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The main symptoms of diabetes are hyperglycemia and insulin resistance. The inhibition of the starch digestion enzymes could effectively regulate starch digestion and glucose absorption, thereby slowing or treating the symptoms of postprandial hyperglycemia. Herein, we used fucoxanthin isolated from Undaria pinnatifida stems, as α-amylase inhibitor, and monitored the interactions of both biomolecules by using quartz crystal microbalance-admittance (QCM-A) instrument. All the processes of α-amylase hydrolysis of starch were also dynamically tracked by using amylose-immobilized QCM technology. In our work, we found that the kinetic parameter (koff, kon, and kcat) values obtained by the QCM-A analysis were relatively consistent compared to the kinetic parameter values obtained by the conventional Michaelis–Menten analysis. For the inhibitory reactions, the results showed that fucoxanthin significantly reduced the activity of α-amylase in a dose-dependent manner. The QCM-A technology shown to be an excellent approach in obtaining comprehensive and accurate kinetic parameters, thereby providing real and accurate data for kinetic studies. It is helpful to clarify the mechanism of action of fucoxanthin on α-amylase, which further proved the potential of fucoxanthin to improve and treat postprandial hyperglycemia.
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Highlights


-A method was established in QCM-A to monitor and quantify the inhibition of α-amylase hydrolysis of amylose by fucoxanthin in real-time.

-Comprehensive and precise enzyme kinetic parameters can be obtained by QCM technology.

-Fucoxanthin significantly reduced the amylose hydrolyzing activity of α-amylase in a dose-dependent manner.

-The inhibition type of fucoxanthin on α-amylase is mixed inhibition.





1. Introduction

Diabetes mellitus (DM), as a global chronic disease, has increased rapidly in recent years and tends to attack young generation (1, 2). Hyperglycemia and insulin resistance are the manifestations of DM, that impair human vital organs including the cardiovascular organ, kidneys, eyes, and nerves. It has been reported that DM can lead to numerous severe complications, therefore it has become the global burden disease in the 21st century and has received serious attention. Controlling the glucose level in blood remains the most effective approach for diabetic prevention (3). The glucose in blood originates from the hydrolysis of carbohydrates and it is catalyzed by digestive enzymes, such as α-amylase and α-glucosidase (4). These two key enzymes play important roles in converting polysaccharides and oligosaccharide into simple sugars and lead to the rapid absorption of glucose in human body (3, 5). Therefore, the inhibition of α-amylase and α-glucosidase activities is considered as an effective method to retard the carbohydrate digestibility, thus reducing the rate of glucose absorption into the blood. Numerous synthetic inhibitors such as acarbose, miglitol, and voglibose, are often clinically to suppress the activity of carbohydrate digestive enzymes. However, the use of synthetic inhibitors causes adverse gastrointestinal effects such as diarrhea, flatulence, and abdominal pain, and liver function disorder (6–8). Thus, the use of enzyme inhibitors derived from natural resources seems to be the best alternative to the synthetic.

Marine micro- and macroalgae are known as natural sources of useful bioactive compounds including phenolics, polysaccharides, and carotenoids. In particular algae-derived carotenoids, fucoxanthin, have gained more attention for their ability to improve the symptoms of postprandial hyperglycemia, by inhibiting the actions of α-amylase and α-glucosidase (9–14). Numerous previous works have reported that the interaction between fucoxanthin and α-amylase shown great potential for reducing postprandial blood glucose, yet the mechanisms of interaction between these two molecules is not clearly understood (11, 15–22). Understanding the fucoxanthin-α-amylase interactions is important and will be of value for the development of new diabetes drugs as well as antidiabetic supplements. Here, we demonstrated quartz crystal microbalance (QCM) based on admittance analysis (QCM-A), a sensitive mass sensor, novel method, and simple concept, for understanding the kinetics of enzymatic hydrolysis of glucose polymer with an α-amylase and observing how the seaweed fucoxanthin affected on the actions of α-amylase.

