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Abstract Correlation between random amino acid
sequences and protein folds suggests that proteins autono-
mously evolved the most stable folds, with stability and
function evolving subsequently, suggesting the existence of
common protein ancestors from which all modern proteins
evolved. To test this hypothesis, we shuffled the sequences
of 10 natural proteins and obtained 40 different and appar-
ently unrelated folds. Our results suggest that shuffled
sequences are sufficiently stable and may act as a basis to
evolve functional proteins. The common secondary struc-
ture of modern proteins is well represented by a small set
of permuted sequences, which also show the emergence of
intrinsic disorder and aggregation-prone stretches of the
polypeptide chain.

Keywords Protein fold - Evolution - Origin of life - Ab
initio - Structure prediction - Intrinsic protein disorder

Introduction

Proteins are considered as the building blocks of life owing
to their stability and functional plasticity. At the molecular
level, proteins are heteropolymers of 20 different amino
acids. Simple dipeptides such as Gly-Gly or Ser-His were
reported to catalyze both proteolytic and peptide bond for-
mation (Li et al. 2000; Plankensteiner et al. 2002). It is
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conceivable that small catalytic proto-enzymes contributed
to the evolution of longer copolymers, triggering the race
for the most stable polypeptide chain. It is also conceivable
that a stable chain incorporated the same catalytic motifs,
perhaps yielding a first complex enzyme (e.g., a catalytic
center coupled with a stable scaffold). Over time proteins
evolved different and complex functions such as enzy-
matic catalysis, structural, and signaling functions. Current
theories regarding the origin of life suggest that amino acid
chains co-evolved with, or immediately after, the emergence
of autocatalytic RNA (Zhang and Cech 1997; Johnston et al.
2001). On the basis of these theories, primordial proteins,
also known as proteinoids, promoted the nucleic acid onset,
allowing their stabilization and conferring the ability to
adapt to environmental changes (Berger 2003). Ideally, pri-
mordial RNA—polypeptide association could have enlarged
the spectrum of different catalyses allowing the formation
of more complex reactions. Notably, in modern organisms
peptide bond formation is driven by the ribosome, a highly
efficient RNA—protein complex. Considering a prebiotic sce-
nario where rigid environmental conditions coupled with an
unstable chemical surrounding promoted protein degrada-
tion, a stable structure could be considered as a favorable
requirement for protein evolution. Indeed, since the appear-
ance of proteins, only few folds became fixed, perhaps as
a result of thermodynamic (or biological ante litteram?)
selection of the most stable three-dimensional structures.
Correlations between random amino acid sequences and
protein folds were investigated by Weiss et al. (2000), sug-
gesting the general idea that proteins autonomously evolved
the most stable folds only after sequence evolution “refined”
the surviving folds in order to acquire stability and function
(Minervini et al. 2009; Lavelle and Pearson 2010). Indeed,
modern proteins are characterized by a large number of
different sequences not balanced by the same number of
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Fig. 1 Shuffling schema. Each
sequence was initially split
into 20 blocks of three amino
acids long and then divided in TAG KIF RAM YDY MAA DAD
two groups termed A and B. 1 2 3 4 5 6
The first block of group B was
placed at the beginning of the
new permuted sequence and the
first block of A was then placed
second. The same was applied
for the other blocks until a

>PERMUTATION 1 1ARK
VQA TAG IDE KIF GWM
1 1 12 2 13 3

>PERMUTATION 2 1ARK
TGR VQA DAD TAG TGM

new permuted sequence was 6 11 6 1 17 12
obtained
>PERMUTATION 3 1ARK
FKD TGR RAM VQA NYV DAD
8 16 3 11 19 6

>PERMUTATION 4 1ARK
YDY FKD IDE TGR EAI
4 8 12 16 20 3

different folds (Pearl et al. 2005). Unexpectedly, structural
analysis in silico on random proteins suggested that polypep-
tide chains may fold and adopt conformations comparable to
natural proteins (De Lucrezia et al. 2012). Proteinoid theory
assumes that simple enzymatic function evolved spontane-
ously from simple and not biologically generated polypep-
tides (Turian 1999). On the other hand, it is credible that the
first proteins were generated through ligation of small and
stable “amino acid modules” operated by proto-enzymes
characterized by both low specificity and efficiency. In this
scenario, small proto-proteins should be responsible for all
resulting modern folds. In this work, we investigated the
occurrence of different folds using an in silico combinatorial
approach. We shuffled the sequences of 10 natural proteins
and obtained 40 unrelated different folds. A large spectrum
of different organizations were observed, including all-a,
B-barrel, and disorder. Finally, our results suggest that abiotic
complex fold emergence may have resulted from stochastic
sequence rearrangement.

