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Hydrophobic force is a key factor for the three-dimensional structure and stability that 
a protein will adopt. It is important to understand how hydrophobic interactions affect 
the protein folding process for a protein to become functional. In SARS-CoV-2, SARS-
CoV, and MERS-CoV, spike protein serves as both the primary structural protein and a 
multifunctional protein. The authors aim to investigate the secondary structure of spike 
protein sequences of three primary coronaviruses corresponding to the stretches of 
consecutive hydrophobic amino acid residues by developing and implementing 
computer programs. Besides the primary sequences, similar investigations were 
carried out for other aligned sequences from different coronaviruses and source 
organisms. Understanding the potential impacts of hydrophobic amino acid residues in 
spike protein would be helpful to gain insight into its stability and thus, aid in the study 
of viral pathogenicity as well as their implications effects on immunogenicity and 
treatment. 
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1. Introduction 
 

The protein’s native structure is governed by the balance between various competing forces; the 
primary force exerting the most significant influence on the three-dimensional structure, stability, 
and folding of a protein is the hydrophobic force [1-3]. To keep the protein stable and biologically 
active, hydrophobic interactions are essential [4-6]. The primary structure of a protein refers to the 
sequential arrangement of amino acids within the polypeptide chain, while protein secondary 
structures encompass repetitive and regular conformations of the polypeptide chain [7]. The 
interaction between neighbouring or long-distance amino acid residues is represented by protein 
secondary structures [7,8] which fundamentally include alpha helix, beta sheet and coil [7,9,10]. 

A new coronavirus known as the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-
2) is the cause behind COVID-19 disease. The Severe Acute Respiratory Syndrome Coronavirus (SARS-
CoV), and the Middle East Respiratory Syndrome Coronavirus (MERS-CoV) which were responsible 
for the preceding epidemics in 2002 and 2012, respectively., are known to cause fatal pneumonia 
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[11-18]. According to research by Hatmal et al., SARS-CoV-2, SARS-CoV and MERS-CoV coronaviruses 
are genetically highly similar, although there are significant changes between them at the level of 
protein production [19]. The structural proteins of these coronavirus strains are majorly responsible 
for the infection. Amongst structural proteins, spike protein is the most crucial for both viral 
pathogenesis and the infection process [12]. The spike protein is a primary target for the 
development of antibodies as it is present in all coronaviruses [8,20]. The spike protein is a Type-I 
transmembrane (TM) glycoprotein that serves as a homotrimer on the viral surface and is crucial for 
viral attachment and entrance into host cells as well as binding to ACE2 receptors [11,19,21]. 

Quantitative studies of hydrophobic mapping of protein sequences and secondary structure 
configuration would offer major insights into the structural elements crucial to structural stability for 
several significant challenges in molecular biology, including protein-protein interactions, protein 
folding, tertiary properties, and protein-nucleic acid interactions [22,23]. The protein structure of the 
virus is crucial to its functions, and a variation in shape of the structure might result in non-functional 
proteins by affecting its functionalities, virulence, infectiousness, and transmissibility [8].  

A missing or wrong amino acid can cause proteins to misfold, resulting in proteins with different 
properties that may lead to diseases. Therefore, an understanding of amino acid residues and protein 
structure is vital in protein research [9,24,25]. Cognizance of stability and structural integrity of the 
spike protein can be gained by investigating quantitative distribution of hydrophobic residues which 
can be carried out using an experimental scale of Fauchere & Pliska [4,22,26-29]. In the present 
investigation, the authors aim to examine the presence of consecutive aromatic or aliphatic 
hydrophobic amino acid residues and their correlation with secondary structure elements of the 
spike protein sequences of SARS-CoV-2, SARS-CoV, and MERS-CoV along with their aligned protein 
sequences. The authors followed a computational approach in order to carry out this investigation. 

  
2. Methodology  
2.1 Selection of Protein Sequences 

 
The spike protein sequence of three primary coronavirus sequences (SARS-CoV-2 UniProt ID: 

P0DTC2, SARS-CoV UniProt ID: P59594, and MERS-CoV UniProt ID: A0A7D5J875) and their aligned 
protein sequences as obtained with BLAST tool was considered for this investigation. Through the 
utilization of the BLASTP sequence alignment tool 42, 48, and 153 aligned protein sequences have 
been observed for the primary spike protein sequences of SARS-CoV-2, SARS-CoV, and MERS-CoV, 
respectively. Based on E-value < 10-5 and specific query coverage range, the aligned sequences have 
been selected for further analysis [22,30-32]. 

