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ABSTRACT

Enzymatic browning is one of the main problems faced by the food industry due to the
enzyme polyphenol oxidase (PPO) action provoking undesirable colour change in the
presence of oxygen. Here, we report the evaluation of ten different azamacrocyclic
compounds with diverse morphologies as potential inhibitors against the activity of PPO,
both in model and real systems. An initial screening of ten ligands show that all aza-
macrocyclic compounds inhibit to some extent the enzymatic browning, but the
molecular structure plays a crucial role on the power of inhibition. Kinetic studies of the
most active ligand (L2) reveal a S-parabolic I-parabolic non-competitive inhibition
mechanism and a remarkable inhibition at micromolar concentration (ICsp = 10 uM).
Furthermore, L2 action has been proved on apple juice significantly reducing the

enzymatic browning.
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1. Introduction

There is currently a growing tendency to consume fresh, cut, ready-to-eat fruits and
vegetables or minimally processed fresh juices as there is a great concern for
maintaining a healthy diet and preserve their sensory and nutritional properties.
Therefore, maintaining the stability of the product and ensuring the natural colour is
one of the main objectives of the food industry 2.

The main cause of colour modification of fruits and vegetables can be associated to the
activity of enzyme polyphenol oxidase (PPO, EC 1.14.18.1 or EC 1.10.3.1). The PPO
catalyse the o-hydroxylation of monophenols into ortho-phenols and its posterior
oxidation to o-quinones followed by a non-enzymatic polymerization of reactive
quinones leading to the enzymatic browning of foods3. This reaction starts when the
PPO enzyme and the atmospheric oxygen meet, usually during cell disruptions of the
raw food in their harvesting, handling and post-harvest processing. The colour change,
yet it is a desirable process in some foods?, is inversely correlated with the acceptability
of fruit and vegetable products by the consumer® which causes a considerable increase
in food waste economic losses®”.

Since the factors that most influence enzymatic browning are the concentration of both
the active enzyme and the phenolic compounds (plus the pH, the temperature and the
presence of oxygen)® the processing of foods with high concentrations of PPO and
polyphenols leads to a high risk of enzymatic browning in this type of food. A clear
example would be the case of apple juices, which contain considerable amounts of

polyphenols and polyphenol oxidases linked to suspended particles®.
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Food waste is a major humanitarian and environmental problem (Food and Agriculture
Organization of the United Nations, 2011)!° so it is not unexpected that food processing
industry has been using different methods to prevent the enzymatic browning based on
both physical and chemical treatments. Traditionally, one of the methods most used by
the industry has been the thermal treatment. But heat induces changes in taste, colour,
smell and nutritional properties due to the decomposition of volatile and
thermosensitive compounds, such as aromas, vitamins, carotenoids and
anthocyanins!'12, Regarding chemical treatments, the use of acidifying agents, chelators
or sulphites have also been used as preventive for browning, but the fact that they can
interfere with the taste or even cause allergies in the population (sulphites) has
restricted their use in foods and beverages 34, These drawbacks encourage researchers
to still look for a novel strategies of PPO inhibitors, as could be the use of the
nanomaterial technology*>:1®.

From another point of view, supramolecular chemistry is a research subject of great
interest at present. It studies the non-covalent interactions between molecules, usually
named host and guest. The host molecules, in general, are large molecules capable of
enclosing smaller molecules and they can be natural, semi-synthetic or completely
synthetic molecules. On the other hand, the smaller guest molecules can be cationic,
anionic or neutral like amino acids, organic anions and some metals'’.

Within the receptors designed for supramolecular studies, macrocyclic polyamines are
especially relevant!®. Polyamines offer a high potential as PPO inhibitors since these
compounds can interact with metal cations with biological relevance such as Cu*? %21 and
have also the ability to interact with amino acids through hydrogen bonds or

electrostatic interactions. In addition, these ligands can be functionalized with different
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chemical groups like aromatic groups or alkyl groups that can change their response over
the PPO.

So far there are no studies aimed at studying the interactions between this type of
compounds and polyphenol oxidase as a strategy for their inhibition in food systems.
We can hypothesize that azamacrocycles can interact with the copper atoms in the
active centre of the external part of the enzyme modifying its activity. Therefore, this
work aims at analyse the behaviour of different azamacrocyclic compounds in the
inhibition or modulation of the polyphenol oxidase enzyme activity in model and real
systems, as starting point to develop an alternative strategy for the industrial processing
of fruits and vegetables.