Quartz crystal microbalance is a mass sensing technology characterized by ultra-sensitivity and high resolution, which is approximately 100 times more sensitive than typical precision analytical balances, so it can be used to determine mass changes at a nanogram level or less than 1 μg cm–2 mass density (23–27). The typical QCM is made of a thin AT-cut quartz crystal and placed between two electrodes linked to an oscillator, which, when energized, produces a piezoelectric effect that has very stable oscillations at a resonant frequency. Therefore, the most significant feature of QCM is that it can perform real-time measurements of changes in quality and viscosity (28). QCM-A is a new generation of QCM, that can evaluate the physical properties, including hydrodynamic water (bound and vibrated water) mass and the viscoelasticity, of loading materials/biomolecules on the QCM plate in aqueous solutions (29). In QCM-A measurements, the viscosity contribution can be estimated separately by measuring the resonance frequency and the energy dissipation (D factor) that indicates energy loss from the viscous components of solution and the loading materials (30). Recently, QCM-A has been widely employed to identify and quantify various interactions between biomolecules such as DNA transcription, assembly of protein complexes, protein-polysaccharide interactions, thermodynamic and kinetic properties of biomolecular interactions on cell surface, and enzyme-substrate interactions (29, 31–33).

The Michaelis–Menten equation is a common model used for understanding the kinetic expression of single substrate enzyme mechanisms, as shown in Equation 1. This kinetic model presumed a steady-state condition, in which the concentration of the enzyme-substrate (ES) is assumed to be constant during the reaction, because of the relative difficulty of determining the concentration of the ES complex (31, 34). The reaction rate was simply measured as the initial rate (v0) of the product increase and product release in defining Km could be possible to obtain according to a minimal model of Michaelis–Menten (Equation 2). However, Km is a complex value containing kcat, kon, and koff (Equation 3), and resembles the dissociation constant (Kd) only when koff ≫ kcat, and Kd is a parameter not measured in real time solution reactions, represents the rates of enzyme binding and release thus allow a better understanding of ES interactions (31).
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where,
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However, to effectively ensure the enzyme mechanism above, especially the kinetic mechanism, the best solution is still to determine the kinetic parameters (enzyme binding and release, kon and koff, and intramolecular hydrolysis rates, kcat) in real time through the mass changes monitored by using a QCM-A. The results are in good agreement with the classical chemical kinetic theory (35–38). By employing the QCM-A technology, we designed and developed a new scheme and effectively detected the relevant data in the α-amylase catalytic mechanism and its inhibition mechanism as well.

In this study, we described all step of hydrolysis mechanisms (the enzyme binding, release, and hydrolysis). For hydrolyses of amylose as a substrate catalyzed by α-amylase could be obtained quantitatively by using an amylose-immobilized 27 MHz QCM-A due to the formation and decay of the ES complex and the formation of the product could be followed as mass changes on the QCM-A plate as shown in Figure 1. The α-amylase is known to catalyze the release of β-d-glucose (α-1,4 glucan bonds at the branch points of amylose, α-1,4 and α-1,6 glucan bonds at the branch points of amylopectin) from the non-reducing ends of soluble starch (39, 40).


[image: image]

FIGURE 1
The scheme of the α-amylase mechanism for amylose hydrolysis and the kinetic parameters obtained in this mechanism.


A curve fitting method of single-substrate amylose reactions to obtain the kinetic parameters was also provided in this work. In addition, we could observe all steps of the α-amylase bind to the amylose substrate (mass increase) and hydrolyze to the amylose (mass decrease), because the QCM-A technique could continuously from time dependences of frequency changes detect amounts of both the ES complex and the hydrolysis product with the same physical signal (mass) that can be convertible into a unit on a molar basis. On this basis, we used fucoxanthin (from Undaria pinnatifida stems, MW, 658.91) to observe and determine how it affects the activity of α-amylase by kinetic study.



2. Materials and methods


2.1. Reagents

The α-amylase (from human saliva, EC 3.2.1.1, MW: 60 kDa) and amylose (from corn starch, average MW: ∼16,000) were purchased from Nacalai Tesque Co., Ltd. (Kyoto, Japan). 1-Ethyl-3-[3-(dimethylamino)propyl]carbodiimide (EDC) were purchased from Dojindo, Co., Ltd. (Kumamoto, Japan). N-Hydroxysuccinimide (NHS) and ethanolamine were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). 3,3′-Dithiodipropionic Acid and Fucoxanthin standards (PubChem CID: 5281239, 98% purity) were purchased from Fujifilm Wako Pure Chemical Corp. (Osaka, Japan). NeutrAvidin Biotin-Binding Protein was purchased from Thermo Fisher Scientific Inc. (Rockford, IL, USA). All other reagents used in this study were purchased from Fujifilm Wako Pure Chemical Corp. (Osaka, Japan) and used without further purification.



