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ABSTRACT

Obijective: The frequencies of amino acids in proteins for different structural levels have been determined by many studies. However, due to the
different content of data sets, findings from these studies are inconsistent for some amino acids. This study aims to eliminate the contradictions
in the findings of the studies by determining the frequencies of the amino acids in all structural level of globular proteins.

Methods: The frequencies of the amino acids in overall protein, in secondary structural elements (helix, sheet, coil) and in subtypes of secondary
structural elements (a-, 1t-, and 3, -helices, and first, parallel and anti-parallel strands) were calculated separately using a data set including
4.882 dissimilar globular peptides. The frequencies of the amino acids were calculated as the ratio of the total number of a specific residue in
related structure to the total number of all residues in the related structure.

Results: The frequencies of residues determined in this study is partially in consistent with the other studies. The differences are probably due
to the data set contents of the studies. The frequencies of the amino acids in subtypes of secondary structural elements were determined for
the first time in this study.

Conclusion: Variations in the frequencies of PRO residue in 3,,-helix structure and of ILE, LEU, and VAL residues in strands of sheet structure
are valuable findings for the improvement of secondary structure prediction methods, as they can be used as secondary structural elements

markers.
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1. INTRODUCTION

The frequencies of amino acids in proteins could provide
important information about the nature of the proteins and
this information can be used in many application areas of
proteomics, molecular biology and bioinformatics. Because
of this, the frequencies of amino acids for both overall protein
structures (1-18) and specific peptide structures (19-39) are
constantly being investigated. Despite the partial consistency
in the results of these studies, there are some issues related
to the data set and methodology that need to be clarified
and improved.

Firstly, data set used in the studies must be homogenous in
regard of protein main class (i.e., globular, membrane, and
fibrous proteins). It must include only one type of protein
class. Otherwise, the information on amino acid frequencies
will be diluted and will not reflect the true nature of the
residue abundance, as each protein class has very different
amino acid content depending on the different sequence
and structural characteristics of the class. Likewise, findings

from studies based on specific species (10, 13, 16, 17) are not
conclusive in this regard. In order to attain a more qualified
level of homogeneity, proteins of extremophile organisms
should also be removed from the data set.

Secondly, studies also require layering of data set at the level
of subtypes of secondary structural elements of proteins.
That is, frequencies of the amino acids in proteins should
be determined for subtypes of helix (such as, a-, m-, and
3,helices) and of sheet (such as, first, parallel and anti-
parallel strands) structures. This approach will provide
further information about the residue frequencies. As stated
in previous paragraph, this layering method will also prevent
the information about frequencies from being masked which
caused by subtype heterogeneity.

Third issue concerns the similarity of the proteins in data set.
Similar proteins mostly have similar structure and residue
content. Thus, similar proteins change the weights of the
residue numbers towards their residue numbers, resulting

Clin Exp Health Sci 2023; 13: 261-266
ISSN:2459-1459

Copyright © 2023 Marmara University Press
DOI: 10.33808/clinexphealthsci. 1239176

©08]

Content of this journal is licensed under a Creative Commons
Attribution-NonCommercial 4.0 International License.


http://orcid.org/0000-0002-8293-1495

PRO, ILE LEU, and VAL Residues as Structural Markers

| Original Article |

in bias in residue frequencies. Since proteins with less than
25% similarity considered dissimilar, the similarity of proteins
in data set should not exceed this value. Because the whole
genome of a species includes many similar proteins (e.g. in
human genome, there are many similar G-Protein-Coupled-
Receptors [GPCR] and Guanine Nucleotide Binding Proteins
[G proteins]), this issue especially needs to be taken into
account in studies using the whole genome of a particular
species.

This study investigates the frequencies of amino acids in
globular proteins at different structural levels and aims
to contribute to resolve the inconsistencies in the findings
obtained from different studies. For these purposes, a
comprehensive and qualified data set which were obtained
from Nacar (40) was used in this study.

