


Comparative study of the kinetic and thermodynamic parameters of the latenent and activated forms of polyphenoloxydase from the tuber of yam [Dioscorea cayenensis-rotundata (Dioscoreaceae)] cutivar "Zrèzrou" cultivated in ivory coast	Comment by OKO THADDEAUS EGIRIN: The title is too lengthy, Kindly recast to a shorter version of 15-20 words count.





Abstract ; In the Zrèzrou yam (Dioscorea cayenensis rotundata), cultivated in Côte d’Ivoire, polyphenol oxidase (PPO), the enzyme responsible for enzymatic browning, exists in latent and activated forms, whose properties were poorly documented. This study aims to conduct a detailed comparison of the kinetic and thermodynamic parameters of these two enzymatic forms. PPO extracted from fresh tubers was purified, and its activated form was obtained by adding 0.4% sodium dodecyl sulfate (SDS) to the reaction medium. Kinetic parameters (Vmax, Km, catalytic efficiency) were determined by spectrophotometry, while thermodynamic parameters (activation energy Ea, enthalpy ΔH°, entropy ΔS°, Gibbs free energy ΔG°) were calculated from activity data as a function of temperature. The results revealed no significant difference between the two forms in terms of Km values. However, the latent form has a higher Vmax and catalytic efficiency than the activated form, indicating enhanced substrate affinity. Thermodynamically, the latent form shows a lower Ea (78.92 KJ) than the activated form (129.92 KJ), suggesting that the catalyzed reaction requires less energy and that the latent form has better thermal stability. The average positive ΔH° (76.27 KJ) and negative ΔS° (-36.41 KJ) values confirm the endothermic nature of the reaction and the formation of an ordered enzyme-substrate complex for the latent form, while the positive ΔG° values for both forms indicate the non-spontaneity of the process. These results provide a scientific basis for the development of effective strategies to control enzymatic browning, in order to improve the food and industrial valorization of this tuber in Côte d’Ivoire. 
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1. INTRODUCTION

Yams are monocotyledonous plants belonging to the family Dioscoreaceae and the genus Dioscorea (Hamon et al., 1995). With an estimated production of 75 million tonnes (FAO, 2021), a large proportion is directly used by farmers, while the rest is marketed to supply urban markets. Yams are a staple food crop in several West African countries, including Nigeria, Ivoiry cost, Ghana, Togo, and Benin. Their highly appreciated taste, nutritional value, and dietary benefits give them a prestigious image and enable them to compete with other starchy food products such as cereals and cassava (Ducroquet, 2002). In the form of flour, yams are used in the composition of certain pastry products like pancakes and cakes (Dendy et al., 1970). They can also be used in some bakeries to replace wheat flour at a rate of up to 50% (Médoua, 2005).	Comment by OKO THADDEAUS EGIRIN: Check your spelling, e.g. Yam not yams	Comment by OKO THADDEAUS EGIRIN: Out of date reference. Kindly do a google search and site works within the last 10 years. Or do you mean no similar work has been done in the last 10 years ?	Comment by OKO THADDEAUS EGIRIN: ditto
Although yam tubers are nutritionally, pharmacologically, and economically important for local populations, they remain a seasonal and perishable product (Coursey, 1967). Losses are not only caused by germination, rotting due to bacteria, fungi, rodent attacks, and damage during harvesting and transport but also by the oxidation of phenolic compounds into quinones (Degras, 1986; Mayer and Harel, 1991). This reaction observed in food products is called enzymatic browning. Polyphenol oxidases (mainly) and peroxidases (secondarily) are responsible for this biological phenomenon (Treche, 1997). These enzymes catalyze the oxidation of phenols into quinones in the presence of molecular oxygen. The quinones formed then polymerize to produce brown pigments (de Rigal, 2001). This phenomenon occurs in plants rich in phenolic compounds, leading to loss of nutritional value, deterioration of the food’s organoleptic quality (de Rigal, 2001), and hindering the processing of this yam variety’s tubers. This is why studies on the inhibition of enzymatic browning have gained importance in food processing technology (Vamos-Vigyazo, 1981).	Comment by OKO THADDEAUS EGIRIN: ditto	Comment by OKO THADDEAUS EGIRIN: ditto	Comment by OKO THADDEAUS EGIRIN: ditto
PPO generally exists in plant tissues in two states : a latent form (inactive or poorly active) and an activated form (capable of catalyzing the oxidation of phenolic compounds into quinones, the precursors of brown pigments). The transition between these two states is governed by various physicochemical factors (pH, temperature, presence of ligands or inhibitory proteins), whose understanding requires a detailed analysis of the kinetic and thermodynamic parameters that regulate their activity and stability. While studies have been conducted on PPO from different plant species, few have systematically compared the properties of latent and activated forms, particularly in local yam cultivars.	Comment by OKO THADDEAUS EGIRIN: Reference ??
In this context, the present study aims to conduct a comparative analysis of the kinetics and thermodynamics of latent and activated forms of PPO extracted from tubers of the Zrèzrou yam cultivar grown in Côte d’Ivoire. More specifically, it will determine the kinetic parameters (Vmax, Km, catalytic efficiency) and thermodynamic parameters (activation energy, enthalpy, entropy, Gibbs free energy) of the two enzymatic forms to analyze the differences that could explain their respective behaviors. These data will contribute to improving the understanding of PPO regulatory mechanisms in Zrèzrou yams and provide a scientific basis for the development of strategies to control enzymatic browning during the valorization of this tuber.

