
royalsocietypublishing.org/journal/rsfs
Review
Cite this article: Milner-White EJ. 2019
Protein three-dimensional structures at the

origin of life. Interface Focus 9: 20190057.
http://dx.doi.org/10.1098/rsfs.2019.0057

Accepted: 10 September 2019

One contribution of 14 to a theme issue

‘The origin of life: the submarine alkaline vent

theory at 30’.

Subject Areas:
biochemistry

Keywords:
origin of life, proteins, peptides, hydrogen

bonds, nest, amyloid

Author for correspondence:
E. James Milner-White

e-mail: james.milner-white@glasgow.ac.uk
© 2019 The Author(s) Published by the Royal Society. All rights reserved.
Protein three-dimensional structures at
the origin of life

E. James Milner-White

Medical, Veterinary and Life Sciences, University of Glasgow, Glasgow G128QQ, UK

EJM-W, 0000-0002-3849-4363

Proteins are relatively easy to synthesize, compared to nucleic acids and it is
likely that there existed a stage prior to the RNA world which can be called
the protein world. Some of the three-dimensional (3D) peptide structures in
these proteins have, we argue, been conserved since then and may constitute
the oldest biological relics in existence. We focus on 3D peptide motifs consist-
ing of up to eight or so amino acid residues. The best known of these is the
‘nest’, a three- to seven-residue protein motif, which has the function of bind-
ing anionic atoms or groups of atoms. Ten per cent of amino acids in typical
proteins belong to a nest, so it is a common motif. A five-residue nest is
found as part of the well-known P-loop that is a recurring feature of many
ATP or GTP-binding proteins and it has the function of binding the phosphate
part of these ligands. A synthetic hexapeptide, ser–gly–ala–gly–lys–thr,
designed to resemble the P-loop, has been shown to bind inorganic phosphate.
Another type of nest binds iron–sulfur centres. A range of other simple motifs
occur with various intriguing 3D structures; others bind cations or form chan-
nels that transport potassium ions; other peptides form catalytically active
haem-like or sheet structures with certain transition metals. Amyloid peptides
are also discussed. It now seems that the earliest polypeptides were far from
being functionless stretches, and had many of the properties, both binding
and catalytic, that might be expected to encourage and stabilize simple life
forms in the hydrothermal vents of ocean depths.
1. Introduction
Many protein three-dimensional (3D) structures are very old [1–3], and may be
the oldest biological relics that exist. It is true that the sequences of most pro-
teins change fairly steadily over evolutionary time, but the main chain 3D
structures are often highly conserved and once formed hardly change; they
can also be re-used for various functional purposes. This applies to domain
structures and to the small structural motifs that are the subject of this review.

Amino acids, and even peptides, turn up fairly regularly in the various
experimental broths that have been allowed to be cooked from simple chemi-
cals, whereas nucleotides do not. This is because nucleotides are far more
difficult to synthesize chemically than amino acids. It is our premise that, at
the very earliest stage of the origin of life on our planet, there must have
been a ‘protein world’ [4] or at least a ‘polypeptide world’ [5]. This is by no
means to contradict the existence of the ‘RNA world’ [6], followed later by
the ‘DNA world’, but these would have taken a substantial amount of time
to appear, such that a protein world of some sort at the very beginning
seems inevitable, as in figure 1. This is argued to have taken place at the ‘lost
city’ type of hydrothermal vents at mid-ocean ridges where warm alkaline
reduced fluid issues into an acidulous sea [7,8].

We have been interested in detecting and analysing small motifs [9–14], com-
monly occurring in crystal structures of proteins and polypeptides, consisting of
only a few (less than six or so) amino acid residues and held together via hydro-
gen bonds involving main chain rather than side chain atoms. These motifs can
be examined interactively on two websites that are commonly available [12].
Four categories of such motif will be described that are especially likely to
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4.3 billion years ago, life starts.

life based on proteinprotein world

life based on RNARNA world

life based on DNADNA world
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peptides are synthesized
easily; nucleotides are
not. It is a protein,
not RNA, world, during
the earliest stages.