2. METHODS

2.1. Protein Data Set

Protein chain datasetwasobtained from Nacar(40). It contains
4,882 protein chains, all of which are globular peptides. Also,
it does not include any protein of extremophile organisms.
Protein structure files were downloaded from Protein Data
Bank (41). The lengths of peptide chains are longer than 80
residues. The sequence identity of any peptide pair is smaller
than 25%, ensuring that the peptides are not similar.

2.2. Peptide Sequences

Amino acid sequences of peptides were obtained from the
ATOM or HETATM entries of the Protein Data Bank (PDB)
files of the peptides. Modified residues were replaced
with original residues by referring to MODRES entry and
expression tags were removed using SEQADV entry data. In
this study, amino acids were represented using the three-
letter-code system of IUPAC-IUB.

2.3. Secondary Structural Elements

The regions corresponding to secondary structural elements
of peptides were determined according to the data deposited
in HELIX and SHEET entries of the PDB files of the peptides.
The regions other than helix and sheet were considered
random coil or loop.

2.4. Frequencies of Amino Acids

The frequencies of amino acids were determined for overall
peptides and, for each helix and sheet types and their
subtypes (a-helix, 3, -helix and first, parallel, anti-parallel
strands) separately. The frequencies of the amino acids were
calculated as the ratio of the total number of a specific residue
in related structure to the total number of all residues in the
related structure.

3. RESULTS

3.1. Distribution of Lengths of Peptides

Length distribution of the peptides were shown in Figure 1.
Lengths of peptides have a great variety, but most of them
lay in range of 80-to-500 residues, roughly. Peptides of 1,000
residues or longer were group into a single group as the last
item of the figure.
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Figure 1. Distribution of lengths of peptides. Most peptides are less
than 500 residues in length. Peptides of 1.000 residues or longer
were group into a single item.

3.2. Distribution of Secondary Structural Elements

4.882 protein chains contain 1,419,498 amino acids. Of these
amino acids, 613,334 (43.2 %) are located in the helix region,
344,676 (24.3 %) in the sheet region, and 461,488 (32.5 %)
in the coil region. Also, percentages of secondary structural
elements for each peptide of 4,882 chains were calculated
and shown in Table 1 as mean value (Mean) and standard
deviation (StdD). Despite the large standard deviation values,
the latter values are in consistent with the former ones.

Table 1. Distribution of secondary structural elements

Secondary structure Mean (%) StdD (%)
Overall 42.9 20.6
i a-Helix 37.8 20.6
310-Helix 5.2 3.4
Overall 22.6 13.9
'ga')' First Strand 4.0 33
2 Parallel Strand 13.7 12.8
Antiparallel Strand 4.8 5.4
Coil 344 10.4

The dominant secondary structural element in globular
proteins is helix structure and a-helix is the dominant subtype
in helix. Second most abundant element is random coil. The
less abundant one is the sheet structure. In sheet structure,
parallel strand is the most abundant subtype.
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Table 2. Amino acid frequencies of proteins and secondary structural elements

Amino acid Protein (%) Helix (%)

Coil (%)

Sheet (%)

Overall Overall a 310 Overall First Parallel Anti-Parallel Overall
ALA 83 10.6 11.0 7.9 6.5 5.7 7.0 6.5 6.4
ARG 5.1 5.7 5.9 4.7 4.7 5.1 35 51 4.6
ASN 43 4.0 3.9 5.0 25 2.7 2.6 2.5 5.8
ASP 6.0 6.0 5.7 8.3 33 3.6 3.2 3.2 8.1
CYs 14 1.2 1.2 1.3 1.7 1.6 1.7 1.8 13
GLN 3.7 4.5 4.6 3.8 2.9 35 1.9 3.1 33
GLU 6.4 8.0 8.2 73 45 5.6 3.2 4.6 5.6
GLY 7.3 4.9 4.7 6.7 4.9 4.1 5.1 5.0 123
HIS 2.5 24 23 2.8 2.5 2.7 24 25 2.6
ILE 55 5.1 5.4 3.6 9.4 8.8 12.4 8.4 3.1
LEU 9.2 11.0 113 8.9 10.4 8.9 11.8 10.2 5.9
LYS 5.4 6.0 6.1 5.4 4.2 4.9 31 44 5.6
MET 21 2.5 2.6 1.9 2.2 2.0 24 2.2 1.6
PHE 4.2 4.0 39 43 6.0 5.9 5.9 6.1 3.0
PRO 4.8 2.8 22 6.9 2.0 2.6 1.4 2.0 9.6
SER 6.1 5.9 5.6 7.5 53 5.9 45 5.4 7.0
THR 5.6 4.7 4.8 44 6.7 7.1 6.0 6.8 5.9
TRP 1.5 1.5 15 1.9 2.0 1.9 15 2.2 1.2
TYR 3.6 34 34 3.7 5.1 4.9 4.2 5.5 2.7
VAL 7.0 5.6 5.8 3.8 13.2 12.5 16.1 123 4.2