Furthermore, multiple sequence alignment was carried out using ClustalW [33,34], and the 
highest alignment scored protein sequences were identified. In Figure 1, the Venn diagram illustrates 
the grouping of the different aligned protein sequences in reference to the spike protein sequence 
of the three primary coronaviruses. In addition to the three primary spike protein sequences, there 
were twelve more protein sequences, which were aligned to at least either of the three. So, in total 
there were fifteen protein sequences selected for further analysis. 
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Fig. 1. Primary and aligned protein sequences related to SARS-CoV-2, SARS-CoV, 
and MERS-CoV [30] 

 
2.2 Determination of Hydrophobic Stretches  

 
The authors wanted to investigate the presence of stretches of consecutive hydrophobic amino 

acids (HS) in the spike protein sequence of primary sequences and their aligned sequences. In order 
to do so, they considered the presence of minimum of three consecutive hydrophobic 
(aromatic/aliphatic) amino acids as one hydrophobic stretch; consecutive pairwise presence of 
hydrophobic amino acids may be too frequent and hence, was not considered as a hydrophobic 
stretch. 
 

 
Fig. 2. Flowchart of the program to identify and 
determine essential details of hydrophobic stretches 
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A C++ program ‘hspseq.cpp’ had been devised to determine the hydrophobic stretches (HS) with 
respective details for each of the fifteen protein sequences considered in this study. The downloaded 
fasta sequences of SARS-CoV-2, SARS-CoV, and MERS-CoV spike proteins and their aligned sequences 
were used as input to the C++ program. On executing the program, output files were generated 
showing the hydrophobic stretches with the position, stretch length, aromatic and aliphatic length 
for each protein sequence. The uniqueness of the program lies in identification of three or more 
consecutive aromatic and aliphatic hydrophobic amino acid residues in each protein sequence. The 
flowchart of the program to identify the hydrophobic stretches in each protein sequence has been 
described below (Figure 2). 

 
2.3 Determination of Secondary Structure 

 
A BhageerathH+ software that requires amino acid sequence information in FASTA (*.fasta) 

format as an input has been used to get the secondary structure. BhageerathH+ is consisting of three 
major steps in its algorithm which include structure creation for conformation sampling, scoring the 
structures to identify the best conformation as well as optimization of side chains. While carrying out 
the above processes it can also deliver information about protein annotation [35-37]. On executing 
BhageerathH+ software on spike protein and their aligned sequences, an output file containing 
information about the secondary structure elements of each of the protein sequences was 
generated. This was used as an input file for another C++ program ‘seconhs.cpp’. This program was 
developed to determine hydrophobic stretches of each of the primary spike protein sequence of 
coronavirus as well as their aligned protein sequences along with their respective secondary 
structure; the flowchart of the program has been revealed in Figure 3. 

 

 
Fig. 3. Flowchart of the program to identify and 
determine secondary structure elements corresponding 
to all hydrophobic stretches 

 
The output of the program exhibited specific details about secondary structure elements, i.e., 

beta sheet (E), alpha helix (H), and coils (C) of each of the residues present in hydrophobic stretches 
for all the protein sequences of this study. To normalize the results, percentage of hydrophobic 
stretches on different secondary structure elements was also determined. 
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3. Results  
 
The provided methodology was employed to examine and compare the hydrophobic stretches 

and secondary structure of protein sequences from the spike proteins of three coronavirus strains, 
SARS-CoV-2, SARS-CoV, and MERS-CoV, and their corresponding aligned sequences. which involved 
the implementation of different computational tools and execution of specifically designed computer 
programs. 