2. Materials and methods

2.1. Chemicals

Commercial mushroom tyrosinase enzyme (2687 U/mg), dopamine hydrochloride
((HO)2CeH3CH2NH2-HCL) and HEPES (CsH1sN204S) were purchased all from Sigma-Aldrich
(Sigma-Aldrich, USA). For the buffers, sodium bisphosphate (NaH;PO4) and disodium
phosphate (Na;HPO.) were acquired from Scharlau (Sharlab S.L., Spain) and anhydrous
sodium acetate (NaCHsCOO) from Panreac AppliChem (Panreac AppliChem, Barcelona,
Spain).

The ligand S1 (cyclam) was purchased from Sigma-Aldrich (Sigma-Aldrich, USA). The
others tested ligands were synthesised according to known procedures and the
characterisation agrees with published data: 5222, S323, S424, M12°, M226, M3%7, 128, L2%°
and L33, The different chemical structures are summarized in Scheme 1.

The juices used in the tests were obtained in the laboratory by directly liquefying apples

(Golden Delicious variety, Val Venosta) obtained in a local store.
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Scheme 1: Molecular structure of the ten studied azamacrocyclic ligand

2.2. Screening of the best inhibitors over tyrosinase from mushroom

Polyphenol oxidase activity in the presence of the ligands was determined following the

protocol published by Mufioz-Pina et al.(2020)* and with some modifications from

Siddiq and Dola (2017)3!. Tyrosinase from mushroom (93.75 U) was put in contact with

dopamine (2.5 mM) in presence of the ligand (0.67 mM) in a phosphate buffer 10 mM

at pH 5.5. A control without inhibitor was used. The oxidation of the dopamine by the

PPO produces an orange colour that is followed spectrophotometrically at 420 nm

measuring the absorbance each 10 s during 10 min. From the absorption-time curves,
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the slope of the linear stretch is obtained, related to the initial speed of the reaction.
The different slopes were used to compare the inhibitory effect of the ligands against
the control (see equation 1). The reaction was followed by a Beckman Coulter DU-730
Life Science UV/Vis spectrophotometer in triplicate at 24 °C. PPO inhibition was
calculated according to Eq. (1), where Voo is the control initial rate and Voi is the initial

rate obtained for the different samples.

PPO inhibition (%) = 100 — (“:

T 100) (1)

2.3.  Enzyme-ligand interaction

To evaluate the influence of the contact time between the enzyme and the ligands, the
enzyme was put in contact with the ligand at time O min and at 60 min. The
azamacrocyclic compounds selected for the assay were M1, M2, M3, L2 and L3 (all at
0.67 mM). The reaction mixture was the same as in 2.2 and in both times a control
without inhibitor was prepared.

The absorbance was then measured at 420 nm every 10 s for 10 min in a Beckman
Coulter DU-730 Life Science UV/Vis spectrophotometer and the effect of the contact
time on the initial rate was compared. PPO inhibition was calculated according to Eq.
(1), where Vo0 is the control initial rate and Vi is the initial rate obtained for the
different samples.

Also, the oxygen potential was measured over the reaction time to determine the
oxygen consumption. Oxyview 1 measuring system of Hansatech Instruments was used,
which contains a S1 Clark-type polarographic oxygen electrode disc mounted within a
DW1/AD electrode chamber and connected to the Oxyview electrode control unit. The

oxygen consumption vs time curve was plotted and the positive slope of the initial part,

considered as the initial rate of oxygen consumption, was calculated and compared with

6
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the results of the selection test. PPO inhibition was calculated then according to Eq. (1),
where Vo0 is the control positive initial rate of oxygen consumption and Voi is the initial
rate of oxygen consumption obtained for the different samples.

