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a b s t r a c t
‘‘Proteogenesis’’ (the origin of proteins) is a likely key event in the unsolved problem of biogenesis (the
origin of life). The raw material for the very ﬁrst proteins comprised the available amino acids produced
and accumulated upon the early earth via abiotic chemical and physical processes. A broad consensus is
emerging that this pre-biotic set likely comprised Ala, Asp, Glu, Gly, Ile, Leu, Pro, Ser, Thr, and Val. A key
question in proteogenesis is whether such abiotically-produced amino acids comprise a ‘‘foldable’’ set.
Current knowledge of protein folding identiﬁes properties of complexity, secondary structure propensity,
hydrophobic–hydrophilic patterning, core-packing potential, among others, as necessary elements of foldability. None of these requirements excludes the pre-biotic set of amino acids from being a foldable set.
Moreover, nucleophile and metal ion/mineral binding capabilities also appear present in the pre-biotic
set. Properties of the pre-biotic set, however, likely restrict foldability to the acidophilic/halophilic
environment.
Ó 2012 Elsevier Inc. All rights reserved.

Biogenesis is one of the grand unsolved problems in science,
and likely requires the combined knowledge of biology, cosmology,
chemistry, geology and physics to solve. ‘‘Proteogenesis’’ (the origin of proteins) is a key part of biogenesis principally because proteins are uniquely capable of performing the diverse chemistry
necessary to maintain living systems. A consensus opinion is
emerging that a limited set of a-amino acids was present on the
pre-biotic earth, produced or delivered by abiotic chemical and
physical processes. Such pre-biotic amino acids provided the raw
material for the very ﬁrst polypeptides (i.e., proteogenesis) prior
to the emergence of any biosynthetic pathway. Advances in the
area of protein folding can shed light upon, or frame important
unanswered questions about, the ‘‘proteogenic potential’’ of the
pre-biotic set of amino acids. For example, does the pre-biotic set
of amino acids contain members that can promote formation of
the three fundamental types of protein secondary structure (i.e.,
a-helix, b-strand, and reverse-turn)? Does it contain members that
can support hydrophobic–hydrophilic patterning essential for deﬁned structure in aqueous solution? Does it contain the necessary
complexity to enable efﬁcient folding pathways of simple globular
proteins (i.e., is the pre-biotic set of amino acids intrinsically capable of providing a solution to Levinthal’s paradox [1])? In short, a
major unanswered question in proteogenesis is whether the pre-biotic
set of amino acids comprises a ‘‘foldable’’ set. This review is intended
to evaluate the consensus pre-biotic set of amino acids in terms of
current knowledge of protein folding and design. It will be argued
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that the pre-biotic set of amino acids likely comprises a foldable
set, one that is especially suited to proteogenesis within an acidophile/halophile environment.
General aspects of biogenesis and the pre-biotic amino acids
The earth’s hydrosphere is postulated to have formed 4.3–
4.2 Gya in the Hadean period due to out-gassing of water, sulfur
dioxide, carbon dioxide, hydrogen and other volatiles from volcanic eruptions [2]. The earliest fossil record of microorganisms (ﬁlamentous archae) occurs 3.5 Gya in the early Archean period [3].
Thus, a 700 million year period likely comprises the processes of
biogenesis, emergence of the last universal common ancestor
(LUCA)1, and subsequent evolution of ﬁlamentous archae (Fig. 1). Organic compounds produced by abiotic processes, which served as the
raw material for biogenesis, are postulated to have included the
products from atmospheric (lightning) discharge, hydrothermal vent
chemistry, as well as organics delivered by comets and meteorites
during the late heavy bombardment (LHB; 3.8–4.1 Gya). Sampling
of the present atmosphere or hydrothermal vents to identify pre-biotic organics is not feasible due to widespread ‘‘contamination’’ of the
present earth by biotic molecules and the dramatic chemical
changes such molecules have caused upon both the hydrosphere
and mineralogy [4]. However, Miller–Urey spark discharge experiments [5–7] and related experiments simulating hydrothermal vent
chemistry [8–10] are experimental approaches to elucidate plausible
abiotic chemical synthesis products present in the pre-biotic earth.
1
Abbreviations usesd: LUCA, last universal common ancestor; LHB, late heavy
bombardment.
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Fig. 1. A timeline of key events in the Earth’s formation and biogenesis (the gap between the inanimate (blue) and animate (red)). The formation of proteins (proteogenesis) is
a key element of biogenesis.