2.2. QCM-A setup and calibration in aqueous solutions

The QCM-A instrument (AFFINIX QN pro, Ulvac Inc., Chigasaki, Japan) used in this study has a 500 μL cell with a 27 MHz quartz crystal plate (8.7 mm diameter AT-cut quartz plate with gold electrodes on the bottom of the cell). The effective area is 4.9 mm2 and has a stirring function (30). According to previous studies (36, 41), we obtain a Sauerbrey’s (Equation 4), which is suitable for the AT-cut shear mode QCM of air phase as follow:
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where ΔFair: [in Hz] and the measured frequency change in the air phase, F0: [27 × 106 Hz] and the fundamental frequency of the quartz crystal prior to a mass change, Δm: [in g] and the mass change, A: [5.7 mm2] and the electrode area, ρq: [2.65 g cm–3] and the density of quartz, μq: [2.95 × 1011 dyn cm–2] and the shear modulus of quartz. In the air phase, the QCM-A was calibrated to change frequency responding to the mass increase of 0.62 ± 0.02 ng cm–2 on the electrode.

In the air phase, the mass is expected to increase by 0.62 ng cm–2 for every 1 Hz decrease in frequency. However, in the present study, QCM-A was used to investigate the determination of the binding of biomolecules in aqueous solutions, which must consider the effects of bio-molecular hydration (42). Furthermore, according to previous studies, although there is a certain noise level (±1 Hz for 1 h) and bias (±2 Hz) for the 27 MHz QCM at room temperature and buffer solution (36), its sensitivity (0.25–0.30 ng cm–2 per −1 Hz) was sufficient to support detection of enzyme binding.



2.3. Preparation of amylose-immobilized QCM plates

Before performing the experiments, the Au electrode surface needs to be cleaned with piranha solution (a 3:1 mixture of sulfonic acid and hydrogen peroxide) according to the manufacturer’s operating manual, followed by rinsing with Milli-Q water and air drying (30, 36). Following previous studies, biotinylated amylose with the reducing end reacted with biotinamidocaproyl hydrazide and was immobilized on Neutravidin-immobilized QCM-A with slight modifications (Figure 1) (43, 44). The immobilized amount of biotinylated amylose was kept at 40 ± 5 ng cm–2, equivalent to covering 20% of the electrode surface. Although the area covered is small, these spaces are sufficient for monitoring the binding of larger enzyme molecules (45).

In brief, first, purification of amylose to glycan sample by the GlycoClean S cartridges GKI-4276 (Agilent Technologies, Inc.). Then NeutrAvidin was covalently immobilized on the QCM-A plate as follows. To the cleaned bare Au electrode, 500 μL 3,3′-dithiodipropionic acid (4 mM in ethanol solutions) was immobilized the plate for 45 min, after cleaning the 100 μL NHS-EDC solution (both 100 mg mL–1 in milli-q water, 1:1) also immobilized the plate for 20 min. After the frequency was stabilization with 500 μL HEPES buff (pH 8.0), 3 μL NeutrAvidin protein solution (10 mg mL–1 in milli-q water) was immobilized on the plate for 30 min until the frequency decreased to constant value −2,000. After 2.5 μL of ethanolamine solution was added for 10 min to quench the reaction, the solution was dialyzed to remove unreacted biotin compounds in the HEPES buffer. Next, add 100 μL the biotinylated amylose (10 μg mL–1) to anchor on the NeutrAvidin-immobilized QCM-A until the resonance frequency remains constant (±1 Hz) for 30 min (42–46).



2.4. Inhibit the enzyme reactions by fucoxanthin on amylose-immobilized QCM-A plates

Direct monitoring is to observe the frequency change after adding different concentrations of the α-amylase solution to QCM-A cells over time. All kinetic processes (enzymatic binding and release, kon and koff, and intramolecular hydrolysis rate, kcat) of α-amylase hydrolysis of amylose vary with mass. The inhibitory effect of different concentrations (0.005, 0.01, and 0.015 mM in 50% DMSO) of fucoxanthin on α-amylase activity was tested. The bottom stirring device realizes the stirring function, and the stirring speed does not affect the stability and amplitude of the frequency change.