Figure 1. Evolutionary time diagram. (Online version in colour.)
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have been prevalent at the origin of life: (i) nests, (ii) potass-
ium channels, (iii) amyloid/α-sheet, and (iv) metal–peptides.
90057
2. Nests
Simple nests [9] are formed by tripeptides in which the main
chain NH groups form a concavity into which an anionic or
partially anionic atom, sometimes called the ‘egg’ [15], may
fit. This atom is hydrogen bonded to, and thus bridges, the
first and third main chain NH groups of the tripeptide. The
NH of the second nest residue is sometimes hydrogen
bonded too, but usually it points slightly away from the anio-
nic atom. This is seen in figure 2. The side chain atoms if any
are usually not involved in the nest. Considering databases of
soluble folded protein structures, it turns out [9] that 8% of
amino acids belong to a nest, so these features are very
common indeed; in a high proportion of nests in proteins,
but by no means all, the egg atom is a carbonyl oxygen.

Nest structure is best appreciated by considering the main
chain dihedral angles, ϕ and ψ, which are measures of the
rotation about the N–Cα and the Cα–C bonds, respectively.
The orange circles in the graph in figure 3 give the ϕ and ψ
angles of the first two nest residues. One circle is labelled R
and one L. The reader will gather that two kinds of nest are
possible, one with R followed by L, called RL, and the
other with L followed by R, called LR.

It is worth adding that tripeptide motifs called crowns
that bind anions or δ-atoms in the same way as nests, but
with all ϕ and ψ angles negative for the first two residues,
have been described [16]. They are far less abundant than
nests but should be distinguished from them.

In proteins, about 80% of nests are RL, while 20% are LR
[9]. Considering only the main chain atoms, these two types
of nest are chiral or enantiomeric (mirror images to non-
scientists). This sort of chirality is conformational in nature
rather than configurational. D and L amino acids exhibit con-
figurational chirality around the Cα atom, which involves the
side chains; this remains whatever the conformation because
it is constrained by the covalent bonds. It is useful to
distinguish these two types of chirality. Configurational chir-
ality often impinges on conformational chirality, but the two
manifestations of chirality are distinct.

Graphs like those in figure 3 are called Ramachandran
plots. Points that lie equidistant from, and on either side of,
the central ϕ = 0, ψ = 0 point exhibit conformational chirality
(with regard to the main chain atoms of a peptide). In figure 3,
the two orange circles are enantiomeric conformers of this
sort, and so are the two blue circles.

Consideration of figure 3 suggests the occurrence of
longer nests, with alternating RLR, RLRL, LRL, etc., residues.
In proteins, about 25% of simple nests are part of a longer,
compound, nest. In these features, the NH groups all face
inwards, towards a single point, resulting in a wider nest
that can bind anionic groups rather than single atoms. For
example, an RLRL nest consists of five residues and could
be regarded as three overlapping simple nests. Geometrically,
these motifs can be regarded as incomplete rings.

A functional example of a simple nest is given by the well-
known ‘oxyanion hole’ [17] found in serine proteases,
enzymes that cleave certain peptide bonds. This cleavage is
enhanced by the attraction of the carbonyl oxygen of the sub-
strate’s peptide bond to an LR nest in trypsin. In figure 4,
which is taken from a crystal structure of trypsin bound to
a peptide bond substrate (below), the blue atoms of the nitro-
gens of the nest (above), also known as the oxyanion hole, are
ready to accept the carbonyl oxygen of the peptide bond via
N-H…O=C hydrogen bonding.

