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PERSPECTIVE

Origins of Life: The Protein Folding Problem all over again?
Charles D. Kochera,b ID and Ken A. Dilla,b,c,1 ID
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accepted February 4, 2024, by Editorial Board Member Ulrich Hartl

How did specific useful protein sequences arise from sim-
pler molecules at the origin of life? This seemingly needle-
in-a-haystack problemhas remarkably close resemblance
to the old Protein Folding Problem, for which the solution
is now known from statistical physics. Based on the logic
that Originsmust have comeonly after therewas an oper-
ative evolutionmechanism—which selects on phenotype,
not genotype—we give a perspective that proteins and
their folding processes are likely to have been the primary
driver of the early stages of the origin of life.

Protein Folding Problem | origin of life | foldcats |
disorder-to-order transition

No one knows how life originated—presumably on earth—
about 3.5 to 3.8 billion years ago (1–3). No experiment has
rediscovered it. In that breach, modeling can give some
guidance. For instance, there are insightful speculations on
“What type of biomolecule came first?” (4–11). This question
can be narrowed further to a focus on nucleic acids vs.
proteins, because those are uniquely the two types of
sequence→ structure→ function molecules at the beating
heart of biology. A popular view is that RNA came first
because it can serve the dual purposes of both information
storage and catalysis, leading to self-replication (5, 12, 13).
Here, we summarize a recent alternative perspective that
protein folding and function was among the first steps.

Why proteins, rather than RNA? In short, it follows
from a different logic. The primacy of RNA has followed
from supposing that self-replication is the central issue. In
contrast, the primacy of proteins follows from reasoning
that the central question instead is What is the driving
force toward biology? Why was there any force at all?
What molecular process starts from disordered states—and
through some sort of needle-in-a-haystack search through
a huge sequence space (haystack)—finds a few functional
biomolecular sequences (needles)? We describe how the
needle-in-a-haystack nature of the origin of life (OOL, or
Origins) closely resembles—and can be resolved by—what
we now know to be essentially the same physics that
underpinned the solution to another apparent needle-in-
a-haystack conundrum, the Protein Folding Problem (PFP)
(14–21).

Basic Questions of Origins

HowDid Evolution Begin? According to NASA’s definition, “life
is a self-sustaining chemical system capable of Darwinian
Evolution” (22). The emphasis is ours, to emphasize the
implication that because life cannot be defined in the
absence of its adaptation dynamics, then some form of

that dynamics must have been operating at or before the
OOL. In short, life cannot originate until it can propagate.
Evolution must have had a beginning. Darwinian processes
among molecules were apparently not acting before Origins
approximately 3.5 billion years ago, when earth’s processes
were purely governed by physics and chemistry. Before
living systems could pick and choose molecules, there must
have been a sustainable process for doing so. What was it?
Here are some of the key questions:

How Did Polymer Sequences Come to Encode Molecular Func-
tions? The heart of biology is sequence-based heteropoly-
mers (RNA, DNA, proteins) that are the cell’s catalysts,
machines, and memory. Origins is sometimes expressed as
finding a needle in a haystack, or as a Blind Watchmaker (23),
or as monkeys on typewriters that create Shakespearean
plays, because the specific sequences that give biopolymers
their functions must be found from the huge space of mostly
useless alternative sequences. How did order arise from
disorder in polymer sequences?

What Was the Tipping Point from Degradation and Hydrolysis
to Long-Term Persistence? Prebiotic chemical reactions tend
toward hydrolysis, degradation, and dilution, as expressed
by the second law of thermodynamics of equilibria. But,
living systems are not tendencies toward equilibrium. They
are driven by resource intake. How did prebiotic molecules
rise up to persistent dynamics that overcame decay forces?

What Was Fitness Before There Were Cells? Biology drives to-
ward self-servingness, by winning and losing in competitions
for finite resources. There is no evident equivalent of sim-
ple prebiotic molecules being self-serving. What selection
principle among molecules preceded the climbing of fitness
landscapes observed in cells?
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Fig. 1. Searches using a golf course landscape are random and slow. (Left,
Top) Protein folding searches conformations to find the native structure. (Left,
Bottom) Origins searches sequence space to find given functional proteins.
(Right) A golf course landscape representing a completely random search
process. It is shown with a single minimum; however, sometimes protein
folding funnels can have multiple minima, and we expect that sequence
funnels will too.