2. MATERIALS AND METHODS 

2.1 Materals

2.1.1 Biological Material 

The biological materials used in this study consisted of yam tubers of Dioscorea cayenensis rotundata cultivar Zrèzrou. These yam tubers were harvested at physiological maturity at the Floristic Experimentation and Research Station of the University of Abobo-Adjamé (formerly Nangui Abrogoua University) in Abidjan, Côte d'Ivoire. After harvesting, the tubers were selected for their lack of physical damage or signs of disease, then washed under running water and immediately stored at -20°C until use for enzymatic extraction.	Comment by OKO THADDEAUS EGIRIN: How and why are these materials selected ? in your review of literature, what materials were used ? this should give you the basis to why the choice of your materials and methods. 

2.1.2 Reagents and Equipment 

All reagents used were analytical grade or biological research grade. The substrates used for PPO activity assays were dopamine, catechin, and catechol from Sigma Chemical Company (St. Louis, MO, USA), chosen for their sensitivity to the enzyme. The 0.1 M phosphate buffer was prepared with distilled and deionized water, and its pH was adjusted with an HCl solution. The main equipment included a Moulinex-type mixer, a refrigerated centrifuge (Hermel Z 300K), and a UV-visible spectrophotometer (SHIMATZU). The chromatography products DEAE-Sepharose CL-6B, Phenyl-Sepharose CL-6B, and Sephacryl S-100 HR were from Pharmacia-LKB Biotech (Uppsala, Sweden).

2.2 Methods

2.2.1 Enzyme Source

Freshly peeled tubers (150 g) were cold-mixed in 300 mL of 0.9% (w/v) NaCl for 10 min. The resulting homogenate was centrifuged at 20,000 g for 10 min at 4 °C. The supernatant represents the crude extract. This enzyme solution (20 mL) was loaded onto a DEAE-Sepharose CL-6B gel (2.4 cm × 6.5 cm) previously equilibrated with 100 mM phosphate buffer at pH 6.0. Unbound proteins were removed from the column by washing with two column volumes of the same buffer at pH 6.0. The proteins were eluted by a stepwise NaCl gradient (0, 0.3, 0.5, and 1 M) in 100 mM phosphate buffer at pH 6.0. 3 mL fractions were collected at a flow rate of 180 mL/h and their enzymatic activity was measured. The active fractions were pooled and saturated overnight with 80% ammonium sulfate in a cold chamber. The precipitated pellet was then separated by centrifugation at 20,000 g for 30 min and dissolved in 1 mL of 100 mM phosphate buffer at pH 6.0.
The enzyme solution was directly loaded onto a Sephacryl S-100 HR column (1.6 cm × 64 cm) previously equilibrated with the same buffer at pH 6.0. Proteins were eluted at a rate of 20 mL/h with 100 mM phosphate buffer at pH 6.0. 1 mL fractions were collected, and the active fractions were pooled. The resulting fraction was saturated to a final concentration of 1.7 M ammonium sulfate and then loaded onto a Phenyl-Sepharose CL-6B column (1.4 cm × 7.5 cm) previously equilibrated with 100 mM phosphate buffer at pH 6.0 containing 1.7 M ammonium sulfate.
The column was washed with equilibration buffer, and the retained proteins were then eluted by a stepwise gradient elution with ammonium sulfate at concentrations of 1.7 M, 1 M, 0.7 M, 0.3 M, and 0 M in 100 mM phosphate buffer at pH 6.0. One-mL fractions were collected at a flow rate of 15 mL/h, and the active fractions were pooled. The resulting fraction constituted our enzyme for analysis.

2.2.2 Assay of the latent form of polyphenol oxidase activity

PPO activity was measured spectrophotometrically by observing the increase in absorbance due to quinone formation from the substrate. The reaction medium, with a total volume of 2 mL, contained 1.1 mL of 0.1 M phosphate buffer, pH 6; 0.8 mL of substrate (10 mM dopamine, 10 mM catechol, or 10 mM catechin); and 0.1 mL of enzyme extract (latent form). It was incubated at 30°C for 10 min. Absorbance was measured using a UV-visible spectrophotometer (Shimatzu) at 480 nm for dopamine and 420 nm for catechol and catechin against a control containing no enzyme solution. 
One unit of activity (U) of PPO was defined as the amount of enzyme that causes an increase in absorbance of 0.001 per minute under the assay conditions. The specific activity was expressed in U per mg of protein (Galeazzi et al., 1981). 	Comment by OKO THADDEAUS EGIRIN: 75% of your references should be within the last 10 years !