 
3.1 Multiple Sequence Alignment 

 
The Bioinformatics tool, ClustalW [33] was employed to determine the sequence similarity and 

identity among the best-aligned spike protein sequences of SARS-CoV-2, SARS-CoV, and MERS-CoV 
(SI Table 1). The twelve aligned protein sequences were examined. It was observed that some of the 
sequences had the highest alignment score with one another while others had the lowest (SI Table 
1). The protein sequence 3JCL_A exhibited optimal alignment with the protein sequence 6VSJ_A, 
achieving a 98% alignment score. This indicates a high degree of similarity in the amino acid 
sequences between these two IDs, and both PDB IDs are associated with the Murine Hepatitis Virus 
(MHV-A59). Among the twelve aligned protein sequences, two protein sequences with ID  3JCL_A 
and 6VSJ_A were aligned with all three spike protein sequences of coronavirus strains. Based on the 
alignment score, it can be mentioned that the protein sequences which were found in human 
coronavirus (HCoV-NL63, HCoV-HKU1, and HCoV-OC43) with IDs 7KIP_A, 5I08_A, and 6NZK_A [38] 
can be considered to be unique as they had a very low alignment score with all other protein 
sequences in this group. 

PDB ID 5X59_A appeared to be the closest relative of PDB IDs 6NB3_A and 5W9H_A with 99% and 
98% alignment scores and all were associated to Middle East Respiratory Syndrome (MERS-CoV). The 
alignment score between protein sequence 6NB3_A and 5W9H_A was 97%. Likewise, the protein 
sequence of PDB IDs 7EY0_A, 7CN8_A, 7BBH_A, and 7N1Q_A had the alignment score varying in the 
range from 85% to 95% between each other, and the two PDB IDs, 7EY0_A and 7N1Q, belong to the 
SARS-CoV-2 and other two PDB IDs, 7CN8_A and 7BBH_A were related to the Pangolin Coronavirus. 
Interestingly, all four were found to be aligned with MERS CoV. Phylogenetic analysis done by  Zheng 
and Song [39], as well as Verma and Subbarao [20], also revealed the similarity among these protein 
sequences. The evolutionary relationship of these viruses was also indicated by other researchers 
which supports this multiple sequence alignment results [19,40,41]. 

 
3.2 Determination of Hydrophobic Stretches 

 
On identifying the different hydrophobic stretches (HS) of fifteen protein sequences related to 

the spike protein of coronavirus, it was observed that the maximum hydrophobic stretch length was 
fourteen residues long and the minimum length as considered was three (Methodology Section – 
determination of hydrophobic stretches). 

In Figure 4, the frequency plot highlighted the distribution of hydrophobic stretches in all the 
sequences. As per probability (Figure 4(a)) it is obvious that the presence of consecutive 
three/four/five/six hydrophobic amino acids would be more frequent compared to the higher length 
hydrophobic stretches, so the authors applied a second filter here and for further investigation 
considered hydrophobic stretches whose length was minimum seven residues long (Figure 4(b)). 
From Figure 4(b), it can be mentioned that the highest number of hydrophobic stretches were seven 
residues long, followed closely by hydrophobic stretches which were eight residues long. 
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(a) (b) 

Fig. 4. Distribution of Hydrophobic Stretches (HS) (a) Minimum to maximum HS length (b) Selected 
to maximum HS length 

 
3.3 Determination of Secondary Structure 

 
The secondary structure elements corresponding to the different hydrophobic stretches for all 

the protein sequences were identified by executing the designed program ‘seconhs.cpp’. The 
distribution of hydrophobic stretches on different types of secondary structure elements were 
illustrated in Table 1 and Table 2. The maximum number of hydrophobic stretches was identified for 
the protein sequence 6NZK_A (HCoV-OC43) whereas the minimum number of stretches occurred in 
two protein sequences, 3JCL_A (MHV-A59) and 5X59_A (MERS-CoV).  Notably, all these three 
sequences were best aligned with SARS-CoV-2 and SARS-CoV coronavirus. 

In case of determination of the secondary structure elements (Table 1), the percentage of the 
beta sheet (E), alpha helix (H), and coil (C) corresponding to the hydrophobic stretches varied from 
25.33% to 42.31%, 7.04% to 24.36%, and 18.18% to 34.72% in all the protein sequences, respectively. 
Also, there were some stretches identified where on a single hydrophobic stretch, different 
secondary structure elements occurred. The percentage of hydrophobic stretches with combination 
of both beta sheet and coil varied in the range of 1.28% to 30.68% whereas that of alpha helix and 
coil was 1.28% to 10.96%, which was comparatively lesser than the range variation for beta sheet 
and coil combination. 