Two Stories of Needles-in-Haystacks

There is a remarkable similarity between the two puzzles of
origins of life and the old PFP—both have apparent needle-
in-a-haystack unlikelihood combinatorics and both pertain
to protein sequences. The Origins problem can be regarded
as a search of a large sequence space to pick out particular
sequences. What is the probability that a present-day
amino acid sequence, say of lysozyme, arose from random
selection out of the vast sea of all possible sequences?
That probability is often taken to be infinitesimal. Needle-in-
haystack problems can be expressed as a landscape shaped
like a golf course (Right side of Fig. 1) that is randomly
searched by a ball rolling on it. Finding the hole by rolling a
ball randomly would be impossibly slow.

Likewise, previously seen as a needle-in-a-haystack
search was the PFP (16, 17, 19–21): how does a protein
molecule search its vast conformational space to find its
unique native structure (Top Left of Fig. 1)? This, too,
was expressed in terms of golf-course-shaped landscapes.
But, the solution to the physical folding problem, of the
driving forces and kinetic routes, is now well-known* (14–
18), and it gives useful insights for the OOL. In short,

needles-in-haystacks and golf courses are now seen as just
incorrect conceptualizations. The problem is not one of
random independent steps; the problem is to find what
types of physical cooperativity cause the snowballing, or
bootstrapping, of one state of small probability to another
state of higher probability. Fig. 2 shows three lessons from
the PFP: 1) That a physical code, based on hydrophobic
(H) and polar (P) patterning reduces the haystack by more
than 100 orders of magnitude, as confirmed by experiments
(26–30). 2) That the landscape is relatively funnel-shaped,
not golf-course-like, because of physical cooperativities in
secondary and tertiary drivers (16, 17, 31). 3) That the
kinetics is local first, global later; helices and turns early,
tertiary structure later (32); reducing an NP-completeness
challenge to an often very fast process. In the Foldon Funnel
Model, the early fast steps (helices and turns) are not stable
(i.e., not downhill); they are just less unstable, continuing
up a landscape of diminishing steepness until reaching a
tipping point at which full stability is achieved by the native
structure (33).

Finding the sequence of a particular protein, say
lysozyme, by randomly searching the space of all 20N
sequences of length N, entails the infinitesimal probability
of 20−N . But, searching the space of particular folds and
functions requires only a search of 2N sequences because
of the binary HP folding code (26, 27); see Fig. 2, Left. This
space is vastly smaller, by a factor of 10N .

Learning from the Logic of Evolution

Insights into the beginnings of evolutionary dynamics can
come from knowing how cellular Darwinian evolution (DE)
currently operates (34, 35). DE is a process of mutational
search, competition, and fitness ratcheting. What does
today’s process tell us about the singularity 3.5 billion years
ago at the beginnings of that process?

Evolution’s Grist Is Molecules Making Molecules. To be self-
sustaining and persistent, evolution is rooted in the au-
tocatalysis (positive feedback) of replication. We call it
“moms making moms.” Evolution selects on phenotypes,
not genotypes. Selection cannot see a gene if it is not

Funneled landscapes.
Folding is fast.

Population

Time

Kinetic mechanisms. 
Local first, global later.

Population

Sequence haystack 
reduced by 10N ~ 10130

20N

2N

Fig. 2. Three lessons from the PFP (16, 17, 31). (Left) Hydrophobic/polar patterning determines the conformation space, not the exact amino acid sequence,
making the search space smaller (26–29). (Center) Folding landscapes are funneled, representing a driven search, not a random one. (Right) When proteins fold,
local structures collapse first, which then allow for the global structure to form. Populations of chains with varying degrees of collapse are shown, with darker
curves indicating more folded structure. Figure from ref. 33.