 2.2.3 Activation of Polyphenol Oxidase and Determination of its Activity 

To obtain the activated form of PPO, the enzyme solution was subjected to an activation treatment according to the method of Sánchez-Ferrer et al., 1992, with adjustments. Briefly, 100 µl of the enzyme solution was pre-incubated in test tubes containing 1.1 ml of phosphate buffer (100 mM) pH 7 and SDS (0.4 %) at 30 °C for 20 min. After pre-incubation, 0.8 ml of 10 mM substrate was added to the reaction mixture, and the entire mixture was incubated at 30 °C for 10 min. Absorbance was measured using a UV-visible spectrophotometer (Shimatzu) at 480 nm or 420 nm, depending on the substrate used, against a control containing no crude enzyme extract.
2.2.4. Determination of Kinetic Parameters
The kinetic parameters (Vmax, Km, catalytic efficiency Vmax/Km) of the latent and activated forms of PPO were determined by measuring the enzymatic activity in the presence of different substrate concentrations ranging from 0.1 to 20 mM at pH 6 for the latent form and pH 7 for the activated form at 30 °C. The values ​​of Vmax and Km were calculated from linear regressions using the Lineweaver-Burk method. The catalytic efficiency was calculated as the ratio Vmax/Km.
Catalytic efficiency (U/mM.mg) = Vmax/KM	Comment by OKO THADDEAUS EGIRIN: ditto

2.2.5 Thermal inactivation

The effect of temperature on the activity of latent and activated forms of PPO was studied by performing activity assays at temperatures ranging from 35 to 75 °C in 5 °C increments, at pH 6 for the latent form and pH 7 for the activated form, using dopamine as a substrate. The results were expressed as a percentage of maximum relative to the optimal temperature.

2.2.6 Kinetic analysis

The temperature dependence of the reaction rate constant for the studied enzyme served as the basis for fitting to the Arrhenius equation (Arrhenius, 1889):	Comment by OKO THADDEAUS EGIRIN: Use ‘Latex’ to format your Equations
Ln (At/A0) = – kt (Eq.1)
Where, At is the residual enzyme activity at time t (min), Ao is the initial enzyme activity, k (min-1) is the inactivation rate constant at a given condition. The k-values were obtained from the regression line of Ln (At/Ao) versus time as slope.
The D-value is defined as the time needed, at a constant temperature, to reduce the initial enzyme activity (Ao) by 90 %. The D-values (Dt) were calculated by regression analysis of the lines obtained by plotting the logarithm of the activity expressed as the percentage of initial activity against time. The D-values correspond to the reciprocal of the slope of those lines. The decimal reduction time (D) was calculated according to Stumbo (1973) as:
D =2.303/k (Eq.2)
The Z-value (°C) is the temperature increase needed to induce a 10-fold reduction in D- value (Stumbo, 1973). This Z-value follows the equation:
log(D1/D2) = (T2 – T1)/Z (Eq.3)
Where, T1 and T2 are the lower and higher temperatures in °C or K. Then, D1 and D2 are D-values at the lower and higher temperatures in min, respectively. The Z-values were determined from the linear regression of log(D) and temperature (T).
2.2.7 Thermodynamic parameters
The thermodynamic parameters were calculated from the activity data as a function of temperature. The activation energy (Ea) of the reaction catalyzed by PPO was determined according to the Arrhenius law:
ln(k) = -Ea/(R×T) + ln(A)
where k is the rate constant of the reaction (proportional to the specific activity), R is the ideal gas constant (8.314 J·mol⁻¹·K⁻¹), T is the temperature in Kelvin, and A is the pre-exponential factor.
The other thermodynamic parameters, activation enthalpy (ΔH°), activation entropy (ΔS°), and activation Gibbs free energy (ΔG°), were calculated from the following equations:
ΔH° = Ea - R×T
ΔS° = R × (ln(A) - ln(k_B/h) - ln(T))
ΔG° = ΔH° - T×ΔS°
where kB is the Boltzmann constant (1.3806 × 10⁻²³ J·K⁻¹) and h is the Planck constant (6.626 × 10⁻³⁴ J·s).

2.2.8 Statistical analyses

All experiments were performed in triplicate, and results are expressed as mean ± standard deviation. Statistical analyses were performed using SPSS 10.1. Differences between the means of the parameters for the latent and activated forms of PPO were tested by one-way analysis of variance (ANOVA), followed by multiple comparisons tests (Student's Fischer test, Duncan's test), and correlation analysis for comparing means. A significance level of p < 0.05 was used.
2.2.9 Protein Estimation
The protein content of the enzyme solutions was determined according to the method of Lowry et al. (1951). 

2.2.9.1 Reagents Used 
The reagents used for protein assay were as follows: 
	Solution A: Folin-Ciocalteus reagent diluted 50/50 in 0.1N sodium hydroxide; 
	Solution B: sodium carbonate (2% w/v) prepared in 0.1N sodium hydroxide; 
	Solution C1: copper sulfate solution (0.5% w/v) prepared in distilled water; 
	Solution C2: sodium potassium tartrate (1% w/v) prepared in distilled water; 
	Solution D: prepared extemporaneously from 100 µL of solution C1, 100 µL of solution C2, and 10 mL of solution 

2.2.9.2 Assay 
Two hundred (200) µL of the protein preparation were diluted in 2 mL of D. Then, two hundred (200) µL of solution A were added to this mixture. The reaction mixture was stirred and allowed to stand for 30 min in the dark to allow the color to develop. The optical density of the assay was measured at 660 nm against a control containing no protein solution. The obtained optical density was then converted to mg of protein using a calibration curve prepared under the same conditions. Bovine serum albumin was used as the reference protein.

