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Abstract

:

7-Amino-4-methylcoumarin (AMC) is a low molecular weight fluorescent probe that can be attached to a peptide to enable the detection of specific proteases, such as chymotrypsin, expressed in certain diseases. Because this detection depends on the specificity of the protease toward the peptidyl AMC, the development of specific substrates is required. To investigate the specificity of chymotrypsin, peptidyl AMC compounds incorporating four different amino acid residues were prepared by liquid-phase synthesis. Two unnatural amino acids, 2-amino-4-ethylhexanoic acid (AEH) and cyclohexylalanine (Cha), were used to investigate the substrate specificity as these amino acids have structures different from natural amino acids. AEH was synthesized using diethyl acetamidemalonate as a starting material. The substrate containing Cha had high hydrophobicity and showed a high reaction velocity with chymotrypsin. Although the AEH substrate with a branched side chain had high hydrophobicity, it showed a low reaction velocity. The substrate containing the aromatic amino acid phenylalanine was less hydrophobic than the Cha and AEH substrates, but chymotrypsin showed the highest specificity for this compound. These results demonstrated that the substrate specificity of chymotrypsin is not only affected by the hydrophobicity and aromaticity, but also by the structural expanse of amino acid residues in the substrate.
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1. Introduction


Proteases are proteolytic enzymes that are found extensively in organisms. Proteases play a role in most physiological systems, including digestion, immune response, and cell proliferation [1,2,3,4]. However, some proteases are closely related with disease states and genetic abnormalities, including cancer [5,6]. Over expression of certain proteases is known to cause specific diseases [7,8]. In the progression of cancer, the over-expression of cathepsin in tumor cells promotes the degradation of the cells and cell re-organization [9] and expression of matrix metalloproteinases in stromal cells assists in tumor cell growth [10]. Over-expression of hepsin in prostate tumors promotes the metastasis and growth of the tumor cells, followed by weakening of the adhesion of the stroma [11]. Quantitative analysis of the protease causing a disease is essential in understanding the progression of the disease. In one study, protease activity related to a disease was successfully detected using synthesized substrates for which the protease had specific activity [12]. The structure of the active site of proteases differs according to the constituent amino acid residues. Chymotrypsin is a general serine protease that is well known structurally and mechanically. Chymotrypsin is not only important for living organisms but is also involved in many diseases [13]; therefore, investigation of the activity of chymotrypsin may lead to more accurate and simpler diagnoses of diseases.



Analysis of the interaction of proteases with substrates can assist in the development and analysis of the characteristics of protease inhibitors [14]. Such analyses are frequently performed with fluorescent probes for analysis of the protease activity [15,16]. Fluorescent probes enable investigation of the protease activity, simply and at low-cost [17,18,19]. 7-Amino-4-methylcoumarine (AMC) is usually used as the fluorescent probe for proteases [20,21,22,23]. AMC produces different fluorescence states depending on whether or not it is bound to a peptide. Therefore, the degradation of peptide substrates can be observed, which can provide information on the degradation activity of the protease. In the present study, the fluorescent probe AMC was used because it is relatively easy to connect to a peptide.



The aromatic ring of peptide substrates is recognized by chymotrypsin and then the carboxyl-terminus of the peptide is selectively hydrolyzed because the vicinity of the active site of chymotrypsin is hydrophobic [24,25]. Leucine (Leu) and valine residues without an aromatic ring are also often recognized and the substrate hydrolyzed by chymotrypsin [26,27]. Substrates with natural amino acids are also known to be hydrolyzed by chymotrypsin [28]. In the present study, substrate peptides containing unnatural amino acids were synthesized, and amino acid residues for which chymotrypsin was highly specific were explored. Unnatural amino acids enable investigation of the specificity that results from the structure of the side chain of compounds because various structures and properties can be imparted to unnatural amino acids. The unnatural amino acids 2-amino-4-ethylhexanoic acid (AEH) and cyclohexylalanine (Cha) were selected for use in the present study because phenylalanine (Phe) tends to be recognized as a substrate of chymotrypsin. The fact that the activity of chymotrypsin has been observed to be high for Phe and low for Leu in previous studies has generally been attributed to the aromatic ring and high hydrophobicity of Phe. To further examine this phenomenon, we compared the effects of unnatural amino acids, using Cha without aromaticity, and AEH with a side chain including a degree of freedom greater than Cha. Therefore, this investigation should provide information for the development of substrates that chymotrypsin has specificity for, which exceeds that of substrates containing natural amino acids.




