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ABSTRACT
Number of naturally occurring primary sequences of proteins is an infinitesimally small subset of the
possible number of primary sequences that can be synthesized using 20 amino acids. Prevailing views
ascribe this to slow and incremental mutational/selection evolutionary mechanisms. However, consid-
ering the large number of avenues available in form of diversity of emerging/evolving and/or disap-
pearing living systems for exploring the primary sequence space over the evolutionary time scale of
�3.5 billion years, this remains a conjecture. Therefore, to investigate primary sequence space limita-
tions, we carried out a systematic study for finding primary sequences absent in nature. We report the
discovery of the smallest peptide sequence “Cysteine-Glutamine-Tryptophan-Tryptophan” that is not
found in over half-a-million curated protein sequences in the Uniprot (Swiss-Prot) database.
Additionally, we report a library of 83605 pentapeptides that are not found in any of the known pro-
tein sequences. Compositional analyses of these absent primary sequences yield a remarkably strong
power relationship between the percentage occurrence of individual amino acids in all known protein
sequences and their respective frequency of occurrence in the absent peptides, regardless of their spe-
cific position in the sequences. If random evolutionary mechanisms were responsible for limitations to
the primary sequence space, then one would not expect any relationship between compositions of
available and absent primary sequences. Thus, we conclusively show that stoichiometric constraints on
amino acids limit the primary sequence space of proteins in nature. We discuss the possibly profound
implications of our findings in both evolutionary and synthetic biology.
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Introduction

There has been a recent burst of exciting research in de
novo protein design. From creation of small peptides with
specific structural and functional features (Bhardwaj et al.,
2016; Chevalier et al., 2017) to engineering of larger assem-
blies with specific functionalities (Boyken et al., 2019; Dou
et al., 2018; Koepnick et al., 2019; Langan et al., 2019; Marcos
et al., 2018; Ng et al., 2019; Shen et al., 2018), de novo pro-
tein design is pushing the boundaries of the evolutionarily
available protein space. In large part, this was pre-empted by
a review (Huang, Boyken, & Baker, 2016) in which the scope
of naturally unexplored protein primary sequence space was
highlighted – this was numerically in contrast to Levinthal’s
observations on the large conformational space that cannot
be explored by primary sequences (Levinthal, 1968; 1969).
On one hand, Levinthal’s paradox (Levinthal, 1968; 1969)
captures the importance of structural constraints in protein
folding– complete conformational space available to a pro-
tein sequence cannot be sampled to arrive at a single func-
tional conformation within time constraints of life. On the
other hand, it was surmised that the primary sequence space
of proteins is actually not constrained (Huang et al., 2016) –
it is conjectured that the slow and incremental evolutionary

mechanisms have allowed only a limited exploration of the
primary sequence by living systems using 20 amino acids.
However, is the natural proteins’ primary sequence space
really beyond any constraints? Till date there is no systematic
and direct study on exploring limitations of the primary
sequence space of natural proteins, if any exist. The only
indirect investigations have been dominated by deriving pro-
pensities/statistical potentials for amino acids (and/or their
groups) based on their presence in specific structural fea-
tures (Chothia, 1992; Karplus & Kuriyan, 2005; Pauling, Corey,
& Branson, 1951; Rose, Fleming, Banavar, & Maritan, 2006).
The first clues on possible compositional constraints in pri-
mary sequences of naturally occurring folded proteins were
provided by the discovery of “stoichiometric margins of life”
– referring to lower than statistically expected standard devi-
ations of mean occurrences of amino acids in sequences of
naturally occurring folded proteins (Mezei, 2011; Mittal,
Jayaram, Shenoy, & Bawa, 2010; Mittal & Jayaram, 2011a;
2011b). However those compositional constraints were
derived from structural data, without considering the order
of amino acids occurring in primary sequences. Therefore,
they also do not address possible limitations to the primary
sequence space in natural proteins, if any exist. In complete
contrast to the above, systematic investigations for several
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decades have uncovered conformational limitations for nat-
ural proteins thereby moving towards resolving of the
Levinthal’s paradox. While Ramachandran’s plot
(Ramachandran, Ramakrishnan, & Sasisekharan, 1963) pro-
vided steric constraints applicable to amino acids in folded
protein structures, Anfinsen’s experiments (Anfinsen, 1973;
Anfinsen, Haber, Sela, & White, 1961) provided insights into
constraints on the structural space of folded proteins via
energy-driven conformational memory. Subsequently, studies
on the protein folding problem have focused, over the years,
on structure prediction from a given primary sequence based
on searching for lowest possible energy configurations
(Baldwin, 1995; Dill & Chan, 1997; Huang et al., 2016;
Wolynes, Onuchic, & Thirumalai, 1995).

