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Abstract

:

In this study, experimental tests, together with computer analyses, were carried out to identify the essential nutritional markers that can offer protein supplementation-based nutrition support for hypertension. In particular, 16 marine shellfish proteins were firstly screened for in silico hydrolysis by gastrointestinal enzymes and then the binding abilities of the obtained oligopeptides to angiotensin-converting enzyme (ACE) were examined. In addition, the ACE inhibition activities of selected oligopeptides were assayed in vitro. It was discovered that mussel-derived NADH dehydrogenase and AMP-activated protein kinase and razor-clam-derived cytochrome b, NADH dehydrogenase, and ATP synthase were excellent sources of protein that are able to release a high amount of ACE-binding peptides. Meanwhile, four oligopeptides (SCCGY, SSGAW, PICQF, and IQPEW) were detected as strong ACE binders, with IC50 values of 0.09, 0.25, 0.41, and 0.60 mM, respectively. Therefore, our findings demonstrate that shellfish proteins can serve as nutritional support for hypertension when patients are supplemented with these markers. In particular, oligopeptides are identified as the most promising compounds.
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1. Introduction


As one of the most common chronic diseases, hypertension is associated with many other diseases such as cardiovascular diseases, arteriosclerosis, and stroke. Now, it is estimated that the total number of worldwide hypertension patients is approximately 1 billion and will increase to more than 1.6 billion by 2025 [1], and it kills 9 million people annually [2].



Angiotensin I-converting enzyme (ACE) is a crucial enzyme in regulating blood pressure, as it can transform angiotensin I to angiotensin II in the human renin-angiotensin system and also convert vasodilator bradykinin into an inactive peptide via kallikrein–kinin systems [3]. Therefore, ACE is demonstrated as a potential target for antihypertensive agents. Currently, synthetic ACE inhibitors, including captopril, benazepril, enalapril, and perindopril, are associated with various side effects, such as coughing, taste disturbance, allergic reactions, and skin rashes [4]. This raises the need to find more ACE inhibitors with less adverse effects for hypertension management [5].



Food-derived ACE inhibitors have become popular in hypertension management due to their fewer number of adverse effects. A number of ACE inhibitory peptides have been detected from marine sources, such as algae protein [6], sardine protein [7], cod skin gelatin [8], salmon byproduct protein [9], and sea cucumbers [10]. However, shellfish-derived ACE inhibitory peptides have been rarely reported, although a few examples are available, such as cyclina sinensis protein [11] and pearl oyster protein [12].



It is noted that the entire process of isolating ACE inhibitory peptides from natural proteins by conventional methods is cumbersome and time consuming. Generally, several steps are involved, such as membrane separation, ion exchange chromatography, gel permeation chromatography, and high-performance liquid chromatography, which greatly complicates the preparation process and increases the cost [13]. Alternatively, computer-aided prediction and identification of food-protein-derived bioactive peptides has become a feasible method [14]. Compared with traditional experimental studies, in silico analyses are time saving and more economical to quickly discover novel ACE inhibitory peptides. For example, Fu et al. [15] used in silico proteolysis to identify ACE inhibitory peptides from bovine collagen, and the most active one was identified as a pentapeptide (Gly-Pro-Arg-Gly-Phe). Similarly, an in silico analysis was carried out to predict the likelihood of obtaining ACE inhibitory peptides from oat protein hydrolysates, and nine peptides (FFG, IFFFL, PFL, WWK, WCY, FPIL, CPA, FLLA, and FEPL) were found to inhibit ACE by between 86.5 ± 10.7% and 96.5 ± 25.8% [16].



More importantly, proteins will be degraded to amino acids or peptides after gastrointestinal consumption; hence, the nutritional value of protein supplements is dependent on the released peptides after degradation in the gastrointestinal tract. To keep the released peptides active after ingestion, they have to be resistant to gastrointestinal degradation [17]. The goal of this study is to identify shellfish-derived proteins and peptides to be supplemented in the diet of hypertensive patients, which is expected to help lower blood pressure. Specifically, in silico gastrointestinal proteolysis was performed on marine shellfish proteins, producing a large number of peptides. Additionally, the binding abilities of these peptides to the key target ACE were then computationally accessed, whereas the in vitro ACE inhibitory activities of the identified peptides were further confirmed by experimental results. Thus, proteins with a high content of ACE-binding peptides are expected to provide nutritional support for hypertensive patients. In particular, the identified peptides with a high binding ability to ACE can serve as the leading compounds in the development of ACE inhibitors.