2.4.  Enzyme kinetics in model systems

The five compounds with more inhibitory capacity were chosen to make a deeper study
of enzymatic activity. For the determination of the kinetic parameters, the reaction was
carried out at pH 5.5 under phosphate buffer 10 mM at ten different concentrations of
the substrate dopamine (from 0.033 mM to 1.66 mM). The final concentration of
enzyme in the assay was 93.75 U and the inhibitor concentration varied depending of
its response. A control without inhibitor was also carried out. The absorbance at 420 nm
was measured every 10 s for 10 min in a Spectrophotometer Beckman Coulter DU-730
Life Science UV / Vis Spectrophotometer. The production of dopamine was determined
using a molar extinction coefficient for dopachrome of € = 3700 Mt cm™ 32,

Since the enzymatic reaction of polyphenol oxidase follows a kinetics of Michaelis
Menten33, Ky and vmax constants were calculated using the Lineweaver-Burk
representation as a linearization method and compared to the representation of
Langmuir34. The type of inhibition was also determined. Besides, GraphPad Prism
5.00.288 program was used to carry out various statistical analyses such as the analysis
of variance (ANOVA) of one factor and two factors, depending on the case.

2.5.  Fluorescence quenching analysis

The fluorescence assay was performed with a PTI fluorescence instrument. Same
inhibitor/enzyme mixture as in section 2.2. was used in this study at the three ligand

concentrations. Tyrosinase was excited at 274 nm and the emission spectrum over the
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range of 280 nm to 400 nm was recorded through a 3 nm slit. The emission spectrum of
the tyrosinase solution was also directly measured.

2.6. Inhibitory effect over apple juice

Apple juice from cv. Golden Delicious obtained in the laboratory was selected to verify
their inhibitory effects of the compounds on real samples. For each compound, a 2 mL
aliquot of juice was put in contact with 2 mg and 4 mg of compound and another 2 mL
of apple juice was used as a control sample. All samples were kept under agitation (400
rpm) for 60 minutes and photographs were taken at 0, 1 and 2 minutes and then at 5-
minute intervals, in order to monitor and visualize the enzymatic browning.
Furthermore, CIE L*a*b* (CIELAB) coordinates were measured in the images and colour
differences were calculated using Adobe® Photoshop®.

2.7. Data analysis

Data are reported as mean + standard deviation. Origin was used to perform the analysis
of variance (One-Way ANOVA) and the LSD procedure (least significant difference).
Partial least squares regression studies (PLS) were carried out with the R 3.6.0 software
using the Kernel algorithm. Scale and center were used as parameters to build the
model. Leave one out (LOO) cross-validation was used to evaluate the adequacy of the
experimental data and to select the quantity of latent variables.

3. Results and discussion

3.1.  Selection of the best inhibitors

A macrocyclic ligand can interact directly with enzymes via supramolecular interactions,
but at the same time, it is able to bind a metal atom within its central cavity. Besides,
this cavity can be branched or functionalized with other chemical groups to stimulate

the interactions with further spices as enzymes?*. The size and spatial arrangement of
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the coordinating groups are of great importance since it significantly influences the
properties of the complexes and this affects their selectivity3>. First on this study diverse
compounds with different chemical structures were chosen in order to evaluate the
effect of their presence in the oxidation reaction of dopamine by polyphenol oxidase
(see scheme 1). The selected compounds have in common a macrocyclic unit. The size
of the cavity varies depending of the number of atoms in the ring. Therefore, for clarity
in the discussion, the ligands were divided according to the number of nitrogen groups
in the macrocycle in small (51, S2, S3, and S4), medium (M1, M2, and M3) and large (L1,
L2, and L3).

An initial screening of the inhibitory activity was accomplished measuring the
absorbance at 420 nm in presence of the ligand at pH 5.5 with dopamine as a substrate
(Figure 1). In general terms, all the ligands reduce the initial reaction rate, which can be
translated as a partial inhibition of the enzymatic activity. The degree of inhibition varies
strongly among the ligands with a decrease in the initial PPO rate from 11.4 to 94.5 %
depending on the chemical structure. %. On a fist sight, it can be seen how smallest
cycles (S1, S2, S3, and S4) were not able to reduce the enzymatic activity of the PPO
more than 40%. Besides, M1, M2, and M3, bigger in structure, presented better
inhibition power with M3 inhibiting 70% the PPO activity. Finally, L2 induces the greatest
inhibition over the PPO (almost 95%) seeming that the functionalization with the two
naphth-2-ylmethyl plays an important role. However, not only the naphth-2-ylmethyl
units makes the difference as L3 present less inhibition (70%) having the same units but
with an amine between the macrocycle and the naphthalene.