*The physical folding problem is different than the computational protein-structure-prediction problem that machine learning methods are now used for (24, 25).
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expressed. Selection in simple organisms is based on dif-
ferential growth rates, and the main mass production that
constitutes growth in cells is protein. Moreover, the makers
and catalysts that produce that growth are also mainly
proteins. For prebiotic origins, the equivalent autocatalytic
process was “molecules making molecules.” Of course,
some RNA molecules can be functional, in self-catalysis like
splicing of mRNAs, in ribosomes, and others, but today’s
functionality is mostly proteins.

Evolution Is Implemented by Sequence→ Function Molecules.
On the whole, proteins are good at function and catalysis,
while RNA is a good vehicle for information. This difference
can be rationalized by their chain physics. 1) Proteins
are versatile catalysts over a broad range of reactions, in
part because of their 20 side-chain moieties covering the
chemical spectrum, vs. the smaller repertoire of interaction
types in nucleic acids (36, 37). 2) Proteins make good
catalysts because they fold into single solid-like miniature
stable surfaces. RNAs are stringier: they are less compact
and more structurally heterogeneous because RNAs are
dominated by secondary structure forces while proteins
are dominated by tertiary forces (38, 39). And even those
RNAs that are structured are assisted, in ribosomes, by
protein–RNA interactions (40); or in tRNA molecules, by
modified nucleotides (41). 3) Proteins give a more direct and
unique mapping of sequence to structure because of funnel-
shaped energy landscapes. While some RNA molecules do
have unique folds, when taken over RNA sequence space
as a whole, landscapes are generally rugged with multiple
minima (42), because of multiple hydrogen bonds per base
pair and because of the greater degrees of freedom around
the backbone [eight in RNA vs. two in proteins (43)].

Evolution Is a “Feynman Ratchet,” Not a Copy Machine. Evolu-
tionary replication is not perfect autocatalysis: It is heritable
variation, i.e., descent with modification. If moms made
identical copies of themselves, evolution would have died
out, having been too brittle in the face of environmen-
tal variations and unruliness, particularly in life’s fragile
early stages (34). The winners that take all would die out
when the environmental “winds” shift. Rather, evolution’s
replication, through a process of search/compete/select, is
of autocatalytic sets, wherein one element of the set can
produce others (44–47). Evolution is a Feynman Ratchet,
like a Brownian ratchet, where a random noisy input drives
a directed output. Mutational searching generates much
random junk that becomes selected through competition.

Evolution Is Driven by an Out-of-Equilibrium Environment.
Cells are driven by intake of resources—food, energy, and
water. They are open systems, not driven by a second
law tendency to equilibrium. Open systems are of two
types: 1) “equilibrium,” of the system with a bath, having
no net flow either way, having only fluctuations—These
tend to equilibria—and 2) “nonequilibrium,” where there is
a net unbalanced flow between system and environment. In
biology, only death is explained by (1); life must be explained
by (2). Think about a TV set. Its action is not a tendency
toward equilibrium until it is unplugged; as long as a TV set is
plugged in, its action is persistent complex flows of electrical
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Fig. 3. Bootstrapping foldcats from stationary catalysis. The Founding
Rock (green) assembles polymers from hydrophobic (red) and polar (blue)
monomers. Some of these polymers fold, and some of the folders catalyze
elongation of other chains on hydrophobic patches of their surface. The two
foldcat structures at the bottom are from a computation showing that they
are the unique native conformations of those two sequences in the two-
dimensional HP lattice model. The elongated client chain shown could be
a piece of any foldcat containing the sequence PHHH, contributing to the
foldcat autocatalytic set.

currents that enact its functionality. Origins too must have
entailed some form of persistent environmental driver
that coupled to molecule-making. What type of molecule-
making could have innovated through positive feedback
cooperativity?

Hypothesis: Evolution Started with Proteins

TheHP FoldcatMechanism. Now, we discuss the link between
prebiotic evolution and the protein folding process, which is
encapsulated by the HP Foldcat (HPF) mechanism. The HP
Foldcat mechanism is presented in detail elsewhere (35, 48);
here, is a summary. The “HP” stands for hydrophobic and
polar, the two types of (amino acid) monomers that can
get polymerized into a chain. Peptides are assumed to be
continuously synthesized from these monomers through
catalysis on some prebiotic catalyst, which we call the
Founding Rock†; see Fig. 3. At first, the peptides are
short and random. A small fraction of those chains are
longer, collapsing (folding) into compact conformations with
a hydrophobic core. Some folders have stable surfaces.
Indicated here as having hydrophobic sticky “landing pads,”
these foldcat sequences are catalysts that accelerate elon-
gation of a client chain by bringing the next monomer to
be added into juxtaposition. What follows below is first the
big-picture conclusions from the model, followed by a more
quantitative description of it.