3. RESULTS 
 3-1- Maximum velocity and Michaelis-Menten constant
Graphical representations of the inverse velocity as a function of the inverse substrate concentration yielded linear regression lines, thus reflecting Michaelis-Menten kinetics. For the same substrate, the maximum velocity (Vmax) values ​​of the latent form differ from those of the activated form. As for the KM values, they remain approximately equal for both forms regardless of the substrate used. The latent and activated forms always exhibit a high kinetic potential for dopamine (Table 1).










Table 1: Substrate specificity and kinetic parameters of polyphenoloxidase from yam tuber (Dioscorea cayenensis-rotundata) cultivar “zrèzrou”

	
Substrate
	                KM (mM)
	             Vmax (U/mg)
	       Vmax/KM (U/mM.mg)

	
	  latent
	activated
	   latent
	   activated
	   latent
	activated

	Dopamine
	6.20   ± 0.42a
	6.25    ± 0.03a 
	5813.95 ±  8.8c
	10416.67 ± 2.66b
	933.71 ± 2.26e
	1666.67 ± 9.5d

	Catechol
	26.32 ± 0.28a
	26.21 ± 0.02a
	3289.47 ±  1.4c
	5952.38   ± 0.60b
	124.98 ± 1.83e
	227.10   ± 0.2d

	Catechin
	4.65   ± 1.07a
	4.65   ± 0.02a
	453.72    ± 2.02c
	617.28     ± 1.78b
	97.66   ± 0.58e
	132.75   ± 1.0d



KM: Michaelis-Mentens constant; Vmax: Maximum speed; Vmax / KM: Catalytic efficiency. Means in the same row with different exponents are significantly different (P ≤ 0.05) according to the Student-Fisher test.

3.2 Influence of Temperature and Pre-Incubation Time

Tables 2 present the thermal inactivation profile of the latent and activated forms of polyphenol oxidase. At temperatures between 35 and 75 °C, enzyme inactivation occurred after 5 min of pre-incubation in 100 mM phosphate buffer, pH 6.0, for the latent form and pH 7 for the activated form. Heating the latent form at 55 °C for 30 min resulted in a partial inactivation of 51.1±1.2% (Table 2). In contrast, the activated form, at the same temperature and time, lost 89.3% of its activity. It was strongly inactivated (98.50% inhibition) after 60 min of pre-incubation.





























Table 2: Residual activities of the latent form of polyphenol oxidase from yam (Dioscorea cayenensis rotundata) cultivar "Zrèzrou" as a function of temperature (35 °C to 75 °C) and pre-incubation time (5 min to 60 min)90


	Temperature
°C
	Residual activity (%) for each pre-incubation time (min)

	
	0
	5
	10
	15
	20
	25
	30
	35
	40
	45
	50
	55
	60

	35
	100
	97.7±0.4
	95.4±0.9
	94.4±1.2
	92.1±1.6
	91.2±2
	87.9±0.2
	87.1±1.4
	85.6±3.4
	83.9±2.9
	82.5±3.2
	80.8±1.2
	79.6±1.3

	40
	100
	94.4±2.3
	91.3±1.5
	87.4±3.1
	85.2±1.6
	81.7±1.3
	77.7±4.1
	75.5±2.0
	72.2±2.2
	69.7±1.3
	66.3±1.7
	64.2±2.2
	62.1±1.7

	45
	100
	93.5±1.6
	89.6±1.2
	83.8±1.1
	80.3±1.3
	77.3±2.5
	74.2±2.6
	70.9±1.7
	67.6±1.3
	65.2±1.5
	61.3±0.4
	60.1±1.4
	56.9±2.1

	50
	100
	90.3±2.2
	84.7±1.9
	76.7±1.5
	7±0.41.9
	66.3±1.4
	60.2±1.8
	57.0±2.1
	52.8±2.4
	49.2±1.6
	45.8±1.6
	12.7±1.5
	40.8±1.3

	55
	100
	87.4±2.5
	75.6±2
	67.6±0.7
	61.8±1.4
	56.0±3.3
	51.1±1.2
	43.0±1.4
	39.5±0.5
	36.0±0.7
	31.6±1.3
	29.2±2.1
	24.2±1.7

	60
	100
	85.8±1.1
	 75.2±2.1
	67.7±1.7
	59.6±2.7
	52.6±1.6
	46.9±1.5
	41.7±2.1
	37.9±1.8
	 32.3±1.4
	28.1±0.8
	24.2±1.9
	20.4±0.9

	65
	100
	77.0±0.2.8
	67.9±1.4
	53.9±08
	46.6±3.1
	39.6±1.4
	31.4±2.4
	26.4±0.1
	21.9±0.6
	16.6±3.4
	12.1±0.3
	9.3±0.3
	8.2±0.8

	70
	100
	60.5±1.9
	40.6±1.3
	25.1±1.4
	17.2±1.6
	10.9±2.1
	7.1±0.9
	 3.9±0.4
	  2.5±0.1
	1.3±0.4
	1.1±0.1
	0.6±0.1
	0.3±0.1