If we compare these values with those reported by Wei Liu and co-workers3® using citric

acid as a typical tyrosinase inhibitor we can observe that these ligands present higher
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power of inhibition. In the case of citric acid, it was necessary a concentration superior
to 10 mM to reach an inhibition of the 20% over tyrosinase from mushroom. They also
report that the minimum of citric acid was 10 mM to strongly inhibit the PPO from
bananas. Even though this behaviour depends on the substrate source (catechol vs
dopamine), in our case all the ligands present 10 times superior inhibition power with
only 0.67 mM. Regarding to others commonly used organic acids, such as oxalic acid,
Son et al., 37 pointed out that a concentration of approximately 1 mM could inhibit the
PPO in a 50% and 5 mM to reach the 80%. Similar behaviour is reported for benzoic
acid3® over mushroom PPO where in needed a concentration of 5.20 mM to reach the
50% of inhibition. In our case most of the ligands from the M and L family reporter
greatest inhibitory force as they need less concentration than 1 mM to reach more than

the 50%.

100 -

80

2}
(=]
1

PPO inhibition (%)
8
1

(]
o
1

S1 S2 S3 s4 M1 M2 M3 L1 L2 L3

Figure 1: Polyphenol oxidase (94 U) inhibition in presence of the ten different

azamacrociclic ligand (0.67 mM) using dopamine as substrate (2.5 mM).
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In order to gain insight about the influence of the chemical structure in the PPO activity,
the ligands were parametrised (see table 1) and the degree of inhibition modelized with
the Partial Least Squares Regression (PLS) technique. The PLS is a multivariate projection
method that models the relation between an array of dependent variables (Y) and
another array of independent variables (X) to find the components that allow the highest
correlation with Y. In our case the independent variables were the parametrised data
contained in the Table 1 and the dependent variable was the degree of inhibition shown
in the Figure 1. All the data/ligands were included in the training set because the number
of molecules was small, and we were interested in understanding the influence of the

functional groups in the inhibitory activity measured during the screening.

Table 1: Parametrised values of the ligands used in the PLS and squared values of the

first four principal components.

tig:gi:g/ Ntot®  Pyr® NH¢ Nter! Ant® Amac® OH¢ Met" Nmac Rsizeé Benzt Sch' Lch™  Inhib"

S1 4 0 4 0 0 0 0 0 4 14 0 0 0 11,4
S2 4 1 3 0 0 0 0 1 4 12 0 0 0 28,5
S3 4 1 3 0 0 0 1 0 4 12 0 0 0 19,7
S4 4 1 0 3 0 0 0 0 4 12 0 1 2 37,1
M1 5 0 5 0 0 0 0 0 5 20 1 0 0 54,4
M2 6 1 5 0 0 0 0 0 6 20 0 0 0 45,5
M3 7 1 6 0 0 0 0 0 7 24 0 0 0 71,4
L1 8 2 4 2 0 0 0 0 8 24 0 2 0 34,2
L2 8 2 4 2 2 2 0 0 8 24 0 0 2 94,5
L3 10 2 6 2 2 0 0 0 8 24 0 0 2 55,8

PC1* 0,1 0,08 0,77

pPC2* 0,05 0,52 0,48 0,15 0,12 0,05* 0,45

PC3* 0,16* 0,09* 0,19 0,29* 0,06* 0,16*

pca* 0,43* 0,61* 0,36* 0,21 0,26  0,13*

a Ntot: total number of nitrogens. ® Pyr: number of pyridine units. ¢ NH: number of NH groups 9 Nter: number of
tertiary amines © Ant: number of anthracene units f Amac: number of anthracene units attached to the macrocycle. &
OH: number of OH groups. " Met: number of methoxy groups. i Nmac: number of N in the macrocycle. i Rsize: number
of atoms that compose the macrocycle. k Benz: number of benzene units. ' Sch: number of small chains attached to

the macrocycle. ™ Lch: number of big chains attached to the macrocycle. " Inhib: % of inhibition calculated as 100-

11
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To check the quality of the model the Leave One Out (LOO) method was used and 4
latent variables selected. Figure 2 contains a graph with the measured vs. the predicted
values of the inhibitory activity for each ligand. The measured and predicted values were
plotted together to evaluate the accuracy and precision of the created prediction
models. Ideally, the predicted values should lie along the diagonal line, indicating that
the predicted and actual values are the same. As can be seen in Figure 2, in general a
good fit is obtained and most of the points remain next to the solid line. Furthermore,
a linear fitting of the by using of the points in the graph with a simple linear model (y =
ax + b) offered values of 0.915, 3.86 and 0.915 for the slope, the intercept and R?

respectively.