ThisMechanismHasEmergentProperties. The foldcat process
has emergent properties—i.e., properties that are not an-
ticipated from simple noncooperative random short-chain
synthesis alone. a) Chains grow longer. b) There are auto-
catalytic sets, where some sequences become preferentially
populated, explaining the beginnings of sequence–structure
relationships (48, 49). c) A fitness property emerges—
namely the folding stability (and ultimately the catalytic
effectiveness)—through which some sequences survive
and win while other sequences degrade and recycle. And
whereas fitness starts as simple folding stability, once this
form of privileging takes hold persistently, any other factors

†Simply as a shorthand notation for some possibly macroscopic mineral surface, volcanic
vent, or air–water interface, constrained to be located at particular spatial location(s).
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that can stabilize proteins or their communities can also
support further evolutionary change. d) Accordingly, an
evolution-like process emerges, namely of sequence search-
ing and fitness selection via competition for monomers; see
also ref. 6. The emergence of autocats and function here is
not dependent on a nucleic acid template.

e) Moreover, this mechanism has long-term persistence
for the following reasons. 1) It is an open system, not
driven by a second law tendency to equilibrium. It is driven
by a nonequilibrium input of monomers and a Founding
Rock that initially facilitates the otherwise nonspontaneous
polymerization of these monomers. 2) At some point in the
process, when chains become sufficiently good foldcats,
there would be an untethering transformation, a point in
time at which catalysis is mostly carried out by foldcat
proteins and is no longer reliant on the Founding Rock.
This would be a major evolutionary event, because no
longer is Origins localized, i.e., stuck in some “small pond in
Nebraska.” Now catalysts are mobile and can go anywhere;
now catalysts are programmable (different proteins can cat-
alyze different reactions or work in different condition); and
now catalysis becomes miniaturized and capturable within
cells (50).

These emergent properties come from two physical
cooperativities: i) Chains that are long enough have folded
cores with enhanced protection against degradation, and
ii) the collection of chains that help elongate other chains
forms an autocatalytic set. Like a snowflake that accretes
more snow, that turns into a snowball and ultimately into
an avalanche, cooperativities are key to explaining how the
improbable first steps rise up to dominate the macroscale.
The HP Foldcat mechanism snowballs toward longer, more
folded, and more catalytic molecules.

This Mechanism Is Prebiotically Plausible. While it has not
been observed directly, the HP Foldcat mechanism could
plausibly have arisen on the early earth. First, amino acids
and peptides have been produced in prebiotically plausible
ways through terrestrial processes (9, 51–54) or from space
(55–58).‡ Founding-Rock-like catalysis of peptide elongation
through dehydration reactions has been demonstrated
on mineral surfaces (60–62) and at air–water interfaces
(sea spray) (63–65), or even by unknown extraterrestrial
processes (66). Plausible nonequilibrium drivers of peptide
bond formation could have been wet-dry cycles (67, 68) or
hot-cold cycles (69).

Second, polymers of hydrophobic and polar monomers
can fold and catalyze, even if the chains are random and/or
short. Proteins are known to be driven by a binary HP code
(16, 29, 30, 70, 71). Because today’s 20 amino acids are found
in roughly equal hydrophobic and polar proportions in the
PDB, it means that most sequences, of any sufficient chain
length, will collapse to compactness in water (26, 27, 72–76)
and thus have cores that are protected from access to
the external solvent (77, 78). While speculations suggest
that early alphabets may have had fewer than 20 amino
acids (79, 80), all that matters here is just a binary code.
Also, short proteins are ubiquitous in biology: Humans

‡In contrast, the production of RNA under prebiotic conditions has been more challenging
(9, 59).

have thousands of microproteins (81), which are proteins
that are less than 100 amino acids long. Although modern
microproteins may have a distinct, later evolutionary origin,
they demonstrate that short proteins can be interesting
and functional as required for the HP Foldcat mechanism.
Many microproteins perform biological functions including
catalyzing reactions (82–90).