	75
	100
	34.2±1.7
	13.5±1.6
	6.7±0.5
	2.9±1.1
	1.6±0.4
	0.9±0.3
	0,4±0.1
	0,3±0.1
	0,1±0.0
	0,06±0.0
	0,02±0.4
	0,01±0


Table 3: Residual activities of activated polyphenol oxidase from yam (Dioscorea cayenensis-rotundata) cultivar "Zrèzrou" as a function of temperature (35 °C to 55 °C) and pre-incubation time (5 min to 60 min)
	Temperature (°C)
	Residual activity (%) for each pre-incubation time (min)


	
	0
	5
	10
	15
	20
	30
	35
	40
	45
	50
	55
	60

	35°C
	100
	98.0±1.4
	97.12±0.3
	95.1±4.1
	93.2±1.4
	90.5±2
	88.7±0.6
	86.9±2.1
	85.2±1.6
	82±1.6
	83.8±1.5
	81.9±3.1

	40 °C
	100
	92.2±2.1
	88.7±1.2
	83.5±2.1
	78.7±0.7
	72.6±0.6
	69.1±4.4
	65.7±1.7
	61.9±3.4
	58.3±0.9
	55.4±0.7
	53.3±2.8

	45 °C
	100
	86.9±1.7
	80.3±0.9
	71.9±1.7
	62.5±2.3
	52.7±0.7
	47.5±2.9
	41.5±2.5
	38.3±0.7
	32.6±3.4
	28.6±2.1
	25.7±1.4

	50 °C
	100
	77.8±3.1
	67.1±0.4
	56.5±2.4
	43±0.4
	31.3±1.3
	24.3±1.3
	20.8±0.6
	16.5±3.4
	14.2±1.2
	11.7±2.3
	9.07±1.1

	55 °C
	100
	63.7±1.6
	44.2±1.3
	30.1±1.5
	20.3±1.3
	10.7±0.8
	7.2±0.4
	4.9±1.9
	3.9±1.7
	2.7±2.2
	2.1±0.3
	1.5±2.1



4-1-2- Rate constants of the reaction and half-life of polyphenol oxidase

Graphical representations of Ln At/Ao as a function of the pre-incubation time of polyphenol oxidase at temperatures between 35 and 75 °C yielded linear relationships indicating first-order kinetics (Figures 1 and 2). The half-lives of the polyphenol oxidase-catalyzed reactions decrease as the temperature increases. At 55 °C, the half-lives are 33.01 ± 2.1 and 9.63± 1.6 min, respectively, for the polyphenol oxidase-catalyzed reactions in the absence and presence of SDS (Tables 4).
[image: ]
[image: ]
A0 and At are the enzymatic activities before and after heating, respectively.
Figure 1: Influence of pre-incubation time at different temperatures (35 to 75 °C) on the latent form of polyphenol oxidase from the tuber of yam (Dioscorea cayenensis-rotundata) cultivar "Zrèzrou".
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Figure 2: Influence of pre-incubation time at different temperatures (35 to 55°C) on activated polyphenol oxidase of yam tuber (Dioscorea cayenensis-rotundata) cultivar "Zrèzrou".

Table 4: Rate constants of the reaction catalyzed by the latent and activated forms of polyphenol oxidase from the tuber of yam (Dioscorea cayenensis-rotundata) cultivar "Zrèzrou" during thermal inactivation between 35-75 °C

	Temperature
(°C)
	t½ (half-life) (min)

	k (constant speed in min-1)

	
	Latente
	Activated
	Latente
	Ativated

	35
	231.0  ± 4.6
	231   ± 3.7
	0.003 ± 0,001
	0.003 ± 0,002

	40
	99.02  ±  3.9
	69.3  ± 2.1
	0.007 ± 0,002
	0.010 ± 0.010

	45
	77.02  ±  5.2
	31.50 ± 1.7
	0.009 ± 0,005
	0.022 ± 0,026

	50
	49.51  ±  2.6
	17.77 ± 1.1
	0.014 ± 0,013
	0.039 ± 0,014

	55
	33.01  ±  2.1
	9.63   ± 1.6
	0.021 ± 0,017
	0.072 ± 0,037

	60
	30.14  ±  1.8
	
	0.022 ± 0,012
	

	65
	19.25  ±  1.4
	
	0.036 ± 0,019
	

	70
	8.35    ±  1.7
	
	0.083 ± 0,126
	

	75
	4.95    ±  0.3
	
	0.140 ± 0.104
	



4-1-3- D, Z, and Ea Values ​​of Polyphenol Oxidase During Thermal Inactivation

The graph of ln k as a function of the inverse of the temperature (expressed in °kelvins) gives a straight line with a negative slope (Figure 3). This kinetics is described by the equation: ln k = -9294.9 (1/T) + 24.475 (R² = 0.9679) for the latent form and ln k = -15634 (1/T) + 45.166 (R² = 0.979) for the activated form, where T represents the absolute temperature. The activation energies (Ea) of polyphenol oxidase are positive. They are 77.24 ± 0.66 kJ/mol and 129.92 ± 1.59 kJ/mol (Table 5) for the latent and activated forms, respectively. The D values ​​obtained at pre-incubation temperatures of 35 to 75 °C decreased linearly (Table 5), from 767.67 ± 1.2 to 16.45 ± 0.52 min for the latent form and from 767.67 ± 1.7 to 31.99 ± 0.35 min for the activated form (Table 5). The graph of log D as a function of the pre-incubation temperature of polyphenol oxidase is a straight line (Figure 4). The equation of this line is: Log D = -0.00377T + 14.433 (R² = 0.972) for the latent form and Log D = -0.0067T + 23.424 (R² = 0.9738) for the activated form. This allowed us to determine the Z values, which are 26.52 ± 0.65°C and 14.93 ± 0.27°C for the latent and activated forms, respectively (Table 5).