100
80 -
60 -| 27 e

40 | L

Inhibition predicted (%)
®

20 | e

0 ¥ T T T T T v T ! 1
0 20 40 60 80 100

Inhibition measured (%)

Figure 2: Experimental versus predicted values by using a PLS statistical model (dashed

lines) for the PPO inhibition. The solid line represents ideal behaviour.
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The effect of the chemical structure parameters defined in the table 1 in the inhibitory
activity, was analyzed from the squared loadings for the first four principal components
(PCs) (Table 1). In PLS the first principal component (PC1) contains the highest explained
variance and explains most of the inhibitory response, next PC2 and so on. In this case,
PC1 suggest that the ring size is the main factor responsible of the inhibitory response.
Also, high values are found for the total number of nitrogens (Ntot) and the number of
nitrogens in the macrocyle (Nmac), suggesting that together with the ring size, the
amino groups are highly relevant for the inhibitory activity. However, as the number of
nitrogen atoms in the ligand is high correlated with the macrocycle size, the inhibitory
effect can be assigned neither to the ring size nor to the total number of nitrogens
separately.

As can be seen in the table 1, we can assign as a second main factor in the ligands activity
(PC2) to the macrocycle functionalization (Nter, Ant, Amac), with preference for the big
size substituents (Lch) over the little groups (Sch). Also, the presence of the pyridine
moiety seems improve the response. Regarding the other two principal components,
the number of NH (PC3) and methyl groups (PC4) have a positive but minor effect. Other
functional groups such as the presence of benzene, the hydroxy or methoxy groups do
not seem offer any advantage.

From the structure of the ligands and the PLS analysis we can conclude that the key
factor of the inhibitory activity is the presence of a big macrocycle containing several
amino groups and it improves with the presence of bulky hydrophobic substituents (i.e.
i-Pr or anthracene) directly attached to the ring.

3.2. Ligand-PPO interaction

13
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Since the ligands M1, M2, M3, L2, and L3 had reported the greatest power of inhibition
over the PPO (at least 50%), we selected them to analyse their interaction more
thoroughly.

As previously mentioned, the enzymatic browning process comprises two phases, firstly,
the enzymatically catalysed oxidation takes place, followed by a non-enzymatic
polymerization reaction that generates the brown colour 3°. Although the appearance
of colour is generally used to follow the enzymatic browning reaction, the speed of
oxygen consumption allows us to prove that the effect of azamacrocyclic compounds is
directly related to the enzymatic activity (oxidation) and not associated with the non-

enzymatic polymerization of the quinones.
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Figure 3: PPO (94 U) inhibition (%) based on colour formation (light grey) and based on

oxygen consumption (dark grey) for the five selected ligands (0.67 mM).
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As seen in figure 3, the initial rates of oxygen consumption and colour formation were
compared for the five inhibitors selected. Despite being different methodologies, both
techniques reveal an appreciable increase on the inhibition of the browning process.
The behaviour observed is that, although similar, the inhibition over the colour
formation is higher than the inhibition of the oxygen consumption. This suggests that
their mechanisms would not only involve with the enzyme, but an interfere with the
polymerization reaction. By contrast, L2 shows a slight variance (5%) between both
techniques and L3 does not show any meaningful difference between the initial velocity
of oxygen consumption and colour formation. These results suggest that for L2 and L3

the decrease in browning is mainly due to a decrease in the PPO activity.
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Figure 4: Effect of contact time between polyphenol oxidase (94 U) and the different
ligands on their inhibitory capacity prior to substrate addition. Without previous contact

time (0 min; dark grey) and with 60 minutes of previous contact time (light grey).
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Furthermore, the influence of the contact time between the enzyme and the different
compounds should be considered as it might affect the inhibitory capacity over the PPO.
Thus, it was analysed the response of the five selected ligands varying the previous
contact time between the ligand and the PPO prior to substrate addition (O min and 60
min). With the exception of M3 (see figure 4), the speed decreases as the contact time
increases being the differences significant (p <0.0001). This would indicate that if the
enzyme and the inhibitor are previously in contact in solution, they are able to interact
to a greater extent, obtaining higher inhibition values.