Third, folding and catalysis are simple physical properties
of HP chains. They are found in prebiotic mixtures of
amino acids (79, 91–96), possibly assisted by available small
molecules (97). Moreover, even just cysteine alone, a single
hydrophobic amino acid, has been suggested to be both
prebiotically available and capable of performing peptide
ligation reactions under plausible prebiotic conditions (98).
In addition, catalysis has also been observed in amyloids
(99, 100). And, while today’s enzyme catalysts often utilize
high levels of atomically detailed chemical and spatial
specificity, simpler spatial proximity effects, as envisioned
here, are capable of giving orders of magnitude speed-ups
to reactions (101–103). The HP foldcat mechanism predicts
that persistent generation of HP chains could lead to some
longer folded chains, a fraction of which could catalyze other
actions.

The Origins Problem Resembles the Folding
Problem

Now, compare the origins of life problem to the PFP. In
the Foldcat conception, both problems are centered on
proteins—one in conformational space and the other in
sequence space; one driven by equilibrium forces and the
other by nonequilibrium forces. Nevertheless, both have
funnel-shaped landscapes; both have dynamical epochs for
how order arises from disorder; both entail cooperative
interactions through which random steps lead from local
to global order; and both of them solve apparent needle-
in-a-haystack combinatorics problems through the protein
folding code.

Both Have Funnel Landscapes. See Fig. 4. In the end, protein
folding turned out not to be a needle-in-a-haystack problem.
Although it entails a search through a huge space to find
the single native structure, it is not random. Energetic
preferences favor compact hydrogen-bonded states with
hydrophobic contacts. Steps downhill in free energy lead to
more stability and facilitate additional steps. Even though
individual steps are stochastic, the net result is directed. It
matters not if a state is highly unlikely based on the count
of other options; it only matters if one advance can lead to
another, the way one snowflake can start a snowball, and an
avalanche, downhill. The reason for the large width at the
top (high entropy) and smooth reduction to the low-entropy
native state is because of excluded volume (104). The
denser the chain gets as it grows more compact and native-
like, the fewer configurations it has that remain available.
Protein folding entropies are huge: TΔS ≈ −100 kcal/mol
for 100-mer sized proteins, about half of which is due to
the backbone and half to the sidechains (105, 106). In short,
the PFP was not about aimless searching, but about the
accumulation of local advantages and the cooperativities of
one step leading to the next (33).
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Fig. 4. Foldcats cause a funneling-like exploration toward a particular region of sequence space by leveraging local advantages. (Left) The Founding Rock
makes random chains, from which stable and catalytically active ones are selected. The few discovered foldcats untether the protein synthesis process from the
Founding Rock and preferentially make more of themselves. (Right) A simplified model of the foldcat mechanism, introduced in ref. 107, shows how monomers
(light green) initially form random, useless chains (dark green), slowly develop folding (orange), then catalysis (light blue), which enables longer, more functional
chains to be created (darker blue curves).

Understanding the basis for cooperativity is important
for the origins problem, as it was for the folding problem.
It is funnel-like. The Left side of Fig. 4 has a large space
of random short sequences, leading to a later stage of
a much smaller space of longer folders and foldcats.§
The Right side of Fig. 4 gives an example of the time-
course of this funneling in terms of populations of different
types of HP chains (nonfolding, folding, foldcat, of various
lengths) (107). Proteins fold because conformational space
is shaped like a funnel. The HPF model shows how origins,
too, may result from funneling, in this case in sequence
space.

