
HAL Id: hal-04199722
https://hal.science/hal-04199722

Submitted on 22 Jul 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Experimental–theoretical study of laccase as a detoxifier
of aflatoxins

Marco Zaccaria, William Dawson, Darius Russel Kish, Massimo Reverberi,
Maria Carmela Bonaccorsi Di Patti, Marek Domin, Viviana Cristiglio, Bun

Chan, Luca Dellafiora, Frank Gabel, et al.

To cite this version:
Marco Zaccaria, William Dawson, Darius Russel Kish, Massimo Reverberi, Maria Carmela Bonaccorsi
Di Patti, et al.. Experimental–theoretical study of laccase as a detoxifier of aflatoxins. Scientific
Reports, 2023, 13 (1), pp.860. �10.1038/s41598-023-27519-1�. �hal-04199722�

https://hal.science/hal-04199722
https://hal.archives-ouvertes.fr


1

Vol.:(0123456789)

Scientific Reports |          (2023) 13:860  | https://doi.org/10.1038/s41598-023-27519-1

www.nature.com/scientificreports

Experimental–theoretical 
study of laccase as a detoxifier 
of aflatoxins
Marco Zaccaria 1,11, William Dawson 2,11, Darius Russel Kish 1, Massimo Reverberi 3, 
Maria Carmela Bonaccorsi di Patti 4, Marek Domin 5, Viviana Cristiglio 6, Bun Chan 2,7, 
Luca Dellafiora 8, Frank Gabel 9, Takahito Nakajima 2, Luigi Genovese 10 & Babak Momeni 1*

We investigate laccase-mediated detoxification of aflatoxins, fungal carcinogenic food contaminants. 
Our experimental comparison between two aflatoxins with similar structures  (AFB1 and  AFG2) shows 
significant differences in laccase-mediated detoxification. A multi-scale modeling approach (Docking, 
Molecular Dynamics, and Density Functional Theory) identifies the highly substrate-specific changes 
required to improve laccase detoxifying performance. We employ a large-scale density functional 
theory-based approach, involving more than 7000 atoms, to identify the amino acid residues 
that determine the affinity of laccase for aflatoxins. From this study we conclude: (1)  AFB1 is more 
challenging to degrade, to the point of complete degradation stalling; (2)  AFG2 is easier to degrade by 
laccase due to its lack of side products and favorable binding dynamics; and (3) ample opportunities 
to optimize laccase for aflatoxin degradation exist, especially via mutations leading to π–π stacking. 
This study identifies a way to optimize laccase for aflatoxin bioremediation and, more generally, 
contributes to the research efforts aimed at rational enzyme optimization.

Aflatoxins are dangerous fungal secondary metabolites that regularly contaminate crops such as maize, rice, 
wheat, and  peanuts1. Aflatoxins are produced by the fungal genus Aspergillus and are among the most carci-
nogenic natural  pollutants2. Aflatoxin contamination is a major food safety concern. Physical and chemical 
detoxification strategies exist, but they can negatively impact food quality and be costly, unreliable, or  unsafe3,4. 
In the effort to develop safer alternatives, food recovery through environmentally friendly enzymes has been 
 proposed5. To this end, laccase was identified as a good  candidate6–8.

Laccase is an enzyme of general interest in  biotechnology9,10. It is a monomeric multicopper oxidase catalyz-
ing one electron oxidations coupled with full reduction of molecular oxygen to water. The active site consists 
of three copper binding sites with different spectroscopic and functional properties. Type 1 blue copper is the 
electron acceptor from the substrate; the trinuclear cluster formed by type 2 copper and binuclear type 3 copper 
is the site of oxygen binding and  reduction11. Laccase is taxonomically  ubiquitous12 and functionally versatile: 
its broad substrate tolerance makes it relevant to industrial  applications9. Across natural variants, fungal lac-
cases have the highest redox potential (E°), up to 800 mV, at the type 1  copper12. Several existing reports have 
already identified bacterial and fungal laccases which interact with  aflatoxins6,13–17; however, even the most active 
isoforms lack time/cost efficiency to satisfy the current demands of aflatoxin detoxification in the food and feed 
industry. Previous research has focused on optimizing laccase, for different functions, through rational design or 
directed  evolution18–20. In the specific context of aflatoxin degradation, molecular docking has provided mecha-
nistic  insights21, 3D structure analysis of different isoforms assessed interaction with  aflatoxins7, and mutational 
analysis explored beneficial  changes22.