3.3.  Kinetic parameters determination

As tyrosinase from mushroom follows Michaelis-Menten kinetics, in order to
understand and compare the nature of the enzyme-inhibitor interaction, the classical
method of Lineweaver-Burk plots was used to determine the kinetic parameters and the
inhibition mechanism for each inhibitor (see table 2).In the case of the Michaelis-
Menten Kn constant, the value for the control was Ky = 1.05 + 0.05 mM and 0.3321

MmMmin? for Vmax.

Table 2: Kinetic parameters and type of inhibition of the enzyme Tyrosinase from

mushroom (94 U) in presence of the five selected ligands at different concentrations.

Compound Catalytic 1Cs0 Ki Inhibition
P Knv?(mM) Vmax® (MM min-?) Keat®(min?) efficiency(mM?* (mM) (mM)
(mMm) min-) type
Control 1.05 = 0.05* 0.3324 + 0.0108 1700 = 50 1620 + 140
+ * + + + + -
e 0.67 1.01 = 0.06 0.091 + 0.004 467 * 19 460 + 40 023+ 028+ Cor:oztitiv
1.33 1.007 + 0.118* 0.03 + 0.002¢ 160 + 10 160 + 30 0.02 0.03 Z
* + -
2 0.67 1.01 + 0.03 0.099 = 0.002 510 + 10 500 + 20 025+ 028+ <:onl\]loztitiv
1.33 1.02 = 0.05* 0.0587 + 0.0016° 303 £+ 8 300 + 20 0.04 0.02 Z
+ + + +
s 0.1 0.71 + 0.05 0.119 + 0.005 610 + 20 860 * 80 0.09 + 0.133 Mixed
0.33 0.73 + 0.03 0.073 = 0.002* 377 + 14 520 * 40 0.03 0 609 type
L3 0.1 1.08 + 0.05* 0.032 + 0.002% 164 + 5 150 + 10
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329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

0.010

Non-
0.67 0.97 + 0.17* 0.02 + 0.002 100 + 10 100 + 30 0.014 £ 6t competitiv
- ’ - - - 0.001 0.000
e
8
0.005 1.08 + 0.14* 0.29 + 0.04 1490 + 190 1380 * 50 0.010 + 0.015 Non-
L2 0.01 1.011 + 0.014* 0.162 = 0.005 840 t 30 830 * 20 0 002‘ + competitiv
0.04 1.2 + 0.2% 0.038 + 0.008* 200 + 40 167 + 4 ’ 0.003¢ e

a Michaelis-Menten constant, dependent of enzyme concentration. ® Reaction rate, dependent on enzyme
concentration. © Catalytic constant, kee=vmax/[E]. @ Catalytic efficiency, calculated by k.ut/Km. € For L2, Ki cannot be
determined directly from the usual Dixon plot, “Ki” is a more complex function which varies with [I] (Kis'ore), *+5¥ There

are no statistically significant differences for p <0.05.

It is noticeable that the compounds M1 and M2, both similar in their structure, perform
a similar inhibition over PPO with no statistical differences between them. The Michaelis
Menten constant maintain the values of the control yet the vmax drops off as the amount
of inhibitor increases in the solution. This behaviour indicates that both ligand M1 and
M2 acts as non-competitive inhibitors. Besides, it seems that the presence of the
pyridine in the structure of M2 does not offer additional inhibitory capability to the
ligand.

In comparison with M1 and M2, M3 offers an extra inhibition power and also a change
in the interaction on the PPO. It seems that the increase in the ring size and the extra
nitrogen in its structure improve the inhibitory activity of the PPO. In this case, it was
necessary to decrease the concentration to 0.33 mM to obtain the same vmax as M1 and
M2 with a double concentration (0.66 mM). Furthermore, Km also drops off with a
significant difference from the control meaning that the inhibition would be mixed type
in contrast to M1 and M2.