It was observed that a greater number of hydrophobic stretches lay on only one type of secondary 
structure element, i.e., beta sheet/alpha helix/coil, followed by hydrophobic stretches on 
combination of beta sheet and coil. The distribution of hydrophobic stretches on combination of 
alpha helix and coil was comparatively much lower and was quite similar to the percentage of 
hydrophobic stretches on beta sheet and alpha helix combination. For the miscellaneous secondary 
structure element on hydrophobic stretches, the percentage was very less, approximately 1% (Table 
1). It was interesting to note that there were some protein sequences in which not even a single 
hydrophobic stretch corresponded to beta sheet and helix combination or the miscellaneous 
secondary structure combination. 

The Protein sequence of 3JCL_A which was common with primary spike protein sequence of 
SARS-CoV-2, SARS-CoV, and MERS-CoV, had the minimum percentage of alpha helix and 
comparatively higher percentage of miscellaneous secondary structures among all the protein 
sequences.  Also, it had nearly similar number of hydrophobic stretches as MERS-CoV and nearly 
similar percentage of beta-sheet elements with SARS-CoV and SARS-CoV-2. 
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In comparison to spike protein sequences of SARS-CoV-2, SARS-CoV, MERS-CoV, and their aligned 
sequences, it was observed that the maximum percentage of one type of secondary structure 
element i.e., beta sheet and alpha helix, and the minimum percentage of combination of beta sheet 
and coil as well as combination of alpha helix and coil lie on the hydrophobic stretches that belongs 
to spike protein sequence of SARS-CoV-2. Interestingly, the percentage of the beta sheet was more 
than alpha helix in the spike protein sequence of SARS-CoV-2. In silico results here indicate that 
increased number of beta sheets were present on hydrophobic stretches of spike protein sequence 
of SARS-CoV-2. Experimental findings of D’Arco et al., also endorsed the fact that SARS-CoV-2 was 
found to have significantly large proportion of intermolecular beta sheets [12]. Also, in three primary 
spike protein sequences of SARS-CoV-2, SARS-CoV, and MERS-CoV, the percentage of secondary 
structure elements was much higher than the twelve aligned spike protein sequences.  

In this work, authors have identified the multiple stretches of consecutive hydrophobic 
aromatic/aliphatic amino acid residues and determined their respective secondary structure 
conformation. Hydrophobic stretches predominantly laid on beta sheet even for the primary spike 
protein sequence of SARS-CoV-2, SARS-CoV, and MERS-CoV. On close inspection, it further revealed 
that the presence of beta sheet and alpha helix are highest on SARS-CoV-2. Coils can be more easily 
mutated than beta sheets and alpha helices. Beta sheets exhibit a greater susceptibility to mutations 
compared to alpha helices., but without any change in their secondary structure conformation [42]. 
 
Table 1 
Hydrophobic stretches (HS) on secondary structure of primary and aligned protein sequences related to 
SARS-CoV-2, SARS-CoV, and MERS-CoV 

Sr. No. ID Percentage of Hydrophobic Stretches lying on Total 
Number 
of HS 

Beta 
Sheet(E) 

Alpha 
Helix 
(H) 

Coil 
(C) 

Beta 
Sheet + 
Alpha 
Helix 

Beta 
Sheet 
+ Coil 

Alpha 
Helix + 
Coil 

Miscellaneous 
(Beta Sheet + 
Alpha Helix + Coil) 

1 UniProt ID 
P0DTC2 

42.31 24.36 30.77 - 1.28 1.28 - 78 

2 UniProt ID 
P59594 

40.79 21.05 28.95 - 6.58 2.63 - 76 

3 UniProt ID 
A0A7D5J875 

41.67 19.44 34.72 - 2.78 1.39 - 72 

4 PDB ID 
5I08_A 

35.37 10.97 26.83 1.22 15.85 8.54 1.22 82 

5 PDB ID 
3JCL_A 

40.85 7.04 19.72 - 22.53 8.45 1.41 71 

6 PDB ID 
6VSJ_A 

35.14 10.81 20.27 - 24.32 8.11 1.35 74 

7 PDB ID 
6NZK_A 

36.05 16.28 18.6 - 20.93 6.98 1.16 86 

8 PDB ID 
5X59_A 

30.98 9.86 28.17 - 19.72 9.86 1.41 71 

9 PDB ID 
6NB3_A 

25.33 13.33 24 1.33 30.68 4 1.33 75 

10 PDB ID 
5W9H_A 

30.14 10.96 26.02 - 20.55 10.96 1.37 73 

11 PDB ID  
7KIP_A 

35.8 18.52 19.75 - 18.52 6.17 1.24 81 

12 PDB ID 
7EY0_A 

27.63 13.16 23.68 1.32 26.31 6.58 1.32 76 
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13 PDB ID 
7CN8_A 