3.3. Amino Acid Frequencies in Overall Proteins and
Secondary Structural Elements

Frequencies of the amino acids are given in Table 2.
Frequencies of amino acids were determined for overall
protein, for secondary structure types (helix, sheet, and coil),
and for subtypes of secondary structural elements (a-helix,
3,,— helix or first, parallel and anti-parallel strands of sheet),
separately.

The most abundant amino acids in overall protein and overall
helix structures are LEU and ALA residues. The most abundant
residues in o-helix are LEU and ALA, while in 3, -helix
structure are LEU and ASP. The most abundant amino acids in
sheet structure and in its subtypes are VAL and LEU residues.
In parallel strand, there is also an abundance of ILE. In cail,
the most abundant amino acids are GLY and PRO. Since the
PRO residue is not abundant in helix and sheet structures,
the abundance of it in coil is quite remarkable. However, this
finding implies that PRO residue is excluded from the helix
and sheet structures due to its inability to form backbone
hydrogen bond.

The least abundant amino acids in overall protein, helix
and o-helix structures are TRP and CYS residues. Besides
those, MET is an another least abundant residue in 310-helix
structure. Because PRO residue lacks of free amino group, it
cannot form backbone hydrogen bond with carboxyl group
of other amino acids. Therefore, it is not expected to be

found in helix and sheet structures abundantly. However,
it is noteworthy that PRO has been found 3.1 times more
abundant is 3, -helix structure. The least abundant amino
acids in sheet structure are TRP, PRO and CYS. The least

abundant residues in coil structure are CYS and TRP.

3.4. Abundance of Modified Residues

0f 1,419,498 amino acids, 4,192 are chemically modified and
number of modified amino acids were presented in Table 3.
While MET, ASN and CYS amino acids are the most modified
residues, GLN, ILE and VAL residues have no modification.

Table 3. Number of modified residues

Amino Acid # Amino Acid #
ALA LEU
ARG LYS 86
ASN 223 MET 3663
ASP 2 PHE 1
CYsS 104 PRO 3
GLN 0 SER 27
GLU 22 THR 29
GLY 2 TRP 6
HIS 9 TYR 9
ILE 0 VAL 0
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4. DISCUSSION

Frequencies of amino acids from nine studies (1-9) and
this study tabulated in Table 4 for comparison. Because the
frequencies were not given in quantitative values (given only
in bar graphs), finding from other studies (10-12, 14-18) were
not included in Table 4. Protein databases used by 1, 2, 3, 4,
6, 8, and 9 are UnitProtKB, NCBI+KEGG, PDB, PDB, SwissProt,
OWL and SwissProt+PDB, respectively. Protein databases
used by 5 and 7 were not specified. Amino acid frequencies
in 4 were calculated from the Table | from Xia and Xie (9).
While study 1 included only globular proteins, the other
studies included various organisms/protein classes or they
did not specify the protein class.

