesis algorithm that generates a full network
of prebiotic chemical reactions accessible from these substrates under generally accepted conditions.
This network contains both reported and previously unidentified routes to biotic targets, as well as
plausible syntheses of abiotic molecules. It also exhibits three forms of nontrivial chemical emergence,
as the molecules within the network can act as catalysts of downstream reaction types; form functional
chemical systems, including self-regenerating cycles; and produce surfactants relevant to primitive
forms of biological compartmentalization. To support these claims, computer-predicted, prebiotic
syntheses of several biotic molecules as well as a multistep, self-regenerative cycle of iminodiacetic

acid were validated by experiment.

esearch on the chemical origins of life

(OL) is coming of age. The pioneering

efforts of Miller (Z), Oparin (2), Or6 (3, 4),

and Orgel (5) by the 1960s; Eschenmoser

(6) in the 1990s; and Sutherland (7, 8),
Carell (9), Moran (10), and others (11-15) in
recent years have systematized the knowledge
about reactions that can be performed under
consensus prebiotic conditions, as well as the
plausible synthetic routes leading to life’s key
molecules. On the other hand, we still have
only a fragmentary understanding of whether
and how other types of molecules formed on
primitive Earth and how this entire prebiotic
molecular space evolved into systems of chem-
ical reactions (12, 16) and compartments (17, 18)
housing them. Such analyses require consid-
eration of very large numbers of putative
reaction pathways but are finally becoming
possible, owing to recent advances in the study
of chemical reaction networks and computer-
assisted organic synthesis (79, 20). In this study,
we use such large-scale in silico network
analyses to map the space of molecules syn-
thesizable from basic prebiotic feedstocks,
quantifying the structure of this space as
well as the abundances and thermodynamic
properties of its members. We then demonstrate
three notable forms of chemical emergence:
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(i) that the molecules created within the network
can themselves enable new types of prebiotic
reactions, including multicomponent trans-
formations that lead to complex and useful
organic scaffolds; (ii) that within just a few
synthetic generations, simple chemical sys-
tems (such as self-regenerating cycles) begin
to emerge; and (iii) that the network contains
prebiotic routes to surfactant species (both
peptide-based and long-chain carboxylic acids),
thus outlining a path to biological compartmen-
talization. We support these results by experi-
mental validation of previously unappreciated
prebiotic syntheses (e.g., of acetaldehyde, di-
glycine, as well as malic, fumaric, citric, and uric
acids) and entire reaction systems—notably,
we demonstrate a self-regenerating cycle of
iminodiacetic acid (IDA) that complements
prebiotic autocatalysis on the basis of the
formose cycle (21). The web application under-
lying our calculations is made freely available
to the community (https://life.allchemy.net) in
the hope that synthetic network analyses will
become a useful addition to the toolkit of OL
research by supporting accelerated discovery
of prebiotic routes, including environmentally
friendly syntheses of useful targets from basic
feedstocks.

Allchemy’s “Life” module uses 614 reac-
tion rules (“transforms”) involving C, O, N, S,
and P elements, grouped within 72 broader
reaction classes. Inclusion of these rules in our
set is contingent on the existence of literature-
described examples that document their exe-
cution under generally accepted prebiotic
conditions [for reaction templates as well as
conditions and literature references substan-
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tiating prebiotic relevance, see supplementary
materials (SM) section S2]. All of these trans-
forms generalize, are broader than the under-
lying literature precedents, and are coded to
take into account the underlying reaction mech-
anisms, as described in our previous works
(19, 22). This approach has been recently vali-
dated experimentally [by successful execution
of numerous computer-designed syntheses of
medicinally relevant targets and natural pro-
ducts (20, 23)] and is less prone to yield chem-
ically problematic predictions than either
machine rule extraction or ab initio methods
(24) [for examples, see (22) and SM section
S1.1]. Our transforms account for reaction by-
products and specify the scope of admissible
substituents, structural motifs incompatible
with a given reaction (some 400 potentially
conflicting groups are considered for each
reaction), typical conditions accepted in pre-
biotic chemistry, solvents, temperatures, and
more. They do not consider stereochemistry
[because homochirality probably appeared
as aresult of chemical evolution of racemic
mixtures (25)] or reaction Kkinetics [because
kinetic data are only sparingly reported in the
studies of prebiotic chemistries (26)]. On the
other hand, yields for each type of reaction are
approximated on the basis of statistics collected
from relevant publications and are categorized
as trace (=3%), low (>3% to <10%), moderate
(>10% to <80%), and high (=80%) (SM section S2).

The analyses described below are for H,O,
N,, HCN, NH,, CH,4, and H,S substrates and
the corresponding C-, O-, N-, and S-based trans-
forms. These substrates were chosen because
they are the starting points of many OL studies,
are thought to be the components of Earth’s
early atmosphere (27), and are sufficient to
build many common molecules of life. On the
other hand, Allchemy-supported P-based chem-
istries were not included in this study because
resultant searches generate large numbers of
chemically redundant species and dilute the
pool of chemically distinct scaffolds (e.g., nu-
merous alcohols created via C, O, N, and S reac-
tions serve as substrates for phosphorylation,
leading to phosphate esters and rapidly increas-
ing the size of the network; for further com-
ments, see SM section S2.2).