In this work, we combine experimental and computational approaches to pave the way to a rational optimiza-
tion of laccase as an aflatoxin bioremediator with a focus on aflatoxin  B1  (AFB1), the most carcinogenic congener. 
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We employ laccase from Trametes versicolor (TV), a fungal species whose ecological niche is tailored around 
laccase-mediated lignin  degradation23. We perform an in-depth analysis of the detoxification of the main target 
molecule,  AFB1, by TV laccase to identify the mechanisms behind reaction bottlenecks. Our data also include 
experiments on an  AFB1 congener, aflatoxin  G2  (AFG2). By highlighting the remarkable differences in laccase’s 
activity on  AFB1 and  AFG2, despite their structural similarity, we imply that affinity improvement cannot be 
achieved by specializing the enzyme towards a general category of compounds (e.g. hydrocarbons, aromatic 
nonphenolic structures, or even aflatoxins as a category). We therefore perform an extensive, high detail quan-
tum mechanical (QM) characterization on the entire TV laccase structure bound to  AFB1 and  AFG2, including 
about 7000 atoms. We predict specific single amino acid residues to be sub-optimal for aflatoxin degradation, 
and propose the related structural changes to address reaction bottlenecks.

Results
We first construct a preliminary phenomenological model based on in-vitro laccase activity on aflatoxins. The 
model highlights two main points: (i) laccase’s efficacy against aflatoxin is not limited by the redox potential 
of its active site, rather by poor affinity for aflatoxin as a substrate; (ii)  AFB1, unlike  AFG2, deviates from the 
established Michaelis–Menten kinetics characteristic of laccase  activity24. We then perform a theoretical analysis 
of the two aflatoxins which reveals the origin of these differences. Finally, we computationally analyze the full 
laccase-aflatoxin systems to understand which residues contribute to binding, and how.

Laccase is a more effective detoxifier of  AFG2 than it is of  AFB1. In the chemical structure of afla-
toxins, the lactone ring is responsible both for the  toxicity25 and the natural fluorescence of the molecule. As a 
result, aflatoxin concentration and toxicity can be fluorimetrically assayed. In this work, we will define detoxifi-
cation as a reaction that breaks the lactone ring in the aromatic structure of aflatoxin, leading to loss of natural 
fluorescence and toxicity. This assay can be used for both  AFB1 and  AFG2 (see “Methods” section).

We assessed the detoxification activity of TV laccase at different initial  AFB1 and  AFG2 concentrations. The 
fluorimetric assay highlights two distinct detoxification trends for  AFB1 versus  AFG2. The  AFB1 fluorescence 
readout follows a decreasing trend that, after about 10 h, changes into a slower trend. Overall, detoxification over 
96 h amounts to roughly 12% of the original quantity of the toxin (Fig. 1A).  AFG2 detoxification, in contrast, 
displays a consistent trend, leading to completion within 96 h (Fig. 1B). Importantly, in the absence of laccase, 
little detoxification of  AFB1 and  AFG2 was observed (Fig. S1).

Laccase has higher affinity and detoxification rate for  AFG2 over  AFB1. To infer the enzymatic 
activity of laccase against aflatoxins, we assume that detoxification by laccase follows Michaelis–Menten kinet-
ics. We then fit a phenomenological model to our experimental data (see “Methods” section). To test if the 
toxin concentration is much lower than the Michaelis–Menten constant ( Km ≫ [T] ), in the experimental data 
we define the detoxification efficiency as η def

= −1
[L][T]

�[T]
�t

 (in mL/(U · h) ) where �[T] is the change in the toxin 
concentration in a small time-step �t . Since η =

ρ
[T]

 appears to be constant in early degradation (i.e. a linear 
trend in Fig. 1C,D), we confirm that Km ≫ [T] is a valid approximation. Calculating the detoxification kinetics 
from Eq. (3), and using the value of η estimated from experimental data, the model accurately approximates the 
measured kinetics in the case of  AFG2 throughout the experimental time (Fig. 1D), further confirming that this 
model is suitable for representing aflatoxin detoxification by laccase. However,  AFB1 adheres to the Michae-
lis–Menten kinetics only for a short time before entering a slower, non-Michaelis–Menten-like detoxification 
dynamic (Fig. 1C). Thus, compared to  AFG2, and other known substrates of laccase,  AFB1 shows an uncharac-
teristic trend.