2. Materials and Methods


2.1. In Silico Proteolysis


Sixteen proteins (https://www.ncbi.nlm.nih.gov/protein/, accessed on 3 March 2022) from four species of marine shellfish (razor clams, clams, scallops, and mussels) were selected (Table 1). The in silico proteolysis (pepsin, trypsin, and chymotrypsin) (no order) was performed using the BIOPEP-UWM database [18]. The theoretical degree of hydrolysis (TDH) was calculated using the following equation: TDH = d/D × 100%, where d is the number of hydrolyzed peptide bonds and D is the total number of peptide bonds in a protein chain.




2.2. Molecular Docking


Using HPEPDOCK software [19], ACE (PDB code: 2XY9) was docked to the oligopeptides generated by in silico hydrolysis. LigPlot [20] was employed to determine the binding residues of the selected high-affinity oligopeptides to the target ACE. The occurrence frequency (F) of oligopeptides (2 ≤ peptide length ≤ 5) with a high binding affinity (docking score ≤ −110) was determined as follows: F = N/L, where N is the number of high-affinity oligopeptides within the protein chain of length L.




2.3. In Vitro ACE Activity


The selected oligopeptides (PICQF, IQPEW, VQPEW, SCCGY, SSGAW, VICGH, and ISGTF) were synthesized (Yuanpeptide Co., Ltd. Nangjing, China). The samples (50 μL, 1 mg/mL) and enzymes (50 μ L, pH 8.3, 150 mM Tris HCl buffer solution) were mixed (37 °C, 10 min), then the substrate (200 μL, 0.45 mM) ABZ Gly phe-(NO2)-Pro and buffer solution (pH 8.3, 1.125 M NaCl, 150 mM Tris HCl) were added (37 °C, 30 min), and the fluorescence intensity (FLU) of the product o-aminobenzoylglycine (ABZ-Gly) was immediately determined at wavelengths of 355 nm and 405 nm. The ACE enzyme inhibition rate was calculated as follows:


  A C E   i n h i b i t i o n   r a t e   %   =   1 −     F L U   s a m p l e   −   F L U   b a c k g r o u n d       F L U   c o n t r o l   −   F L U   c o n t r o l b a c k g r o u n d       × 100  








where FLUsample, FLUbackground, FLUcontrol, and FLUcontrolbackground represent the absorbance of the corresponding group. Each group was repeated 3 times.




2.4. Statistical Analysis


Each treatment was performed in triplicate, the values were expressed as mean values ± standard deviation, the significance level between different groups was p < 0.05, and statistical analyses were conducted by a one-way ANOVA using SPSS 22.0 (SPSS Software Inc., Chicago, IL, USA).





3. Results


3.1. In Silico Gastrointestinal Enzyme Hydrolysis


In order to obtain bioactive peptides with resistance to gastrointestinal degradation, sixteen proteins from four species of shellfish (razor clams, clams, scallops, and mussels) were in silico digested by three enzymes (pepsin, trypsin, and chymotrypsin). It can be seen from Figure 1 that the theoretical degrees of hydrolysis (TDH) were within the range of 32.1–48%, and the largest TDH was achieved by cytochrome b from mussels (48%). On the other hand, hydrolysates were mainly composed of amino acids, oligopeptides (2 ≤ peptide length ≤ 5), and a few polypeptides (peptide length > 5). The most amino acids (97) and oligopeptides (95) were generated by mussel-derived cytochrome b, while the highest proportions of oligopeptides were produced by razor-clam-derived NADH dehydrogenase (57.6%) and ferritin (57.7%) and mussel-derived ATP synthase (57.8%).




3.2. Binding Ability of the Digested Peptides to Angiotensin-Converting Enzyme


The released oligopeptides (2 ≤ peptide length ≤ 5) by in silico digestion of 16 proteins were docked to angiotensin-converting enzyme. Table 1 presents the high-affinity oligopeptides with a binding score of <−110. The results indicated that mussel-derived NADH dehydrogenase possessed the largest F value (0.0721), followed by razor-clam-derived cytochrome b, NADH dehydrogenase, and ATP synthase, as well as mussel-derived AMP-activated protein kinase, which also had the largest F values (>0.06).