The transforms were iteratively applied to
the user-specified substrates. After each itera-
tion, the newly created molecules were com-
bined with the products of preceding iterations
and with the original substrates, and the cy-
cle was repeated until a user-defined limit of
synthetic generations [typically up to seven
(G7)] is reached (Fig. 1A). All calculations de-
scribed in the following text were performed
within Allchemy’s Life module (available at
https://life.allchemy.net; for login details and
user manual, see SM section S1.2), which also
allows for additional, user-specified constraints
(e.g., only certain reaction types, temperature
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Fig. 1. Biotic and abiotic molecules in the network

of prebiotic chemistry. (A) Scheme illustrating the
synthetic algorithm in which SMARTS-coded (22) reaction
transforms act on the current pool of reactants to produce
the next generation of compounds. Afterward, these
products are combined with original reactants and the
procedure repeats until a user-specified number of
generations is reached. (B) Six generations of a synthetic
network originating from six primordial substrates—H,0, N,
HCN, NHs, CHg, and H,S—and leading to possible biotic
products [amino acids and peptides, nucleobases and
nucleosides, carbohydrates, and metabolites found in living
organisms (28); red circles] and abiotic products [other small
molecules; blue circles] with molecular mass not exceeding
300 g/mol. Circle size corresponds to the molecule’s incoming
connectivity, ki, (i.e., the number of reactions that produce
this molecule as product). (C) Forty-one biotic molecules
within the network’s seven generations [six generations are
shown in (B); for the full network with all seven generations,
see https://tol.allchemy.net]. Of the biotic class, glycine

is in the second generation (G2); urea, adenine, butenedioic
acid, and oxalic acid are in G3; glyceraldehyde, isoguanine,
aspartic acid, hypoxanthine, cytosine, phenylalanine, succinic
acid, malic acid, glyoxylic acid, and aldotetrose are in G4;
xanthine, alanine, serine, guanine, uracil, lactic acid,
oxaloacetic acid, and aldohexose are in G5; malonic acid,
pentofuranose, glycerol, pyruvic acid, cytidine, and
ketoheptose are in G6; and ketohexose furanose, threonine,
methionine, proline, glutamic acid, citric acid, acetic

acid, thymine, adenosine, guanosine, uridine, and uric acid
are in G7. Various di-, tri-, and tetrapeptides are also present
within G4 to G7 (fig. S55). In addition, histidine is in G8,
arginine in G11, valine in G12, and leucine in G16. The
molecules shown are colored according to the lowest-yielding
step within the shortest pathway: Red, at least one step is
predicted to generate only traces of product (<3%);

orange, at least one step is low yielding (<10%); and green,
all steps are predicted to proceed in moderate or high yields.
(D) Alichemy's screenshot of the G4 tree, with the two
shortest prebiotic synthesis pathways of succinic acid and of
glycine colored according to the yields of individual steps
[color coding as in (C)]. (E) Schemes of the pathways.
Numbers below reaction arrows correspond to the transform
labels in SM section S2; this section also contains details

of prebiotically plausible reaction conditions (e.g., CuCN,
KCN, H,0, and irradiation for conversion of hydrogen
cyanide into formaldehyde), along with pertinent literature
references. Raw Allchemy screenshots of the pathways

are provided in SM section S4. If two numbers are given
below a single arrow, it means that the software recognizes
the product of the first reaction as highly reactive and
prone to the second reaction in a tandem sequence [e.g.,
hydrolysis of a nitrile to a carboxylic acid (#38) creates
2-aminomalonic acid, which readily undergoes elimination
of carbon dioxide (#2) under hydrolysis conditions; formation
of imines (#10) creates methyleneamine, which then
undergoes addition of cyanide (#18)].
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ranges, certain classes of solvents, or reaction
conditions).

‘We began by quantifying the molecular com-
position and synthetic structure of the C-, O-,
N-, and S-based network up to the seventh

Wotlos et al., Science 369, eaaw1955 (2020)

synthetic generation (G7), with molecular mass
limited to 300 g/mol (see Fig. 1B for the sub-
network up to G6). Within this synthetic space,
which was generated on a standard desktop
computer within ~2 hours, there are 82 biotic
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molecules [amino acids and peptides, nucleo-
bases and nucleosides, carbohydrates, and me-
tabolites found in living organisms (28)] and
36,603 abiotic molecules. Of these, 41 non-
peptide biotic compounds up to G7 are shown
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in Fig. 1C and are color coded according to
relative abundances estimated from the ap-
proximate individual-reaction yields along the
shortest route to a given molecule [e.g., serine
can be made efficiently, as confirmed in (29, 30),
whereas phenylalanine can be generated only
in trace amounts, in agreement with (31)]. Of
note, the biotic compounds are more ther-
modynamically stable than the synthesizable
abiotic compounds of similar masses (see the
distribution of heats of formation in Fig. 2A);
are, on average, less hydrophobic (32) than
those in the abiotic pool (as expected given
that life began in water; Fig. 2B); and are more
balanced in terms of hydrogen bond donors
and acceptors (biotic molecules contain, on
average, comparable numbers of donors and
acceptors, which may facilitate formation of
supramolecular aggregates; for statistics, see
SM section S6). The biotic molecules also con-
tain fewer reactive groups (e.g., no highly reac-
tive imines compared with ~8000 such groups
in the abiotic pool; see table S3 for other
groups) and fewer distinct functional groups
per molecule (2.67 in biotic versus 3.52 in
abiotic). One way to rationalize this last dif-
ference is that the introduction of each new
functionality might have required a change in
reaction conditions, which was perhaps less
likely on early Earth—in fact, pathways lead-
ing to biotic molecules entail fewer condition
changes than those leading to abiotic ones
(Fig. 2, C and E, versus Fig. 2, D and F).

In regard to its synthetic connectivity, the
network is robust in the sense that removing
as many as 34 of 63 C-, O-, N-, and S-based
reaction classes still allows for the synthesis
of all biotic molecules via bypass routes (as
opposed to only eight removable reaction classes
for all abiotic molecules to remain syntheti-
cally accessible; see fig. S57). This high degree
of robustness (and of synthetic redundancy) is
reminiscent of metabolic networks and could
indicate that our network has a similar, scale-
free architecture also characterizing the inter-
net, airline networks, or even the network of
all published organic reactions (33-35). This
assumption is corroborated by the node power-
law connectivity distributions shown in Fig. 2G,
implying the existence of synthetic hubs (e.g.,
formic acid, cyanoacetylene, and isocyanic acid),
which are becoming increasingly more con-
nected as the network grows (via the so-called
preferential attachment; Fig. 2H).