29.49 14.1 24.36 - 25.64 6.41 - 78 

14 PDB ID 
7BBH_A 

29.27 12.19 26.83 1.22 21.95 8.54 - 82 

15 PDB ID 
7N1Q_A 

27.27 18.18 18.18 - 25.97 7.8 1.3 77 

 
Based on the details inferred regarding secondary structure elements (Table 1), the hydrophobic 

stretches of length seven and above (Result and Discussion section 3.2) for the three primary protein 
sequences were considered to correlate the hydrophobic amino acid stretches with secondary 
structure elements, shown in Table 2 and Figure 5 to 7. All the hydrophobic stretches were 
considered highly hydrophobic as the maximum number of hydrophobic amino acid residues, like 
leucine, phenylalanine, alanine, and valine were present there [43]. The similar details of 
hydrophobic stretches of remaining twelve protein sequences showed that beta sheet dominated in 
majority of the protein sequences, however, alpha helix dominated in the hydrophobic stretches of 
few protein sequences like 6VSJ_A, 7KIP_A, 7BBH_A, and 7N1Q_A (Table 2). 
 
Table 2 
Hydrophobic stretches (HS) corresponding to secondary structure elements of spike protein sequences of 
SARS-CoV-2, SARS-CoV, MERS-CoV, and their aligned sequences 

Sr. 
No. 