The P-loop [18] is a characteristic feature of what is by far
the most common group of enzymes that bind ATP or GTP.
These enzymes all cleave the terminal (γ) phosphate; some
transfer it to another molecule (kinases) and some transfer
it to a water molecule (ATPases, GTPases). From substrate-
bound crystal structures, the P-loop is seen to be a short
polypeptide that loops around, and forms multiple hydrogen
bonds to, the middle (β) phosphate by means of an LRLR
nest, as seen in figure 5.

In the GTPase G-protein [19] named P21ras, the LRLR resi-
dues correspond to particular amino acids in the sequence, as
in figure 6. This sequence is familiar to many biochemists as
in almost the entire family, it is conserved as GxxxxGKS/T
(capital letters denote individual amino acids; small x
means a variable amino acid). Of course the conserved
lysine side chain amino group binds the phosphate as well
as the nest, but here the focus is on the main chain feature
that overlaps it.

A hexapeptide was synthesized [20] with the sequence
SGAGKS (the serine at the beginning was to increase the pep-
tide’s solubility). It was found to bind phosphate strongly at
neutral pH values, K = 63 000 M–1. Since in all proteins, the
P-loop occurs at the N-terminus of an α-helix, it had previously
been assumed that an important aspect of phosphate binding
was its situation. However, the hexapeptide is too short to
form an α-helix and so it has to be the LRLR nest rather than
the helix that gives rise to the strong phosphate binding.

Iron–sulfur centres are diverse, in comparison to phos-
phate ions. They occur in proteins as three types: single Fe,
Fe2S2 (square), four Fe2S4 (cuboid). In each type, the iron or
iron–sulfur centre is bonded covalently to four cysteine
sulfur atoms. About 50% of these centres are also bound to
a nest [9], often a compound nest. An example from the
protein ferredoxin is illustrated in figure 7a. The main chain
NH groups are hydrogen bonded to sulfur rather
than oxygen atoms. The figure also reveals the characteristic
sinuous or s-shape exhibited by the main chain atoms
of nests.

Both the phosphate binding and the iron–sulfur-centre
binding nests are expected to have been functionally useful
at the origin of life [11,21,22], as illustrated in figure 8.



(a) (b)

Figure 2. A simple RL tripeptide nest. Nitrogen atoms are blue, oxygens red, hydrogens white, carbons grey; hydrogen bonds are shown as dashed lines. (a) Only
the NH groups. (b) The main chain atoms of the first two residues but only the NH atoms of the third residue. The red spherical atom is the ‘egg’. The ϕ and ψ
angles of the first two residues are given by the orange circles in figure 3. (Online version in colour.)
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Figure 3. Ramachandran plot, ϕ versus ψ. (Online version in colour.)

195

peptide bond to be cleaved

Figure 4. Trypsin active site nest peptide bound to substrate. Coordinates
from the trypsin (above) - pancreatic trypsin inhibitor (below) complex
crystal structure PDB code: 2ptc. (Online version in colour.)

(a) (b)

Figure 5. The main chain NH atoms of the P-loop nest peptide bound to the
β-phosphate of GDP. Coordinates from GDP-bound P21ras crystal structure PDB
code :5p21. (a) Diagram with hydrogen bonds as dashed lines. (b) Nitrogens
blue, phosphorus orange, oxygens red, hydrogens omitted. (Online version
in colour.)

P21ras protein sequence

Figure 6. How the LRLR nest residues of P21ras fit with the sequence.
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Iron–sulfur centres at the earliest stage of the origin of life
are not expected to bind to cysteines as in present-day pro-
teins. However, the hydrothermal fluid issuing from the
hydrothermal vents where life is thought to have evolved is
relatively rich in organic sulfides such as methanethiol and
these would be expected to complete the iron–sulfur centre
complexes. The nest function is twofold; on the one hand, it
binds and stabilizes the iron–sulfur centres; on the other
hand, it modulates the oxidation–reduction potential of the
potentially catalytically active Fe++/Fe+++ atoms, altering
their ability to receive or donate single electrons.