Next ligand with more inhibition power was L3, which has a 24-membered macrocycle
ring, ten nitrogens in total and two naphtha-2-ylmethyl units in its structure. With a

concentration of 0.1 mM the maximum rate of the tyrosinase decreases approximately
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to 0.03 mM min, also decreasing in a substantial way the catalytic constant and the
catalytic efficiency. Thus, L3 is four times more active than M3 and thirteen times more
active than M2 and M1. It supports that when increasing the macrocycle size and the
number of nitrogens in the macrocycle, together with the presence of the naphth-2-
ylmethyl units, the inhibition power rises as deduced from the PLS analysis.

Lastly, L2 has also two naphth-2-ylmethyl units but in contrast with L3, they are directly
attached to the ring removing two NH units. This ligand is the most powerful inhibitor
of the ten tested ligands. The values of Ky and vmax were calculated for three different
concentrations of L2 (see table 2 and figure 5a). In all the cases a value of Ky around 1.0
mM of substrate was obtained, with no statistically significant differences for p<0.05 in
any case. However, the value of vmax decreases from 0.29 to 0.038 mM min? when
increasing the concentration of L2 in the medium. Ky does not vary with the
concentration of inhibitor but vmax decreases. Thus, we can conclude that L2 induces a
non-competitive inhibition over the PPO enzyme where there is no coordination with
the active centre. The catalytic efficiency (kcat/Km) and the turnover number (keq:) follow
the same trend as the vmax, With values close to 1400 mM min™? in absence of the
inhibitor that dropped off up to 150 mM min! indicating that the efficiency of the
enzyme is much lower in the presence of L2 at 0.04 mM, the lowest concentration of all
the compounds. Furthermore, the ICso parameter was also estimated at 10 £ 2 uM (n=3)
statistically equal to kojic acid in the same conditions.

This result indicates that, in general, the interaction of the compounds with the enzyme
is not carried out in the active centre, only M3 presents a mixed type inhibition. This
absence of direct interaction could be explained since copper is found in the active site

of the enzyme, within a biological structure with a complex quaternary structure and
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374 notasafreeion. Although the interaction of the inhibitor with the enzyme is not carried
375 out in the active centre, it is likely to modify the interaction of the substrate with the

376  active centre, avoiding or delaying the formation of products of the reaction #°
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378  Figure 5: A) Lineaweaver-Burk plot of dopamine oxidation in presence and absence of
379  L2. The concentrations of L2 are (m) O uM, (®) 5 uM (¢) 10 uM and (A ) 40 uM. B)
380 Secondary replot of Slope (Km/Vmax) vs. [L2]. C) Secondary replot of intercept (1/Vmax) Vs
381  [L2]). Data of B) and C) are obtained from A).

382
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3.4. Analysis of L2-mushroom tyrosinase interaction

The influence of the inhibitor in the enzymatic activity was analysed through the
study of the variation of the slope and the intercept values with the concentration
of L2. In case of conventional Michaelis-Menten systems a linear relationship is
found. As can be seen in the figures 5b and 5c, both the slope (Kum/Vmax) and the
intercept (1/Vmax) vs [L2] show an excellent fitting to parabolic (R? in both cases is
0.999) instead of linear functions. This indicates that the mechanism is rather an
S-parabolic I-parabolic inhibition* where there is either a complex non-
competitive inhibition with multiple inhibitor sites for one enzyme or complex
conformational changes*?>3. In these cases, Ki cannot be determined directly from
the usual plots like Dixon, however, a “Ki” as a more complex function which
varies with [I]*4%> ,was determined from equation (2) where K; is K; s/°Pe,

Slope = Kn/Vmax (1+[11/Ki)? (2)

Applying the equation (1), the K#'°P¢ calculated is 15 + 3 pM.