Figure 3: Influence of temperature on the rate constant of the reaction catalyzed by polyphenol oxidase of the yam tuber (Dioscorea cayenensis-rotundata) cultivar "Zrèzrou".
Symbole ; Δ Latente form Ο activated form     
ˆ
Figure 4: Influence of temperature on D values ​​during thermal inactivation of latent and activated forms of polyphenoloxidase from yam Dioscorea cayenensis-rotundata cultivar "Zrèzrou".
Symbol ; Δ Latente form Ο activated form     





Table 5: Values ​​of D, Z and Ea during thermal inactivation between 35 and 75 °C of the latent and activated forms of polyphenol oxidase in yam (Dioscorea cayenensis-rotundata) cultivar "Zrèzrou".

	
D, Z et Ea
	Values

	
	latente Form
	activated Form

	D35 (min)
	767.67 ± 1.2
	767,67 ± 1.7

	D40 (min)
	329.0 ±3.05
	230,30 ± 2.41

	D45 (min)
	255.89 ± 0.16
	104,68 ± 1.03

	D50 (min)
	164.51 ± 02
	59,05 ± 0.81

	D55 (min)
	109.67 ± 2.36
	31,99 ± 0.35

	D60 (min)
	100.13 ± 1.14
	

	D65 (min)
	63.97 ± 0.42
	

	D70 (min)
	27.75 ± 0.99
	

	D75 (min)
	16.45 ± 0.52
	

	Z (°C)
	26,52 ± 0.65
	14,93 ± 0.27

	Ea (kJ/mol)
	77,24 ± 0.66
	129,92 ± 1.59



D, Z and Ea are respectively the decimal reduction time, the thermal resistance constant and the activation energy of the polyphenol oxidase.
4-2- Thermodynamic Analyses of Thermal Inactivation of Polyphenol Oxidase
The thermodynamic parameter values ​​of the thermal inactivation system of polyphenol oxidase in yam (Dioscorea cayenensis-rotundata) cultivar "Zrèzrou" are recorded in Table 24. The values ​​of ∆H# and ∆G# are both positive, while those of ∆S# are negative for the latent form and positive for the activated form. The values ​​of ∆H# and ∆S# for the latent form decrease as the temperature increases. The opposite occurs with ∆G#. Conversely, the thermodynamic values ​​of the activated form decrease as the temperature increases.




















Table 6: Thermodynamic parameters of thermal inactivation of the latent and activated forms of polyphenol oxidase of yam tuber (Dioscorea cayenensis- rotundata) cultivar "Zrèzrou" between 35 and 75 °C.

	

Température

	thermodynamic Parameters

	
	∆H# ( kJ/mol)
	∆S# ((J mol-1 K-1 )
	∆G# ( kJ/mol)

	
	Latente
form
	Activated
 Form
	latente 
form
	activated 
Form
	latente 
Form
	activated 
Form

	35
	74.68 ± 0.94
	127,36 ± 0.30
	-41,68 ± 0.57
	130,22 ± 0.31
	87,51 ± 0.32
	87,25 ± 1.01

	40
	74.63 ± 0.75
	127,32 ± 0.40
	-41,81 ± 0.46
	130,09 ± 0.62
	87,73 ± 0.35
	86,60 ± 0.52

	45
	74.60 ± 0.27
	127,28 ± 0.53
	-41,94 ± 0.45
	129,96 ± 0.38
	87,94 ± 0.30
	85,95 ± 0.41

	50
	74.56 ± 0.90
	127,23 ± 0.15
	-42,07 ± 0.59
	129,83 ± 0.41
	88,15 ± 0.40
	85,30 ± 0.38

	55
	74.52 ± 1.06
	127,19 ± 0.46
	-42,20 ± 0.66
	129,70 ± 0.55
	88,36 ± 0.12
	84,65 ± 0.71