The finding that, at relevant concentrations of the toxin, we get Km ≫ [T] can be interpreted as relatively poor 
activity by laccase for degrading the toxin. We consider the association and enzymatic activity in the standard 
 view26:

where D is the detoxified toxin, and Km =
k2+k−1

k1
≫ [T] means k2 + k−1 ≫ k1[T] . This can be interpreted as low 

affinity of the enzyme for the aflatoxin,  AFB1 and  AFG2 alike, as the rate of association is much smaller than the 
rates of degradation/dissociation. This low affinity suggests that laccase is naturally not well-adapted to detoxify 
aflatoxin. As a matter of fact, it has been  reported27 that under optimized conditions (0.1 M citrate buffer pH 
4.5, 20% DMSO 35 °C, TV laccase 30 U/mL) Km for  AFB1 was 0.28 mM and the degradation rate with 80 μg/mL 
 AFB1 was kL = 0.89 μg/(U·day). This corresponds to a detoxification efficiency of η = 4× 10−4 mL/(U·h) which 
is comparable to our results reported in Fig. 1C.

Gas phase modeling and LC–MS reveal intrinsic differences between  AFB1 and  AFG2. To 
understand the differences observed between  AFB1 and  AFG2, we investigated the properties of these molecules 
using a QM model in the gas phase and Conceptual  DFT28 (see “Methods” section). First, we use ΔSCF to com-
pute the ionization potentials of the two molecules. For  AFB1 the value is 7.3 eV and for  AFG2 it is 7.5 eV. Thus, 
the two molecules appear equally easy to oxidize, from an energetics perspective. We further used the results of 
ΔSCF calculations to generate isosurfaces of the FuF which highlight the sites amenable to a hypothetical one-
electron oxidation (Fig. 2). One significant difference between the two isosurfaces is the presence of an oxidation 
site on the furan ring of  AFB1, which differs from  AFG2 in that it has a double bond. This suggests that there is a 
different reactive site of  AFB1 which is far from the lactone ring.

(1)L+ T
k1
⇋

k−1

LT
k2

−→ L+ D,
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In the QM model, we see that the lactone ring does not spontaneously open after the toxin oxidation without 
an ulterior environmental stimulation, such as a hydrogen radical. A multi-step process is required to perform 
ring opening, which is reflected in the FuF, where we see that the electron is unlikely to be taken directly from the 
lactone ring (particularly in the case of  AFB1). If such environmental stimulation is localized in the immediate 
proximity of the lactone ring, the structural rearrangement spontaneously ends in ring-opening (Supplemen-
tary Fig. S4).  AFG2 exhibits a lower free-energy conformation post-ring breakdown (− 1.71 eV compared to 
the oxidized state), compared to  AFB1 (− 1.34 eV compared to the oxidized state), suggesting a higher tendency 
towards this transition. However, as noted above, degradation affinity alone cannot describe the difference in 
dynamics between the two toxins.

LC–MS analysis was performed to investigate the degradation products (Supplementary Figs. S2, S3). For 
both  AFB1 and  AFG2 a product with the ring open was found which matches the observation of reduced fluo-
rescence (Fig. 3, including proposed mechanism). For  AFB1, other oxidation products include the well-known 
epoxy- and dihydroxylated forms on the terminal furan ring (Supplementary Figs. S2, S3). An epoxy form of 
 AFG2 was not found, which is consistent with our QM modeling which suggested that the furan ring of  AFB1 is 
more reactive. This epoxy form would still fluoresce, and hence may represent an important side reaction which 
does not result in successful detoxification. The mechanism we propose is coherent with ammoniation of  AFB1 
to produce  AFD1 through cleavage of the lactone ring, discussed in previous  works25,29,30.