HS Position Stretch 
Length 

Aromatic 
Length 

Aliphatic 
Length 

Secondary Structure of 
Respective residue 

UniProt ID P0DTC2 
1 MFVFLVLLPLV 01-11 11 2 9 CEEEEECCCHH 
2 WFHAIHV 64-70 7 4 3 EEEEECC 
3 VPVAIHA 620- 626 7 1 6 CCEEEEC 
4 WPWYIWL 1212-1218 7 4 3 HHHHHHH 
5 LIAIVMV 1224-1230 7 0 7 HHHHHHH 
UniProt ID P59594 
1 MFIFLLFL 01-08 8 3 5 CCCCCCCH 
2 WPWYVWL 1194-1200 7 4 3 HHHHHHH 
3 LIAIVMV 1206-1212 7 0 7 HHHHHHH 
UniProt ID: A0A7D5J875 
1 VFLLMFLL 5-12 8 2 6 HHHCHHCC 
2 IYPAFML 143- 149 7 2 5 HCCEEEE 
3 AWAAFYVY 309- 316 8 4 4 CCCCEEEE 
4 FAAIPFA 967- 973 7 2 5 HCCCCHH 
5 WPWYIWL 1295-1301 7 4 3 HHHHHHH 
6 LVALALCVFFILCC 1307-1320 14 2 12 HHHHHHHHHHHHHH 
PDB ID 5I08_A 
1 WLYFHFY 184- 190 7 6 1 EEEEEEE 
2 VFYAYYA 195- 201 7 4 3 EEEEEEE 
3 HYYVMPL 221- 227 7 3 4 EEEEEEE 
4 VAAMFPPW 951- 958 8 2 6 HHHHCCCC 
PDB ID 3JCL_A 
1 AFYFHFY 187- 193 7 6 1 EEEEEEE 
2 YYVLPFIC 225- 232 8 3 5 EEEEEEEE 
3 AAAMFPPW 919- 926 8 2 6 HHHHCCCC 
PDB ID 6VSJ_A 
1 VALVFMVVYI 7-16 10 2 8 HHHHHHHHHH 
2 AFYFHFY 208- 214 7 6 1 EEEEEEE 
3 YYVLPFIC 246- 253 8 3 5 EEEEEEEE 
4 AAAMFPPW 940- 947 8 2 6 HHHHCCCC 
5 HHHHHHHH 1268-1275 8 8 0 CCCCCCCC 
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PDB ID 6NZK_A 
1 YLYFHFY 221- 227 7 6 1 EEEEEEE 
2 HYYVMPL 258- 264 7 3 4 EEEEEEE 
PDB ID 5X59_A 
1 IYPAFML 126- 132 7 2 5 HCCEEEE 
2 AWAAFYVY 292- 299 8 4 4 CCCCEEEE 
3 FAAIPFA 950- 956 7 2 5 HCCCCHH 
PDB ID 6NB3_A 
1 IYPAFML 157- 163 7 2 5 CCCCEEE 
2 AWAAFYVY 323- 330 8 4 4 CCCEEEEE 
3 FAAIPFA 981- 987 7 2 5 EEECCHH 
4 HHHHHHHH 1352-1359 8 8 0 CCCCCCCC 
PDB ID 5W9H_A 
1 VFLLMFLL 5-12 8 2 6 HHHHHHCC 
2 IYPAFML 143- 149 7 2 5 HCCEEEE 
3 AWAAFYVY 309- 316 8 4 4 CCCCEEEE 
4 FAAIPFA 967- 973 7 2 5 HCCCCHH 
PDB ID 7KIP_A 
1 LFLILLVLPLA 3-13 11 1 10 CEEHHCCCCHH 
2 FYVPAAY 160- 166 7 3 4 EECCCCC 
3 YVALPIYY 473- 480 8 3 5 EEECCCEE 
4 WPWWVWLII 1295-1303 9 4 5 HHHHHHHHH 
5 VVFVVLL 1305-1311 7 1 6 HHHHHHH 
6 LLVFCCL 1313-1319 7 1 6 HHHHHHH 
PDB ID 7EY0_A 
1 MFVFLVLLPLV 1-11 11 2 9 CCEECCCCHHH 
2 WFHAIHV 64-70 7 4 3 EEECCCC 
3 VPVAIHA 617- 623 7 1 6 CCEEEEC 
4 HHHHHHHH 1247-1254 8 8 0 CCCCCCCC 
PDB ID 7CN8_A 
1 MFVFLFVLPLV 1-11 11 3 8 CEEEEEECCCC 
2 VPMAIHA 618- 624 7 1 6 CCCEEEC 
3 HHHHHHHH 1247-1254 8 8 0 CCCCCCCC 
PDB ID 7BBH_A 
1 MLFFFFLHFALV 1-12 12 6 6 CCHHHHHHHHHH 
2 VPVAIHA 616- 622 7 1 6 CCEEEEC 
PDB ID 7N1Q_A 
1 MFVFLVLLPLV 1-11 11 2 9 CCEECCCHHHH 
2 WFHAIHV 64-70 7 4 3 EEECEEC 
3 VPVAIHA 617- 623 7 1 6 CCCEEEC 
4 WPWYIWL 1209-1215 7 4 3 HHHHHHH 
5 LIAIVMV 1221-1227 7 0 7 HHHHHHH 

 
Based on the results given in Table 1, it was observed that the hydrophobic stretches with beta 

sheet (E) were dominant for all the three primary spike protein sequences of SARS-CoV-2, SARS-CoV, 
and MERS-CoV. The authors were interested to closely investigate the hydrophobic stretches of 
length greater than equal to the chosen length of the hydrophobic stretches i.e., seven amino acid 
length (Table 2). On ChimeraX software [44-46], the three- dimensional structure of these three 
primary spike protein sequences was investigated and the hydrophobic stretches were highlighted in 
blue (Figures 5 to 7). 

In spike protein sequence of SARS-CoV-2, HS 4, and HS 5 whereas in SARS-CoV, HS 2 and HS 3, 
and in MERS-CoV, HS 5 and HS 6 corresponded to the alpha helix element of the secondary structure. 
Interestingly the HS 5 of SARS-CoV-2 and HS 3 of SARS-CoV spike protein sequence were identical 
both in terms of amino acid content and secondary structure elements; however, positional 
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occurrence of the respective HS was different in the two protein sequences. A similar result was 
identified for HS 4 of SARS-CoV-2 with respect to HS 5 of MERS-CoV. Comparing the HS 4 of SARS-
CoV-2 with HS 2 of SARS-CoV, it was noticed that in the otherwise identical stretch, the fifth residue 
of this hydrophobic stretch has been replaced. This finding indicates that with evolution of the spike 
protein of coronavirus, replacement of this aliphatic hydrophobic amino acid has possibly occurred. 
It can be said that a lower scale valued hydrophobic aliphatic amino acid, valine has been replaced 
by a higher-scale valued isoleucine [29]. Metsuki et al., and He et al., suggested that a virus can resist 
neutralizing antibodies by changing just one amino acid [47,48]. This possibly can be a reason for this 
aliphatic hydrophobic replacement as identified in this study. 

