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1. ABSTRACT 

The pathways of melanization and sclerotization of the cuticle in insects are carried 

out by the action of laccases on dopamine and related compounds. In this work, the 

laccase action of Trametes versicolor (TvL) on catecholamines and related 

compounds has been kinetically characterized. Among them, dopamine, L-dopa, L-

epinephrine, L-norepinephrine, DL-isoprenaline, L-isoprenaline, DL-α-methyldopa, 

L-α-methyldopa and L-dopa methylester. A chronometric method has been used, 

which is based on measuring the lag period necessary to consume a small amount of 

ascorbic acid, added to the reaction medium. 

The use of TvL has allowed docking studies of these molecules to be carried out at 

the active site of this enzyme. The hydrogen bridge interaction between the hydroxyl 

oxygen at C-4 with His-458, and with the acid group of Asp-206, would make it 

possible to transfer the electron to the T1 Cu-(II) copper centre of the enzyme. 

Furthermore, Phe-265 would facilitate the adaptation of the substrate to the enzyme 

through Π-Π interactions. 

To kinetically characterize these compounds, we need to take into consideration that, 

excluding L-dopa, L-α-methyldopa and DL- α-methyldopa, all compounds are in 

hydrochloride form.  Because of this, first we need to kinetically characterize the 

inhibition by chloride and, after that, calculate the kinetic parameters KM and Vmax
S . 

From the kinetic data obtained, it appears that the best substrate is dopamine. The 

presence of an isopropyl group bound to nitrogen (isoprenaline) makes it especially 

difficult to catalyse. The formation of the ester (L-dopa methyl ester) practically does 

not affect catalysis. The addition of a methyl group (α-methyl dopa) increases the rate 

but decreases the affinity for catalysis. L-epinephrine and L-norepinephrine have an 

Abstract



affinity similar to isoprenaline, but faster catalysis, probably due to the greater 

nucleophilic power of their phenolic hydroxyl. 
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HIGHLIGHTS 41 

 A chronometric method has been applied to characterize the action of laccase on 42 

catecholamines and related compounds. 43 

 From lag-phase experimental recordings, steady-state rates have been determined. 44 

 Non-linear regression of steady-state rates gave us the kinetic parameters  and 45 

 for each substrate. 46 

 Laccase inhibition by chloride has been characterized. 47 
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1. ABSTRACT 50 

The pathways of melanization and sclerotization of the cuticle in insects are 51 

carried out by the action of laccases on dopamine and related compounds. In this work, 52 

the laccase action of Trametes versicolor (TvL) on catecholamines and related 53 

compounds has been kinetically characterized. Among them, dopamine, L-dopa, L-54 

epinephrine, L-norepinephrine, DL-isoprenaline, L-isoprenaline, DL-α-methyldopa, L-55 

α-methyldopa and L-dopa methylester. A chronometric method has been used, which is 56 

based on measuring the lag period necessary to consume a small amount of ascorbic 57 

acid, added to the reaction medium. 58 

The use of TvL has allowed docking studies of these molecules to be carried out 59 

at the active site of this enzyme. The hydrogen bridge interaction between the hydroxyl 60 

oxygen at C-4 with His-458, and with the acid group of Asp-206, would make it 61 

possible to transfer the electron to the T1 Cu-(II) copper centre of the enzyme. 62 

Furthermore, Phe-265 would facilitate the adaptation of the substrate to the enzyme 63 

through Π-Π interactions. 64 

To kinetically characterize these compounds, we need to take into consideration 65 

that, excluding L-dopa, L-α-methyldopa and DL- α-methyldopa, all compounds are in 66 

hydrochloride form.  Because of this, first we need to kinetically characterize the 67 

inhibition by chloride and, after that, calculate the kinetic parameters  and . 68 

From the kinetic data obtained, it appears that the best substrate is dopamine. The 69 

presence of an isopropyl group bound to nitrogen (isoprenaline) makes it especially 70 

difficult to catalyse. The formation of the ester (L-dopa methyl ester) practically does 71 

not affect catalysis. The addition of a methyl group (α-methyl dopa) increases the rate 72 

but decreases the affinity for catalysis. L-epinephrine and L-norepinephrine have an 73 
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affinity similar to isoprenaline, but faster catalysis, probably due to the greater 74 

nucleophilic power of their phenolic hydroxyl. 75 
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1. Introduction 77 

Laccases (EC 1.10.3.2, p-diphenol: oxygen oxidoreductase) are a family of 78 

multicopper oxidases, which oxidize a wide range of substrates with molecular oxygen, 79 

including inorganic and aromatic substrates. Laccases can be found in fungi, bacteria, 80 

insects and plants (Asano et al., 2019; Balabanidou et al., 2018). Laccase from Trametes 81 

versicolor contain four copper ions, one located at T1 site near the surface of the protein 82 

and three others copper ions buried at T2 and T3 sites (Rulíšek and Ryde, 2013; Sakurai 83 

and Kataoka, 2007). The catalytic cycle begins with the abstraction of one electron from 84 

the substrate bound near T1 site. A total of four electrons are sequentially transferred to 85 

the buried T3 site to reduce an oxygen molecule to water (Kjaergaard et al., 2012; 86 

Rulíšek and Ryde, 2013; Shleev et al., 2012). The products of the enzymatic reaction 87 

are free radicals, which evolve through non-enzymatic reactions towards polymers. 88 

(Dana et al., 2017; Janusz et al., 2020; Kushwaha et al., 2018). These enzymes act in the 89 

formation and degradation of lignins and in the formation of melanins (Kobayashi and 90 