Table 4. Comparison of frequencies of amino acids from different
sources (%)
Nacar 1 2* 3 4 5 6 7 8 9SP 9PDB
ALA 83 78 111 83 113 82 76 74 75 79 7.7
ARG 5.1 47 41 47 49 52 52 42 52 54 4.9
ASN 43 41 50 48 36 44 44 44 46 41 4.6
ASP 6.0 51 50 59 49 53 53 59 52 54 5.8
CYs 1.4 16 04 15 15 11 16 33 18 15 1.7
GLN 3.7 38 59 37 38 36 39 37 41 40 4.0
GLU 6.4 71 59 61 65 65 65 58 63 67 6.7
GLY 73 61 163 79 55 69 69 74 71 70 7.2
HIS 2.5 23 19 22 22 21 22 29 22 23 2.4
ILE 5.5 55 35 55 61 68 59 38 55 59 5.6
LEU 9.2 108 57 84 98 101 95 76 91 97 8.7
LYS 54 54 21 58 59 60 60 72 58 59 6.4
MET 2.1 24 05 21 33 23 24 18 28 24 2.2
PHE 4.2 45 34 40 41 43 41 40 39 40 4.0
PRO 48 47 21 47 27 43 49 50 51 48 4.6
SER 6.1 77 118 61 52 65 71 81 74 68 6.2
THR 5.6 49 57 59 54 53 56 62 60 54 5.6
TRP 1.5 13 02 15 15 11 12 13 13 11 14
TYR 3.6 36 27 37 36 33 32 33 33 30 3.5
VAL 7.0 65 56 69 79 69 66 68 65 67 6.7

1 - Tripathi, Tripathi, Gupta 2014 6 — Varfolomeev, Uporov, Fedorov 2002
2 — Moura, Savageau, Alves 2013 7 —King and Jukes 1969

*ASN/ASP and GLN/GLU frequencies recalculated

3 - Baud and Karlin 1999
4 - Xia and Xie 2002

8 - Trinquier and Sanejouand 1998
9 - Vacic, Uversky, Dunker, Lonardi 2007
SP: SwissProt

5 — Itzkovitz and Alon 2022 PDB: Protein Data Bank

Evaluating the Table 4 as a whole, it is observed that the
frequencies of the ARG, ASN, ASP, GLU, HIS, PHE, THR, TYR,
and VAL residues are nearly the same. The frequencies of
remaining residues almost are the same except those all
remaining residues of 2, ALA, GLY and PRO residues of 4, and
CYS, ILE, LEU residues of 7.

Because study 1 based on globular proteins, its findings are
comparable to this study. Despite the different data set sizes
(study 1 included 557 peptides while Nacar (40) included
4,882 peptides), findings of these two studies are highly
consistent, except for residues ASP, GLY, LEU and SER. The

inconsistencies in frequencies for these residues are no more
than 25%. Therefore, findings of this study contribute to the
frequencies of ASP, GLY, LEU and SER amino acids in globular
proteins.

The frequencies of amino acids in secondary structural
elements of proteins from two studies (1, 9) and this study
given in Table 5. Amino acid frequencies in 1 and 2 were
calculated using data provided by Xia and Xie (9) and Baud
and Karlin (1), respectively. Frequencies of residues in helix
are almost completely consistent. But, in sheet and coil
structures, inconsistency prevails. In sheet structure, the
remarkable differences exist in frequencies of ILE, LEU and
VAL residues. In the coil region of the peptide, most of the
residues, except CYS, HIS, MET, PHE, TRP, TYR, and VAL, are
conspicuous in regard of frequency changes, especially ALA,
ASP, GLY, and PRO.

Table 5. Comparison of amino acid frequencies of secondary
structural elements from different sources