Briefly, here is the model more quantitatively (107). As
noted above, any origins model must explain cooperativ-
ities, i.e., a physical basis for nonrandom “snowballing.”
For the two types of cooperativity embodied here, the
present model is minimal insofar as it lumps together
microstates into mesostates in a way that requires only
3 rate parameters after simplification. Let M be the total
amount of monomer, r the total number of nonfoldcat
chains, and A the total number of foldcats. Monomer is
supplied to the system at a rate �M and decays at a ratedMM,
nonfoldcat chains are created (from monomers, by both the
foldcats and the Founding Rock) with rate �r (A,M) and decay
at a rate drr, and foldcats decay at a rateDA. The specific way
in which foldcats cooperatively speed up their communal
formation by making their precursors from monomers in
the function �r (A,M)—the feature that we want to study—
is importantly still present in this simplified model even
though other details of the foldcat mechanism have not
been explicitly tracked. Finally, the elongation reactions,
which are catalyzed both by the Founding Rock and by
the foldcats A, are as follows: 1) r + M → A (nonfoldcat
is elongated into a foldcat), 2) r + M → r (nonfoldcat is
elongated and still is not a foldcat), 3) A + M → A (foldcat
is elongated and is still a foldcat), and 4) A + M → r (foldcat
is elongated and is no longer a foldcat). Elongation reaction
i has mass-action rate constant Ki (A), to which the Founding
Rock and foldcats both contribute. These equations give a
set of ODEs for foldcat cooperativity:

§In simplest approximation, the walls of this funnel are linear on a log scale because
funneling follows 20N−m , where N is total target chain length and m is the particular
sequence length.

dr
dt = �r − drr + K4(A)AM − K1(A)rM ,

dM
dt = �M − [dM + r(K1(A) + K2(A))+

+ A(K3(A) + K4(A))]M ,
dA
dt = K1(A)rM − K4(A)AM − DA. [1]

We now reduce these to a single rate equation. By
eliminating M and r through steady-state arguments, and
by switching to dimensionless variables (for details, see ref.
107), we get

dA
dt =

k1A
1 + k1A

+ k1k2A2

(1 + k1A)(1 + A / As)
− A. [2]

where k1 characterizes the rate at which foldcats make new
foldcats (related to K1(A) above), k2 characterizes the rate
at which foldcats make their precursors (related to �r (A,M)
above), and As is the number of foldcats at which the latter
reaction starts to saturate. The rate k2 provides the coopera-
tivity: The ability of foldcats to make their precursors allows
them to accelerate their collective production nonlinearly.
Specifically, when the number of foldcats is small, i.e., in the
prebiotic stage, A→ 0 and we find

dA
dt ≈ k1(1 + k2A− k1A)A− A. [3]

The two terms in Eq. 3 give growth and decay rates,
respectively. For a noncooperative autocatalyst, the growth
rate is gA, where g is a constant. In this case, g − 1 is
either positive or negative for all values of A, meaning that
the foldcats either grow or decay just depending on the
constant value of g. Cooperativity occurs when g is itself a
function of A, such as g = k1(1 + k2A − k1A). When k2 < k1,
the cooperativity is negative and inhibits further growth.
However, when k2 > k1, the cooperativity is positive and
can encourage further growth. Now, the sign of dA / dt also
depends on the value of A, because g itself depends on
the value of A. Instead of having only-growth or only-decay
behavior as in the noncooperative case, the population of
foldcats can have a bistable behavior: When A is small,
dA/dt < 0, but when A increases, eventually, dA/dt < 0.
Positive cooperativity allows for an initially unfavorable

PNAS 2024 Vol. 121 No. 34 e2315000121 https://doi.org/10.1073/pnas.2315000121 5 of 8
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environment (small A → dA/dt < 0) to be overcome by
fluctuating to a higher population where the growth rate is
positive (107).

Disorder to Order: From Many to One. Because foldcats
can exhibit positive cooperativity, they can transition
from a world where degradation dominates, with only
random short chains, to a world of persistent growth, with
longer-chain folders and foldcats that propagate stably
with evolution-like dynamics. Other studies explore sim-
ilar disorder-to-order transitions of other Origins models
(108–111).

Fig. 5 shows the kinetic phase diagram of this model Eq. 2.
In the red region, foldcats just die off and cannot survive.
The environment is too unfavorable; it produces only short
random chains, the disordered state. In the green region,
foldcats grow deterministically into a persistent population
because both growth rate parameters are favorable. In the
yellow region, the environment is unfavorable, according to
the mass-action dynamics of Eq. 2, but stochastic fluctua-
tions can drive the system over the barrier from disorder to
order. This stochastic behavior is because of the nonlinearity
(cooperativity) in Eq. 3: there are two stable steady-states,
one with A = 0 (disordered) and one with A > 0 (ordered),
which are separated by a “kinetic barrier” that must be
hopped over.