Phosphate-binding nests could have been useful in the
provision of energy for metabolism. We have previously
argued that polyphosphate hydrolysis (providing energy)
coupled to polypeptide synthesis is a candidate for the ear-
liest form of metabolism [23,57]. Since P-loop enzymes
catalyse hydrolysis of polyphosphate as mentioned earlier,
this functionality may have been retained since the earliest
stages of life.

3. Potassium channels
Referring back to figure 3, in nests the main chain atoms of
successive amino acids are enantiomeric as shown by the
orange circles. If an apparently small change is made such
that main chain atoms of successive amino acids are enantio-
meric in the way shown by the blue circles, the conformation
alters such that the nest concavity is lost and the
peptide becomes linear, as shown in figure 9a. This is the



ferredoxin
Fe4S4 (+S4) cube  

(a) (b) (c)

squares
cubes

Figure 7. Iron–sulfur centres in proteins. (a) The main chain atoms (no hydrogens) are shown as sticks for the nest surrounding the iron–sulfur centre, shown as
spheres (iron atoms rust, sulfurs yellow); coordinates from ferredoxin crystal structure PDB code: 2fxn; (b,c) types of iron–sulfur centre. (Online version in colour.)

useful for
catalysis

useful for
binding and
cleaving PPi
for energy

Fe++ <-> Fe+++

RS- in place of
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Figure 8. Functional peptide nests. (a) Fe3S4 in peptide nest and
(b) phosphate in peptide nest. (Online version in colour.)
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conformation found [10,24] in the selectivity filter of the pot-
assium channel protein. Instead of NH groups binding an
anion as in concave nests, here the CO groups bind a
cation. Four peptides form a ring, as in figure 9b,c, pointing
their CO groups inwards to create a channel.
4. Amyloid/α-sheet
Almost all proteins [25], under certain conditions, readily
clump into characteristic stable insoluble amyloid fibres,
made of β-sheet blocks. Amyloid fibres occur in, and
are thought to cause: Alzheimer’s, Parkinson’s, BSE, type II
diabetes and other diseases. Amyloid is sticky. Small poly-
peptides form amyloid just as well as proteins. So, early
polypeptides are likely to have gummed up the FeS
membranes of the very earliest ‘cells’, making them fairly
impermeable. It is thought that eventually multi-sheet
amyloid would have become the main component of the
membranes [26,27] during the earliest stages of evolution,
given that phospholipid membranes evolved at a relatively
later stage in evolution.

Intermediates in amyloid formation, rather than amyloid
itself, are what are toxic to cells. Evidence from various
[28–30] different types of studies on proteins show β-sheet
readily interconverts with α-sheet. This occurs by the process
of peptide-plane flipping [31] whereby the CO–NH peptide
plane rotates by 180° without too much alteration to the
neighbouring atoms. It is proposed that α-sheet, shown
in figure 10, is the main component of these intermediates.
An α-sheet strand has the linear nest-like main chain
conformation of the K+ channel.
The toxicity of α-sheet for phospholipid cell membranes
provides an explanation [29,32] why the conformation is
rarely found in present-day folded proteins. Natural selection
eliminates it.

The partial charges on the main chain atoms of polypep-
tides mean that α-sheet differs from β-sheet in being more
polar. One edge has a net positive charge and the other
edge is net negative, as seen in figure 11. This may be the
reason for its toxicity for present-day cells. It is possible that
the positive edge may be attracted to the negative charges
of phospholipids and that this causes membrane damage.

Another aspect of membranes made of α-sheet is that
potassium channels are to be expected at the junctions
between contiguous α-sheet blocks, where two or more
of the net negative edges happen to be contiguous. The selec-
tivity filter of the potassium channel may be regarded as a
relic of this, except that the rest of the protein consists of
α-helix rather than any sort of sheet. Diagrams showing the
arrangement of blocks are in fig. 3 of [11].