2.5. Analysis of enzyme kinetics for α-amylase inhibition by fucoxanthin

The Lineweaver–Burk and Dixon plots were used to determine the kinetic mechanism of α-amylase (47–49). For the Lineweaver–Burk double reciprocal plot, this study determined the enzyme kinetics of α-amylase at various concentrations of amylose (0.2, 0.1, 0.05, and 0.025% in Milli-Q water) as the substrate in the absence or presence of different concentrations of the fucoxanthin (5, 10, 20, 40, and 80 μg mL–1 in 50% DMSO). And for the Dixon plot, the inhibition of α-amylase also was obtained in the presence of 0.2, 0.1, 0.05, and 0.025% of amylose substrate. The test concentrations of fucoxanthin in the α-amylase kinetic analysis were as follows: 5, 10, 20, 40, and 80 μg mL–1.



2.6. Data and statistical analyses

All the assays were performed at least in triplicates, and the data were expressed as mean ± standard deviation (SD). All analyses were performed using the software of SigmaPlot (version 12.5 from Systat Software Inc., San Jose, CA, United States) and GraphPad Prism (version 7.0 from GraphPad Software Inc., San Diego, CA, United States).




3. Results and discussion

The curve in Figure 2 shown the typical frequency change of immobilized amylose QCM-A as a function of time, which was carried out in an aqueous solution at pH 7.0. Amylose was fixed on the gold electrode of QCM-A through preliminary experimental preparation. After the frequency was stable, different concentrations of α-amylase, because the enzyme binds to the non-reducing end of amylose as a substrate, the frequency rapidly decreases (the mass increases) in the first few seconds. Subsequently, as the substrate on QCM-A was hydrolyzed by α-amylase, the frequency gradually increased (the mass decreased), and then reached a constant value (Δm) (about −40 ± 5 ng cm–2). Since amylose was immobilized on the QCM-A electrode in an amount of 40 ± 5 ng cm–2, this clearly indicates that all amylose was immobilized by α-amylase is hydrolyzed and released from the electrode. From the results of curve b, c and d in Figure 2, we can find that even if different concentrations of α-amylase are added, the final constant value will not be greatly affected. It can be determined that this experiment is not related to the added enzyme concentration, but directly related to the amount of amylose immobilized on the electrode.
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FIGURE 2
Typical time courses of frequency changes of the amylose–avidin-immobilized quartz crystal microbalance-admittance (QCM-A). (a) α-amylase inactivated with high temperature; (b–e) responding to the addition of different concentrations (0.5, 1, 2.5, and 10 mg mL–1) of endo-type α-amylase. All the responding were in pH 7.0 at 37°C.



3.1. Transient kinetic analyses on the QCM-A

The curve b–d in Figure 2 shown the hydrolysis of amylose under different concentrations of α-amylase, which can be explained by Equation 1. On the frequency (ΔF), the change difference between [ES] complex (Equation 6) and hydrolysate [P] (Equation 7) at different times is more clearly shown. The change of mass m also reflects the above conclusion. And MWE and MWP in Equation 5 are the molecular weights of α-amylase and hydrolysate, respectively.
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In order to obtain the theoretical curve, the curve a–c in Figure 3, we use the more extensive Michaelis theory (published by Briggs and Haldane) (50–52) to calculate and fit it by using Kaleidagraph 4.0 (synergy software) in combination with Equations 5, 8, and 9.
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FIGURE 3
(a) In theory, the relationship between the generation of [ES] and time, (b) in theory, the relationship between the generation of [P] and time, (c) in theory, the relationship with time in the case of simultaneous generation of [ES] and [P], and (d) the actual experimental curve on quartz crystal microbalance-admittance (QCM-A), where [S] = 130 ng cm–2.