Methods

Permutations were manually performed starting from 10
different sequences in Fasta format of the same number of
natural proteins selected from the Protein Data Bank (PDB
codes: 1ARK, 1HX2, 1KVO0, 1PPT, 1TCP, 1UQY, 1ZFI,
2BHI, 2CDX, 2KJF) (Berman et al. 2007). In order to
minimize both the error and computational demands asso-
ciated with the ab initio methodology, we selected proteins
with a maximum length of 66 amino acids. Each sequence
was initially split into 20 blocks of three amino acids long
and then divided into two halves, termed A and B. The
first block of group B was placed at the beginning of the
new permuted sequence and the first block of A was then
placed second. The same was applied for the other blocks
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>1ARK: A | PDBID | CHAIN | SEQUENCE
TAGKIFRAMYDYMAADADEVSFKDGDAIINVQAIDEGWMYGTVQRTGRTGMLPANYVEAT

EVS FKD GDA IIN VQA IDE GWM YGT VQR TGR TGM LPA NYV EAI

7 8 9 10 11 12 13 14 15 16 17 18 19 20
YGT YDY VQR MAA TGR DAD TGM EVS LPA FKD NYV GDA EAI IIN
14 4 15 5 16 6 17 7 18 8 19 9 20 10
EVS KIF LPA GWM FKD RAM NYV YGT GDA YDY EAI VQR IIN MAA

7 2 18 13 8 3 19 14 9 4 20 15 10 5
YGT TAG GDA TGM YDY IDE EAI EVS VQR KIF IIN LPA MAA GWM
14 1 9 17 4 12 20 7 15 2 10 18 5 13
EVS VQA VQR NYV KIF DAD IIN YGT LPA TAG MAA GDA GWM TGM

7 11 15 19 2 6 10 14 18 1 5 9 13 17

until a new permuted sequence was obtained. A schematic
explanation of the permutation schema is shown in Fig. 1.
The three-dimensional model structures of both natural and
permuted proteins were predicted using Rosetta (Rohl et al.
2004), a piece of ab initio protein structure prediction soft-
ware based on the assumption that local interactions bias the
conformation of sequence fragments in a polypeptide chain,
while global interactions determine the three-dimensional
structure with minimal energy (Rohl et al. 2004). For each
sequence, 25,000 decoys were generated and clustered
using the integrated clustering module. Only the best ranked
model proposed for each sequence was considered. The
predicted three-dimensional structures of native sequences
were calculated and used to test the setup applied in the ab
initio protocol. A comparison between experimental and
predicted structures is shown in Supplementary Fig. 1. The
overall fold stability was studied by performing 4 ns of
molecular dynamics (MD) simulation with Gromacs (Hess
et al. 2008) using the CHARMM 27 force field (MacKerell
et al. 1998). At 4 ns per system the overall simulation time
for all predictions was 200 ns. The total energy of the pro-
tein in solution was calculated with BLUUES (Walsh et al.
2012b). Disorder was predicted using ESpritz (Walsh et al.
2012a) and both secondary structure and aggregation pro-
pensity with PASTA 2.0 (Walsh et al. 2014).

Results

The aim of the present work was to elucidate the way evo-
Iution generated the variability observed among existing
protein folds. In this sense, we hypothesized a credible sce-
nario where several different sequences arose from a com-
mon mixture of short prebiotic polypeptide chains (e.g.,
a primordial broth). Starting from an existing protein, we
split the sequence into smaller segments of three amino
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acids each, then reassembled the blocks to obtain four new
shuffled sequences. The resulting sequences conserved the
same overall amino acid composition as the natural one,
but different internal organization, as shown in Fig. 1.