Higashimura, 2003). It has been described that stable protein oligomers are formed in 91 

the sclerotization process of insect cuticles, with the help of catecholamine oxidation 92 

products (Suderman et al., 2006). Also, laccase located in salivary glands is used by 93 

Nephotettix cincticeps to polymerize toxic compounds in nontoxic polymers (Hattori et 94 

al., 2005).  95 

In insects, there are the routes of melanization and sclerotization and both are used 96 

for cuticle staining (Sugumaran and Barek, 2016). There are differences between 97 

melanin biosynthesis and sclerotization reactions. Therefore, catecholamines evolve in 98 

the melanin pathway through cyclization and low reaction with external nucleophiles, 99 

excluding the case of pheomelanins. However, in the sclerotization, a linkage with 100 
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proteins occurs forming a supramolecular structure (Andersen, 2010). In insects, 101 

melanization and sclerotization are initiated by the action of laccase on dopamine, 102 

which, through one-electron oxidation, produces semiquinones as the first product. 103 

(Arakane et al., 2005). Regarding the nature of melanins, there is a big difference 104 

between eumelanin and pheomelanin from mammals and insects. Eumelanins derive 105 

essentially from dopa. However, in insects, eumelanin and pheomelanin come from 106 

dopamine (Barek et al., 2018). Dopamine oxidation by laccase originates o-107 

semiquinone, which evolve to an o-dopaminaquinone. From this, eumelanin and 108 

pheomelanin are formed (Barek et al., 2018).  109 

There are two types of laccase in insects, type I (Zhang et al., 2018) and type II 110 

(Liu et al., 2018).  The existence of two laccase 2 isoenzymes (laccase 2A and laccase 111 

2B) has been described in many insects, including Manduca sexta (Dittmer et al., 2009) 112 

and Bombyx mori (Yatsu and Asano, 2009). It has been proposed that oxidation of 113 

catecholamines by laccases is the key step in insect cuticle formation (Asano et al., 114 

2019; Balabanidou et al., 2018).  115 

Purification, crystallization and determination of the 3D-structure of laccase from 116 

Trametes versicolor, TvL (Piontek et al., 2002), makes it possible to carry out studies 117 

on the structure-activity relationships of this enzyme, on several substrates (Kushwaha 118 

et al., 2018). Since the optimal pH of TvL is 4 (Manzano-Nicolas et al., 2019), the 119 

products of the enzymatic reaction, o-quinones, evolve through two routes, being 120 

unknown the proportion corresponding to each route (García-Moreno et al., 1991). 121 

Thus, there would be no real molar absorptivity to use. Therefore, the use of the 122 

chronometric method in the presence of ascorbic acid can be useful (Manzano-Nicolas 123 

et al., 2019). In this work the oxidation by TvL of catecholamines (CA) and related 124 

compounds (CR) is studied kinetically, using the previous chronometric method. To 125 
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obtain the real kinetic parameters, the inhibition by chloride has to be studied first due 126 

to the hydrochloride form of all compounds, except L-dopa, L-α-methyldopa and DL-α-127 

methyldopa. In addition, studies are carried out on the docking of the different 128 

substrates at the active site of TvL, establishing structure-activity relationships. 129 

130 
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2. Material and Methods 131 

2.1 Materials 132 

We used laccase from Trametes versicolor (TvL, Fluka 53739, Madrid, Spain, 133 

8U/mg). The unit (U) of laccase activity is defined as the amount of enzyme that acting 134 

on 4-tert-butylcatechol (TBC) at 1 mM concentration, generates a micromole of product 135 

4-tert-butyl-o-benzoquinone (TBQ) per minute, at pH = 4.0 in 50 mM sodium acetate 136 

buffer at 25ºC (activity = 0.9 ΔA410nm micromoles/min) (Manzano-Nicolas et al., 2019). 137 

The molar absorptivity of TBQ at 410 nm in these conditions was 1100 M-1cm-1. DL-138 

isoprenaline, L-isoprenaline, L-dopa methyl ester, dopamine, L-norepinephrine and L-139 

epinephrine are in hydrochloride form and the inhibition by chloride has to be taking 140 

into consideration, Fig. 1SM. L-dopa, L-α-methyldopa and DL-α-methyldopa are not in 141 

hydrochloride form so we can exclude this inhibition. All above compounds were 142 

purchased from Sigma (Madrid, Spain) (Fig. 1). Ascorbic acid (AH2) and 4-tert-143 

butylcatechol (TBC) were also purchased from Sigma (Madrid, Spain). Stock solutions 144 

of these substrates were prepared in 0.15 mM acetic acid to prevent autoxidation. Milli-145 

Q- system ultrapure water was used. 146 

2.2 Methods 147 

2.2.1 Laccase activity: Chronometric method. 148 

The enzymatic activity of laccase on CA and CR was followed 149 

spectrophotometrically in the visible zone, measuring the formation of the 150 

corresponding products after the consumption of a determined amount of ascorbic acid 151 

(micromolar) by reaction with the o-semiquinones generated by the enzyme. Since in all 152 

cases the product absorbs in the visible area, the classic chronometric method is used, 153 
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since the AH2 spectrum does not influence the measurement (Manzano-Nicolas et al., 154 

2019; Munoz et al., 2006; Rodriguez-Lopez et al., 2000). Except where otherwise 155 

indicated, the experimental conditions were: pH 4.0, 50 mM acetate buffer and 25ºC. 156 