Overall (%) Helix (%) Sheet (%) Coil (%)
Amino

Acid Nacar 1 2 Nacar 1 2  Nacar 1 2 Nacar 1

ALA 83 113 83 106 11.2 117 65 68 42 64 464
ARG 51 49 47 57 56 57 47 41 28 46 20
ASN 43 36 48 40 39 38 25 32 19 58 37
ASP 60 49 59 60 54 53 33 40 20 81 48
CYs 14 15 15 12 13 11 17 20 13 13 10
GLN 37 38 37 45 43 47 29 31 19 33 18
GLU 64 65 61 80 77 86 45 48 29 56 33
GLY 73 55 79 49 50 40 49 61 33 123 76
HIS 25 22 22 24 21 20 25 24 15 26 13
ILE 55 61 55 51 52 56 94 83 63 31 17
LEU 92 98 84 110 105 111 104 92 63 59 34
LYs 54 59 58 60 66 66 42 49 30 56 32
MET 21 33 21 25 36 27 22 30 15 16 16
PHE 42 41 40 40 38 40 60 50 37 30 14
PRO 48 27 47 28 26 24 20 28 13 96 37
SER 61 52 61 59 51 50 53 57 33 70 43
THR 56 54 59 47 48 44 67 68 48 59 38
TRP 15 15 15 15 14 16 20 18 13 12 07
TYR 36 36 37 34 33 36 51 46 35 27 16
VAL 70 79 69 56 65 60 132 112 85 42 26

1-Xia and Xie 2002
2 —Baud and Karlin 1999

Since the protein classes in the studies of 1 and 2 were
not specified, these comparisons are valid to some extent.
Despite this drawback, findings of this study are more reliable
because of the comprehensive and qualified data set used in
the study.

CYS and TRP amino acids are the least abundant residues
in nearly all protein secondary structure. A biophysical
explanation of this finding is probably based on functional
and structural characteristics of the residues. The main
function of CYS residue in protein is to establish disulfide
bond between two CYS residues. This bond is an extremely
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important biophysical determinant in stability of the peptide.
However, the number of disulfide bonds in protein is very
limited. Therefore, low frequency of the CYS in protein
reflects this fact. TRP residue has an indole ring as side chain
and this side chain remains very large compared to the side
chains of the other amino acids. This spatial property of TRP
cause difficulties in positioning of it in protein structure. This
is the possible biophysical reason for the low frequency of
TRP in the protein.

Despite there are few studies on the frequencies of amino
acids in secondary structural elements of protein (1, 9), there
is not any study on the frequencies of the residues in subtypes
of secondary structural elements (i.e., a-, -, 3,,~helix or first,
parallel, anti-parallel strands of sheet structure). Therefore,
residue frequencies in subtypes of secondary structural
elements were determined for the first time in this study and
presented in Table 2. Although the frequencies of most of the
residues do not vary with subtype, it is worth discussing a few
them. The frequency of PRO residue in 3, -helix is 3,1 times
higher than in a-helix. This remarkable increase is probably
again related to its backbone hydrogen bond forming
capability. 3, -helix is a loose and short helix type. Its length
generally spans several amino acids and backbone hydrogen
bonds are formed between (n):(n+5) residues. Since the
length is so short, most of the residues in 3, -helix cannot
form a backbone hydrogen bond due to the (n):(n+5) pattern
restriction. Therefore, the reduction in the requirement of
backbone hydrogen bond formation in 3, -helix removes the
biophysical barriers to PRO’s presence in the helix and its
frequency in 3 -helix increases. The frequencies of ILE, LEU
and VAL residues are higher in parallel strand than in first and
anti-parallel strands. The frequency differences of the other
residues are negligible. While the insights from the findings of
this part are relatively minor, they are valuable for improving
the understanding of the biophysical characteristics of the
secondary structure of the protein. Besides, these findings
may provide important information for secondary structure
prediction algorithms. The differences in frequencies of these
residues depending on subtypes can make them markers of
subtypes and can be used in prediction algorithms.

5. CONCLUSION

The findings of this study are more conclusive than other
studies due to the comprehensive and distinctive data
set used in the study. The data set only includes globular
proteins (excludes the extremophile proteins) with a
similarity less than 25%. So, the results obtained from
this study can eliminate the contradictions in amino acid
frequencies in the scientific literature. In addition, the fact
that the frequency variations of amino acids according to the
subtypes of secondary structural elements were investigated
for the first time in this study makes the findings of this study
valuable in the field of research. Therefore, these findings
may contribute the understanding of the structural features
of protein secondary structure and to the improvement of
the secondary structure prediction algorithms.
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