There were 18 top high-affinity oligopeptides with a binding score of <−180 (Table 2). Subsequently, seven peptides (IQPEW, PICQF, VQPEW, SCCGY, SSGAW, VICGH, and ISGTF) were synthesized, and their ACE inhibition activities are presented in Figure 2. The data indicated that SCCGY, PICQF, and SSGAW had strong inhibition activities, with inhibition percentages of 96.04%, 89.755, and 82.72%, respectively, at the concentration of 2 mM. The IC50 values of SCCGY, SSGAW, IQPEW, PICQF, and VQPEW were determined as 0.09883, 0.2529, 0.6098, 0.4131, and 1.189 mM, respectively.



The interactions of SCCGY and PICQF with the target protein ACE are shown in Figure 3 and Figure 4. For SCCGY and ACE (Figure 3A), seven pairs of hydrogen bonds were formed: Cys 2 (peptide) vs. Cys 3 (peptide), Gly 4 (peptide) vs. Ala354 (ACE), Gly 4 (peptide) vs. His353 (ACE), Gly 4 (peptide) vs. His513 (ACE), Gly 4 (peptide) vs. Tyr5 (peptide), Gly 4 (peptide) vs. Gln281 (ACE), and Gly 4 (peptide) vs. Asp415 (ACE). There were eight residues involved in hydrophobic contacts: His387, Phe512, Ser355, Ala356, His410, Val518, Phe457, and Phe 527 (Figure 3B). For PICQF and ACE (Figure 4A), three pairs of hydrogen bonds existed: Cys 3 (peptide) vs. Ala 356 (enzyme), Gln 4 (peptide) vs. Arg 522 (enzyme), and Phe 5 (peptide) vs. Arg 124 (enzyme). In addition, 13 residues were involved in hydrophobic contacts: Trp 59, Tyr 62, Ile 88, His 353, Ala 354, Ser 355, Trp 357, His 387, Glu 411, Phe 512, His 513, Pro 519, and Tyr 523 (Figure 4B).





4. Discussion


It is known that resistance to degradation of gastrointestinal enzymes and subsequent adsorption via intestinal cells are required for the orally digested peptides to exert bioactivity in vivo [21]. Hence, this study firstly employed in silico proteolysis of 16 proteins by gastrointestinal enzymes to obtain peptides, and then focused on oligopeptides with 2–5 amino acids only, which are considered to be trans-epithelially absorbable or transportable by specific transport systems, including the PepT1 or PepT2 transporter-mediated transport system for di- and tri-peptides [22] and the SOPT1/SOPT2 system for tetra- and penta-peptides [23]. Based on these facts, a number of oligopeptides (2 ≤ peptide length ≤ 5) from 16 shellfish proteins were investigated for their binding ability to angiotensin-converting enzyme. The present data demonstrated that mussel-derived NADH dehydrogenase could be a good source of potent binders to target protein ACE, with a frequency value (F = 0.0721) of high-affinity oligopeptides. Moreover, razor-clam-derived cytochrome b and ATP synthase were also good selections for strong binders, with F values of 0.0604 and 0.0603, respectively. Thus, it could be helpful for to supplement hypertensive patients with these proteins or protein extracts from razor clams or mussels.



The amino acid composition of a peptide is important for its activity [24]. It was reported that N-terminal amino acids with a high frequency of occurrence were leucine (L), valine (V), isoleucine (I), alanine (A), glycine (G), tyrosine (Y), and phenylalanine (F). Among them, L has the highest frequency at 14.70%. The C-terminal amino acids with a higher frequency of occurrence were proline (P), tyrosine (Y), phenylalanine (F.), isoleucine (I), and leucine (L). Among them, P has the highest frequency at 23.21% [25]. In this study, 18 top high-affinity oligopeptides were identified as binding to angiotensin-converting enzyme (Table 2). The proportion of these oligopeptides containing hydrophobic N- or C-terminals is 88.9%, suggesting the importance of hydrophobic amino acids. This is consistent with a previous report that hydrophobic amino acids have a good inhibitory activity [26] and are more common clinically than hydrophilic-based amino acids [27]. Moreover, among the identified oligopeptides, there are five abundant residues: hydrophobic valine (V, 22.2%) and isoleucine (I, 22.2%) and hydrophilic serine (S, 33.3%) in the N-terminal, and hydrophobic tryptophan (W, 33.3%) and phenylalanine (F, 38.9%) in the C-terminal. This is partly consistent with the above results and supports previous reports that valine (V) may contribute to the inhibitory activity of antihypertensive peptides [28] and that the presence of aliphatic or aromatic amino acids at the N- or C-terminus can enhance the inhibitory activity [29].