Table 1
Sources of pre-biotic a-amino acids (relative levels) from the analysis of comets/meteorites, Miller–Urey-type spark discharge and hydrothermal syntheses experiments.
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Furthermore, present day analyses of pristine comet and meteorite
samples can provide data on the organic compounds synthesized
in deep space and delivered to the earth’s surface during the LHB
[11–14]. Such diverse analyses identify a limited, but remarkably
consistent, set of a-carboxylic and a-amino acids, postulated to be
produced via Strecker-type synthesis [15–17], with less evidence
for nitrogenous bases. Thus, raw material for biogenesis appears
much more supportive of proteogenesis (i.e., a ‘‘protein ﬁrst’’ view
of biogenesis) than nucleogenesis. The analyses of potential sources
of abiotic organics identify a consensus set of 10 racemic a-amino
acids [18,19] including Ala, Asp, Glu, Gly, Ile, Leu, Pro, Ser, Thr, and
Val (using the three-letter code) (Table 1). An early report on the
incubation of anhydrous ammonia with hydrogen cyanide at room
temperature identiﬁed the presence of Lys, Arg, and His a-amino
acids (in addition to Asp, Thr, Ser, Glu, Gly, Ala, Val, Ile, and Leu)
[20]; however, the identiﬁcation of basic amino acids has not been
observed in the broader range of studies of abiotic synthesis

+++

+

++

+
+
++

(Table 1). A key question for biogenesis is the proteogenic potential
of the pre-biotic set of amino acids.

Does the pre-biotic set of amino acids contain the necessary
information to encode a foldable polypeptide?
Protein folding is widely held to occur on a funnel-shaped energy landscape [21] in which the native state (i.e., folded) structure
is a limited ensemble of closely related conformations that represent the unique, global minimum of the Gibbs energy surface
[22]. Mechanistically, movement along this energy surface is
thought to proceed either by ‘‘zipping and assembly’’ [23], ‘‘nucleation–condensation’’ [24,25], or a combination of the two. Cooperativity, the observation that proteins often fold in a concerted
‘‘all-or-nothing’’ fashion, is considered a hallmark of protein
folding. Folding cooperativity results from a delicate balance
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between distal and proximate interactions within the folded structure, thereby suggesting a ‘‘well-funneled’’ energy landscape [26].
Thus, a rigorous deﬁnition for the proteogenic potential of a given
set of amino acids requires the ability to cooperatively fold into a
unique conformation without becoming kinetically trapped.
Sequence complexity
A diversity of interactions is thought to be required to support
native-like protein folding [27] and suggests that some minimum
alphabet size of amino acids is required for foldability. Proteins
with high a-helical content have proven amenable to signiﬁcant
reduction in sequence complexity: the DHP1 protein (‘‘designed
helical protein 1’’) was constructed using a set of 7 different amino
acids [28]; the Sauer group’s QLR proteins (based upon Gln, Leu,
and Arg residues) contain a total of 9 different amino acids [29];
and a functional form a AroQ chorismate mutase was constructed
also using a total of 9 different amino acids [30]. Efforts to simplify
a/b proteins have also been successful: Akanuma and coworkers
redesigned a functional orotate phosphoribosyltransferase using
only 13 amino acids for all 218 positions [31]. Baker and coworkers
were able to redesign the SH3 domain using a set of 14 amino acids
(but predominately enriched for a 5 amino acid alphabet) [32].
Theoretical approaches support the above results: Romero and
coworkers used Shannon’s entropy as a formal measure of sequence complexity and concluded that the lower bound for a foldable alphabet size was approximately 10 different types of amino
acids [33]. Both Murphy and coworkers [34] and Wang and
coworkers [35] assessed the information content of reduced amino
acid alphabets by their ability to identify homologs in protein database searches and concluded that 10 amino acids is the minimum
alphabet size that did not suffer from a signiﬁcant loss of physicochemical information. Taken together, these results indicate
redundancy within the set of 20 common amino acids, and suggest
a minimal set of about 7–13 amino acids with appropriate physicochemical properties is sufﬁcient to achieve a foldable set for a wide
variety of protein architectures. With 10 amino acids, the pre-biotic set of amino acids lies within the proposed limits of amino acid
alphabet complexity for foldability. Therefore, on the grounds of
sequence complexity alone, the pre-biotic set of amino acids may
potentially comprise a foldable set; the key question being
whether the physicochemical properties of the amino acids in
the pre-biotic set are appropriate for protein folding, and if so,
what would be the general properties of resultant polypeptides?
Secondary structure propensity
As highlighted in Table 2, there exists a broad representation
within the pre-biotic set of amino acids of speciﬁc residues that favor the formation of each fundamental type of protein secondary
structure, including a-helices (Ala, Leu, Glu) [36], as well as the he-