Figure 1.  The detoxification of  AFB1 and  AFG2 by laccase highlights the difference in detoxification efficiencies 
even between aflatoxins with similar structure. Different initial aflatoxin concentrations were employed and are 
represented for  AFB1 (A) and  AFG2 (B). Each curve is the average of 3 replicates. A subset of points from (A,B) 
is randomly selected and represented in (C,D) to calculate the local normalized detoxification rates 

(

−1
[L]

d[T]
dt

)

 . 
Here, [T] is the toxin concentration and [L] is the laccase concentration. Detoxification efficiency 
(

η
def
= −1

[L][T]
�[T]
�t

)

 of  AFB1 (C) is almost an order of magnitude lower than that of and  AFG2 (D) at comparable 
concentrations. Dotted lines in (C,D) illustrate the prediction of the model. Direction of time is represented in 
(C,D) to highlight the decrease in toxin concentration as a result of detoxification. Laccase concentration: 25 U/
mL.
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Large scale modeling identifies building blocks of laccase-aflatoxin binding. Our experimental 
evidence has shown that TV laccase has insufficient affinity for both aflatoxins  AFB1 and  AFG2. To understand 
the binding observed, we utilized Docking and Molecular Dynamics (MD) to generate a diverse set of poses, 
which we can then score using DFT calculations (Fig. 4). Overall, we see little difference in the binding energies 
between  AFB1 and  AFG2, again supporting that energetics alone cannot explain the discrepancy in the dynamics 
between the two toxins. For  AFG2, one pose (G-10-0) emerges as significantly lower in energy (Supplementary 
Fig. S5). We observe that  AFG2 stays in this pose for the duration of that trajectory.

For  AFB1, there are two competing low energy poses (B1-2-2 and B1-15-2), with the latter staying in a strong 
binding position for a longer duration. We note that while  AFB1 may be oxidized in pose B1-2-2, it is unlikely 
that the ring is opened, because the reactive site of the lactone ring is buried deep in the pocket (Supplementary 
Fig. S5). From a purely geometric perspective, we also see that the furan ring of  AFG2 is deep inside the pocket, 
whereas this site is exposed to the solvent for the low energy poses of  AFB1. We found one additional pose of 
 AFB1 (B1-1-0) which has the furan ring inside the pocket, though it has a weaker interaction energy than other 
 AFB1 poses.

In Fig. 5, we show a heat map of amino acid-toxin interactions as defined by the FBO measure. Visualizations 
of these interactions are available in Supplementary Fig. S6. For the sole low energy  AFG2 pose, a strong interac-
tion based on a hydrogen bond between Thr430 and the doubly bonded oxygen of the lactone ring is formed. 
Previous studies have brought attention to the role of Asn206 and His458 (the ligand of the type 1 blue copper) 

Figure 2.  Isosurfaces of the Fukui functions of  AFB1 and  AFG2 in the gas phase indicate the sites prone to 
oxidation. Fukui isosurfaces: red (−) and blue (+). Isosurface level of ± 0.003 Å−3.

Figure 3.  The main reaction products of  AFB1 and  AFG2 break-down, as identified by LC–MS and hypothetical 
reaction pathways. The main proposed mechanisms are the lactone ring opening and epoxide formation.
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in charge transfer in laccase, with His458 participating in charge transfer and Asn206 playing a role in substrate 
recognition; it has been suggested that a distance of less than 5 Å is required for efficient  degradation31,32. For 
G2-10-0, the oxygen of the furan ring is within 2.5 Å of His458 (and the toxin is 2.8 Å from Asp206), and is 
held there by an interaction with the neighboring Gly392. For the B1-1-0 pose of  AFB1 (the pose most similar 
to G2-10-0), a similar interaction with Thr430 exists and is supplemented by an interaction with Leu164. In this 
pose, the oxygen of the furan ring is much further from His458 (4.4 Å), though the toxin is a similar distance 
to Asp206 (2.5 Å).

For B1-2-2, we note that the lactone ring is buried deep in the pocket, with the distance between the doubly 
bonded oxygen of the five-member ring and His458 being 2.4 Å. The primary interaction is between Asn264 and 
the furan rings on the opposite side. B1-2-2 also interacts with Pro394 which is close to His458, and is within 2.9 
Å for Asp206. With B1-15-2, Thr430 is again an important interaction, as well as Ala389 and Ala432. B1-15-2 
is close to Asp206 (2.4 Å), but far from His458; the methyl group is within 5.4 Å, and the nearest oxygen (of a 
furan group) is 6.6 Å away (the distances are similar for the other snapshots from the B1-15 trajectory). While 
the interaction with the enzyme is strong, this pose is likely poor for oxidation. We note that the only significant 
aromatic interaction detected in these low energy poses by our analysis involves Phe265. This residue interacts 
with the furan ring of B1-1-0 and G2-10-0, and not their aromatic groups. This suggests that there is ample 
opportunity for optimizing interactions of TV laccase with both  AFB1 and  AFG2 by exploiting π–π stacking.