The goal of this modeling is to ask whether foldcat
cooperativities admit of any possible window of viable
parameters that could lead to a persistent evolutionary
process toward further complexity and biology. It is only
a minimal model, and of necessity neglects many things,
including repurposing, other forms of noncatalytic func-
tionalities, and/or protein assemblies. The main conclusion
here is that the yellow region is a viable tipping point
route from prebiotic degradation to kinetic persistence of

foldcats in an unfavorable initial environment. As described
below, it leads to an evolutionary funnel in sequence
space.

From Disorder to Order. Models of protein folding show
epochs of steps that follow a hierarchy of local-first, global
later; see the Right side of Fig. 2. Microscopically, the
steps are stochastic. But “mindless” local advantages add
up to globally optimal and ordered structures. First to
appear are local interactions in helices and turns; later
are nonlocal helix–helix interactions. In folding, most early
steps are undirected and unproductive, but ultimately the
native state (ordered) arises from the denatured states
(disordered). The foldcat mechanism of origins reflects
similar hierarchical epochs, as shown on the Right side of
Fig. 4. In the foldcat model, first come short unfunctional
molecules, followed by systematically longer and functional
molecules. In both evolution and folding processes, small
incremental advantages are found among a sea of options,
and then further advantages accumulate, leading ultimately
to a greater global advantage.

The Rest of the Story: From Evolution to Origins

Our foldcat mechanism is not a full story of Origins. It
is missing major components of life, including cell encap-
sulation, nucleic acids, lineages and inheritance through
a genetic code, and the complex biochemical pathways
needed to implement them. What is the fitness ratchet that
is preserving value among prebiotic molecules? Here, it is
simply persistence, i.e., the folding stability of a chain—
longer chains are more stably folded, so they persist longer
in a fluctuating environment. Once this simple evolutionary
dynamics is stable, this machinery can then further discover
other forms of persistence and fitness. Various such dis-
coveries have been proposed: selection of amino acid type
(79, 91, 95, 112); use of an energy currency such as ATP (109);
a better protein chain elongator [ribosome, (113)]; or other
features (114).

Foldcat world: Stable process
NASA definition of life
Self-sustaining, evolving

Heritability (xNA)
Cells (lipids)
Biochemical networks

Potential

Time

Fig. 6. The potential-energy-like valleys (stable states) on the path to cellular
life, starting with foldcats. Foldcats represent a stable, persistent state,
from which evolutionary dynamics can jump to the next minimum closer
to biological life.
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On the one hand, the present model assigns primacy
to proteins insofar as proteins alone are the minimal
system that can explain arguably the first step—which is
an evolution-like process toward origins—without requiring
any other biomolecules. On the other hand, that does not
have temporal implications about other components. It
does not mean that other molecules, including RNA, were
not present concurrently or even undergoing interesting
dynamics themselves.

Fig. 6 shows a potential-energy-like diagram with two
steps to Origins. First are evolutionary dynamics such as
the foldcat mechanism; second are the further ingredients
we just listed. Before the advent of lineages—i.e., nucleic
acids and cells—persistence is only on the time scales of
molecule processes. The advent of lineages gives extraor-
dinary extension of the time scale of persistence, all the
better for handling larger environmental unruliness. This
model brings the perspective that prebiotic chemistry was
not “aiming to become biology,” but that it ratcheted up
chemical persistence and biomolecules were the best way
to achieve it.

Conclusions

The origins of life must have been preceded by a stable
evolution-like propagation mechanism. We review how
evolution could arise from a random generator of pep-
tide sequences that could ultimately function and catalyze
reactions. Two types of proteins’ cooperativities, in their
assembly and reduction of degradation rates, lead to the
emergence of longer chains, autocatalytic sets, increasing
persistence and function through a narrowing sequence
space funnel, and a tipping point from disorder to order.
This origins process in sequence space resembles—and
originates partly from—the folding process in conforma-
tional space.
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