Fold analysis

The propensity of shuffled proteins to generate stable folds
was measured by calculating a three-dimensional structure
for each permuted sequence with Rosetta (Rohl et al. 2004).
Interpretations of the results described here are heavily
related to the validity of structures predicted using the ab
initio method. In a number of cases, Rosetta was shown to
perform fairly well and even produced near-atomic resolu-
tion structures (Bradley et al. 2005; Das and Baker 2008).
Our results for the natural proteins used in this research
confirm that the predictions are in most cases accurate
in terms of overall fold, secondary structure content, and
topology (Supplementary Fig. 1). The same protocol was
also applied to the shuffled sequences. The structures
obtained show that pseudo-proteins tend to assume a well-
ordered three-dimensional structure, with almost all predic-
tions promoting a compact fold (Fig. 2). Notably, in several
tests the structure obtained at permutation four resulted in
a completely different secondary structure content with
respect to the starting structure. This finding reinforces the
idea that the propensity to evolve different folds is an emer-
gent property of amino acid chains and clearly showed that
a sequence can freely evolve different three-dimensional
shapes when not constrained by the requirements of biolog-
ical evolution (De Lucrezia et al. 2012). An illustration of
this evidence may be given by the permutation of carnocyc-
lin (PDB code 2KJF) (Fig. 2). The native protein folds in an
all-a structure and is known to be very stable, with a fold
shared with other proteins of the bacteriocin family (Mar-
tin—Visscher et al. 2009). Owing to its important biological
function, the general fold of this protein family is largely
conserved between bacteria. When permuted, the protein
gave a wide spectrum of different organizations. Indeed,
its permutation generates a B-barrel-like, plain p-sheet, a—f
mixed, and finally an all-a structure, at permutation steps
1, 2, 3, and 4, respectively. Similar permutation behavior
was obtained for a trypsin inhibitor (PDB 1HX2) and avian
pancreatic polypeptide (PDB 1PPT). More generally, in all
simulations we observed an alternation between several
folds with the protein structure suddenly changing between
permutations. The result confirms in part what was previ-
ously reported by Luisi and co-workers (Chiarabelli et al.
2000), i.e., the identification of folded proteins emerging
from a random library. On the other hand, variability may
suggest that different folds can spontaneously derive from a
small sequence subset as obtained from only four permuta-
tion events.
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Fig. 2 Prediction of permuted proteins. Comparison between experi-
mental structure and predicted structures after permutation. Brown
represents the experimental structure; blue, purple, green, and orange
represent permutations 1, 2, 3, and 4, respectively. The corresponding
PDB code is reported on the left

Stability analysis
Every predicted protein, native or shuffled, went through

a short (4 ns) MD simulation with the aim of evaluating
the stability of the generated folds in aqueous solution.
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Counting every generated sequence and prediction, 50 MD
simulations were carried out and evaluated through both
visual inspection and root mean square deviation (RMSD)
plots. This helped direct visual detection of the most widely
fluctuating systems. For the majority of the targets this
revealed no wide nor fast misfolding behavior (Supplemen-
tary Fig. 2). The plots of the shuffled predictions in some
cases show slightly higher values than the predictions,
which is probably due to structural relaxation and energy
minimization. This behavior is also confirmed by the total
BLUUES (Walsh et al. 2012b) energy (see Fig. 3). A clear
example can be seen in carnocyclin (PDB code 2KJF),
where RMSD variation of the shuffled proteins reaches
500 % the native prediction, the highest overall value.
This can be partially explained by the non-shuffled predic-
tion RMSD plot, which has a rigid overall structure. This
protein also shows the highest variability among different
folds. However, no misfolding was observed during the
simulations. Although the simulation time for each model
was kept short because of the large number of systems to
test, no misfolding events were observed and in almost
all cases RMSD values were lower than 0.4 nm. Consid-
ering this result we can assume that permuted polypeptide
chains show a structural stability comparable to the natural
proteins.