Angiotensin-converting enzyme is a major target for lowering blood pressure and its inhibition will leads to an overall antihypertensive effect. Many angiotensin converting enzyme inhibitory peptides have been identified from food sources, including various marine animals [30]. Ngo et al. [8] utilized several enzymes (pepsin, papain, alpha-chymotrypsin, trypsin, neutrase, and alcalase) to hydrolyze Pacific cod skin and two ACE inhibitory peptides, GASSGMPG and LAVA, were obtained with IC50 values of 6.9 and 14.5 μM, respectively. Je et al. [31] found that the peptide CNVPLSP isolated from seahorses (Hippocampus abdominalis) showed a potent ACE inhibitory effect with an IC50 value of 0.088 ± 0.002 mg/mL. Kang et al. [32] purified a peptide (LWHTH) from the marine animal Styela clava, which inhibited ACE with an IC50 value of 16.42 +/− 0.45 μM. In particular, some marine shellfish-derived peptides were found to have ACE inhibitory activities, such as, oyster protein peptide VVYPWTTQRF (IC50 = 0.066 mM) [33], fresh water clam muscle protein peptide VKK (IC50 = 1.045 mM) [34], and pearl oyster meat protein-derived peptides HLHT and GWA (0.458 and 0.109 mM, respectively) [12]. In this study, the in vitro activity assay showed that SCCGY, SSGAW, IQPEW, and PICQF exhibited strong inhibition of ACE, with IC50 values of 0.09883, 0.2529, 0.6098, and 0.4131 mM, respectively. Thus, the ACE inhibitory activities of the peptides (SCCGY, SSGAW, IQPEW, and PICQF) identified by the present computational strategy were moderate compared with previous reports.



Generally, there are three main active-site pockets (S1, S2, and S1′) in the ACE enzyme. The residues Ala354, Glu384, and Tyr523 are included in the S1 pocket; the residues Gln281, His353, Lys511, His513, and Tyr520 are included in the S2 pocket; and the Glu162 residue is included in S1′ pocket [35]. In the present study, SCCGY formed hydrogen bonds with Ala354 of S1 as well as Gln281 and His353 of S2 (Figure 3B). PICQF had hydrophobic contacts with Ala354 of S1 as well as His353 and His513 of S2 (Figure 4B). It was reported that Ala354 is an important residue of ACE, interacting with its inhibitor lisinopril [36]. This suggested the potential for ACE inhibition.



At last, the limitation of this study is that the present results were obtained by in silico proteolysis; real gastrointestinal digestion is involved in sequential digestion by enzymatic proteolysis (e.g., pepsin, trypsin, pancreatin, and other enzymes), which is a very complicated process; thus, a more detailed study on sequential digestion of protein hydrolysates is necessary. On the other hand, even the strongest peptide SCCGY (IC50 = 0.09883 mM) was weaker than captopril (IC50 = 0.017 mM), which is known as a potent, competitive inhibitor of ACE [37]. It is worth pointing out that comparing these IC50 values is not suitable if they are not obtained with same method and under same conditions. Nonetheless, these peptides deserve further study in vivo to confirm their activities due to the fact that food-derived peptides should be safer than chemical agents.