Because the individual reaction rules used
to generate the network are derived from the
OL literature, we trivially expect the network
to contain the known prebiotic pathways lead-
ing to all of these biotic compounds. Indeed,
all such syntheses are present in the network,
as illustrated in Fig. 3, A and B, for adenine, a
popular target of prebiotic studies (for syntheses
of other targets, see SM section S4). Notably,
in addition to cataloging known routes, the

Wotlos et al., Science 369, eaaw1955 (2020)

network also contains previously unreported
syntheses of biotic molecules. As a case in
point, consider a computer-generated sub-
network of reactions leading to succinic acid
and also involving syntheses of lactic, pyruvic,
malic, fumaric, and glyoxylic acids (all biotic
molecules are depicted in green in Fig. 3C).
Analysis of the network in comparison with
known literature reveals that most routes to
these biotic molecules are a patchwork of steps
reported in different publications (correspond-
ing to different colors of the arrows), some of
which are not concerned with OL issues (steps
marked as NOL for non-OL), but all performed
under prebiotic conditions. In this regard, com-
putational analysis is helpful merely as an
aggregator of known but scattered synthetic
information. More importantly, the software
suggested three reactions, marked with thicker
red arrows in Fig. 3C, that lack clear literature
precedent and serve to establish new synthetic
connections within the network and unlock
synthetic pathways that had been overlooked
in prior studies. The reaction marked “(1)”—
hydrolysis of fumaronitrile—is relatively unim-
portant, as it exchanges the order of hydro-
genation and hydrolysis steps from that in a
known method of producing succinic acid (com-
pare the sequences of blue and pink arrows).
When carried out, the experimental yield de-
pended on time and acid concentration and
ranged from 8% in 0.1 M HCI (9 days) to 54%
in prebiotically less likely 5 M HCI (1 day).
Reaction (2) is another hydrolysis of nitrile
groups (validated in >70% yield in 0.5 M HCl1
and 9% in 0.1 M HCI) but is more consequen-
tial in that it establishes a route to pyruvic acid
that does not require sulfur. This route is also
shorter, with six steps [starting from Orgel’s
classic prebiotic conversion of N, and CH, into
cyanoacetylene under discharge (5)] versus
eight steps for the sulfur-containing route
starting from HCN (light blue and orange
arrows). Reaction (3) involves tandem hydroly-
sis and decarboxylation of cyanoacetalde-
hyde to produce acetaldehyde (validated in
19% yield in 0.1 M HCl and 34% in 5 M, both
7 hours). This reaction is of interest because
it enables a sulfur-free synthesis of lactic acid
in five steps, as opposed to seven steps from
HCN and H,O0.

Turning our attention to other classes of
prebiotic chemistry, we considered the syn-
thesis of citric acid (CA), illustrated in Fig. 3D.
Recently, a prebiotic mimic of the CA cycle was
reported (10), but it contained only analogs
of CA and not CA itself. Our network analysis
suggested that CA could emerge under pre-
biotic conditions in water from two equivalents
of oxaloacetic acid [the synthesis of which has
already been reported in the OL literature (10)]
via a tandem aldol self-condensation (H,O,
pH 7.5, 4°C) and decarboxylation sequence
followed by a second decarboxylation. This
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second decarboxylation, promoted by either
0.054 or 0.081 M FeCl;, worked better at room
temperature than at 70°C, the temperature
used for related compounds in previous work
(10). Under our milder conditions, we ob-
tained CA in ~5% yield, whereas under harsher
conditions, the citroylformic acid substrate
gradually decomposed, reducing the yield to
~2% (table S8).

Next, we validated a computer-predicted syn-
thesis of diglycine from N-carboxyanhydride
(NCA) in a sulfur-rich environment (Fig. 3E)—
that is, under conditions that differ from the
sulfur-free route described by Bartlett and
Jones (36). The first step, thiolysis of glycine
N-carboxyanhydride, was performed at room
temperature in the presence of H,S and po-
tassium carbonate and proceeded in 40% yield
(additionally, ~55% of unreacted substrate was
recovered). The resulting thioacid was then oxi-
dized with K3[Fe(CN);] to a disulfide (thioacid
oxidative dimer), which spontaneously under-
went an intramolecular nucleophilic acyl sub-
stitution rearrangement (in which an amine
group displaced the disulfide from the distal
carbonyl) followed by hydrolysis. The yield for
the two thioacid-to-diglycine steps was 29%.

Finally, we validated a five-step synthesis
of uric acid, which previously has been ob-
tained under prebiotic conditions only in trace
amounts, from urea and acetylene subjected to
ultraviolet irradiation (37). Under optimized re-
action conditions, all five steps of our computer-
designed plan, shown in Fig. 3F, proceeded
in one pot without isolation of intermediates,
although their presence was confirmed by high-
resolution mass spectroscopy as well as by the
execution of partial reaction sequences. Starting
from aminomalononitrile and NaOCN, the first
two steps were performed at pH 4 at room
temperature overnight. Afterward, the reaction
mixture was supplemented with an additional
portion of NaOCN, acidified (with 1 M HCI),
and left at room temperature for 24 hours to
complete the sequence. When performed in
water, the average per-step yield was ~30%;
in a prebiotically plausible 4/1 v/v mixture of
water and acetonitrile (38, 39), it was ~40%,
translating to an overall, five-step yield of 1%
(table S21). For all synthetic details regard-
ing this and other syntheses, see SM sections
S7 to S12.