lix capping box residues (Ser, Asp, Thr and Glu) which have been
shown to have a profound effect on helix stability and fraying
[37], b-strands (Ile, Thr, Val) [38], and reverse-turns (Asp, Gly,
Pro) [39,40]. Although the role of secondary structure propensity
is considered modest when compared to hydrophobic–hydrophilic
patterning and core packing effects, the importance of secondary
structure optimization becomes pronounced in proteins with
marginal thermodynamic stability or when considered across the
protein as a whole [41]. For example, the observation that the
pre-biotic set of amino acids contains the consensus sequence
(Asx–Pro–Asx–Gly) for Type-1 b-turns (the most common type of
reverse-turn) is notable. Turn secondary structure can serve as critical folding nuclei, especially for proteins with high b-sheet content
[42–44] and the favorable energy contribution from turns has been
shown to be critical for efﬁcient folding [45]. Furthermore, reverseturn secondary structure is essential to the formation of globular
protein architecture since the a-helix and b-strand are essentially
linear (i.e., ﬁbrous) structural elements. Therefore, amino acids
within the pre-biotic set appear capable of forming each of the
fundamental secondary structure elements, including structural
features known to nucleate protein folding, as well as enable
globular architecture.
Hydrophobic–hydrophilic patterning
Patterning of hydrophobic–hydrophilic residues is a critical
determinant of protein structure in aqueous solution. It is well
established that maximization of solvent entropy by burial (i.e.
desolvation) of hydrophobic side chains is a fundamental driving
force for protein folding [46]. Analysis of protein secondary structure elements has revealed characteristic hydrophobic–hydrophilic
patterning motifs [47]. Indeed, studies that enforce a-helical patterning schemes but use residues with high b-sheet propensities
observe signatures of a-helical structure, suggesting that hydrophobic–hydrophilic patterning is the primary determinant of the
general protein architecture [48,49]. Computational efforts echo
this result: the success of simpliﬁed models of protein folding,
most notably the hydrophobic–hydrophilic lattice model pioneered by Dill [50], is dependent on the fact that simplifying protein folding into just hydrophobic and hydrophilic residues can
capture a fundamental aspect of the folding reaction. Detailed
analyses of amino acid interactions further justify this observation:
Wang and Wang observed that the dominant eigenvector - and
thus, the major interaction term - of the Miyazawa–Jernigan interaction matrix [51] corresponds roughly to an index of hydrophobicity [52,53]. It appears essential therefore that for any set of
amino acids to comprise a foldable set it must support hydrophobic-hydrophilic patterning. As shown in Table 2, residues that are
rated as being highly hydrophobic (Ala, Ile, Leu, Val), hydrophilic
(Ser, Thr), and charged (Glu, Asp) are all members of the pre-biotic
set of amino acids. Therefore, the pre-biotic set appears