Because QCM-A has very good sensitivity, under its experimental conditions, even the initial enzyme amount [E]0 with a small concentration is far greater than the ES, P, and DP (the degree of polymerization of substrate). Therefore, Equation 2 can be modified to obtain Equation 10:
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Combined with Equation 2, two-dimensional linear calculus Equation 11 is obtained:
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When time t is 0, ES is not generated and is also 0, and the solution of the above equation is obtained by combining Equations 8, 9.

In order to confirm the parameter values of X, Y, Z, and kcat, it is necessary to combine the experimental curve with Equations 5, 8, and 9 to obtain the theoretical curve. Then combining Equations 12, 13, kon and koff can be obtained.

So far, the key values involved in dynamics (kon, koff and kcat) can be obtained from an experimental curve.
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Where,
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We found that the experimental data curve (d) of amylose hydrolysis by α-amylase can be in good agreement with the theoretical curve (c) obtained by equation fitting. By curve fitting method, we obtained the kinetic parameters of kon, koff, and kcat in Table 1. The values of Kd and Km (Kd = koff/kon and Km = (koff + kcat)/kon) are also obtained by Equation 4. When the fixed amount of amylose substrate on QCM varied from 20 to 150 ng cm–2 and the concentration of α-amylase varied from 0.1 to 5 mg mL–1, all kinetic parameters (kon, koff, and kcat) hardly changed within ±12% experimental error.


TABLE 1    Kinetic parameters of the endo-type hydrolysis of amylose by α-amylase.

[image: Table 1]



3.2. Comparison of transient and steady-state kinetics

Using QCM-A to monitor the enzymatic reaction of α-amylase to amylose and perform transient kinetic analysis can effectively obtain the kinetic parameters of each step of the enzymatic reaction, especially the formation of ES complex (kon), decomposition (koff), etc. In traditional steady-state kinetics (Michaelis–Menten kinetics) analysis, often only kcat and Km values (Michaelis constant, (koff + kcat)/kon) can be obtained. Although different, the relevant kinetic parameters obtained by the QCM method and the values obtained by the steady-state kinetics are relatively consistent (Table 1). It can be seen that under this experimental condition, the immobilization of the substrate hardly affects the hydrolysis reaction.

Calculated according to the equations Km = (koff + kcat)/kon and Kd = koff/kon, it can be known that the Km values obtained by QCM-A monitoring and Michaelis-Menten kinetics are 2.35 × 10–3 M and 1.8 × 10–3 M, respectively, and these Km values are much larger than Kd. From the mathematical meaning of the equation, it can be seen that when koff ≫ kcat occurs, the value of Km is composed of the dissociation constant Kd (Equation 4). In enzyme kinetics, the case of koff ≫ kcat means that the interaction between the enzyme and the substrate is a state of rapid equilibrium, while the case of koff ≪ kcat implies that the reaction is almost irreversible. Therefore, the classification of enzyme reaction models should pay special attention to comparing the values of koff and kcat.

The data in Table 1 shown that the kcat value (6.1 s–1) of this study is much larger than the koff value (5.2 × 10–4 s–1), indicating that the reaction catalyzed by α-amylase to hydrolyze amylose is irreversible, then the Km value also does not reflect the dissociation constant (Kd). In this study, the effective kinetic parameters (koff, kon, and kcat) were obtained by the QCM-A method, and then the Kd value (koff/kon) was obtained by calculation. In contrast, the traditional Michaelis–Menten kinetics could not obtain sufficient kinetic parameters, which also cannot reflects the actual dissociation constant. Studies have found that most of the reactions that endonucleases participate in are irreversible reactions. and usually kcat is greater than koff, because endonucleases will continue to hydrolyze specific units of substrates to achieve efficient hydrolysis reactions (53). Therefore, it is essential to monitor the whole process of the response effectively and obtain all the kinetic parameters involved in the reaction for the scientific and accurate analysis of the enzymatic reaction.