Perhaps the most noteworthy and far-
reaching finding of this work is that the net-
work gives rise to three forms of chemical
emergence that are not a simple consequence
of the primordial substrates and initial reac-
tion transforms.

Emergence of catalysts and reaction types

We first discuss the finding that compounds
created within the network can themselves act
as catalysts of additional chemical reactions,
all operative under prebiotic conditions, thereby
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logarithmic scale indicates a power law—P(k) o< k=, where y ~ 1.87and a scale-

free network architecture. (H) Cumulative distribution of TI(k) =>" < Ak; >
k=0
versus k provides evidence for preferential attachment. In this expression,
< Ak; > denotes the average increase of the degrees of nodes with k =i
between the fifth and sixth generations (green curve) and between the fifth
and seventh generations (blue). The plot traces such evolutions of all nodes
present in the network’s fifth generation (compounds in G5 with only a single
incoming connection are not considered). The linearity of the dependence
on the doubly logarithmic scale indicates another power law, TT(k) = k%, and an
exponent greater than unity (o ~ 1.6 to 1.8) confirms preferential attachment.
Notably, the slopes of both power laws are close to the values we previously
found (35) for the scale-free network of all organic chemistry, indicating that
prebiotic and modern organic syntheses are both governed by the same rules
of synthetic reactivity.
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Fig. 3. Examples of known
and newly identified
syntheses within the
network of prebiotic chem-
istry. (A) Ten prebiotic
synthetic pathways leading
to adenine, all previously
described in the OL litera-
ture, are highlighted in

the network (for clarity,

only a subnetwork of C-, O-,
and N-based chemistries up
to G4 is shown). Identical
synthetic connections com-
mon to several pathways are
indicated by arcs of different
curvatures. (B) Chemical
schemes of adenine’s pre-
biotic syntheses, along

with those from pertinent
literature (3, 49, 61, 69-77).
Colored circles over the
arrows correspond to the
colors of pathways shown in
(A). Circle segments are
used to indicate to which
multiple pathways a

given step belongs. The first
(trimerization of HCN) and
last (formation of amides,
imides, amidines, or guani-
dines followed by cyclization)
steps are common to all
pathways. There are three
main strategies in the
syntheses of adenine; form-
amidine (1) and formamide
(2) participate as second
substrates in three key,
two-component reactions.
hv, light. (C) Subnetwork
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substantially expanding the accessible prebiotic
chemical space. To show this, we queried the
network for known organocatalysts or bi- and
tridentate metal chelators capable of binding
metal cations present on primitive Earth [e.g.,
Cu(II), Zn(II), and Mn(II) (40)] and also used
in modern organometallic catalysts. Figure 4A
lists eight such catalysts enabling different
reaction types and collectively more than
doubling the size of the network. All of these
reactions were previously carried out under
prebiotic conditions (41-48), but their rele-
vance to OL was unnoticed. In this figure, the
arrow next to each reaction indicates how
many additional compounds a particular re-
action helps generate up to G7 (examples of
products are shown on the right), whereas the
arrow at the bottom quantifies the network’s
expansion, by a total of ~56,000 molecules,
when all reactions are added to the generative
set at once and can act synergistically (with
products on some reactions serving as sub-
strates to others).

For example, formaldehyde (Fig. 4A, entry 1),
created in the network’s second generation
(G2), can act as an organocatalyst to enable
selective hydrolysis of a-amino nitriles. This
reaction was actually carried out under pre-
biotic conditions by Chitale et al. (41), but not
on substrates that contained another poten-
tially competing nitrile group. As shown in Fig.
4B, we confirmed experimentally that selective
hydrolysis (0.2 M NaOH, 0.08 M formaldehyde,
H,O0, 1 hour) of such substrates is possible,
leading to 2-amino-4-cyanobutanamide in 90%
yield. When the reaction was carried out in the
absence of the formaldehyde catalyst (other
conditions unchanged), the yield was only
~2% (SM section S8).

In entries 2 and 3, acetate (OAc) created in
G7 and coordinated to copper in a Cu(II) di-
acetate complex can catalyze two reactions:
oxidation of a-oxoalcohols (42) and formation
of imidazole from o-oxoalcohols, aldehydes,
and ammonia (43). Notably, the former reac-
tion, 2, can unlock new prebiotic syntheses of
amino acids such as serine or phenylalanine,
whereas the latter, 3, can be used to construct
the imidazole ring of histidine. Histidine’s syn-
thesis, newly found in the network and out-
lined in Fig. 4C, is appealing because it avoids
the use of formamidine {previously obtained
in only trace amounts from sodium cyanide and
ammonium hydroxide [0.2% in (49)] and reacted
with aldotetrose (50)} and because it reuses the
same substrate, formaldehyde, to create glycolo-
nitrile and then to construct the imidazole ring
via a multicomponent, Cu(OAc),-catalyzed reac-
tion of erythrulose, H,C=0, and NH;. We vali-
dated this key step, marked by the red arrow,
experimentally (room temperature for 48 hours,
then 75°C for 2 hours, H,S bubbling to release
imidazole from the copper-imidazole complex)
and obtained 1-(1H-imidazol-4-yl)ethane-1,2-

Wotlos et al., Science 369, eaaw1955 (2020)

diol in 22.4% yield. No product was observed
when the reaction was performed without
Cu(OAc), (SM section S13).