2.2.2. 13C NMR assays. 157 

13C NMR spectra of catecholamines and related compounds study were obtained 158 

on a Varian unity spectrometer of 300 MHz, using 2H2O as solvent for the substrates. -159 

values were measured relative to those for tetramethylsilane (=0). The maximum wide 160 

line accepted in the NMR spectrum was 0.06 Hz, so that the maximum accepted error 161 

for each peak was ± 0.03 ppm (Manzano-Nicolas et al., 2019). The dependence of  162 

values in 13C for a carbon atom on its electron density is known (Farnun, 1975; Günther, 163 

1980). Moreover, the electron-donating capacity of the oxygen atom from different 164 

phenolic compounds (nucleophilic power) has been correlated with the experimental  165 

values in 13C for the carbon atom that supports the hydroxyl group (Shogo et al., 1993). 166 

2.3 Computational docking. 167 

Molecular docking was carried out around T1 copper of laccase with all substrates 168 

used in the kinetic study. The chemical structures information for all substrates are 169 

available in the PubChem Substance and Compound database 170 

(https://pubchem.ncbi.nlm.nih.gov) (Kim et al., 2016) through the unique chemical 171 

structure identifier CID 681 for dopamine, 6047 for L-dopa, 5816 for L-epinephrine, 172 

439260 for L-norepinephrine, 5808 for D-isoprenaline, 443372 for L-isoprenaline, 173 

721860 for D-α-methyldopa, 38853 for L-α-methyldopa and 23497 for L-dopa 174 

methylester.  In all cases molecules were modified to be in the ionic form, and Gasteiger 175 

atom charges were assigned. The molecular structure of laccase was taken from the 176 

Protein Databank (PDB ID: 1GYC) (Piontek et al., 2002), corresponding to laccase 177 
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from the Fungus Trametes versicolor at 1.90 Å resolution. Input protein structure for 178 

docking was prepared by adding all hydrogen atoms and removing non-functional water 179 

molecules. Rotatable bonds in the substrates and Gasteiger’s partial charges were 180 

assigned by AutoDockTools4 software (Morris et al., 2009; Sanner, 1999). 181 

 AutoDock 4.2.6 (Morris et al., 2009) package was employed for docking. 182 

Lamarkian Genetic Algorithm was chosen to search for the best conformers. The 183 

maximum number of energy evaluations was set to 2,500,000, the number of 184 

independent docking to 200 and the population size to 150. Grid parameter files were 185 

built using AutoGrid 4.2.6 (Huey et al., 2007). The grid box was centred at T1 copper 186 

with a grid size set to 60x60x60 grid points with spacing of 0.375 Å. Other AutoDock 187 

parameters were used with default values. PyMOL 2.2.0 (www.pymol.org) and 188 

AutoDockTools4 (Morris et al., 2009; Sanner, 1999) were employed to edit and inspect 189 

the docked conformations. LigPLot software was used for two-dimensional 190 

representations (Wallace et al., 1995). 191 

2.4 Statistical analysis of experimental data. 192 

Steady state rates ( ) values are determined from the spectrophotometric recordings 193 

and these values are adjusted to the Michaelis-Menten equation providing the values of 194 

 and . Data were recorded as mean ± standard deviation of at least triplicate 195 

determinations.196 
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3. Results and Discussion 197 

In this study, the action of laccase on CA and CR is studied (Fig. 1). The products 198 

of the reaction are o-semiquinones that evolve towards coloured compounds that absorb 199 

in the visible between 450-470 nm. 200 

3.1 Characteristics of enzymatic reaction products. 201 

In the action of laccase on CA and CR, free radicals (o-semiquinones) originate, 202 

which disproportionate as indicated in Fig. 2, originating o-quinones and regenerating 203 

the substrate. Two routes emerge from the protonated o-quinone (García-Moreno et al., 204 

1991), the main one carries out the cyclization and the coupled oxidation/reduction, 205 

originating an aminochrome. The other route begins with the addition of water to the 206 

protonated o-quinone, generating a trihydroxy-compound, which in turn is oxidized by 207 

another o-quinone molecule, generating a p-topaquinone and regenerating the substrate. 208 

p-Topaquinone cycles very slowly towards aminochrome (Fig. 2). Thus, in the action of 209 

laccase on these compounds, an absorbance is produced due to a mixture of products: 210 

aminochrome and p-topaquinone, with a coefficient of molar absorptivity, of the 211 

mixture, unknown. Therefore, it is convenient to use the chronometric method, since 212 

what is measured, in this case, is time.  213 

3.1.1 Deduction of analytical expression for the steady-state rate.  214 

Lacasse action on CA and CR generates semiquinones, which evolve to 215 

aminochromes with the pass of the time, accumulating different intermediates, Fig. 2, 216 

and originating a lag-phase, which needs to be taking into consideration when the 217 

analytical expression for the steady-state rate is obtained. The rate of action of the 218 

enzyme in steady-state for a substrate S is , the matter that enters the medium is 219 
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, accumulates in intermediates (o-semiquinones) that are reduced by AH2, until it is 220 

depleted in the medium and this leads to the accumulation of o-quinones and the 221 

formation of the products dopachrome [DC] and p-topaquinone [PQ] (García-Moreno et 222 

al., 1991) (Fig. 2), according: 223 

                                                               [1] 224 

Where I are chemical intermediates that accumulate in the medium, [AH2] is the 225 

added ascorbic acid and [DC]/[PQ] are the concentrations of the final products that 226 

accumulate in the medium. The sum of the concentrations of intermediates is: 227 

                                                                                                [2] 228 

Where QH and Q are the protonated o-quinone, the deprotonated o-quinone and T 229 

is the trihydroxy-derivative of the protonated o-quinone. 230 

The added AH2 concentration is consumed by the reaction with the o-semiquinone 231 

causing a lag period, which is in addition to that caused by the chemical reactions that 232 

arise from the protonated o-quinone (QH). 233 

Applying the steady-state approximation to intermediates QH, Q and T, their 234 

analytical expressions are obtained according to: 235 

         236 

                                                                   [3] 237 

          238 
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Where . The term  has been replaced by  in Eq. 239 