3.3. Fucoxanthin inhibit α-amylase reactions in the QCM-A plates

Before determining whether fucoxanthin has an effect on α-amylase, we need to confirm whether fucoxanthin has an effect on the substrate amylose. Therefore, we used the solvent DMSO of fucoxanthin and only fucoxanthin to determine the effect on the substrate amylose on QCM-A. As shown in Figure 4A, the frequency was simply decreased (mass increased) and tended to be stable after a period of time, which indicated that the amylose immobilized on the QCM-A gold electrode did not undergo hydrolysis fracture, bespeaking that fucoxanthin or DMSO had no effect on the substrate structure.
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FIGURE 4
(A) Effect of fucoxanthin on frequency changes of the amylose–avidin-immobilized quartz crystal microbalance-admittance (QCM-A). (a) 0.005 nM fucoxanthin in 50% DMSO, (b) 50% DMSO solution. (B) Effect of different concentrations fucoxanthin for α-amylase on frequency changes of the amylose–avidin-immobilized QCM-A. (a–c) Different concentrations fucoxanthin in 50% DMSO (0.005, 0.01, 0.015 mM), (d) responding to the addition of 1 mg mL–1 α-amylase.


Subsequently, we used fucoxanthin to characterize its effect on the activity of α-amylase. Figure 4B shown the frequency change of QCM-A of immobilized amylose after adding fucoxanthin at different concentrations (0.005, 0.01, and 0.015 mm) in 50% DMSO solution. In the previous data description, since α-amylase hydrolyzes to the non-reducing end of dextran, and the frequency decreases (mass increases) in the first few seconds, and then gradually increases (mass decreases) until reaching a constant value (Figure 4B, d), which corresponds to the hydrolysis of amylose substrate on QCM-A by α-amylase. When different concentrations of fucoxanthin were added to the plate of QCM-A, it was found that the frequency first decreased, and then the frequency gradually increased. However, after the frequency was stable, the constant value was much lower than the constant value using only enzyme. This may be because fucoxanthin has a negative effect on the activity of α-amylase to hydrolyze starch, so that amylose on QCM-A electrode is not catalytically hydrolyzed.

The α-amylase of human salivary was composed of single polypeptide chains with 496 amino acids (54). And the fucoxanthin has two hydroxyl groups and three hydrogen-bond as well as long hydrocarbons conjugated double bonds. Previous researchers proposed that fucoxanthin, as an effective inhibitor of α-amylase or starch blockers, has the characteristics of degrade the activity of α-amylase and decrease the conversion rate of starch (11, 55, 56). This may be stably present in the binding pocket of α-amylase and hydrophobic interactions between fucoxanthin long hydrocarbons with conjugated double bonds and the residues on the α-amylase (57). Meanwhile, the formation of hydrogen bonds between the carboxylate groups (Glu233 and Asp197) in the active site of human salivary α-amylase and OH groups of fucoxanthin, that also may leads to the fucoxanthin against the activity of the α-amylase (54, 56). Furthermore, Hyun et al. (57) found the fucoxanthin in U. pinnatifida may have additional hydrogen bonding to might stabilize the enzyme’s open form and potentiate tighter binding to the active site of the enzyme, resulting in more enhance interactions of α-amylase inhibitors.



3.4. Inhibitory kinetics of fucoxanthin inhibit α-amylase

It has been reported that the classical Michaelis–Menten equations or Lineweaver–Burk plot has a limitation when fitted the enzymatic hydrolysis curves due to the hydrolysis product changes (47). This drawback occurs when the hydrolysis activity of the enzyme is affected by other inhibitors, resulted in difficulty in predicting the binding and/or cleavage of the substrate, and under this condition, it will be impossible to distinguish which substance (inhibitor or enzyme) on it (39). In contrary, using the QCM method to monitor the hydrolytic enzymatic reaction could accurately analyze the effect of the inhibitor by monitoring the frequency change pattern, the precise kinetic parameters (kon, koff, and Kd) obtained during ES complex formation, and kcat value during catalytic hydrolysis) (39, 45).