Other examples are listed in entries 4
through 9. In 4, when proline coordinates to
Zn(II) it can catalyze, in water or without sol-
vent and under elevated temperature (44), a
classic variant of multicomponent A3 coupling
that involves aldehyde, terminal alkyne, and
primary or secondary amine. Additionally, in
entry 5, a modified variant of A3 coupling that
involves heterocyclic azines can be catalyzed
by Cu(II) salts in the presence of glucose (45)
created in G7. In 6, imidazole from G4 can act
as an organocatalyst to facilitate formation
of primary amides from carboxylic acids and
urea (46). In 7, phenylalanine created in G4
has been shown to catalyze dehydrative furan
ring formation from carbohydrates (47); this
reaction can enable syntheses of furfural or
5-hydroxymethylfurfural in water under mild
conditions. Finally, in entries 8 and 9, IDA
from G4 can coordinate to either Mn(II) or
Cu(II). The Mn(II) complex has been shown
to catalyze (48) epoxidation of alkenes not
conjugated with a carbonyl group [a much
broader scope than prebiotic epoxidation of only
acrolein reported by Fernandez-Garcia et al.
(561)]. With this reaction included, the network
encompasses compounds such as tartaric acid,
which could be a plausible prebiotic precursor
of pyruvic and oxaloacetic acids (Krebs cycle-
related, extant metabolites); unnatural acids
such as isoserine or B-hydroxyaspartic acid; and
o-sulfanylcarboxylic acids and analogous ethers
or thioethers. On the other hand, IDA’s Cu(II)
complex can catalyze hydrolysis of a-amino
acid esters under benign conditions (52).

We have restricted the above analyses to
exact matches between prebiotic molecules
and known catalytic ligands, but the network
contains several other candidates for bi-, tetra-,
and pentadentate ligands of potentially new
organometallic catalysts (fig. S56, B and C).
Testing such ligands could lead to the discov-
ery of additional catalysts and channels for
prebiotic evolution.

Emergence of chemical systems

The second form of emergence goes beyond
individual reactions or even synthetic path-
ways and relates to primitive chemical systems
such as reaction cycles or cascades. Cycles can
be difficult to design because they must con-
tain at least one degradation or fragmentation
step (to revert to the starting material), and
such steps may not be intuitive to chemists
accustomed to building up mass during syn-
thesis. Self-regenerating (53) cycles—central
to many biological processes (such as glycol-
ysis) and often postulated as essential to the
emergence of life [e.g., Kauffman’s decades-old
hypothesis (54) of life arising from autocata-
lytic reaction networks (55)]—are particular-
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ly difficult to detect because they must also
produce by-products identical to one of the
cycle’s members. Computationally, identifi-
cation of cycles within a directed graph such
as our network is relatively straightforward
(56), and because our reaction templates are
stoichiometrically balanced and keep track
of all reaction products, we are also able to
discover self-regenerating cycles.

Within just a few synthetic generations
from the primordial substrates, the prebiotic
synthetic space becomes relatively densely
populated with cycles, the statistics and mo-
lecular diversity of which are quantified in
fig. S59. Notably, within the G7 network, there
are already multiple cycles that could be self-
regenerating. Figure 5 shows examples of such
cycles, fueled by NCA and predicted to produce
up to two copies of incoming IDA (Fig. 5A) or
even three copies of N-(2-cyanoethyl)glycine,
albeit over more steps (Fig. 5C). Of course, such
idealized diagrams rest on an (unrealistic) as-
sumption that all steps will proceed in quan-
titative yields. In reality, even one step with
<50% yield can push the cycle’s yield below
100% and thus prevent self-regeneration. On
the other hand, the software estimated that all
of the individual reactions within the pre-
dicted cycles should proceed in good yields. In
addition, for the IDA cycle with NCA aminol-
ysis, Strecker reaction, and hydrolysis (path
1 — 2 — 3 —1in Fig. 5A), the algorithm
also identified a bypass through which the by-
product of reaction 1 — 2 (i.e., 2 reacted with
another copy of NCA fuel) undergoes Strecker
reaction and hydrolysis but ultimately also
regenerates two copies of IDA for each mol-
ecule of 4 (path1 — 2 — 4 — 5 — 1). This
bypass could thus increase IDA’s recovery over
the cycle and could help us with validation if
the software correctly predicted the formation
of by-products 4 and 5.

For these reasons, we proceeded with ex-
perimental validation of the IDA cycle in water,
under prebiotic conditions for all reactions,
and with condition changes (here, basic-acidic-
basic) between different steps, not unlike in
other multistep prebiotic syntheses [e.g., wet-
dry cycles in (57) or pH changes in (8, 58, 59)].
As summarized in the phase diagram in Fig. 5B,
we established that the overall yield (efficiency)
of the cycle depended on the concentration
ratio of the IDA and NCA reagents used in the
first aminolysis step, on the pH during the
Strecker reaction, and on the concentration
of NaOH used for the final hydrolysis. Under
optimal conditions, the first step (pH 10.2, 0°C,
vigorous stirring, 2.2 equiv of NCA) converted
~70% of IDA (1) into 2 and 4. Subsequently,
the reaction mixture was treated with 2.2 equiv
of formaldehyde and 2.2 equiv of potassium
cyanide (8) at pH 6 for 16 hours to produce 3
and 5. The mixture was then, without purifi-
cation, subjected to hydrolysis [in prebiotically
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Fig. 4. Chemical emergence in the network of prebiotic chemistry. (A) (Left)
Eight types of chemical reactions enabled by seven molecules created in the original
G7 network (note that OAc and IDA repeat twice in nine entries shown). These
molecules are either organocatalysts or components of catalytic complexes with
prebiotically plausible metal cations [e.g., Zn(ll), Cu(ll), and Mn(ll)]. Al of the
reactions shown had been previously performed under prebiotic conditions, but
their relevance to origins research was not noted. (Middle) Colored arrows illustrate
how many additional compounds can be created in our prebiotic network upon
addition of each of the reactions shown. There is one arrow for entries 4 and

5 because two different catalysts enable the same reaction type (A3 coupling).
(Right) Examples of molecules that are made synthesizable via these reactions.
The gray part of the arrow at the bottom indicates the sum of these molecules
(21,529), and its green extension represents the additional 34,957 molecules that
are created when all of the reactions (1 through 9) are added to the generative set

simultaneously. (B) The red arrow corresponds to the selective hydrolysis of
2-aminopentanedinitrile to 2-amino-4-cyanobutanamide catalyzed by formalde-
hyde, a reaction proposed by the software and validated experimentally.