The idea that α-sheet is sufficiently stable to act as the pre-
cursor has not yet been accepted by all workers in the field,
but several papers [32–41] now provide evidence in its
favour. The pale yellow shaded area in figure 11c shows
areas that are favoured by L-amino acids in proteins [29].
Note that the region labelled left-handed α-helix is tolerated.
The misconception that this area is only tolerated by, or pre-
ferentially favours, glycines is a reason why α-sheet is
claimed by some to be an unlikely conformation for amyloid
precursors of present-day proteins and polypeptides.
5. Metal–peptides
Metal–peptides, coloured complexes that were much studied
in the 1960s [42,43], can be readily made by mixing Ni, Cu, Fe
or Co with peptides in alkali. Present-day biological examples
[22,44] occur in the prion protein and acetyl CoA synthase.
With ϕ, ψ angles of 180°, 0° the main chain atoms lie flat in
one plane and have no conformational chirality, as in
figure 12a. Metallopeptides such as these would be expected
to have performed the catalytic functions of haems. Some
cobalt tripeptides [15] (Co-gly-gly-his) have been found that
act as electrocatalysts for hydrogen evolution from water at
neutral pH values with high efficiency.

In a different vein, peptides of around eight residues can
be synthesized [46] that self-assemble into amyloid-like
β-sheets, and are catalytically active, much like enzymes, in
the presence of Zn++. Other not dissimilar self-assembling



(a) (b) (c)

Figure 9. Potassium channel and selectivity filter. Coordinates are from protein crystal structure PDB code: 1bl8; three potassium atoms in the channel are shown as
magenta spheres. Hydrogens and side chains are omitted. (a) One linear peptide from selectivity filter, (b) four peptides of selectivity filter and (c) potassium
channel transmembrane domain. (Four colours indicate the four identical subunits. The K+ ions indicate the selectivity filter position.) (Online version in colour.)

Figure 10. Comparison of α-sheet with potassium channel selectivity filter
peptide. Side chains are omitted. The α-sheet is modelled. (Online version in
colour.)
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histidine-containing heptapeptides, in the presence of Cu++,
have been shown [47] to catalyse oxidation reactions involving
molecular oxygen.

6. Peptides in early evolution: are there relics?
When the first protein structures were determined by X-ray
crystallography and NMR, the question arose as to whether
short peptides of less than 10 or so amino acid residues
derived from them would also exhibit the same 3D structures.
In general, the answer was that they did not. Typically, they
seemed to be exploring a large number of different confor-
mations and were moving so quickly between these different
states that no fixed conformation was detectable. Even when
the peptides were crystallized, they did not always exhibit
the same conformation from one crystal form to the next.
This conformational variability provided some explanation
why many proteins are so big: only in the fully folded state
is there a single fixed conformation. The comparison between
small peptides and proteins may have led to a certain lack
of interest in small peptide motifs as some common features
[9–13,20,48,49] have only been reported recently.

Many current proteins are composed of internal structural
repeats, giving rise to the idea that they developed over evol-
ution by duplication and repetition of simpler peptide
structures that might be referred to as minimal domains.
Much interesting work has provided evidence for these rep-
etitions [41,50] and defined the nature of the smallest
domains, which can be regarded as relics [1,51–54]. Here,
we take a different approach by focusing on the most
common small hydrogen-bonded 3D motifs in proteins, con-
sisting of just a few amino acid residues, especially those with
functionalities involving just main chain atoms, to consider
whether some might be vestiges of primordial peptides.