In view of the above, we carried out a systematic investi-
gation on exploring possible constraints to the primary
sequence space of natural proteins. First we computationally
synthesized all possible peptides up to pentapeptides using
the 20 amino acids. That gave us over three million peptides
(3368400). Then we counted the number of times each of
these peptides occur in more than half-a-million (560459)
“manually annotated and reviewed” (curated) primary
sequences from Uniprot: Swiss-Prot (UniProt Consortium,
2019), using every possible reading frame of the primary
sequence depending on the length of the peptide being
searched. We report the remarkable discovery of one (01)
tetrapeptide and over eighty thousand pentapeptides that
do not occur in these known primary sequences. We also
report that the total number of times amino acids occur in
the absent pentaptides has a very strong mathematical rela-
tionship with the percentage occurrence of the respective
amino acids in all known primary sequences. This conclu-
sively demonstrates that the primary sequence space of nat-
ural proteins is largely limited by relative abundance of the
available amino acids. Finally, the discovery of library of small
peptides (1 tetra- and 83605 penta- peptides) not found in
nature is expected to provide strong support to the efforts
of de novo protein design beyond the natural collection.

Methods

Complete sequence data was downloaded from Uniprot
(Swiss-prot) on 28th July 2019 as per instructions provided for
offline analyses. Results presented are from this dataset. The
list of all computationally synthesized peptides (400 dipepti-
des, 8000 tripeptides, 160000 tetrapeptides and 3200000 pen-
tapeptides) and their respective number of occurrences in all
curated sequences in Uniprot (Swiss-Prot) are provided in
“.csv” format at the following link: “http://web.iitd.ac.in/
�amittal/Data_Mittal_etal_JBSD.html”.

The percentage occurrence of amino acids in all known
curated sequences was obtained directly from “Amino acid
distribution statistics” in the “Statistics” link – “UniProtKB/
Swiss-Prot UniProt release 2019_07 Jul-31, 2019”. An earlier
download of complete sequence data on 15th February 2019
was done to develop and test the analytical codes. Negligible
differences (almost nil) in the results were obtained from the
two datasets. Coding was done in Python for counting the

number of occurrences of peptides. Independent coding was
done in Java to confirm accuracy of the results.

Results and discussion

Computational synthesis of peptides and searching for
their presence

We first downloaded all the curated sequences available in
Uniprot (Swiss-Prot); total sequences ¼ 560459. Next, using
the 20 standard natural amino acids, we computationally syn-
thesized libraries of dipeptides (total ¼ 20x20¼ 400), tripepti-
des (total ¼ 20x20x20¼ 8000), tetrapeptides (total ¼
20x20x20x20¼ 160000) and pentapeptides (total ¼
20x20x20x20x20¼ 3200000). Then, by reading each sequence
from amino-to-carboxy terminals, we counted number of
times each peptide occurred all of the sequences – libraries of
the synthesized peptides and their respective number of
occurrences can be downloaded from “http://web.iitd.ac.in/
�amittal/Data_Mittal_etal_JBSD.html”. For the purpose of
counting presence of a peptide, number of reading frames for
each sequence was equal to the peptide size. Thus, to count
number of times a given dipeptide occurs in a given sequence,
two reading frames starting from the first two amino acids
respectively were utilized, and so on as shown in Figure 1a.
The primary goal was to identify those peptides that were
absent from the Uniprot (Swiss-Prot) database. Therefore, we
identified how many, and which, peptides did not occur even
once in the sequence data. While all 400 dipeptides and 8000
tripeptides were found to be present multiple times, exactly
one (01) tetrapeptide and 83605 pentapeptides were absent in
the sequences, regardless of reading frames. The one tetrapep-
tide that was absent is “CQWW” (Cysteine-Glutamine-
Tryptophan-Tryptophan). The list of absent pentapeptides, in
“.csv” format, is available for downloading at “http://web.iitd.
ac.in/�amittal/Data_Mittal_etal_JBSD.html”.