The remaining steps illustrate how the software navigated the synthesis of the
aminopentanedinitrile substrate from the HCN primordial feedstock. These steps
are shown in gray to indicate that they have already been executed by others
and described in the OL literature. (C) The red arrow corresponds to the synthesis of
1-(1H-imidazol-4-yl)ethane-1,2-diol from ketotetrose, ammonia, and formaldehyde
catalyzed by copper(ll) acetate. This transformation was proposed by the software
and chosen for experimental validation because it establishes an unreported
prebiotic route to the histidine amino acid. All downstream and upstream steps
(in gray) have been described earlier in OL literature. Previously, histidine was
generated along an inefficient bypass (also shown in the scheme) from aldotetrose
and formamidine (50).

plausible (60-63) 1.7 M NaOH, 100°C, 3 hours]
to regenerate IDA in 126% cycle yield (+2.6%
on the basis of three measurements; for yields
and intermediate distributions under differ-
ent conditions, see tables S11 and S12). Electro-

Wotlos et al., Science 369, eaaw1955 (2020)

spray ionization mass spectrometry and high-
performance liquid chromatography (SM sec-
tion S9) confirmed formation of the main-cycle
intermediates 2 — 3, as well as 4 and 5 from
the bypass route.

25 September 2020

Emergence of surfactants

Finally, the third class of emergence was the
formation of surfactant molecules capable of
spontaneously forming vesicles that could po-
tentially house reactions and systems such as
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those described above. As illustrated in Fig. 6A,
straight-chain saturated fatty acid and o-hydroxy
acid surfactants can form through repeated four-
step cycles of aldehyde homologation. Breaking
the cycle, the last step of fatty acid synthesis, may
then occur via nitrile or thioamide hydrolysis to
carboxylic acid. The aldehyde homologation cy-
cle was proposed by Patel et al. (8) as a prebiotic
method to make hydrophobic amino acids, but
its straightforward extension to fatty acid sur-
factants was not noted in that report. In another
and synthetically much shorter approach, pep-
tide surfactants with variable glycine or alanine
tails and aspartic acid head groups are available
within only a few synthetic generations. Previ-
ously, such peptides had been synthesized by
modern, nonprebiotic synthetic methods and
had been shown (in the context of nanotech-
nology, not OL research) to form nanotubes
and nanovesicles (64). In the prebiotic route
within our network (Fig. 6B), an initial amino
acid (AA; glycine or alanine) reacts with car-
bonyl sulfide (reaction type 17, SM section
S2) followed by cyclization (reaction type 11).
Aspartic acid reacts with the thus obtained
N-carboxyanhydride (Leuchs’ anhydride), re-
sulting in dipeptide (reaction type 52), which
can be gradually extended by the addition of
anhydride molecules, in n +1 overall steps,
yielding a (AA),-Asp chain.

Outlook

Taken together, the above analyses and syn-
thetic examples lead us to suggest that com-
putational reaction network algorithms are
useful for identifying new synthetic routes to
prebiotically relevant targets and indispensable
for the discovery of prebiotic chemical sys-
tems that are otherwise challenging to discern.
Naturally, the prebiotic reaction networks should
and will grow as distinct prebiotically plausible
transformations are experimentally validated.
As such transformations are added to our gen-
erative set (by means of the crowd-sourcing
module illustrated in fig. S5, panel xii), we
expect that network analyses will be able to
trace prebiotic syntheses starting from primi-
tive feedstocks to increasingly complex scaf-
folds, including those found in modern drugs
(e.g., Fig. 6C). In other words, we envision a
fruitful junction between prebiotic chemistries,
performed in water and often under environ-
mentally friendly conditions, and environmen-
tally friendly pharmaceutical synthesis. This idea
echoes the pioneering efforts of Eschenmoser
and colleagues (65) to synthesize complex tar-
gets (e.g., uroporphyrinogens) from prebiotic
substrates; with the help of computers, sim-
ilar efforts can now be streamlined and fur-
ther extended. Finally, the scope of this work
would be broadened if kinetic data for pre-
biotic reactions became available. It would
then be interesting to probe the network for
systems of reactions that exhibit rate enhance-
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ment and autocatalysis, as well as those that
allow for rate-controlled product selection, as
in the example of a double cycle described in
fig. S60B.

Materials and methods summary

A detailed description of the Allchemy soft-
ware, its user manual, and examples of output
as well as all synthetic details are provided in
the supplementary materials. A summary of
Allchemy’s key routines and theoretical meth-
ods is presented here.

General overview of the Allchemy platform

The Allchemy web application is based on the
Django (www.djangoproject.com) framework,
using PostgreSQL (https://postgresql.org) for
storing calculation results. The web applica-
tion uses the d3.js library (https://d3js.org)
for graph representation and Chemwriter
(https://chemwriter.com/) for visualizing
chemical structures. Communication between
the web application and Allchemy’s back end
is supported by the Redis (https://redis.io) and
RQ queue systems (https://python-rq.org/).
Cycle-search algorithms were implemented
using the NetworkX (https://networkx.github.io/)
or graph-tool (https://graph-tool.skewed.de/)
libraries.