5. Conclusions


The present study developed a novel computational strategy to evaluate the potential of shellfish proteins for releasing ACE inhibitory peptides, and the results indicated that some proteins from razor clams or mussel could be a good source of ACE-binding peptides. Furthermore, some shellfish-derived oligopeptides with strong ACE-binding abilities were identified and validated. This suggests that marine shellfish proteins are a promising source of ACE inhibitory peptides and could be deemed as potential anti-hypertensive ingredients for dietary supplements and functional food.
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Figure 1. In silico hydrolysis of marine shellfish proteins. Sixteen proteins from four species of marine shellfish (razor clams (A), clams (B), scallops (C), and mussels (D)) were selected, their amino acids sequences were retrieved from the NCBI database (https://www.ncbi.nlm.nih.gov/protein/, accessed on 5 March 2022), and their in silico hydrolysis by gastrointestinal enzymes (pepsin, trypsin, and chymotrypsin) (no order) was performed using the BIOPEP-UWM database (https://biochemia.uwm.edu.pl/biopep-uwm, accessed on 20 March 2022). 
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Figure 2. Inhibitory activities of the synthesized peptides on angiotensin-converting enzyme (A) and IC50 values (mM) (B). The selected oligopeptides (PICQF, IQPEW, VQPEW, SCCGY, SSGAW, VICGH, and ISGTF) were synthesized by a standard solid-phase method (Yuanpeptide Co., Ltd. Nangjing, China). The samples (50 μL, 1 mg/mL) and enzymes (50 μ L, pH 8.3, 150 mM Tris HCl buffer solution) were mixed and incubated at 37 °C for 10 min, and then the substrate (200 μL, 0.45 mM) ABZ Gly phe-(NO2)-Pro and buffer solution (pH 8.3, 1.125 M NaCl, 150 mM Tris HCl) were added and reacted at 37 °C for 30 min. The fluorescence intensity (FLU) of the product, o-aminobenzoylglycine (ABZ-Gly), was immediately determined at the excitation wavelength λex = 355 nm and the emission wavelength λem = 405 nm. The control group was combined with buffer (50 μL) and enzyme (50 μL). The background group was combined with sample solution (50 μL) and buffer (50 μL). The ACE enzyme inhibition rate was calculated. Each treatment was performed in triplicate, the values were expressed as mean values ± standard deviation, the significance level between different groups was p < 0.05, and statistical analysis was conducted by a one-way ANOVA using SPSS 22.0 (SPSS Software Inc., Chicago, IL, USA). 






Figure 2. Inhibitory activities of the synthesized peptides on angiotensin-converting enzyme (A) and IC50 values (mM) (B). The selected oligopeptides (PICQF, IQPEW, VQPEW, SCCGY, SSGAW, VICGH, and ISGTF) were synthesized by a standard solid-phase method (Yuanpeptide Co., Ltd. Nangjing, China). The samples (50 μL, 1 mg/mL) and enzymes (50 μ L, pH 8.3, 150 mM Tris HCl buffer solution) were mixed and incubated at 37 °C for 10 min, and then the substrate (200 μL, 0.45 mM) ABZ Gly phe-(NO2)-Pro and buffer solution (pH 8.3, 1.125 M NaCl, 150 mM Tris HCl) were added and reacted at 37 °C for 30 min. The fluorescence intensity (FLU) of the product, o-aminobenzoylglycine (ABZ-Gly), was immediately determined at the excitation wavelength λex = 355 nm and the emission wavelength λem = 405 nm. The control group was combined with buffer (50 μL) and enzyme (50 μL). The background group was combined with sample solution (50 μL) and buffer (50 μL). The ACE enzyme inhibition rate was calculated. Each treatment was performed in triplicate, the values were expressed as mean values ± standard deviation, the significance level between different groups was p < 0.05, and statistical analysis was conducted by a one-way ANOVA using SPSS 22.0 (SPSS Software Inc., Chicago, IL, USA).
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Figure 3. Binding of the representative oligopeptides to angiotensin-converting enzyme and the interacting residues, angiotensin-converting enzyme and SCCGY (A,B). The crystal structure of angiotensin-converting enzyme (ACE) (PDB code: 2XY9) was obtained from the PDB database, which was docked to the oligopeptides generated by in silico hydrolysis using HPEPDOCK software (http://huanglab.phys.hust.edu.cn/hpepdock, accessed on 5 March 2022). 
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Figure 4. Binding of the representative oligopeptides to angiotensin-converting enzyme and the interacting residues, angiotensin-converting enzyme and PICQF (A,B). The crystal structure of angiotensin-converting enzyme (ACE) (PDB code: 2XY9) was obtained from the PDB database, which was docked to the oligopeptides generated by in silico hydrolysis using HPEPDOCK software (http://huanglab.phys.hust.edu.cn/hpepdock, accessed on 5 March 2022). 
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Table 1. Sequences and frequencies of high-affinity oligopeptides binding to angiotensin-converting enzyme from marine shellfish proteins digested in silico by gastrointestinal enzymes.
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	Protein Names Amino Acids Length
	Accession Number
	Sequences of High-Affinity Oligopeptides (1 < Length < 6 and Docking Score < −110) Binding to Angiotensin-Converting Enzyme Binding Score
	Frequency of High-Affinity Oligopeptide in a Protein (F)