When the enzyme inhibitor is used, there are three experimental conditions of kinetic parameters could be obtained, which explained as follows: (1) while kon[E]0 ≪ kcat ≥ koff, indicates that is an obvious catalytic reaction process. There is a simple increase in frequency, as the mass decreases and shown by the α-amylase (10 mg mL–1) curve in Figure 2e; (2) while kon[E]0 ≫ kcat ≥ koff, it showed an obvious enzyme binding process, and the change in QCM-A was a simple decrease in frequency, as an increase in mass (relevant data were not obtained in this study); and (3) while kon[E]0 ≈ kcat ≥ koff, means that the condition is characterized by the competitive enzyme binding and the subsequent catalytic process. The change in QCM-A is started with the frequency first decreases rapidly and then increases, as shown in the curves (b–d) of Figure 2 (45). In the present study, the fucoxanthin reacts with α-amylase like kon[E]0 ≈ kcat ≥ koff, in which the frequency first decreases rapidly, then increases and stabilizes, which may be attributed to the presence of the enzyme. This condition showed that the fucoxanthin has an influence in changing the activity. The curves (a–c) in Figure 4B clearly shown the above reaction. Therefore, various kinetic modes can be analyzed according to multiple situations of frequency change with time. Combining the previous equations, we can know the relationship between the kinetic parameter relaxation time τ–1 and [E]0 value as follows:
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There is a certain amount of α-amylase in oral saliva. When the human body ingests glucan, it will first undergo a hydrolysis reaction with α-amylase in the saliva. The fucoxanthin used in this study has the property of inhibiting α-amylase, which can effectively reduce the hydrolysis of glucan by α-amylase. Subsequently, we use the Lineweaver–Burk plot and Dixon plot to explain the mode of enzymatic inhibition pattern in Figure 5 (47–49). The kinetic analyses were performed at different concentrations of amylose (0.2, 0.1, 0.05, and 0.025% in milli-q water) and different concentrations of fucoxanthin (5, 10, 20, 40, and 80 μg mL–1 in 50% DMSO). In the Lineweaver–Burk plot, the lines of different concentrations of fucoxanthin have similar y-intercepts, representing its ability to act as a competitive α-amylase inhibitor, while the lines of fucoxanthin intersect very close to the y-axis (the value of the y-intercept is close to zero), indicating that the type of inhibition of α-amylase is mixed inhibition and is very similar to non-competitive inhibition. Combined with the above-mentioned QCM-A data and bias of Lineweaver–Burk plot, this study suggests that fucoxanthin has little effect on the substrate amylose, which is negligible compared to the effect on α-amylase activity. Although the binding site of fucoxanthin and α-amylase is not an active site for enzymatic hydrolysis of glucan, it will inhibit or reduce the activity of the enzyme, so that the enzyme cannot hydrolyze glucan. And the Ki values obtained from the Dixon plotting were 36.25 μM for α-amylase inhibition.
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FIGURE 5
(A) Lineweaver-burk plot for the inhibition of fucoxanthin inhibit α-amylase. (B) Dixon plot for the inhibition of fucoxanthin inhibit α-amylase.


For a long time, elucidating the interaction mechanism between inhibitors and enzymes has been a research hotspot, and various techniques have been used to study the structural characteristics of inhibitors and enzymes, such as 3D molecular docking procedures, cryo-electron microscopy, etc. There are many efficient and fast tools and technologies, but there are also some shortcomings. For example, molecular docking technology, which is a prediction method, sometimes cannot fully reflect the real reaction changes (58, 59); and cryo-electron microscopy technology is efficient and fast, but the equipment is too large. Expensive, sample preparation is too complicated, etc. The QCM technology used in this study can obtain precise kinetic parameters, thereby providing real and accurate data for kinetic studies.




4. Conclusion

In this study, we employed the QCM-A instrument to explain each step of the reaction between α-amylase and amylose and the inhibition effect of seaweed fucoxanthin against α-amylase in amylose hydrolysis, which is very important to fully understand its kinetic reaction mechanism. Further understanding of fucoxanthin- α-amylase interactions plays an important role in promoting its commercial development. Compared to the conventional method, the Michaelis–Menten equation, the QCM-A technique can observe and quantify every step of the catalytic hydrolysis reaction, especially the formation and decay of ES complexes. Our experimental work shown that the addition of various concentrations of fucoxanthin (0.005, 0.01, and 0.015 mM) could give a negative effect on the activity of α-amylase to hydrolyze starch, so that amylose on QCM-A electrode is not catalytically hydrolyzed. These observations prove that the QCM-A is suitable to investigate the inhibitory effect of fucoxanthin against α-amylase. In addition, this experimental technique will be applicable for any other type of polysaccharide degradation studies, any active enzymes involving hydrolysis or carbohydrates, can be tested, and characterized using this experimental technique. Furthermore, the QCM-A technology is also useful for the development of novel inhibitors of digestive enzymes.
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