2. Materials and Methods


2.1. Design of Substrates


To compare the effects of the side-chain structures of the amino acid residues, a simple and easy sequence, H2N-Ala-Ala-XXX-AMC, was adopted for the design of the peptide substrates. Where XXX is either AEH 1, Cha 2, Phe 3, or Leu 4 (Figure 1). The tripeptides were designed with two alanine (Ala) residues to improve the binding to chymotrypsin without interfering with the effects of the residues under investigation (XXX).




2.2. Synthesis of Boc-AEH-OH


L-AEH was synthesized as previously described [29]. The progress of the reaction was monitored with thin-layer chromatography, and high-performance liquid chromatography (HPLC) using the following system: pump (L-7100, Hitachi High-Tech Science Corporation, Japan); UV-VIS detector (L-7420, Hitachi High-Tech Science Corporation, Japan); integrator (D-7500, Hitachi High-Tech Science Corporation, Japan); and column (chromolith performance RP-18e 100–4.6 mm, Merck KGaA, Darmstadt, Germany). Diethyl acetamidomalonate 5 (50 mmol, 1 eq.) as a starting material was mixed with 20% sodium ethoxide ethanol solution (50 mmol, 1 eq.) and then the mixture was refluxed for 30 min in 30 mL of dehydrated ethanol (Figure 2). Then, 1-bromo-2-ethylbutane (150 mmol, 3 eq.) was added to the mixture, which was refluxed for 3 h. After cooling the mixture in an ice bath, selective hydrolysis was performed by addition of 25 mL of 1 M NaOH aqueous solution and stirring for 1 h. After the reaction, the mixture was evaporated under reduced pressure and then washed with diethyl ether, extracted using ethyl acetate at pH 3 (twice), and then washed with brine. The organic layer was dried over MgSO4 and the solvent was evaporated under reduced pressure. The product racemic monocarboxylic acid 6 was obtained as a white solid (28.0 mmol, 56%). Compound 6 (11.4 mmol) was decarboxylated by refluxing in 100 mL of toluene for 5 h and converted to the racemic acyl amino ester. After the reaction, the solvent was removed under reduced pressure and then the resulting oil was dissolved in ethyl acetate. This solution was washed with 4% NaHCO3 aqueous solution (twice) and brine. The organic layer was dried over MgSO4 and the solvent was removed under reduced pressure and then the product (11.7 mmol) was obtained as an oil. The oil was hydrolyzed by stirring for 2 h in a mixture of 40 mL of ethanol and 20 mL of 2 M NaOH aqueous solution. The mixture was evaporated under reduced pressure and then extracted using ethyl acetate at pH 3 (three times) and washed with brine. The organic layer was dried over MgSO4 and the solvent was removed under reduced pressure. The product (8.6 mmol, 87%) was obtained as the racemic acyl amino acid 7. To obtain the L-amino acid, the racemic mixture was separated by deacylation with 0.11 g of L-amino acylase and 0.011 mg of CoCl2 6H2O in 20 mL of water. The reaction was stopped by addition of 1 M HCl aqueous solution. The mixture was washed using ethyl acetate (three times) and then L-AEH 8 (1.3 mmol, 44%) was obtained in the aqueous layer. To use L-AEH in the peptide synthesis, 40 mL of the L-AEH aqueous solution (1.3 mmol, 1.0 eq.) was modified with the Boc group by reaction with a mixture of Boc2O (2.6 mmol, 2.0 eq.), triethylamine (2.6 mmol, 2.0 eq.), and dioxane at room temperature for 24 h. The mixture was evaporated under reduced pressure and washed with diethyl ether, then extracted using ethyl acetate at pH 3 (three times). The organic layer was dried over MgSO4 and the solvent was evaporated under reduced pressure. To remove impurities, the compound was dissolved in diethyl ether and recrystallized. Finally, Boc-L-AEH-OH 9 (1.0 mmol, 82%) was obtained as a white solid.