Table 2
Physicochemical properties of the pre-biotic set of amino acids (consensus from Table 1).
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intrinsically capable of supporting hydrophobic–hydrophilic patterning essential to the design of foldable polypeptides in aqueous
solution. It should be noted, however, that reduction of the amino
acid alphabet to just two residues, a generic H (hydrophobic) and P
(polar, or hydrophilic), appears insufﬁcient to reproduce many of
the properties considered to be native-like. Simpliﬁed ‘‘proteins’’
generated with these models often have marginally funneled rugged energy landscapes and fail to exhibit signatures of cooperative
folding [27,54,55]. Computational studies show that, in general,
larger alphabets with a greater diversity of interactions are needed
to reproduce native-like folding characteristics [27]. Thus, hydrophobic–hydrophilic patterning is necessary, but not sufﬁcient, to
code for foldable proteins.
Hydrophobic core packing
Although the pre-biotic set of amino acids contains the majority
of hydrophobic amino acids present in the set of 20 common amino acids, it is notably devoid of the large aromatic residues (i.e.,
Phe, Trp, and Tyr), suggesting that pre-biotic core-packing efﬁciency may be reduced (i.e., may contain signiﬁcant packing defects) compared to typical evolved protein cores [56–58].
Evidence from core repacking and sequence minimization studies,
however, shows that core-packing arrangements for foldable proteins can be accomplished in the absence of the large aromatic residues. Walter and coworkers were able to select for a metabolically
competent form of AroQ chorismate mutase without inclusion of
aromatic residues within the core [30]. Indeed, numerous a-helical
proteins, including DHP1 [28], QLR proteins [29], Rop [59], a4 [60]
and phage 434 Cro [61] have been constructed with minimized
core complexity, often without aromatic residues. Similar design
efforts with b-sheet proteins have enjoyed less success, although
some encouraging results have been reported [62,63]. Thus,
although there has been signiﬁcant debate about the importance
of structural complementarity within the hydrophobic core
[64–66], a general picture has emerged in which structural complementarity is often stabilizing but is not strictly required for
the acquisition of complex architecture (and defects in core packing may play an important role in protein dynamics [58,67]). A
notable example was provided by Matthews and coworkers [68]
in which T4 Lysozyme was found to accommodate 10 methionine
substitutions in the hydrophobic core, indicating that the exact
identity of a hydrophobic residue is often less critical than hydrophobic–hydrophilic patterning. Successful core repacking of a
variety of proteins supports the suggestion that the core has ﬂexible design requirements [69–71]. Concentrated salt solutions, e.g.,
1.0–4.0 M, are known to stabilize hydrophobic interactions by an
excluded volume effect [72] and solution conditions of high salt
can therefore relax the requirement for precise structural complementarity in core packing, thereby promoting effective folding
behavior despite core-packing defects. Thus, although proteins
comprised of the pre-biotic set of amino acids are not capable of
the full range of hydrophobic packing interactions observed in
extant proteins, repacking studies suggest that the hydrophobic
residues available to pre-biotic protein design will be sufﬁcient
to code for native-like proteins, especially in the context of a
stabilizing, high salt environment.
Salt bridges and electrostatic potential
The pre-biotic set of amino acids is generally acknowledged as
being devoid of basic residues [18,19] (see also Table 1), and de
facto cannot provide salt bridges (excluding potential interactions
with the N-terminus) - potentially the strongest type of noncovalent interaction. Due to the low dielectric of the hydrophobic
core region, buried salt bridges can be major contributors to