In pre-RNA evolution, peptides are thought to have had a
high proportion of glycines because they are the easiest to
synthesize from simple molecules like ammonia and CO2,
and that amino acids with side chains were correspondingly
less frequent [55]. The chiral amino acids that did exist were a
mixture of L and D forms. Peptides with alternating L/D

amino acids have been shown [14,23], as might be expected,
to favour enantiomeric main chain conformations: repeating
dipeptides in which each amino acid residue has a main
chain conformation that is the mirror image of that of the
adjacent residue. This applies to three types of structure
that have been discussed in this article: nests, potassium
channels and α-sheet. We have pointed out that such pep-
tides would have been a dominant aspect of 3D structure in
the short peptides occurring at the very earliest period in
evolution, before nucleic acids and the genetic code were
invented. This is in contrast to present-day proteins and pep-
tides whose structure is dominated by regularly repeating 3D
structures such as α-helix and β-sheet in which each amino
acid residue has the same main chain conformation as its
neighbour. However, relics of the earlier types of polypeptide
remain to this day within existing proteins. They are still cen-
tral to function, and are the focus of this review.

Nests are the most convincing relic candidate structures.
They occur within P-loop protein enzymes that perform the
ATPase (more generally, the phosphotransferase) reaction,
which is regarded as the most basic energy-garnering reac-
tion in the whole of biology. The component five-residue
nests have been conserved because they selectively bind,
and help transfer the terminal phosphate of, ATP. At this
early point in evolution, these enzymes would have acted
upon polyphosphates rather than nucleotide triphosphates
as nucleotides had not evolved, but the selective pressure to
synthesize peptides with this capability would ensure their
conservation and propagation. It is striking that the phospho-
transferases with P-loops are often those that are central to all
metabolisms, sometimes called housekeeping enzymes, so
probably evolved in early evolution. On the other hand,
ATP-selective phosphotransferases that are known to have
evolved much later on as eukaryote inventions, such as tyro-
sine kinases and the various enzymes involved with inositol
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Figure 11. α-Sheet. (a,b) α-Sheet partial (δ+, δ−) charge distribution. (c) Ramachandran plot, as in figure 3, except that the yellow shading shows areas favoured
for L-amino acids. (Online version in colour.)
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Figure 12. Haem-like metal peptide. (a) Ni-tetraglycine. (b) Haem. (Online version in colour.)
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phosphates, do not have P-loops. It appears that, once the
genetic code for amino acids was established, it became
easier to employ positively charged side chains for phos-
phate-binding sites rather than the main chain atoms of nests.

Likewise, other nests occur in many proteins as features
that help bind iron–sulfur centres, rather as they can for phos-
phates. The relevance of this observation is that iron sulfides
are expected to have been a prominent aspect of the hydro-
thermal vents where the earliest evolution is considered to
have occurred. Peptides with some capability, in conjunction
with methyl sulfides, to bind such centres were likely to have
been under selection pressure. Another putative relic, which
could be regarded as a flattened form of the nest, is the selec-
tivity filter of the potassium channel. However, being a
membrane protein, it can only have operated in conjunction
with the membranes (perhaps amyloid, see below) that
existed in early evolution.

When considering amyloid proteins in early evolution,
talking of relics seems inappropriate because amyloid pro-
teins and peptides in general are damaging to present-day
cells and so are expected to have been subject to negative
rather than positive, selection. On the other hand, it seems
inescapable that the polypeptides that existed at the
earliest stage often adopted amyloid structures, consisting
of multi-sheet β-sheet or α-sheet or a mixture of the two.
In spite of the current uncertainties about this, many of the
earliest proteins would surely have been amyloid structures.
Not only could they have acted as membranes incorporating
potassium channels (phospholipids being a much later
invention), but recent work shows that, in conjunction with
transition metal ions, certain peptides with this structure
exhibit various [47] catalytic activities. In addition, haem-
like non-amyloid Cu++ tripeptides have been made [45] that
catalyse hydrogen evolution from water.

The main aim of this article is to point out that short pep-
tides can and do have more functionality, both in terms of
binding and catalysis, than is generally appreciated, and also
that relics of these peptides can be discerned in present-day
proteins. Just as some of the metal features within present-
day proteins are thought to have their roots in geology
[22,56], some of these small-scale features of proteins have
been retained from the earliest period in the evolution of life
before the genetic takeover by RNA.
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