2.3. Synthesis of Peptide-MCA Substrates


Boc-Leu-OH, Boc-Phe-OH, and Boc-Cha-OH were purchased from Watanabe Chemical Industries, Ltd., Hiroshima, Japan. The four Boc-amino acids, Boc-Leu-OH, Boc-Phe-OH, Boc-Cha-OH, and Boc-AEH-OH, were each reacted with water soluble carbodiimide hydrochloride (WSC HCl, 0.5 eq.) as a condensing agent in 8 mL of N,N-dimethylformamide (DMF) in an ice bath for 4 h (Figure 3). Then, these compounds were each reacted with AMC (0.5 eq.) for 20 h. In addition, each compound was reacted with WSC HCl (0.25 eq.) overnight. After the reaction, each mixture was evaporated under reduced pressure and then dissolved in ethyl acetate. These solutions were washed using 10% citric acid aqueous solution (twice), brine, 4% NaHCO3 aqueous solution (twice), and brine. Each organic layer was dried over MgSO4 and the solvent was evaporated under reduced pressure. The products were obtained as Boc-XXX-AMC. Peptide synthesis was performed by standard Boc liquid-phase synthesis. The products prepared above were each stirred in 15 mL of 4 M HCl/dioxane at room temperature for 30 min to remove the Boc group. The solvent was evaporated under reduced pressure and then the products H2N-XXX-AMC (XXX = AEH: 0.51 mmol, Cha: 0.78 mmol, Phe: 0.30 mmol, and Leu: 0.14 mmol) were obtained. These compounds were reacted with Boc-Ala-OH (1.2 eq.) using 1-hydroxybenzotriazole (HOBt, 1.2 eq.), 1-[bis(dimethylamino)methylene]-1H-benzotriazolium 3-oxide hexafluorophosphate (HBTU, 1.2 eq.), and N,N-diisopropylethylamine (DIEA, 3.0 eq.) for 2 h in 10 mL of DMF. After the reaction, each mixture was evaporated under reduced pressure and then dissolved in ethyl acetate. The solutions were washed using 10% citric acid aqueous solution (twice), brine, 4% NaHCO3 aqueous solution (twice), and brine. Each organic layer was dried over MgSO4 and the solvent was evaporated under reduced pressure. The crude products Boc-Ala-XXX-AMC were obtained. Subsequently, these products (XXX = AEH: 0.36 mmol, Cha: 0.72 mmol, Phe: 0.32 mmol, Leu: 0.21 mmol) were condensed with Boc-Ala-OH and then extracted as described above to give the products H2N-Ala-Ala-XXX-AMC 1–4. These products were purified using HPLC column with a gradient of acetonitrile/0.1% trifluoroacetic acid from 0 to 100% for 15 min at a flow rate of 2.0 mL min−1 and identified by mass spectrometry (Figure S1). The values of the mass analysis for each compound were as follows. XXX = AEH 1 m/z calcd. for [(M+Na)+] C24H34N4O5: 481.24269; found: 481.24294, Cha 2 m/z calcd. for [(M+Na)+] C25H34N4O5: 493.24269; found: 493.24139, Phe 3 m/z calcd. for [(M+Na)+] C25H28N4O5: 487.19574; found: 487.19662, Leu 4 m/z calcd. for [(M+Na)+] C22H30N4O5: 453.21139; found: 453.21194.




2.4. Chymotrypsin Activity Assay


Detection of the degradation of each synthesized substrate was performed with a fluorescent plate reader (Wallac ARVO SX 1420 multilabel counter, PerkinElmer Japan Co., Ltd., Kanagawa, Japan). Substrate solutions were prepared at a concentration of 1 mM in dimethyl sulfoxide. A 0.1 M Tris-HCl buffer was prepared at pH 7.8 and 25 °C. A chymotrypsin (EC 3.4.21.1, bovine pancreas, Sigma-Aldrich Japan, Tokyo, Japan) solution was prepared at a final concentration of 1 μM in the buffer. Each substrate solution was prepared at various concentrations to final concentrations of 4, 8, 16, 32, 48, 64, 96, and 128 μM in the buffer, and 190 μL of the prepared substrate solutions were put into the wells of a 96-well plate. The measurements were immediately started by addition of 10 μL of the chymotrypsin solution. The measurements were performed with linear stirring for 1 s between a delay of 10 s at an excitation wavelength of 370 nm and a detection wavelength of 460 nm. The obtained data was used to calculate the maximum reaction velocity (Vmax), Michaelis constant (Km), turnover number (kcat), and specificity constant (kcat/Km) based on the Michaelis-Menten equation.