Stoichiometric constraints on amino acids limit the
natural primary sequence space

The next step was detailed compositional analyses of the
absent peptides along with investigation of possible physico-
chemical reasons for their absence. From the compiled list of
the absent pentapeptides, we first counted number of times
each of the 20 residues appeared at positions 1 to 5. To our
surprise, we found that the number of occurrences for any
given residue in any of the five positions was similar, as shown
in Figure 1b. While all 20 amino acids have different number of
occurrences in the absent pentapeptides, each amino acid
occurs almost equal number of times in each of the five posi-
tions of the absent pentapeptides. This implies that the prob-
ability of occurrence of a given amino acid was the same in
the absent peptide regardless of its position. In order to under-
stand this apparently strange observation, we plotted the
average occurrence of each amino acid in the absent penta-
peptides vs. percentage occurrence of that amino acid in the
Uniprot (Swiss-Prot) database. Figure 1c shows that there is a
remarkably strong mathematical power relationship between
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occurrence of amino acids in the absent pentapeptides and
the percentage occurrence of the amino acids in the naturally
occurring primary sequences. Such a strong relationship
clearly shows that the absent primary sequences (i.e. the pen-
tapeptides in this case) and naturally present primary sequen-
ces are constrained by the same amino acid frequencies.
Figures 1d, e show that the absent pentapeptide compositions
are independent of other physico-chemical properties of the
constituting amino acids. Therefore, it is clear that relative
availability of amino acids (i.e. their stoichiometric proportions)
is solely responsible for dictating which primary sequences
exist and which do not. Hence, not only is the natural primary
sequence space limited, but it is limited by the stoichiometric
constraints on the constituting amino acids.

Implications in evolutionary and synthetic biology

Substantial work related to protein folding and function is
dedicated to understanding constraints in the structural
space for proteins. Here we provide the first direct insight

into the constraints on natural protein sequence space. The
absence of a single tetrapeptide “CQWW” (out of 160000
possible tetrapeptides) in all known protein sequence is
interesting by itself. However, it extends to the fact that any
sequence of the form … .CQWW… . does not exist or has
not yet been found in naturally occurring (curated) sequen-
ces. Similarly, the absence of >2.6% of possible pentapepti-
des (83605 out of 3200000) further widens the constraints
on natural sequence space. Remarkably, the constraints on
the sequence space result from constraints on stoichiometric
proportions of amino acids, most likely resulting from the
“margin of life” discovered earlier (Mezei, 2011; Mittal et al.,
2010; Mittal & Jayaram, 2011a; 2011b).