19

evolved protein stability, while surface exposed salt bridges appear
less signiﬁcant (due to the substantially higher dielectric constant
of solvent) [73,74]. Despite the signiﬁcant contribution to protein
stability provided by buried salt bridges, hydrophobic substitutions have been shown theoretically and experimentally to effectively compensate [75,76]. Separate from the lack of salt-bridges,
the most signiﬁcant electrostatic challenge facing pre-biotic protein folding potential is the large negative charge bias that is generated in the absence of basic residues. In particular, at neutral pH,
pre-biotic polypeptides would be expected to carry a highly negative charge bias and protein folding would be disfavored due to a
sharp increase in like-charge density upon collapse. However,
while almost all extant proteomes exhibit a biphasic distribution
of pI values (with one peak at pI 5.0 and another at pI 10.0)
the halophile proteome is unique in containing only a single pI distribution centered at pI 4.5 [77,78] due to a general lack of basic
amino acids. Halophile proteins are soluble and stable in high salt
solutions due to selective binding of hydrated salt cations by a high
surface density of carboxylate groups (provided by the acidic amino acids Asp and Glu) as well as salt stabilization of hydrophobic
core-packing interactions [79]. Moreover, acidophile conditions
(e.g. pH 2–5) could further support the folding of pre-biotic
proteins via a signiﬁcant reduction in overall net charge due to
substantial protonation of carboxylic acid groups. Thus, the halophile and acidophile environments appear favorable for the folding
of polypeptides generated using the pre-biotic set.
Previous pre-biotic protein design efforts
Several experimental studies to elucidate the folding potential
of the pre-biotic set of amino acids have been reported, although
this is an area of research that is in its infancy. In an effort to assess
the foldability of pre-biotic proteins, Doi and coworkers generated
a random sequence library utilizing Ala, Gly, Val, Asp, and Glu, a
subset of the pre-biotic set of amino acids [18]. Although folded
proteins were not detected from this random library, the authors
did note that a signiﬁcant number of the constructs were nonetheless soluble. The buffer conditions were not identiﬁed in this
report; however, if neutrality and low salt are assumed, such
pre-biotic proteins would approximate linear polyanions, which
are characteristically observed to be soluble but unstructured.
In related studies, Brack and coworkers reported that the addition
of salts could induce the formation of secondary structure, both
a-helical and b-sheet, in polydisperse peptides composed primarily of Glu and Leu [80,81]. Consequently, these results cannot be
used to exclude the possibility of pre-biotic protein folding in an
acidophile and/or halophile environment. Chakrabartty and
coworkers found that a simple peptide (the ‘‘KIA7’’ peptide) composed primarily of Lys, Ile and Ala, adopts substantial a-helical
structure in solution [82–84], and concluded that the pre-biotic
set of amino acids had signiﬁcant design potential. This result supports a-helix forming potential for the pre-biotic set of amino
acids. There is some question, however, as to the inclusion of Lys
(indeed, any basic amino acid) as a member of the pre-biotic set
(see Table 1); moreover, in plants and bacteria Lys is synthesized
from Asp and Arg is synthesized from Glu [85]. Therefore, conclusions based upon pre-biotic protein design studies utilizing basic
residues or aromatic residues as key structural elements are to
be considered with some caution.
Overall, the considerations of sequence complexity, secondary
structure propensities, hydrophobic–hydrophilic patterning
potential, hydrophobic core-packing potential, and electrostatic
properties do not identify any issue that would preclude the prebiotic set of amino acids from comprising a foldable set; in fact,
current evidence points to quite the opposite: a remarkably broad
potential for the pre-biotic set of amino acids as a protein design ‘‘tool
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kit’’. However, one possible restriction in this regard is the exclusively acidic nature of the pre-biotic set of amino acids, as well
as the lack of large aromatic hydrophobic residues, potentially
necessitating an acidophile and/or halophile environment to promote protein folding. Of additional note, the pre-biotic set of amino
acids contains several residues (Ser, Thr, Asp, and Glu) that can
serve as nucleophiles, and can thus provide chemical functionality.