	
	
	Razor clam
	



	Cytochrome b 381
	ACF41613.1
	AGTCL-129, VIQIL-163.2, SVSH-145.6, VGVSM-151.6, GIAF-158.5, VVVH-161.6, STGSN-138.9, GIVL-128.6, PDIF-171.3, DPVN-119.9, PADPM-154.1, TPTH-155.7, IQPEW-201.7, SIPN-134.8, GAGF-142.8, PICQF-206, VGSF-150.7, EVSIL-137.9, ASVIY-177.2, SPVIF-190.5, GDSY-136
	0.0604



	NADH dehydrogenase subunit 6 176
	ACF41614.1
	CCW-160.8, ACIAL-144.9, ISVY-161.7, VGGVM-146.8, VGSSK-143.8, SDSTF-160.2, DSSIF-155.1, SEGW-161.5, SAVL-118.7, SGCSK-141.1, VPVDF-189.4
	0.0625



	ATP synthase F0 subunit 6 232
	ACF41615.1
	GASIF-159.1, SCCGY-187.7, EAGY-145.2, SSVF-161.8, TTAAH-169.2, SIAL-137.4, QSIY-170.4, SIQGF-186, VAEGF-155.9, EIISY-172.7, CVVM-142, QVY-153.4, ATTR-152.7
	0.0603



	Ferritin 171
	ACZ65230.1
	AETM-113.1, DDVAL-118.3, QPISK-157.9, GSGL-111.9, VADSH-148.3, GDAQM-135.7, EGEY-125.5, EEQV-112.7, EAIK-117.9
	0.0526



	Lysozyme 2 141
	AYC12388.1
	IAVF-163.1, ESGCN-113.8, DVGSL-130.8, SCGY-157.8, SSTL-119.6
	0.0355



	
	
	Clam
	



	Cytochrome b 397
	YP_003934253.1
	PVPM-170.6, SIQL-137.8, ISGL-128.9, SVVH-152.3, SSGAW-184.5, SGVVL-139.3, GIAF-158.5, GTSN-115.2, DPIN-114.2, IQPEW201.7, SIPSK-150.2, IGDF-150.1, ASVVY-176.7, ASSSV-131.9
	0.0352



	NADH dehydrogenase subunit 6 170
	YP_003934258.1
	TVGM-141, SIAL-137.4, IAQEN-136.8, GGSM-112.7, QGVL-122.7, SDDW-153.4
	0.0353



	ATP synthase F0 subunit 6 245
	YP_003934254.1
	GSTSF-169.6, AGTPH-158.4, ICEM-130.8, SIPF-169.3, PVSM-175.4, PVTL-160.7, IISSL-159.9, SITL-130.9, SGVL-120.2, CSVF-152.9, VSY-149.7
	0.0449



	
	
	Scallop
	



	Cytochrome b 390
	YP_002640515.1
	SVSF-179.9, EVEM-111.7, SGVVL-139.3, DIAIW-180.6, VGVL-119.9, VVAF-162.7, VACDY-162.9, SVPSK-140.4, CSIL-132.3, CQCVF-187.5, SISK-135.4, DSEAK-116.4, GPTR-146.7, GSGR-143.1
	0.0359



	NADH dehydrogenase subunit 1 315
	ABQ96662.1
	DTIF-141.7, SISF-168.3, VTVL-139.2, SVAY-165.8, GPVM-131.6, ADGIK-117.2, GPCF-155.6, GCGVY-164.3, SVGVY-180.2, GVVL-123.4, VISY-170.9, IVPF-168.8, SDVIF-166.2, VVPL-135.7, GSGGF-152.2, IAEY-144.4, TSVL-125.5, VISPF-177.6
	0.0571