Homology search and disorder analysis

In order to evaluate the effect of sequence similarity on
the permuted sequences, we performed a similarity search
with Blast (Altschul et al. 1997). The native sequences
were all identified, but the search for permuted sequences
gave no significant results. In other words, this finding
confirmed that the tested sequences should be considered
non-natural. Indeed, we were confident that structural
predictions were not (or minimally) influenced by homol-
ogy with other known proteins. The permutation of leech
carboxypeptidase inhibitor (PDB 1ZFI) presents another
peculiar result, showing a disordered fold for permutation 2
(Fig. 2). Similar results were also obtained for both avian
pancreatic polypeptide (PDB 1PPT) and the so-called bub-
ble protein (PDB 1UQY) at permutation 1. Intrinsically
disordered proteins are biological entities showing impor-
tant biological activities (i.e., protein—protein interaction)
characterized by existing in a constitutively unfolded state
(Iakoucheva et al. 2002). As Rosetta was not originally
developed to predict disorder, we tested the sequences
with ESpritz (Walsh et al. 2012a) to confirm this finding
(see Fig. 3). The analysis revealed that only few pseudo-
proteins tend to assume a disordered state as the main sec-
ondary structure organization. The average disorder content
(17.1 %) is slightly higher than the wild-type one (16 %),
with the notable exception of PDB code 1PPT. A similar
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but stronger trend is also observed for aggregation propen-
sities measured with PASTA 2.0 (Walsh et al. 2014), where
the overall percentage of aggregating residues rises from
11.45 t0 20.16 %, suggesting a negative selection for aggre-
gating sequences. Although consistent with structure pre-
diction, this finding should be considered only as prelimi-
nary, as low sequence similarity may induce the disorder
and aggregation predictors to produce false positive out-
put. Considering all results in a prebiotic context, we can
speculate that the major structural organization observed in
modern natural proteins can be evolved from a simple rear-
rangement of the same building blocks.

Discussion

Shared fold and sequence similarity are common traits of
modern proteins as shown in, e.g., the SCOP database (Mur-
zin et al. 1995). Current accepted theories explain this finding
assuming a hypothetical common ancestor from which all
modern organisms derived (Steel and Penny 2010; Theobald
2010). In other words, all current folds could have been fixed
when life emerged on Earth and survived until today owing
to their intrinsic stability. In this work, we explored one of
the possible solutions adopted by nature to generate different
folds from prebiotic-compatible building blocks. We shuffled
the sequences of natural proteins in order to obtain new per-
mutated proteins. In 2002, spontaneous formation of a chain
of 10-15 amino acids long in rigid prebiotic conditions was
reported (Commeyras et al. 2002). The authors suggested
that evolution of large proteins is compatible with a fickle
environment, at least chemically speaking. In this sense, we
hypothesized a scenario where different proto-proteins arose
from a mixture of short prebiotic polypeptides. In previous
work, Kauffman (2003) argued that the ability to act autono-
mously in an environment is a fundamental characteristic of
life. In other words, both diverse and stable folds provide the
stability needed for effective biological evolution. In 2006,
Luisi and co-workers reported that random small polypep-
tides spontaneously tend to assume both a compact and
stable conformation (Chiarabelli et al. 2006). It is useful to
recall that modern proteins share only a limited number of
folds, generally combined to form multi-domain architec-
tures (Pearl et al. 2005). One can argue that this is due to the
biological evolution, with modern folds representing the best
solution found by the nature to solve a specific problem. Our
opinion is that the modern folds may result from biological
evolution operating in the form of continuous finishing of
a finite set of randomly generated proto-folds. We demon-
strated that shuffled sequences may act as a basis to evolve
functional proteins, with the common secondary structure of
modern proteins well represented by a small set of permuted
sequences. Although meaningful, the results presented here
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are theoretical and their reliability is related to the validity
of the underlying in silico predictions. Previous work sug-
gested that folding is an innate property of amino acid chains
(Chiarabelli et al. 2006; Minervini et al. 2009; LaBean et al.
2011). Nevertheless, we found several sequences apparently
promoting disorder and characterized by low complexity.
During the last decade, disorder assumed relevance in pro-
tein science with a large number of intrinsically unstructured
proteins discovered to be involved in fundamental cellular
processes such as protein—protein interactions, scaffold-
ing, signaling, and transcription (Iakoucheva et al. 2002).
Our research suggested that both structured and intrinsically
unfolded proteins can evolve by means of simple amino acid
recombination. This finding, if experimentally validated, will
perhaps provide a better understanding of the driving forces
favoring the emergence of Life.
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