[3], since in the steady-state both terms are equivalent. From Eq. [3] the expressions of 240 

,  and  in the steady-state are: 241 

          242 

                                                                                     [4] 243 

           244 

 245 

Substituting in Eq. [1] we have: 246 

                         [5] 247 

From Eq. [5], it follows that DC and PQ accumulate according to an equation line: 248 

                                               [6] 249 

Thus, the accumulation of products over time corresponds to a line whose slope is 250 

/4 and cut the time axis to a value t = τ. When , the lag phase is 251 

obtained τ, made explicit by Eq. [7]: 252 

                                                                  [7] 253 

Since  (Garcia-Carmona et al., 1982; Jimenez et al., 1985; Jimenez et al., 254 

1986; Jimenez et al., 1984b; Serna Rodriguez et al., 1990), the previous equation 255 

becomes: 256 
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                                                                     [8] 257 

In high pH values, Eq. [8] is transformed at Eq. [9]: 258 

                                                                                                   [9] 259 

Thus, the delay period at high pH has two components, one due to Q cyclization 260 

and the other due to the consumption of AH2. 261 

When the two routes of cyclization and addition of water pass at lower pH, as is 262 

the case of laccase, the delay period (τ) has two components, one due to the cyclization 263 

of quinone (Q) and the cyclization of p-topaquinone  (lag cyclation, ) Eq. [10], 264 

and another due to the consumption of AH2,  Eq. [11]. 265 

 266 

                                                                  [10] 267 

                                                                                               [11] 268 

Therefore,            269 

                                                                                              [12] 270 

Thus, the difference of  corresponds to the lag in the ascorbic acid 271 

consumption ( ) and therefore, from these values, the enzyme action rate can be 272 

obtained . According: 273 

                                                                                                      [13] 274 
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Or: 275 

                                                                                                              [14] 276 

3.1.1.1 Choosing the measurement wavelength. 277 

Laccase activity was tested on different CA and CR, spectrophotometric records 278 

show a maximum in the visible region in the 400-475 nm zone, Fig. 3. For all the 279 

molecules, 475 nm was chosen as the measurement wavelength. As indicated above, a 280 

small amount of AH2 (µM) is added, the absorbance at 475 nm is recorded over time 281 

and from the lag period and according to the Eqs. [13] and [14] the value of  can be 282 

obtained. 283 

3.1.1.2 Choosing pH and temperature. 284 

The experiments of the action of laccase on CA and CR were carried out in 50 285 

mM acetate buffer at pH = 4.0, optimal for Trametes versicolor laccase and a 286 

temperature of 25ºC. 287 

3.1.1.3 Substrate type considerations 288 

Among the substrates studied, several groups can be established (Fig. 1): a) those 289 

that carry a free amino group in the side chain and do not carry a carboxyl group such 290 

as: dopamine and L-norepinephrine (Fig. 4A). b) Those with a free or esterified acid 291 

group: L-dopa, L-dopa methyl ester, L-α-methyldopa, DL-α-methyldopa (Fig. 4B). c) 292 

Those bearing the substituted amino group such as: L-isoprenaline, DL-isoprenaline and 293 

L-epinephrine (Fig. 4C). 294 

The power of the nucleophilic attack by the nitrogen of the amino group 295 

determines the cyclization rate of the o-quinones of each substrate. The substrates of 296 
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group A (Fig. 4A) dopamine and L-norepinephrine, have the free amino group and do 297 

not have notable electronic influences, at the pH of the measurement they cycle slowly 298 

(García-Moreno et al., 1991; Jimenez et al., 1984a), this carries with it its wide 299 

participation in the lag period and the steady-state rate must be calculated according to 300 

Eq. [14]. 301 

In group B substrates L-dopa, DL-α-methyldopa and L-α-methyldopa (Fig. 4B), 302 

the nucleophilic attack at this pH = 4.0 is more potent by nitrogen than those in group A 303 

(Garcia-Carmona et al., 1982; Jimenez et al., 1986; Serna Rodriguez et al., 1990), but a 304 

lag is also generated (except L-dopa methyl ester) and its value must be taken into 305 

account, to correct according to Eq. [14] and get the rate value ( ). 306 

In group C substrates (Fig. 4C), the power of nitrogen nucleophilic attack is great, 307 

they cycle rapidly and thus do not provide  to the measure, the lag corresponds to 308 

the consumption of AH2 ( ) and thus the value of  can be obtained according to 309 

Eq. [14], with  (Jimenez et al., 1985), in this group the L-dopa methyl ester 310 

must be included. 311 

3.2 Kinetic parameters determination 312 

3.2.1 Substrates type A and B. 313 

The o-quinones of the substrates shown in Fig. 1 have different cyclization 314 

constants, as corresponds to their structure and chemical properties. 315 

In the case of substrates type A, Fig. 1, as shown in the spectrophotometric assays 316 

of the activity of laccase on dopamine (Fig. 5) and norepinephrine (Fig. 2SM), because 317 
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the cyclization of o-quinone is slow,  makes a significant contribution to total lag 318 

and therefore Eq. [14] must be taken into account for the calculation of  . 319 

In the case of type B substrates, L-dopa, L-α-methyldopa and DL- α-methyldopa, 320 

although their cyclization constants are greater than that of type A substrates, show 321 