 

 
Fig. 5. Hydrophobic stretches (HS) of spike protein sequence of SARS-CoV-2 (a) All hydrophobic 
stretches (HS); (b)-(f) Specific hydrophobic stretches (HS 1 to HS 5) 
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Fig. 6. Hydrophobic Stretches (HS) of spike protein sequence of SARS-CoV (a) All hydrophobic 
stretches (HS); (b)-(d) Specific hydrophobic stretches (HS 1 to HS 3) 

 

 
Fig. 7. Hydrophobic Stretches (HS) of spike protein of MERS-CoV; (a) All hydrophobic stretches (HS); 
(b) – (g) Specific hydrophobic stretches (HS 1 to HS 6) 
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In the hydrophobic stretches compared, it was recognized that the total length of hydrophobic 
stretch was approximately in same range of seven to eight amino acid length. Moreover, aliphatic 
length was higher compared to aromatic length for all hydrophobic stretches; this observation is 
endorsed by the fact that probability of occurrence of seven aliphatic amino acid residues was more 
than that of four aromatic amino acid residues [29]. Results of this investigation get endorsed by the 
findings of Xia who stated the conserved nature of hydrophobic residues, in SARS-CoV-2 in general, 
and also mentioned that it is preferable to develop antiviral medications or vaccines that only target 
highly conserved areas [49], thus, highlighting the significance of this result. Among the three primary 
coronavirus sequences, the hydrophobic stretch with maximum length had been identified in MERS-
CoV.  

In general, hydrophobic residues have large R-group and their specific geometry is also critical for 
a stable protein structure. If such hydrophobic residues appear consecutively in long stretches, it 
might lead towards an unstable structure [5]. Findings here indicate that even for spike protein 
sequences, large hydrophobic stretches are very rare [25] whereas frequency of hydrophobic 
stretches with lower number of amino acid residues is more. The fact that too many consecutive 
amino acid residues may create instability but at the same time their presence in small stretches 
would enhance the stability is well illustrated in this work. 

In this paper, authors focussed on the secondary structure elements of the hydrophobic stretches 
and interestingly found the propensity of beta sheet highest on hydrophobic stretches of SARS-CoV-
2 and closely followed by MERS-CoV and SARS-CoV. Using Infrared Vibrational spectroscopy 
technique D’Arco et al., also showed the propensity of beta sheet following an increasing trend from 
MERS-CoV to SARS-CoV-2 through SARS-CoV [12]. Through in silico investigation of the spike protein 
sequence of SARS-CoV-2, SARS-CoV and MERS-CoV, the authors identified that amino acids in 
positions 1212 – 1217 lie on helical region; experimental work done by Lie et al., using NMR technique 
endorsed that the same stretch lies on helical region [11]. Estimation of the potential effects of 
consecutive hydrophobic amino acid residues in spike protein and their correlation with secondary 
structure elements may provide significant lead towards computational life sciences and drug 
designing. 

 
4. Conclusions 

 
In this paper, stretches of consecutive hydrophobic residues for spike protein sequences of 

coronavirus strains SARS-CoV-2, SARS-CoV, MERS-CoV, and their aligned sequences have been 
identified, along with their corresponding secondary structure elements. The propensity of 
hydrophobic stretches on a particular type of secondary structure was determined and conserved 
hydrophobic stretches were also identified. It can be inferred that the distribution of amino acid 
residues and secondary structure within hydrophobic stretches is distinctive in SARS-CoV-2 when 
compared to MERS-CoV and SARS-CoV. The spike protein sequence of SARS-CoV-2 presents a higher 
percentage of hydrophobic stretches on beta sheet, thus, indicating a more stable protein structure. 
Quantitative investigation of consecutive hydrophobic residues will give an insight into the protein 
structure at molecular level and its stability. This might facilitate further investigation regarding 
pathogenicity, evolution, and transmission of these viruses, thus helping in drug development. 
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