Conclusions, unsolved problems, and future directions
The knowledge gap about biogenesis is being bridged from both
the left hand and right hand sides in Fig. 1. From the right hand
side, recent ‘‘top–down’’ studies of protein structure have focused
upon the role of symmetry in the evolution of complex protein
architecture [86]. The majority of fundamental protein superfolds
exhibit various forms of rotational symmetry (Cn; n typically
2–8) in their tertiary structure [87] and this has been postulated
to be the result of gene duplication and fusion in their evolution
from smaller polypeptides [88–90]. Fragmentation studies of proteins with symmetric folds have yielded comparatively simple
polypeptides (35–50 amino acids) with the ability to oligomerize
and recapitulate the complex symmetric protein architecture
[89,91–96]. These studies tend to support a speciﬁc evolutionary
model (the ‘‘conserved architecture’’ model [94,86]) whereby
organisms having a simple genome can nonetheless achieve complex protein architectures via oligomeric assembly of simple peptide motifs. However, a general lack of examples of such
oligomeric assembly in extant organisms suggests that this
hypothesized evolutionary stage precedes the LUCA [94,93]; thus,
such studies potentially probe evolutionary processes earlier than
3.5 Gya. The properties of such archaic polypeptides are a matter
of conjecture, but key features would likely include an appropriate
chemical patterning (i.e., hydrophobic–hydrophilic [97,98]) to enable higher order protein folding. Among the major unsolved problems is how such patterning was achieved and how condensation
reactions to create a peptide bond in aqueous solution could have
occurred without high-energy amino acid intermediates.
Progress from the left hand side of the biogenesis knowledge
gap (as regards proteogenesis) includes the demonstration that
high-salt conditions can promote condensation reactions yielding
peptide bonds from amino acids (known as ‘‘salt-induced peptide
formation’’ or SIPF) [99]. Under high-salt conditions the metal cation can be unsaturated in its H-bond interactions with water,
thereby driving condensation reactions (such as peptide bond formation). A related issue is the need to concentrate sparse amino
acids in the pre-biotic environment to promote condensation into
peptides. While hydrothermal vents have been identiﬁed as
sources of abiotic organic synthesis reactions, efﬂux into the
oceans would result in dilution. In contrast, since amino acids are
non-volatile compounds, evaporation would result in their concentration (and simultaneously, increase salt concentration to promote SIPF). It is feasible that regions of the hydrosphere that
produced key pre-biotic organics (e.g., hydrothermal vents), were
separate from regions where oligomerization or synthesis into
more complex molecules took place (e.g., evaporative lakes). An
intimate role for minerals in the process of biogenesis is becoming
increasingly compelling. Mineral ‘‘evolution’’ and biogenesis have
been postulated as concurrent interrelated events [4]. Mineral surfaces can serve to adsorb and concentrate organic compounds, and
can chemically activate peptides and amino acids thus promoting
peptide bond formation [100,101]. Furthermore, such adsorption
and chemical activity can include stereo-selective binding and
deamination of speciﬁc amino acid isomers [102]. Mineral crystals
are regular (periodic) arrangements of constituent molecules; thus,
they can potentially serve as templates for patterning of chemically

different amino acids on their surface, and conversely, such peptides can promote speciﬁc crystal nucleation of minerals [103].
Thus, in the ‘‘grey zone’’ between the inanimate and animate in
biogenesis, speciﬁc minerals and early biopolymers might form
complexes that template reciprocal propagation. Peptides that
selectively bind minerals characteristically utilize the carboxylic
acid residues Glu and Asp [103–106]; and intriguingly, certain extant mineral-binding polypeptide sequences are almost exclusively
comprised of amino acids from the consensus pre-biotic set [104].
Thus, another property potentially intrinsic to the pre-biotic set of
amino acids, and also possibly key for biogenesis, is mineral-binding functionality.
The above discussion of progress in ﬁlling in the gaps in understanding of biogenesis suggests tremendous progress is being
made, through efforts of scientists in diverse disciplines, in solving
this major unsolved problem. There appears to be no fundamental
limitation to protein folding potential that can be identiﬁed for the
pre-biotic set of amino acids and apparent environmental restrictions to enable foldability (i.e., high salt/low pH) may actually
serve to frame detailed hypotheses regarding key proteogenic processes and environments. Proteogenesis therefore appears to be
one of the most promising avenues with which to understand biogenesis, and elucidating the deterministic properties of the prebiotic set of amino acids in proteogenesis appears feasible and
likely have a major impact upon our understanding of the potential
for biogenesis elsewhere in the universe.
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