considerable  and therefore, the calculation of the rate according to the 322 

chronometric method must be done by applying Eq. [14]. The experimental records are 323 

shown in Fig. 3SM (L-α-methyldopa), Fig. 4SM (DL- α-methyldopa) and Fig. 5SM (L-324 

dopa).  325 

For the L-dopa methyl ester substrate, methyl exerts an inductive effect and 326 

makes the amino group nitrogen more nucleophilic and therefore with a higher 327 

cyclization constant. This makes the contribution of the cyclization process in this case 328 

negligible and thus  ( ), the rate calculation must be done according to 329 

Eq. [14], Fig. 6SM (L-dopa methyl ester). 330 

3.2.2 Substrates type C. 331 

To this group belong the type C substrates of Fig. 1, L-isoprenaline, DL-332 

isoprenaline (Fig. 7SM) and L-epinephrine. The calculation of the steady state velocity 333 

must be obtained according to Eq. [14], with  ( ). 334 

3.2.3. Calculation of   and  . 335 

In all cases (substrates type A, B and C), the steady-state rate values are fit by 336 

non-linear regression to the Michaelis equation, and the values of  and  can be 337 
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obtained.  In the case of substrates in hydrochloride form, these values are apparent by 338 

the chloride inhibition (see Supplementary Material, Fig. 6 and Fig. 7). 339 

3.2.3.1 Substrates that are not in the form of salt. 340 

This is the case of: L-dopa (Fig. 6), L-α-Methyldopa and DL- α-Methyldopa (Fig. 341 

7). The kinetic parameters, obtained by non-linear regression to Michaelis equation, are 342 

directly  and  and are shown in Table 1. These values for the stereoisomers L- 343 

α-Methyldopa and DL- α-Methyldopa are almost identical, indicating that the enzyme is 344 

not stereoselective in its bond with the substrate or in catalysis. The smaller size of the 345 

side chain in the case of L-dopa, could be responsible for the increase in affinity (lower 346 

, Table 1), at the same time, the lower hydrophobicity (absence of the methyl group) 347 

could be responsible for the lower value of  for worse adaptation in the active site. 348 

Note that the values of 1 are practically the same (Table 1). 349 

3.2.3.2 Substrates that are in the form of salt. 350 

Most of the substrates studied in this work are in the form of hydrochloride: L-351 

isoprenaline, DL-isoprenaline (Fig. 6), L-dopa methyl ester, dopamine, L-352 

norepinephrine and L-epinephrine (Fig. 7). 353 

Chloride is known to be a laccase inhibitor (Raseda et al., 2014), recently a 354 

binding to the copper centre T2 has been proposed (Polyakov et al., 2019) and, in 355 

consequence, the inhibition should be mixed-type (see Supplementary Material) 356 

(Raseda et al., 2014). Furthermore, when the substrate concentration is varied to 357 

calculate the kinetic parameters of the enzyme, the inhibitor is being varied 358 

stoichiometrically and therefore the analysis of  vs. [S]0, according to Michaelis 359 
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equation (Eq. [7SM]), provides apparent data (  and  ) (Fig.6 and Fig.7, see 360 

Supplementary Material). 361 

In this case, to calculate the real parameters  and , we propose the 362 

following experimental design: 363 

The inhibitor must first be characterized: type of inhibitor and strength of 364 

inhibition. To carry out the above, a substrate is chosen that is easily measurable, such 365 

as 4-tert-butylcatechol (TBC). 366 

Step 1. Determine under experimental conditions equal to that of the inhibition 367 

tests the kinetic parameters of the substrate (TBC) (Fig. 8A),  and  resulting 368 

 = 0.28 ± 0.01 mM and  = 3.25 ± 0.02 μM/s. 369 

Step 2. At different inhibitor concentrations repeat Step 1; determine  and 370 

 (Fig. 8A). 371 

Step 3. Analyse  respect to the inhibitor concentration and determine  372 

(Eq. [2SM]) (Fig. 8B), the dissociation constant of the complex ESI (see Supplementary 373 

Material), resulting  = 48.78 ± 8.49 mM. 374 

Step 4. Analyse  values (Eq. [4SM]) respect to the inhibitor 375 

concentration (Fig. 8B).  Therefore, the calculation of , the dissociation of constant of 376 

the EI complex, with a value of  = 1.76 ± 0.05 mM. 377 

Known  and , a large difference in values can be observed,  and, in 378 

consequence, as we work under low values of substrate concentration, chloride 379 
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concentration values will be low and therefore competitive behaviour can be practically 380 

observed. 381 

Step 5. From Eq. [7SM],  and  can be obtained.  expression (Eq. 382 

[8SM]), knowing , allows the calculus of  and, knowing the values of e , 383 

, and ,  can be obtained (Eq.[9SM]). Table 1 shows the values obtained. 384 

From the data shown in Table 1, it can be deduced that the presence of a negative 385 

charge in the substrate (L-α-methyldopa, DL- α-methyldopa and L-dopa) causes an 386 

increase in the , when L-dopa is esterified, the Michaelis constant decreases (L-dopa 387 

methyl ester). The compounds that carry the substituted amino group are: L-isprenaline, 388 

DL-isoprenaline and L-epinephrine show a low , while the compounds with the 389 

free amino group show higher values of . It is noteworthy that dopamine 390 

(physiological substrate) behaves kinetically as the best substrate for laccase. 391 

3.3 Molecular docking. 392 

It has been reported that T1 copper site directly interacts with the substrates 393 

through a hydrogen bond with a histidine (Christensen and Kepp, 2014), which is His-394 