Discussion
Aflatoxin contamination is a major concern among food-safety issues, and laccase-mediated detoxification is 
viewed as a promising “green” bioremediation  approach12. The evolution of this lignin-degrading enzyme has 
led to an active site with the highest redox potential among multi-copper  oxidases9. Such uncommon oxida-
tive potential is a necessary asset for breaking down the aromatic moieties of aflatoxins. However, as our data 
highlight, laccase lacks high affinity towards  AFB1, and is therefore naturally far from optimized to carry out 
this reaction. For bioremediation to have a realistic chance at being consistently implemented, it has to be seam-
lessly incorporated during the current food production process. With this in mind, the best context for laccase-
mediated aflatoxin bioremediation is during the conventional water-mediated washing step in the production 
process of food commodities. For that,  AFB1 detoxification needs to be achieved in no longer than 3 h, in a 
slightly acidic (pH of 6.5), aerobic, liquid environment at room temperature. Our data indicate that, at pH 6.5, 

Figure 4.  Interaction energies of different poses of  AFB1 and  AFG2 extracted from an MD simulation using 
a cluster model show no major differences between the congeners. Energies are shown for two different QM 
models (PBE + D3 and B97M-V).

Figure 5.  Heat map of interactions between laccase residues and low energy toxin poses as measured by FBO 
highlights residues of interest. A higher FBO indicates a stronger interaction.
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even the detoxification of  AFG2 by TV laccase takes more than 48 h, a far cry from what would be practically 
required. Therefore, laccase as a realistic aflatoxin bioremediator requires substantial optimization.

Using a combination of experimental and multi-scale theoretical modeling, we find that high detail substrate-
specific tuning is mandatory for application on aflatoxins. Such tuning will need to follow a different approach 
than even the best efforts at molecular docking (e.g. Refs.33–35). While it has been shown that with a sufficient 
set of descriptors from docking and MD simulations, along with QM modeling of the gas phase  substrate32, it is 
possible to predict laccase affinity on a wide class of systems, the dramatic differences in dynamics between the 
two similar structures studied in this work show the limitation of a broader characterization. To this end, we have 
used a large-scale QM approach to identify the relevant amino acids involved in binding the low energy positions 
of the two toxins. Our results suggest that efficiency may be improved by optimizing laccase for stronger binding 
to aflatoxin, but care must be taken about the specific binding orientation that is being optimized. We suggest 
that tuning experiments begin with work on  AFG2, as while  AFB1 is a target of greater importance, the simpler 
dynamics of  AFG2 will provide a clearer signal of a successful optimization workflow.

More research is still needed to fully elucidate the limitations of laccase for the bioremediation of aflatoxins. 
Laccase is particularly difficult to model, using either classical MD or DFT, due to the presence of a transition 
metal. More sophisticated advanced sampling may also reveal a wider set of possible binding poses. A full QM/
MM study of the detoxification process in the laccase pocket should be performed in the future. These simula-
tion studies may be combined with further experimental work, such as Small Angle X-ray Scattering (SAXS) 
and Small Angle Neutron Scattering (SANS) which have the ability to probe the structure of laccase at finite 
 temperature10,36. Despite these limitations, our study has found strong evidence of a need for careful optimization 
of the laccase pocket, and specific directions to improve efficacy. For such a rational design project, the residues 
identified in this study, along with the general insights into the degradation process presented here, will make 
a good starting point.

Methods
Modeling the detoxification of aflatoxins by laccase. We assume that laccase detoxifies aflatoxins 
following the Michaelis–Menten equation:

in which [T] is the toxin concentration (in µgmL ), [L] is the laccase concentration (in U/mL ), Km is the Michae-
lis–Menten constant (in µg/mL ), and kL is the degradation rate by laccase from the enzyme-toxin associated state 
(in µg/(mL · h) ). In the limit that the toxin concentration is much lower than the Michaelis–Menten constant 
( Km ≫ [T] ), the equation will be simplified to

We define the detoxification efficiency as η def
= −1

[L][T]
�[T]
�t

≈
kL
Km

 (in mL/(U · h)) , which can be calculated 
from the experimental data. Here �[T] is the change in the toxin concentration in a small time-step �t . Since 
we can measure [T] experimentally over time, we can calculate η as well as the local normalized detoxification 
rate ρ = −1

[L]
d[T]
dt

 . When η =
ρ
[T]

 is constant, we can infer that Km ≫ [T].