	ATP synthase F0 subunit 6 262
	ABQ96658.1
	SVSF-179.9, GAAF-144.2, SAAK-111.4, CSPF-156.3, A GGAH-139.3, GCTVL-139.9, SVEGF-165.6, SGIW-170.2, VVVL-132.7, SEVL-112.7, PVVL-153.2, VICGH-181.9, SSSPK-156.1
	0.0496



	Superoxide dismutase 262
	QDX46961.1
	TTVM-138, SSIQN-147.5, GGGY-139.5, EPVN-117.6, TQEAL-145.7, GSGCY-164.1, PIEN-150, VISK-131.7, QDSPL-129.5, VIDVW-192.7, VSDW-170.6
	0.0420



	5’ AMP-activated protein kinase beta subunit 258
	QFR39801.1
	TTPK-126.7, GPSL-115, TAGR-141.4, DSASF-152, PTVF-180, ISGTF-182.3, ITIL-140.6, PEGEH-149.9, VDGQW-178.1, TVGTL-151.6, PGEK-117.8, QVIL-134.6, DTPAH-159.7, CEPTL-158.3, PEPN-134.5, SGTH-155.9, VTTL-131.5
	0.0659



	
	
	Mussel
	



	Cytochrome b 397
	AAT98404.1
	SVGPW-192.2, PCPVN-165.9, VIQL-139.6, DSVVH-154.1, GSSM-130.6, ICIY-180.2, TVCN-128.7, VAVVF-175.4, CVPF-160.2, VQPEW-199.6, SIPH-156.2, AGGVY-160.6, SIVVL-150.4, IPTL-145, QVVF-167.4, VGSF-150.7, IGAR-154.8, GSAF-147.4, GCEM-111.3
	0.0479



	NADH dehydrogenase subunit 1 305
	AAV68406.1
	VGVL-119.9, AVGF-150.9, SIIM-148.9, GPSK-114.1, VSY-149.7, IVPTR-181.7, VGPF-153.4, APAVM-148.3, IISL-159.8, SAEVF-161.2, GVIL-125.8, GAVR-138.1, EIPM-130.6, CAGL-114, QEISM-149.3, QQGL-139.9, CGAL-114.4, VSGY-153.1, SGGGF-152.5, IAEY-144.4, SSIL-127.5, AVAIF-177.8
	0.0721



	ATP synthase F0 subunit 6 238
	AAT98403.1
	DVF-123, SDVH-126.8, EQGL-123.2, VVVEL-140.5, ISGM-135.8, CSSEL-130.5, VVGW-176.6, SSSL-122.6, GGGVF-152.2, TEDH-142
	0.0420
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Table 2. Top high-affinity oligopeptides.
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	Peptides
	Sources
	Protein
	Docking Score





	IQPEW
	Razor clam, Clam
	Cytochrome b
	−201.7



	PICQF
	Razor clam
	Cytochrome b
	−206



	SPVIF
	Razor clam
	Cytochrome b
	−190.5



	VPVDF
	Razor clam
	NADH dehydrogenase
	−189.4



	SCCGY
	Razor clam
	ATP synthase
	−187.7



	SIQGF
	Razor clam
	ATP synthase
	−186



	SSGAW
	Clam
	Cytochrome b
	−184.5



	DIAIW
	Scallop
	Cytochrome b
	−180.6



	CQCVF
	Scallop
	Cytochrome b
	−187.5



	SVGVY
	Scallop
	NADH dehydrogenase
	−180.2



	VICGH
	Scallop
	ATP synthase
	−181.9



	VIDVW
	Scallop
	Superoxide dismutase
	−192.7



	PTVF
	Scallop
	AMP-activated protein kinase
	−180



	ISGTF
	Scallop
	AMP-activated protein kinase
	−182.3



	SVGPW
	Mussel
	Cytochrome b
	−192.2



	ICIY
	Mussel
	Cytochrome b
	−180.2



	VQPEW
	Mussel
	Cytochrome b
	−199.6



	IVPTR
	Mussel
	NADH dehydrogenase
	−181.7
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