	60
	74.47 ± 0.36
	
	-42,32 ± 0.47
	
	88,57 ± 0.61
	

	65
	74.43 ± 1.03
	
	-42,45 ± 0.32
	
	88,78 ± 1.02
	

	70
	74.39 ± 0.46
	
	-42,57 ± 0.72
	
	88,99 ± 0.57
	

	75
	74.35 ± 0.37
	
	-42,69 ± 0.40
	
	89,21 ± 1.27
	



DISCUSSION

This study characterized and compared the kinetic and thermodynamic properties of the latent and activated forms of polyphenol oxidase (PPO) extracted from the tuber of the yam Dioscorea cayenensis rotundata cultivar Zrèzrou, grown in Côte d’Ivoire. The results provide new insights into the regulatory mechanisms of this enzyme in a local yam cultivar, a species that has been poorly documented to date, and offer a scientific basis for controlling enzymatic browning during the processing of this tuber.
Substrate specificity is determined using two kinetic parameters: the KM value, which reflects the enzyme's affinity for the substrate, and the maximum catalytic velocity (Vmax). The determined kinetic parameters revealed significant differences between the latent and activated forms of PPO from the Zrèzrou yam tuber. The activated form has a higher Vmax value than the latent form and a Km value identical to that of the latent form, and indicates for both forms a greater affinity for the dopamine substrate. This study demonstrated that the polyphenol oxidase from the yam tuber (Dioscorea cayenensis-rotundata) cultivar "Zrèzrou" catalyzes the oxidation of ortho-diphenolic substrates (catechol, dopamine, and catechin). These two forms are therefore ortho-diphenolases, as shown by the work of Gnangui et al. (2009a) with the polyphenol oxidase from the tuber of yam (Dioscorea cayenensis-rotundata) cultivar 'longbô'. The catalytic efficiency of the polyphenol oxidase from the Zrèzrou yam variety of the species (Dioscorea cayenensis-rotundata) for dopamine is higher than that of catechol and catechin. This compound is therefore considered the best phenolic substrate for this enzyme. This result suggests that this biocatalyst is a dopamine oxidase like that of the polyphenol oxidase from the tuber of yam (Dioscorea cayenensis-rotundata) cultivar 'Longbô'. The KM values ​​of the latent and activated forms are identical. However, the Vmax values ​​differ. The consistency of the Km value after activation suggests that the transition from the latent to the activated form involves structural modifications of the enzyme, likely at the active site, which maintains substrate binding. Furthermore, the Km value obtained for the latent and activated forms of Zrèzrou PPO is higher than those reported for the latent form of apricot PPO (Deradja et al.2017).
The thermal inactivation study shows that the activity of the latent form ceases above 75°C, which is not the case for the activated form, where it ceases above 55°C. SDS would therefore appear to promote the thermal denaturation of polyphenol oxidase. This result could suggest that SDS, being a denaturing agent, exposes the enzyme to heat, thus readily promoting its denaturation.
The graph of Ln At/A0 versus pre-incubation time at temperatures between 35 and 75°C revealed first-order kinetics. This result suggests that polyphenol oxidase is the only enzyme present in the reaction medium capable of oxidizing dopamine in the presence of molecular oxygen. Indeed, the presence of isoforms generally results in a multi-phase curve. These results are consistent with those found by Dogan et al. (2005), Ditchfield et al. (2006), Rapeanu et al. (2006), and Gnangui et al. (2009b) on polyphenol oxidases from oregano, banana puree, grapes, and yam tuber (Dioscorea cayenensis-rotundata) cultivar 'longbô', respectively. Increasing the temperature from 35 to 75°C leads to a decrease in enzymatic activity and a reduction in half-life. The rate constants of this enzyme protein increase with rising pre-incubation temperatures, indicating that this biocatalyst is sensitive to temperature changes.
The kinetic parameters D, Z, and Ea allow us to assess the degree of enzyme stability under temperature variations. Defining these terms is helpful for understanding their role in enzyme destabilization processes. The decimal reduction time (D) represents the time required to reduce enzymatic activity by 90%. The heat resistance constant (Z) is the temperature increase required to reduce the value of D by 90%, and the activation energy (Ea) is the amount of energy needed to maintain the enzyme-substrate complex in its activated form. D values ​​are higher at the same temperatures for the latent form than for the activated form. This shows that the polyphenol oxidase from the yam tuber (Dioscorea cayenensis-rotundata) cultivar "Zrèzrou" is more stable under temperature variations when transitioning from the latent to the activated form, as a high D value indicates that the enzyme is more thermostable. This assertion is supported by the Z value obtained (25°C) for the latent form versus 13.16°C for the activated form. This result reveals that latent PPO exhibits some resistance to the heat of the environment compared to the activated form, because, according to Barette et al. (1991), low Z values ​​(3.1° at 20°C) indicate high heat sensitivity, while high Z values ​​indicate very high resistance of the enzyme to heat during heat treatments. The Z value of the latent form is lower than that obtained by Gnangui et al. (2009b) with the polyphenol oxidase from the tuber of yam (Dioscorea cayenensis-rotundata) cultivar 'longbô'. This shows that the polyphenol oxidase of yam (Dioscorea cayenensis-rotundata) cultivar 'longbô' is more resistant to temperature variations than that of the Dioscorea cayenensis-rotundata cultivar 'Zrèzrou'. Conversely, the PPOs of the latent and activated forms of yam 'Zrèzrou' are more heat-resistant than those reported by Strubi et al. (1975) and Vàmos-Vigyàzo (1981) for fruits and vegetables with values ​​between 8.5 and 10.1°C.
The activation energy (Ea) values ​​determined in the thermal inactivation region of latent and activated PPO polyphenol oxidase are high. They are 77.24 kJ for the latent form and 129.82 kJ·mol⁻¹ for the activated form. These positive values ​​indicate the sensitivity of these enzymes to increased temperature (Chutinhasri and Noomhom, 2006). Exposure of the zrèzrou PPO to SDS renders the enzyme thermolabile. The activation energy (Ea) value in the temperature inactivation region of the polyphenol oxidase from the yam tuber (Dioscorea cayenensis-rotundata) cultivar "Zrèzrou" is much higher than that found in the temperature activation region of the same enzyme. This activation energy is higher than those of polyphenoloxidases from rice (23.3 kJ/mol, Aquilera et al., 1987), kiwi fruit (33.67 kJ/mol, Park and Luh, 1985), plantain (18 kJ mol-1, Ngalani et al., 1993), and yam tuber (Dioscorea cayenensis-rotundata) cultivar “longbô” (67.67 kJ.mol-1, Gnangui et al., 2009b) but lower than those of the polyphenoloxidases of banana (413 kJ/mol, Dimick et al., 1951) and apple (241-323 kJ/mol, Yemenicioglu et al., 1997). Thus, the latent and activated fetal polyphenoloxidase of the yam tuber (Dioscorea cayenensis-rotundata) cultivar "Zrèzrou" is more sensitive to heat than those of wild rice, plantain, Kiwi fruit and the "longbô" yam tuber. However, it is less sensitive when compared to the polyphenol oxidases of banana, apple, and taro. The thermodynamic parameters of entropy, enthalpy, and free energy provide information on the probabilities, rate, and manner in which catalytic reactions occur with the different enzymes. The enthalpy value (∆H#) of the latent polyphenol oxidase of the yam tuber (Dioscorea cayenensis-rotundata) cultivar "Zrèzrou" differs from that of the activated form. This result shows that the number of non-covalent bonds broken during the formation of the transition state during the inactivation of latent polyphenol oxidase in the yam tuber (Dioscorea cayenensis-rotundata) cultivar "Zrèzrou" is very different from the number of non-covalent bonds broken in the activated form (Gnangui et al., 2009a). These reactions are strongly favored by a high degree of disorder for activated PPO, as evidenced by the positive and high entropy values ​​obtained. This result supports the hypothesis that SDS exposes the enzyme to the effects of heat. The high enthalpy values ​​obtained during the thermal inactivation of polyphenol oxidase from the yam tuber (Dioscorea cayenensis-rotundata) cultivar "Zrèzrou" indicate that the enzyme undergoes a considerable conformational change to its activated form during heat treatment (Marín et al., 2003). In the absence of SDS, this situation is even better explained by the negative entropy values ​​obtained, which are not close to 0. Indeed, entropy is a physical parameter related to the concentration of reactants, steric hindrance, and the orientation of functional groups. It can be interpreted as a measure of the degree of disorder of a system at the microscopic level. Thus, the higher the entropy of the system, the less ordered and interconnected its elements are, the less capable they are of producing effects, and the greater the proportion of energy used to perform work, hence the high values ​​of free energy. The low ∆S# values ​​of the latent polyphenol oxidase in the yam tuber (Dioscorea cayenensis-rotundata) cultivar "Zrèzrou" reflect a low state of disorder during the transition stage following thermal inactivation, which naturally leads to a reduction in enthalpy values ​​(∆H#). The entropy of the activated form becomes positive. In this case, according to Anema and McKenna (1996), the aggregate formation process becomes insignificant. This indicates that the denaturation process of the activated form is irreversible.