458 in laccase from Trametes versicolor 1GYC (Piontek et al., 2002). Specific 395 

mutations, within the substrate-binding site of this laccase, suggests that Asp-206 396 

interacts directly with substrates (Christensen and Kepp, 2014; Madzak et al., 2006).  397 

In this work it has been demonstrated the role of all ligands as substrates and, 398 

consequently as possible competitive inhibitors of physiological substrates. 399 

Accordingly, among the entire protein structure, only the structural region of substrate 400 

binding that can lead to catalysis has been explored, that is the T1 copper site region.  401 
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 Docking conformations are selected according to the minimum free energy 402 

criteria after a cluster analysis in the T1 copper region. Fig. 9 shows the docking 403 

conformations of all substrates studied. All substrates adopt similar conformations in 404 

the more rigid part of the molecule structure, namely the phenyl ring containing the 405 

hydroxyl groups. The amino tail appears to be more flexible and can be found in 406 

different positions. This substituent is the cause of the most significant differences 407 

between substrates since different interactions with the protein can occur. Binding 408 

energies and the corresponding equilibrium dissociation constant are shown in Table 1. 409 

A quite good correlation is obtained between Michaelis constants values calculated 410 

from the kinetic analysis and the equilibrium dissociation constant from docking. 411 

In order to explore in more detail the interactions of substrates with laccase the 412 

case of dopamine is chosen as a representative example (Fig. 10). The position of the 413 

phenyl ring is located at 4.8 Å almost parallel to the phenyl ring of Phe-265 allowing π-414 

π stacking interactions stabilizing the substrate conformation. Thus, phenolic groups 415 

approach to His-458 and Asp-206. The carboxyl group of Asp-206 is located at 1.7 Å 416 

from the hydroxyl group in C-3 of dopamine and at 2.2 Å from the hydroxyl group in 417 

C-4. The hydroxyl group of C-4 is also close to a nitrogen atom of His-458. In all cases, 418 

these atoms are at distances where hydrogen bonds interactions can be established. It is 419 

worth noting that the proximity of the phenolic group to His-458 might allow electron 420 

transfer to T1 copper through His-458 in the oxidation reaction of the substrate in the 421 

catalysis (Christensen and Kepp, 2014). Besides, the amino tail helps to anchor 422 

dopamine in the active site by hydrogen bonds with Pro-163 and Phe-162. Fig.11 shows 423 

a 2D representation of Fig. 10. Discrepancies in the distance values are because in Fig. 424 

11 polar hydrogen atoms are omitted, and the shown distances are calculated from 425 

oxygen atoms of dopamine instead of hydrogen atoms.  426 
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Fig. 12 shows a surface representation of Fig. 10. It can be seen that there is a 427 

large enough cavity in the surface of the protein to allocate the substrate near the T1 428 

copper region and, thus, initiate the electron transfer from T1 copper to T3 coppers and 429 

finally to oxygen molecule. 430 

4. Conclusions 431 

The application of a chronometric method that uses AH2 in micromolar quantities, 432 

allows obtaining the steady state speeds ( ), in the action of laccase acting on 433 

catecholamines and related compounds. Kinetic characterization of the inhibition by 434 

chloride allows to obtain the values of  and  (Fig. 1SM) and, with the values of , 435 

the kinetic parameters  and  can be determined. Among all the substrates 436 

studied, the highest catalytic power ( ) was for dopamine, physiologically 437 

related to melanization and sclerotization in the insect cuticle. The results of the docking 438 

of the substrates to the enzyme are in good agreement with the values of . All the 439 

studied molecules could be oxidized by the same mechanism, with the participation of 440 

His-458, Asp-206 and Phe-265, facilitating the adaptation of the substrate to the active 441 

site, and allowing the transfer of electrons to T1 copper to via His-458. 442 
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Tables 593 

Table 1. Kinetic constants of the oxidation of catecholamines and related compounds by 594 

laccase. 595 

 596 

 597 

 598 

 599 

 600 

 601 

 602 

 603 

 604 

Michaelis-Menten constant of target substrate ( ), maximum velocity of target substrate 605 

( ), power catalytic ( / ), binding energies (ΔG), equilibrium dissociation constant 606 

(Kd), chemical shift value to C-3 (δ3) and C-4 (δ4). 1hydrochloride commercial reagent,  and 607 

 amended according to Eq. [8SM] and Eq. [9SM]. 608 

609 

Substrate  
(mM) 

 
(μM/s) 

/  

(1/h) 

ΔG 

(kcal/mol) 

Kd 

(mM) 

δ3 

(ppm) 

δ4 

(ppm) 

DL-Isoprenaline1 0.39±0.04 0.59±0.02 5.44±0.40 -5.31 0.128 146.9 146.8 

L-Isoprenaline1 0.54±0.05 0.56±0.02 3.75±0.36 -4.98 0.223 146.9 146.8 

DL-α-MethylDopa 1.22±0.22 3.13±0.18 7.14±0.58 -4.39 0.603 146.7 146.2 

L-α-MethylDopa 1.28±0.12 3.22±0.11 7.52±0.34 -4.43 0.564 146.7 146.2 

L-Dopa methyl ester1 0.44±0.03 1.21±0.02 9.87±0.26 -4.27 0.739 146.9 146.2 

L-Dopa 0.98±0.11 2.04±0.08 7.46±0.41 -3.96 1.247 146.9 146.1 

Dopamine1 0.43±0.03 4.86±0.08 41.07±0.29 -4.86 0.273 146.8 145.6 

L-Norpinephrine1 1.09±0.10 1.94±0.07 6.41±0.35 -4.64 0.396 144.0 144.0 

L-Epinephrine1 0.68±0.04 1.82±0.03 9.66±0.22 -4.66 0.382 143.7 143.7 
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Figure Captions. 610 