3. Results and Discussion


3.1. Hydrophobicity of the Peptide Substrates


The hydrophobicity of the substrate affects the interaction with chymotrypsin because of the high hydrophobicity around the active site of chymotrypsin. To compare the interaction of the four synthesized peptide substrates with chymotrypsin, the hydrophobicity of each substrate was investigated (Figure 4). The relative hydrophobicity of the peptide substrates could be determined based on the retention times in the HPLC used for purification. The retention times increased depending on the hydrophobicity of peptide. Substrate 2 with the unnatural amino acid Cha had a retention time of 5.58 min and possessed the highest hydrophobicity. The peptide substrate with the synthesized AEH residue 1 had a retention time of 5.34 min and possessed the next highest hydrophobicity. The Phe substrate 3 and Leu substrate 4 had retention times of 4.75 and 4.62 min, respectively, indicating lower hydrophobicity than the Cha 2 and AEH 1 substrates. The presence of the π electrons in the Phe residue with an aromatic ring was thought to cause the lower hydrophobicity of substrate 3. In contrast, it was thought that the Cha 2 and AEH 1 substrates exhibited relatively higher hydrophobicity because of their aliphatic ring and branched chain structures, respectively.




3.2. Chymotrypsin Activity of the Peptide Substrates


The specificity of chymotrypsin for the four peptide substrates was compared at various substrate concentrations. The activity of chymotrypsin toward the substrates was measured based on the fluorescence intensity of AMC resulting from the degradation of the substrate. The fluorescence intensity produced by the degradation increased over time for all the substrates. These results indicated that all the synthesized substrates can be recognized and degraded by chymotrypsin. The kinetics of all the synthesized substrates could be fitted to a Michaelis-Menten graph (Figure 5). To compare the preference of chymotrypsin for the synthesized substrates, the Vmax, Km, kcat, and kcat/Km values, which characterize the interaction between an enzyme and a substrate, were calculated based on the Michaelis-Menten equation (Table 1). The Cha substrate 2 showed the largest Vmax and kcat values, followed by the Phe substrate 3. These values broadly agreed with those previously reported for chymotrypsin under similar conditions [30]. In addition, the Vmax and kcat values were dependent on the hydrophobicity of the substrates, except for the Phe substrate 3. Because of the differences in these peptide substrates, the hydrophobicity and presence or absence of aromaticity may have affected the reaction velocity with chymotrypsin. The AEH substrate 1 showed approximately 6-fold lower Vmax and kcat values than the Phe substrate 3, despite showing a high hydrophobicity in the four peptide substrates. This result may be caused by the side chain of the AEH residue that has a high structural degree of freedom. Therefore, the reaction velocity of chymotrypsin for a substrate was affected by the hydrophobicity, aromaticity, and the side chain structure of the recognized amino acid residues.



Next, the Km values, which indicate the affinity between the peptide substrate and chymotrypsin, were compared. Smaller Km values indicate higher affinity. The Phe substrate 3 showed the lowest Km value, indicating the highest affinity for chymotrypsin. The Cha 2 and AEH 1 substrates with higher hydrophobicity showed approximately two-fold larger Km values than that of the Phe substrate 3, indicating lower affinity. The low affinity of the Cha 3 and AEH 1 substrates may be related to the large structural degree of freedom that the side chains of the Cha and AEH residues possess. In contrast, the structure of the Leu and Phe residues allows these substrates to easily enter the hydrophobic pocket near the active site of chymotrypsin. In addition, chymotrypsin tends to recognize aromatic amino acid residues and is well known to recognize the aromatic ring of Phe residues. Thus, chymotrypsin may preferentially recognize amino acid residues that possess aromaticity or have a smaller structural degree of freedom.