Fluorescence-based assay of laccase-mediated detoxification of  AFB1 and  AFG2. Laccase from 
Trametes versicolor (Merck CAS80498) is dissolved in acetate buffer (pH 6.5) at a final concentration of 25 U/mL. 
Aflatoxin  B1 and Aflatoxin  G2 (Cayman Chemicals) are dissolved in LC–MS grade methanol (Merck) at 4 differ-
ent concentrations: 3, 30, 50, 100 μg/mL. Buffer solutions of laccase and aflatoxins are incubated at 28 °C, over 
96 h under the fast continuous shaking regime in a Synergy™ Mx Multi-Mode Microplate Reader (Biotek); each 
condition is performed in triplicate. Due to its natural fluorescence, aflatoxin concentration is fluorimetrically 
assayed (excitation at 380 nm and emission at 440 nm; gain 65 and 50 for  AFB1 and  AFG2, respectively); readouts 
are acquired every 10 min, totaling 577 by the end of the experiment. Controls assay laccase fluorescence in the 
buffer in the absence of aflatoxins, and  AFB1 and  AFG2 fluorescence in the absence of laccase. To convert the 
fluorescence readout to the corresponding toxin concentration, we employ a calibration curve based on meas-
urements of a set of known toxin concentrations (Supplementary Fig. S1).

The reaction kinetics are simulated in Matlab. The method of least squares (lsqnonlin in Matlab) is employed 
to fit the Michaelis–Menten kinetics to the experimental data. Detoxification efficiency is estimated by using 
the data from the first 100 min for each experiment, and finding the best linear fit (no intercept) as a function 
of the initial toxin concentration.

Identification of degradation products of laccase activity on aflatoxins via LC/MS. 25 U/mL 
laccase from Trametes versicolor (Sigma-Aldrich CAS80498) was added to 10 μg/mL of toxin,  AFB1 or  AFG2 
(both from Cayman Chemicals) separately, in acetate buffer (100 mM, pH 6.5) and left at 28 °C for 24 h. Degra-
dation products were assayed under the following conditions: Column: Kinetex 2.6 μm EVO C18; 100 × 2.1 mm; 
Mobile phase A: Water 5 mM Ammonium Acetate, 0.5% Acetic Acid; Mobile phase B: Methanol 5 mM Ammo-
nium Acetate, 0.5% Acetic Acid; Flow rate: 350 μL/min; UV Wavelength: 354, 360 nm.

The following gradient method was used in all runs. The eluent from the column was directed into the 
electrospray source of an Agilent 6220 TOF mass spectrometer operated in positive ionization mode. Data was 
converted into the mzML file format and analyzed using the MZMine software. Supplementary Figs. S2 and S3 

(2)
d[T]

dt
= −kL[L]

[T]

Km + [T]
,

(3)
d[T]

dt
≈ −

kL

Km

[L][T].
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show the resulting traces for  AFB1 and  AFG2, respectively.  AFB1 and  AFG2 detoxification byproducts are shown 
in the supplements.

Density functional theory (DFT) calculations. QM calculations are performed within the framework 
of Kohn–Sham Density Functional Theory (KS-DFT)37, employing the Perdew–Burke–Ernzerhof (PBE)38 
exchange and correlation level of theory. The numerical results are extracted with the BigDFT  code39, which uses 
Daubechies wavelets to express the KS orbitals. Hartwigsen–Goedecker–Hutter (HGH)  pseudopotentials40 are 
used to remove the orbitals in the core electrons. The use of a wavelet basis sets enables systemic control of the 
resulting accuracy. Isolated boundary conditions are explicitly included in the calculations, without supercell 
aliasing effects, using the Poisson Solver of the  code41. A wavelet grid spacing of 0.37 atomic units is employed for 
the calculations presented in this work. The code performs charged ΔSCF calculations, and the Fukui functions 
(FuF) are defined as the difference between the neutral ground state electronic density and the corresponding 
quantity in the vertical cationic state.