 611 

Fig. 1. Chemical structures of catecholamines and related compounds.  612 
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 613 

Fig. 2. Pathway proposed for the oxidation of L-dopa catalysed by laccase.  Where: E is laccase; 614 

S = L-dopa; SQ = o-dopasemiquinone; QH = protonated o-dopaquinone; Q = deprotonated o-615 

dopaquinone; LC = leucodopachrome; T = Topa; PQ = p-topaquinone; PSQ = p-616 

topasemiquinone; DC = dopachrome.  617 
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 621 

 622 

Fig. 3. Absorbance spectra of the action of laccase on dopamine. The experimental conditions 623 

were [dopamine]0 = 0.57 mM and enzyme  15 μg/mL. Scans were made every minute (a-j). In 624 

=280 nm, maximum dopamine absorbance decreases. However, the absorbance for the 625 

reaction products increases in  = 250 nm and 400 nm. 626 

627 
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 628 

Fig. 4. Preliminary assays to qualitatively verify the presence of chemical pathway in the 629 

different substrates under study. Catecholamines and related substrates were assayed with 630 

Trametes versicolor laccase, being measured the increase in absorbance at 475 nm. Reaction 631 

conditions at 25oC were 50 mM acetate buffer pH 4. 632 

 633 

A. Chronometric method for measuring laccase activity. Absorbance recordings at 475 nm of 634 

product formation over time. Experimental conditions were: Left side. (a) [Dopamine]0 = 2.83 635 

mM and 17 μg/mL TvL; (b) Same than (a) with [AH2]0= 70 µM. Right side. L-Norepinephrine, 636 

(c) [L-Norepinephrine]0 = 1.5 mM and 17 μg/mL TvL; (d) Same than (c) with [AH2]0= 80 µM. 637 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



33 
 

 638 

B. Chronometric method for measuring laccase activity. Absorbance recording at 475 nm of 639 

product formation overtime. Experimental conditions were: (a) [L-α-MeDopa]0 = 6.7 mM and 640 

17 μg/mL TvL; (b) Same than (a) with [AH2]0=60 µM. (c) L-dopa oxidation by laccase in 641 

absence of AH2. Experimental conditions were: [L-Dopa]0 = 3.8 mM and 8.5 μg/mL TvL; (d) 642 

Same than (c) with [AH2]0= 20 µM. 643 
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 644 

C. Chronometric method for measuring laccase activity. Absorbance recordings at 475 nm of 645 

product formation over time. Experimental conditions were: TvL Laccase 17 μg/mL, (a) 2 mM 646 

L-epinephrine, (b) 1.8 mM L-dopa methyl ester, (c) 1.6 mM L-isoprenaline. 647 
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 648 

Fig. 5. Chronometric method for measuring laccase activity on dopamine. Absorbance 649 

recordings at 475 nm of product formation over time. Experimental  conditions were: Acetate 650 

buffer 50 mM pH 4, [AH2]0 = 70 µM, [E]0 = 17 μg/mL, and [Dopamine]0 = 0.13-2.83 mM (a-e). 651 

(f) Equal conditions than (e) without ascorbic acid. Insert: representation of  652 

(□) and VSS(●) with respect to dopamine concentration. 653 
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 654 

Fig. 6. Kinetic characterization of different substrates.  Representation of initial steady-state 655 

rates ( ) obtained by the chronometric method in laccase (TvL 17 μg/mL) action on (■) L-656 

Isoprenaline; [AH2]0 = 30 µM. (□) DL-Isoprenaline; [AH2]0 =  30 µM. (●) L-Dopa; [AH2]0 = 657 

50 µM. (○) L-DopaMeEster, [AH2]0 = 50 µM. 658 
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 660 

Fig. 7. Kinetic characterization of different substrates. Representation of initial steady-state 661 

rates ( ) obtained by the chronometric methods in laccase (TvL 17 μg/mL) action on () 662 

Dopamine; [AH2]0 = 70 µM. () DL-α-MeDopa; [AH2]0 = 40 µM. (▲) L-α-MeDopa; [AH2]0 663 

= 85 µM. (●) L-Epinehrine; [AH2]0 = 80 µM. (○) L-Norepinehrine; [AH2]0 = 80 µM. 664 
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 666 

Fig. 8. A. TvL inhibition by chloride. Representation of steady-state rate vs substrate 667 

concentration [TBC]0 in the action of laccase (TvL 17 μg/mL) on TBC ( ) . Experimental 668 

conditions were (●) [TBC]0 =0.06-6 mM, [Cl-]0= 0 Mm; (○) [TBC]0 =0.12-8, [Cl-]0= 2.5 mM; 669 

(▲) [TBC]0 =0.12-10, [Cl-]0= 5 mM; () [TBC]0 =0.12-12, [Cl-]0= 10 mM; (■) [TBC]0 =0.51-670 

15, [Cl-]0= 20 mM; (□) [TBC]0 =0.8-20, [Cl-]0= 30 mM. 671 
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 672 

Fig. 8B. Calculation of  and . Representation of the values of  (●) and 673 

(○) obtained at different concentrations of inhibitor (Cl-) and fit by nonlinear 674 

regression of   to Eq.[2SM] and  to Eq.[4SM]. 675 
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 680 

Fig. 9. Docked conformations of all ligands studied, over the laccase 1GYC model. The 681 

conformers only include polar hydrogens. The brown sphere corresponds to T1 copper. Carbon 682 

backbone is depicted in green in the ligands and in orange in the laccase residues. 683 