Discovery of absence small peptides (and larger sequen-
ces including them) opens up fascinating avenues in evolu-
tionary biology. Were these peptides ever present? Is the
absence of these peptides reflected at the genome level or
at the translational level or only at the amino acid level? For
example, CQWW can have 4 DNA sequences with 12 bases
each depending on the number of codons for each residue
(2 for C, 2 for Q, 1 for W; possible DNA sequences

Figure 1. Counting peptides in primary sequences and compositional analyses of absent pentapeptides. (a) Examples are shown for dipeptides and tripeptides.
Non-standard amino acid letters, i.e. BJOUXZ, were not counted for compiling the number of times a given peptide occurs in a given sequence – the total occur-
rences of non-standard amino acid letters was negligible (�0.5%). (b) Total number of occurrences of each amino acid residue at positions 1 to 5 (X1 to X5) in
83605 pentapeptides not found in any of the protein sequences (Uniprot–Swiss-Prot). (c) Number occurrences of amino acids (regardless of positions X1 to X5) in
the absent pentapeptides, Y, is mathematically related to their respective percentage occurrence�, P, in all known sequences by the equation Y¼ 19240 p�1.2706.
(d) Number of occurrences of amino acids (regardless of positions X1 to X5) in the absent pentapeptides is independent of their respective pI and pKa values. (e)
Number of occurrences of amino acids (regardless of positions X1 to X5) in the absent pentapeptides is independent of their respective molecular weights and
hydropathy indices. Note that the number of occurrences of amino acids in the absent pentapeptides are shown as mean ± standard deviation (n¼ 5, for positions
X1 to X5) in (b), (c) and (d). Also note that from (a) the number of occurrences for any given amino acid is similar, regardless of the position, and hence standard
deviation of the mean is very small. � The percentage occurrence of amino acids in all known curated sequences was obtained directly from “Amino acid distribu-
tion statistics” in the “Statistics” link – “UniProtKB/Swiss-Prot UniProt release 2019_07 Jul-31, 2019”.

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS 4581



corresponding to CQWW ¼ 2x2x1x1¼ 4). Thus, either the 12-
mer DNA sequences do not exist for some reasons including
but not limited to codon usage (Mittal & Jayaram, 2012). Or,
if they do exist, then these are never translated into protein
sequences for some reason(s) including, but not limited to,
inadequate availability of the individual amino acids and/or
their respective tRNAs.

In relation to the above, it is pertinent to mention that
there have been a few of earlier attempts at discovering
absent peptides (Navon et al., 2016; Otaki, Ienaka, Gotoh, &
Yamamoto, 2005; Pozna�nski et al., 2018; Tuller, Chor, &
Nelson, 2007). However, those attempts neither verified and/
or considered curation of protein sequence data (i.e. non-
verified protein sequences and/or protein sequences pre-
dicted from non-coding regions were also included) nor
were the absent peptides compositionally compared to
sequences specifically found in nature as shown in Figure 1c
here. Further, for some reasons (including, but not limited to,
possible computational flaws or inclusion of non-curated pro-
tein sequence data) the absent tetrapeptide “CQWW” remain
undiscovered in spite of the fact that the datasets used ear-
lier were much smaller subsets of the protein sequence data
used here (i.e. size of the datasets chosen was smaller than
that in this study). Finally, in spite of finding absence of
some peptides or unexpected/anomalous occurrence pat-
terns of peptides in their respective datasets, the earlier stud-
ies completely missed investigations on compositional
relationships (or lack of) between the peptides and the
actual sequences in their respective datasets. Thus, the dis-
covery of stoichiometric constraints on amino acids in pro-
tein sequences resulting in absent peptides eluded the
earlier attempts.

Results reported here also open fascinating avenues in
synthetic biology. Either by specific expression of the discov-
ered peptides, or by exogenous chemical synthesis of the
discovered peptides, it would be interesting to note how liv-
ing systems interact with such peptides that do not appar-
ently exist in nature. On one hand, this opens wonderful
avenues to explore useful applications of the discovered
peptides – one such example being possible modulation of
immune responses due to varying immunogenicity of such
peptides (Patel et al., 2012). On the other hand, it may be a
natural warning regarding possible (toxic) negative effects of
these peptides on living systems – one such example being
the reported toxicity of rare/absent peptides on cell lines
(Alileche & Hampikian, 2017). Regardless, the discovered
library of absent peptides provides a nice complementary
data set in systematic efforts towards explorations of de
novo protein design.
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