Finally, the kcat/Km values of each substrate were compared. The kcat/Km value represents the specificity of the enzyme for the substrate. The Phe substrate 3 showed the highest kcat/Km value, indicating high specificity of chymotrypsin for substrate 3. The kcat/Km values of the Cha and AEH substrates with higher hydrophobicity than the Phe substrate 3 were lower than those of the Phe substrate 3. These results suggested that the specificity of chymotrypsin for a particular substrate may be because of the presence of an aromatic amino acid residue rather than a hydrophobic amino acid residue. The kcat/Km value of the Cha substrate 2 with greater hydrophobicity than the AEH substrate 1 was 9-fold larger than that of the AEH substrate 1. The least hydrophobic Leu substrate 4 showed the lowest kcat/Km value. The kcat/Km values for each substrate increased with increasing hydrophobicity, except for the Phe substrate 3. These results indicated that the specificity of chymotrypsin for a substrate increased with increasing hydrophobicity of the substrate. Although of the four peptide substrates, the Phe substrate 3 has relatively low hydrophobicity, the high specificity of chymotrypsin for substrate 3 may be because of the aromaticity and the planar structure of the Phe residue, which has less steric hindrance than the AEH 1 and Cha 3 substrates. Therefore, high substrate specificity for chymotrypsin requires aromaticity, high hydrophobicity, and low steric hindrance at the recognition site for the substrate. These properties are important for controlling the specificity of chymotrypsin for a substrate, and unnatural amino acid residues are useful to investigate this substrate specificity.





4. Conclusions


AEH was successfully synthesized using diethyl acetamidomalonate as a starting material and enzymatic optical resolution. The synthesized AEH was incorporated into a tripeptide as a novel peptide substrate. Novel peptide substrates with the unnatural amino acid residues, AEH and Cha, showed high hydrophobicity that contributed to increased chymotrypsin specificity. In particular, the Cha substrate 2 was the most hydrophobic and showed a high reaction velocity with chymotrypsin. On the other hand, chymotrypsin was less specific for the AEH substrate 1 because of the structural degree of freedom caused by the branched side-chain structure of the AEH residue. This degree of freedom increases the space in which this amino acid side chain can exist dynamically, which may have affected the enzyme-substrate interaction. From a comparison of the peptide substrates containing natural amino acids, the specificity of chymotrypsin was determined to be greatly affected by the substrate’s hydrophobicity, aromaticity, and the conformation of the amino acid residue at the recognition site. The unnatural amino acids in this study were used to investigate the specificity of chymotrypsin for substrates with side-chain structures with a branched chain or an aliphatic ring. Unnatural amino acids with structures different from natural amino acids can be used in further investigations into the specificity of protease enzymes, including chymotrypsin.
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Figure 1. Design of peptide substrates with four different amino acid residues. 
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Figure 2. The synthesis of the unnatural amino acid, 2-amino-4-ethylhexanoic acid (AEH). (a) Synthetic scheme for the backbone of racemic AEH. (b) Optical resolution of the acyl-AEH racemic mixture and synthesis of Boc-L-AEH. 
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Figure 3. Liquid phase synthesis of the peptide substrates. 
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Figure 4. HPLC data of the four synthesized substrates. The values indicate the retention times. 
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Figure 5. Michaelis-Menten graph of the four synthetic substrates with chymotrypsin. 
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Table 1. The hydrophobicity and kinetics values of the four peptide substrates.
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	Sample
	HPLC Retention Time (min)
	Vmax

(nM s−1)
	Km

(μM)
	kcat

(s−1)
	kcat/Km

(M−1 s−1)





	Leu substrate 4
	4.62
	0.60 ± 0.01
	72.83 ± 1.22
	(0.60 ± 0.01) × 10−3
	8.21 ± 0.03



	AEH substrate 1
	5.34
	4.36 ± 0.09
	107.79 ± 3.12
	(4.36 ± 0.09) × 10−3
	40.67 ± 0.43



	Cha substrate 2
	5.58
	54.54 ± 1.62
	140.48 ± 5.65
	(5.45 ± 0.16) × 10−2
	388.32 ± 4.54



	Phe substrate 3
	4.75
	27.96 ± 0.71
	61.97 ± 2.40
	(2.80 ± 0.07) × 10−2
	452.35 ± 6.62



	Suc-F-pNA a
	
	
	720
	0.011
	15



	A-A-F-AMC a
	
	
	500
	0.83
	2000







a Data from 30.
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