684 
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 685 

 686 

 687 

Fig. 10. Docked conformations of dopamine. Only polar hydrogens are shown in the structures. 688 

The brown sphere corresponds to T1 copper. Carbon backbone is depicted in blue in dopamine 689 

and in orange in the laccase residues (1GYC). 690 
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 691 

Fig. 11. Two-dimensional docked conformation of dopamine. The atoms of oxygen, carbon, and 692 

nitrogen are colored by red, black, and blue respectively. The purple solid lines stand for 693 

dopamine, while orange solid lines stand for amino acid residues belonged to laccase (1GYC). 694 

The dotted lines show the hydrogen bonds including the bond length (Å). The models in red 695 

solid wires are denoted as hydrophobic contacts in the binding of laccase to dopamine. 696 
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 697 

Fig. 12. Docking structure on the molecular surface model corresponding to Fig. 10. 698 
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Supplementary Material 702 

Laccase inhibition by chloride. 703 

The proposed mechanism to explain the inhibition of laccase by chloride is the one 704 

shown in Fig. 1SM. 705 

Applying the steady-state approximation to the action of laccase on TBC, the expression 706 

of the velocity is obtained ( ). 707 

                                                                                   (1SM) 708 

Experimental design for the characterization of the inhibitor: Determination of   709 

and . 710 

Step 1. Laccase kinetics with 4-tert-butylcatechol. Determination of  and 711 

. 712 

Step 2. Kinetic at different concentrations of inhibitor. Determination of 713 

and . 714 

Step 3.  analysis regarding the inhibitor concentration by non-linear 715 

regression, according to the equation (2SM). Determination of  . 716 

                                                                                     (2SM) 717 
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Step 4.  dependence regarding the inhibitor concentration is: 719 

                                                                    (3SM) 720 

 721 

Regrouping the Eq. [3SM], we obtain: 722 

                                                          (4SM) 723 

Nonlinear regression analysis of   vs. , allows obtaining . 724 

Mixed-inhibition of laccase by chloride when the substrate is stoichiometric with 725 

the inhibitor. 726 

 Most of the substrates shown in Fig. 1 and Table1 are in the hydrochloride form, 727 

therefore when the substrate is varied; it is simultaneously varied in the same 728 

concentration of inhibitor. So that, . From Eq. [1SM], if  is substituted by 729 

, we obtain: 730 

                                                                           (5SM) 731 

                                                                   (6SM) 732 

Working at low concentrations of substrate, the quadratic term in the denominator 733 

can be depreciated and from Eq. [6SM] we get: 734 
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                                                                    (7SM) 735 

Step 5. Non-linear regression of  vs.  allows to obtain, according to 736 

Eq.[7SM]: 737 

                                                                                                  (8SM) 738 

And 739 

                                                                                                  (9SM) 740 

From Eq. [8SM], taking into consideration the  values,  for each substrate 741 

can be obtained (see Table 1) 742 

From Eq. [9SM], taking into consideration the values for  and , the value of 743 

 for each substrate can be obtained. This methodology allowed characterizing all 744 

the laccase as shown in Table 1.  745 

746 
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 747 
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 749 

Fig. 1SM. Mechanism proposed for the mixed inhibition of laccase by chloride, where: E is 750 

laccase, S, is an enzyme substrate, I is chloride and P is the reaction product. 751 
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 755 

Fig. 2SM. Chronometric method for measuring laccase activity on L-Norepinephrine. 756 

Absorbance recordings at 475 nm of product formation over time. Experimental conditions 757 

were: [AH2]0 = 80 µM, [E]0 = 17 μg/mL, and [L-Norepinephrine]0 = 0.5-2 mM (a-e). (f) Equal 758 

conditions than (d = 1.5 mM) without ascorbic acid. 759 
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 762 

 763 

 764 

Fig. 3SM. Chronometric method for measuring laccase activity on L-α-MeDopa. Absorbance 765 

recordings at 475 nm of product formation over time. Experimental conditions were: [AH2]0 = 766 

40 µM, [E]0 = 17 μg/mL, and [L-α-MeDopa]0 = 0.33-3.33 mM (a-e). 767 
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 768 

Fig. 4SM. Chronometric method for measuring laccase activity on DL-α-MeDopa. Absorbance 769 

recordings at 475 nm of product formation over time. Experimental conditions were: 50 mM 770 

Acetate buffer pH 4, [AH2]0 = 40 µM, [E]0 = 17 μg/mL, and [DL-α-MeDopa]0 = 0.77-7.67 mM 771 

(a-e).  772 
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 773 

Fig. 5SM. Chronometric method for measuring laccase activity on L-Dopa. Absorbance 774 

recordings at 475 nm of product formation over time. Experimental conditions were: [AH2]0 = 775 

40 µM, [E]0 = 17 μg/mL, and [L-Dopa]0 = 0.5-5 mM (a-e). 776 
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 778 

Fig. 6SM. Chronometric method for measuring laccase activity on L-DopaMeEster. 779 

Absorbance recordings at 475 nm of product formation over time. Experimental conditions 780 

were: [AH2]0 = 50 µM, [E]0 = 17 μg/mL, and [L-DopaMeEster]0 = 0.22-6.5 mM (a-e).  781 
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 783 

Fig.7SM. Chronometric method for measuring laccase activity on DL-Isoprenaline. Absorbance 784 

recordings at 475 nm of product formation over time. Experimental conditions were: [AH2]0 = 785 

30 µM, [E]0 = 17 μg/mL, and [DL-Isoprenaline]0 = 0.02-2.2 mM (a-d).  786 
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