Fluorescence studies were also performed in order to get more insight into the
nature of the enzyme-inhibitor interactions. It was observed that the intensity of
the fluorescence decreases progressively when increasing the amount of L2,
although without any nae-significant shift in the maximum intensity. The Stern-
Volmer equation was applied to calculate the Stern-Volmer quenching constant
(Ksv) and the k4 (biomolecular quenching rate constant) determining whether the
mechanism was static or dynamic*®. The corresponding value for Ky, is 7.8 x 10*
M and 7.8 x 102> M1s! for kg. Assuming that the collision quenching constant of
biomolecules is about 2.0 x 10%° M1s?, our kq is two order of magnitude higher,

suggesting that the inhibition process provoked for L2 shows a static nature with
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a binding between the enzyme and the inhibitor?’. In this case, the number of

binding sites can be obtained by the equation 34>48:

o _ 1,1 1
Fo—F n+ K [L1] (3)

Where Fo and F are the relative fluorescence intensities of the enzyme with and
without the inhibitor respectively, [L2] is the concentration of L2, K is the binding
constant and n is the number of binding sites. A good correlation was obtained
(R?=0.999) and a value close to 1 (n = 0.860 + 0.005) was calculated, which
indicates the binding of one molecule of L2 to each tyrosinase is enough to change
the conformation of the enzyme lowering its activity. Besides a high binding
constant was obtained ((1.869 + 0.018) x 10> M) in agreement with the great
affinity between the enzyme and the inhibitor.

3.5. Inhibitory assays on apple juices as real matrices

Encouraged by the good results offered by L2 as inhibitor of tyrosinase in model
systems, its performance was checked in a real food system as it is the case of a
freshly obtained apple juice. For that purpose, apples of the c.v. Golden Delicious
variety were liquefied and put in contact with two different concentrations (0.5
mM and 1.5 mM) of L2, afterward, the samples were left stirring for one hour. In
general terms, once the apples liquefies, the enzymatic browning process begins
quickly. The colour change is perceptible to the human eye within the first 5-10
minutes. As we can see in the figure 6a, in absence of inhibitor the juice suffers a
strong oxidation of the polyphenols even in the first 10 minutes, changing from
bright yellow to an orange colour that becomes reddish after 30 minutes and

reaches almost a full oxidative browning after 1 hour.
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When the juice is put in contact with the lowest concentration of L2 (0.5 mM) the
enzymatic browning is delayed during the first 10 minutes, however, the reaction
is not completely stopped and the colour of the juice reaches a browning intensity

similar to that observed in the absence of inhibitor at longer times (60 minutes)).

Time (min)

Raising the concentration of L2 in the juice to 1.5 mM, the inhibiting effect of the

azamacrocyclic ligand was strong enough to stop the process. The colour change
of the juice mixed with the 1.5 mM of L2 is almost inappreciable during the first

30 minutes darkening slightly after 60 minutes.

Figure 6: A) Colour evolution in apple juice without the inhibitor (left) and in the
presence of 1.5 mM of L2 (right). B) Measurements of colour difference AE over time:

control (grey) and with 1.5 mM L2 (striped).

Figure 6b collects the colour change differences (AEax*) for the apple juice in
presence and absence of inhibitor, taking the freshly prepared juice as reference.

In agreement with the naked eye colour changes, it can be noticed how after the
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first 10 minutes the control reaches an AEab* close to 20 which continues
growing, while the one with inhibitor barely has an AEab* of 5 that is maintained
during the 30 minutes. At longer times (1 hour) the control shows a colour similar
to the 30 minutes indicating that the oxidation is almost complete. However, the
sample containing L2 (1.5 mM) holds a significant reduction in the enzymatic
browning, although a slight increase in the AE.x™ is observed suggesting that a
residual activity is maintained at long times.

In conclusion, during the present study the influence over the enzymatic
browning of ten aza-macrocyclic ligands with diverse functionalisation has been
tested showing that they can be potentially used as inhibitory products of PPO to
a greater or lesser extent. Their chemical structures strongly influence the
inhibitory activity being the ring size and the number of nitrogens in the
macrocycle (both correlated) the main factor. Also, the presence of bulky
aromatic groups attached to the macrocycle was relevant. The inhibition of the
enzymatic browning is mainly due to the deactivation of the PPO and suffers a
significant rise if the contact time between the enzyme the ligand increases. For
L2, the most active inhibitor, kinetic studies indicate that ligands interact with the
tyrosinase enzyme with a non-competitive mechanism in a molar proportion of
1:1 giving rise to structural change on the protein that provokes an abrupt
decrease in its activity. The high inhibitory activity of L2 was verified on a real
sample showing how it can reduce the enzymatic browning in an apple juice when
used at 1.5 mM. L2 opens the door to a new strategy based on systems that

conjugate polyamines and aromatic groups as tyrosinase inhibitors.
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