5. CONCLUSION

In conclusion, this study highlighted significant differences between the kinetic and thermodynamic properties of the latent and activated forms of PPO from the Zrèzrou yam, an economically important Ivorian cultivar. The study of kinetic parameters such as Km and Vmax revealed that Km values ​​are identical for the latent and activated forms of the Zrèzrou yam polyphenol oxidase, but Vmax values ​​differed between these two forms, with high catalytic efficiency for dopamine in both forms. The thermal inactivation of dopamine oxidase was described by a first-order kinetic model regardless of the enzyme form. The oxidation reactions catalyzed by this enzyme are not spontaneous, as the free energy values ​​are positive (ΔG > 0). They are endothermic (the enthalpy values ​​(∆H) are positive), reversible in the absence of SDS and irreversible in the presence of SDS because the average entropy values ​​are respectively less than and greater than zero (∆S < 0 and ∆S > 0).	Comment by OKO THADDEAUS EGIRIN: Use equation editor
These results contribute to a better understanding of the regulatory mechanisms of PPO in this species and provide a scientific basis for developing effective strategies to control enzymatic browning. The research avenues opened up by this work should allow for a deeper understanding of this knowledge and promote the optimal use of yam in Côte d'Ivoire. Like any study, this work has some limitations. First, PPO activation was carried out in vitro under controlled conditions, which may not exactly reflect in vivo conditions in tuber tissues. Further studies are therefore needed to investigate PPO activation under conditions closer to reality. Future research could focus on identifying the factors that govern this activation (inhibitory proteins, post-translational modifications, etc.) and on the structural characterization of the latent and activated forms of the enzyme. This would validate the usefulness of the data obtained for the industrial and food processing of Zrèzrou yam.
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