Allchemy applies reaction rules coded in the
SMARTS (SMILES arbitrary target specification)
notation to a set of substrate molecules repre-
sented in the SMILES (simplified molecular-
input line-entry system) format. The process
starts with an initial pool of substrates speci-
fied by the user, either in the SMILES format or
by drawing molecular structures in Chemuwriter.
During each iteration (“generation”), reaction
rules are applied to the current pool of com-
pounds that includes the initial substrates and
the products of preceding generations. More
specifically, each generation entails the follow-
ing operations:

1. Matching molecules to reaction templates

Allchemy’s reaction rules specify substrates and
products to within a specific reaction core (i.e.,
atoms chemically relevant to a given reaction),
as well as a list of functional groups incom-
patible with this reaction’s conditions. Both the
core and the incompatible groups are defined
using SMARTS (22) notation. A molecule is
deemed suitable for a given reaction if (i) it
contains the core of at least one substrate, as
defined by this reaction, but (ii) does not con-
tain any groups incompatible with the reac-
tion. Both matching conditions are evaluated
with the GetSubstructMatches function from
the RDKit library (www.rdKit.org) for all mole-
cules considered in a given synthetic genera-
tion. For example, for a reaction involving two
substrates, if the first substrate defined in the
reaction template matches to five molecules in
the current pool of available molecules and the
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second substrate matches to four other mole-
cules, then the algorithm will identify 20 pairs
of molecules on which it will seek to perform
the reaction operation. Notably, both substrate
templates might be present in one molecule;
if so, the algorithm will perform an intramo-
lecular reaction.

2. Reaction run

For each suitable substrate combination,
Allchemy applies the chemical transformation
and computes possible products. This process
is based on the ChemicalReaction class from the
RDK:it library (specifically, the RunReactants
function) with in-house enhancements (e.g., sub-
routines enforcing proper tautomeric forms
of products). In general, each of Allchemy’s
chemical transformations requires one or more
executions of RunReactants (e.g., full esterifi-
cation of glycol requires Allchemy to execute
RunReactants of the ChemicalReaction object
for esterification twice, or three times in the
case of glycerin).

3. Post-filtering of products

Reaction products are then filtered by several
subroutines to remove chemically invalid mole-
cules (e.g., compounds bearing small rings with
triple bonds) and those that do not fulfill user-
defined constraints (e.g., those that exceed the
mass limit).

4. Construction of reaction paths

A reaction path is stored as an ordered list of
reaction steps, each of which is a tuple of re-
action SMILES and reaction name. Each com-
pound in the graph is assigned a list of its
distinctive reaction paths discovered up to a
given generation (as the algorithm may iden-
tify multiple paths for each compound). During
reaction run (step 3), path lists of each product
are either updated (if a compound was already
present in the pool) or created; in the latter
case, the path list is initialized with an empty
sequence. The construction process can be de-
scribed by three elementary steps: (i) concat-
enation of path lists of substrates (“ancestors”)
with a path list of a product (so that each re-
action path of each ancestor is also included
in a new path list); (ii) appending the current
reaction step to each path in the list; and (iii)
removal of duplicate entries (if necessary).

5. Identification of reaction cycles

To identify cycles within the network of pre-
biotic reactions, the network is converted into a
directed graph, in which nodes represent mole-
cules and edges denote reactions. Two nodes
are connected if there exists a reaction connect-
ing one substrate node to one product node
(e.g., cyanoacetylene synthesis from methane
and nitrogen is represented as three nodes
with two edges between each substrate and
the product). In such a graph, a cycle is defined
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Fig. 5. Emergence of self-regenerating

cycles within the network of prebiotic
chemistry. (A) Self-regenerating cycle

in which one molecule of IDA (orange) can
produce up to two copies of itself. When

the cycle was executed experimentally

under prebiotic conditions (indicated next

to the arrows), and upon pH changes

from basic to slightly acidic to basic,

it regenerated 126% of the IDA substrate,
confirming autocatalysis. Dashed arrows

trace the bypass route (through 4 and 5)

that may also be used to regenerate IDA.

(B) Plot quantifying the experimentally observed
cycle yields for different combinations of

the key parameters: the concentration ratio

of the IDA and NCA reagents used in the first
aminolysis step, the pH during the Strecker
reaction, and the concentration of NaOH

used for the final hydrolysis [5 M is not a likely
prebiotic condition and actually produced
suboptimal yield (table S13), but we tested

it solely to map the phase space of the cycle].
Circle color corresponds to the yield scale on the
right. For all experimental details, see SM section S9.
(C) Another noteworthy cycle candidate pending
experimental validation and producing up to three
copies of each incoming (2-cyanoethyl)glycine
molecule (orange). For an average 80% yield of each
step, the overall cycle yield would still be ~114%.

as a path from a given node to itself. The
cycles are then identified by means of a suit-
ably modified breadth-first search algorithm,
as implemented in NetworkX or graph-tool
libraries.
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6. Computation of molecular properties
and statistical analyses

All molecular properties were calculated using
the RDKit library. In particular, the octanol-
water partition coefficient (logP) was calcu-

25 September 2020

lated with the Wildman-Crippen’s method
(based on the summation of atomic contri-
butions). Thermodynamic properties were
calculated using the PM6-D3H4X (66) semiem-
pirical method (PM6 with empirical corrections
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Fig. 6. Biomimetic routes to surfactants and
additional pharmaceutically relevant scaffolds.

(A) Prebiotic synthesis of fatty acid and a-hydroxy
fatty acid surfactants by iteration of a known
prebiotic sequence of four reactions homologating

an aldehyde [for reactions 1 to 4, see (8)] followed
by a previously unidentified breaking of the

cycle via straightforward nitrile or thioamide
hydrolysis. (B) A much shorter (i.e., fewer reaction
steps) synthesis of peptide surfactants with

variable glycine or alanine tails and aspartic acid
head groups via sequential addition of Leuchs'’
anhydride. (C) Implications of recently reported (78)
prebiotically plausible methyl isocyanide formation
from HCN, ultimately allowing for Passerini-type
reactions (black arrows). Addition of methyl isocyanide
to our reaction set substantiates prebiotically plausible
syntheses of some useful scaffolds (red arrows):
a-acyloxycarboxamides via a classic Passerini reaction
(3-CR, three-component reaction), peptide mimics

via the four-component Ugi reaction, or heterocyclic
derivatives of pyrazine via a less obvious three-
component reaction, which has been reported in
non-OL literature under prebiotic conditions (79). In
the schemes shown, Ry, R, = alkyl, aryl, or hydrogen;
R3 = any carbon; R4 = alkyl, aryl; and Rs = alkyl, aryl.
AMP, adenosine monophosphate.

for intermolecular interactions) implemented
in the MOPAC2016 software (67). Statistical
tests summarized in SM section S6 were per-
formed with in-house Python scripts using the
SciPy and Scikit-learn libraries. These scripts
are deposited at Zenodo (68).

Overview of synthetic methods

Details of all syntheses described in the text
are provided in SM sections S7 to S13. All
reagents and solvents were purchased from
commercial sources (Sigma-Aldrich, ABCR,
POCH, Chempur, and Enamine) and, unless
otherwise noted, were used without further
purification. Nuclear magnetic resonance
spectra were recorded on Bruker 400 MHz
Avance II1I, Bruker 500 MHz, or Varian 600 MHz
spectrometers. The liquid chromatography-

Wotlos et al., Science 369, eaaw1955 (2020)

A
PRI QIS WIS ST
R
R) —_— R)\\\ —_— \l/u\NH2 R — R\)J\NHZ—>R\)
N OH
Repetition of steps
2 N g
OH OH
a-hydroxy fatty acid Repetition of steps
(0] S 1-4
-~
- - - —
\MnJ\OH ‘M:LNHZ -~
fatty acid
(@]
g o S H HO OH Os_OH
/,C’ N (0] O
R o) O§( R NH; O R
OH > o) . ﬁ OH
NH2 H (@] NH2
(@) R
n X
o Y y o O, OHO
B e
— (/N\(U\” OH
R n
Poly(AA)-Asp
c HCN
O
NH
. r/N ) 2 ¢ ¢ HO—{R
NABo O N~ awp B s 8 R
e ;«j N=/" imidazole _ R/l“o PN
oH Y~ “OH I~ c\‘\N+ g Rs '.‘)Sf A
HO loid \ L Ry O
4
Activation of =0 Ugi 4-CR
nucleoside OI HoN_CN o R~ O
monophosphates Jd o I o)
—F’\Q)/ Lo >R IR
o HN” CNYR, Ho” “Rs
Y : Sl
_9Q NCIN Ry o o
O—I|3|—O OH > P R3

Passerini-type reaction
of phosphates

"classic" Passerini 3-CR

Synthesis of
dihydropyrazines

mass spectrometry quantitative analyses were
performed using a High-Performance Liquid
Chromatograph Prominence LC-20 instru-
ment (Shimadzu) coupled with a tandem mass
spectrometer 4000 Q TRAP (SCIEX) equipped
with an electrospray ion source.
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analyses. B.M.-K. performed syntheses of CA and formaldehyde-
catalyzed selective hydrolysis. G.S. developed analytical methods for
the IDA cycle, CA, and uric acid. M.D. synthesized diglycine and
performed the synthesis indicated in Fig. 4C, with help from B.M.-K. and
A.Z-D., respectively. S.S. and B.A.G. conceived the project and
supervised the research. All authors participated in manuscript writing.
Competing interests: AW, RR., WB., BM-K, S.S., and BAG. are
contractors and/or stockholders of Allchemy, Inc. Data and materials
availability: The precalculated networks, up to G6 and G7, are
posted at https://tol.allchemy.net. The full, interactive version
of the software is freely available at https://life.allchemy.net
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(users should create their individual accounts). The scripts
developed to analyze results, search for cycles within the trees,
and so forth are posted as an open-source github project at
https://github.com/rmrmg/tree-of-life. The associated data repository
(68) contains details of the G6 and G7 networks, spreadsheets of
calculated molecular properties (heats of formation, logP, numbers of
hydrogen bond donors and acceptors, etc.), and clusterization of
abiotic molecules. This repository also houses Python scripts used for
statistical analyses, as well as example commands to reproduce
data used in the article (for more details, refer to the README files
and help options of the scripts).

25 September 2020

SUPPLEMENTARY MATERIALS

science.sciencemag.org/content/369/6511/eaaw1955/suppl/DCL
Materials and Methods

Figs. S1 to S139

Tables S1 to S22

References (80-164)

27 November 2018; resubmitted 28 March 2020
Accepted 24 July 2020
10.1126/science.aaw1955

12 of 12

€202 “TZ aunC Uo BI0'80US 195" MMM//SO1IY W) pepeoumoq


https://tol.allchemy.net
https://life.allchemy.net
https://github.com/rmrmg/tree-of-life
https://science.sciencemag.org/content/369/6511/eaaw1955/suppl/DC1

Science

AVAAAS

Synthetic connectivity, emergence, and self-regeneration in the network of
prebiotic chemistry

Agnieszka Woos, Rafa Roszak, Anna do-Dobrowolska, Wiktor Beker, Barbara Mikulak-Klucznik, Grzegorz Splnik, Mirosaw
Dygas, Sara Szymku, and Bartosz A. Grzybowski

Science, 369 (6511), eaaw1955.
DOI: 10.1126/science.aaw1955

Mapping primordial reaction networks

Chemists seeking to understand the origins of life have published a wide range of reactions that may have yielded

the building blocks of proteins, nucleic acids, and lipids from simple precursors. Wo#os et al. scoured the literature to
document each such reaction class and then wrote software that applied the reactions first to the simplest compounds
such as cyanide, water, and ammonia, and then iteratively to each successive generation of products. The resulting
network predicted a variety of previously unappreciated routes to biochemically relevant compounds, several of which
the authors validated experimentally.
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