Docking. The initial 3D crystallographic structure of the Trametes versicolor beta isoform, based on a struc-
ture from the Protein DataBank (accession code 1KYA)42, is taken from previous work. The protein model 
is cleaned up using the pdb4amber script, part of the Amber 2020 software suite. Once the structure passes 
inspection by Amber’s LEaP program, it is protonated using the H++ webserver (version 3.2)43–45 for a target 
pH of 6.5 to reflect conditions feasible in application in the context of the food industry production process. 
Because H++ does not account for metals, the resultant protonated structure is manually cleaned to flip histi-
dine residues in order to maintain proper ligation of the embedded copper atoms. No explicit solvent molecules 
are included in the final structures. Ligand 3D structures are generated from ChemDraw 19.1 and optimized 
with  Gaussian1646 in gas phase using HF/6-31G*. The resultant geometries are imported in Hermes, an applica-
tion component of the CSD-Discovery Suite 2020 which interfaces with  GOLD47. The bonds are repaired using 
Hermes’ structure clean up to ensure readability by GOLD.

The protonated and adjusted protein structures are imported into the GOLD 2020.2.0 docking setup wizard. 
The pocket is defined using an atom from a residue lining the cavity, and GOLD’s pocket finding algorithm is used 
to determine the pocket. Care is taken to ensure all residues and the copper atoms are appropriately recognized. 
All ligand and receptor flexibility options are enabled in addition to diverse solutions with a cluster size of 5 and 
a root-mean-square deviation (RMSD) of 2 Å. The genetic algorithm is set to the maximum search efficiency 
with automatic settings for the algorithm itself. Poses are scored and rescored with CHEMPLP and GoldScore, 
respectively. From the top 15 docked poses of each toxin, we visually inspect and extract five poses that represent 
unique binding orientations (see Supplementary Table S1 for docking scores).

Molecular dynamics (MD). Molecular Dynamics simulations start from each of the five extracted docked 
poses for each of the toxins. Simulations are performed using the OpenMM  framework48 with the FF14SB 
 forcefield49 for laccase, and the SMIRKS Native Open Force  Field50 for each toxin. We use a temperature of 300 K, 
plus the Variable Langevin Integrator with the default convergence and friction coefficients for 20,000,000 steps 
(approximately 25 ns). We constrain the distances between copper atoms and neighboring histidine (nitrogen) 
and cysteine (sulfur) residues amongst the type 2 and type 3 coppers, based on a set of optimized geometries 
(see the following section). We discard the early parts of each simulation using the marginal standard error rule 
heuristic with a batch size of  20051,52, as well as the snapshots where aflatoxin leaves the pocket (B1-6-3, B1-6-
4, G2-1-2, G2-13-1, G2-13-2, G2-13-3). Using the embedding environments defined in the following section 
as a guide, we extract snapshots from the MD simulations. The residues in the environment are aligned, and a 
new snapshot is extracted whenever the root mean square deviation between a given snapshot and all extracted 
snapshots is greater than 4.0 bohr.

We caution that such an MD protocol is by itself insufficient for free energy calculations. The copper atoms 
and the cysteine radical of laccase are challenging to model, and require a specially parameterized forcefield, or 
QM/MM dynamics (see Refs.53,54 for laccase). Longer trajectory times, or advanced sampling techniques, are 
also required for a full sampling of the configuration space. We emphasize that our MD simulations is intended 
to generate a diverse set of plausible aflatoxin poses to post-process with QM calculations.

Embedding environment generation. We previously described a Complexity Reduction framework 
which uses the electronic density computed by QM calculations to represent a full system from calculations of 
only a subset of the  system55,56. The key step in this analysis is computation of the Fragment Bond Order (FBO), 
which is a generalization of atomic bond order to interactions between two arbitrary sets of atoms. The FBO, in 
this case, is used to assign an interaction strength (unit-less) to amino acid-ligand pairs. The FBO can then be 
used to generate an embedding environment, defined as the minimal set of fragments such that the sum of the 
bond orders of all excluded fragments is below a threshold, set at 0.01 for this study. The ability to break down 
protein–ligand interactions into a per amino acid contribution is a strong asset of large scale QM  calculations57.

To compute the FBO, we perform DFT calculations on the entire protein-toxin complex (nearly 7400 atoms) 
using the linear scaling mode of  BigDFT58–60, with implicit  solvent61. We perform calculations on both the docked 
structures and the snapshots from the MD simulations. For the docked structures, we perform initial optimiza-
tion to remove steric clashes challenging for DFT calculations. First, the positions of the hydrogen atoms are 
optimized using the FF14SB force-field. Second, each residue of the protein is optimized using the GFN2 tight 
binding  method62, with implicit solvent. Each residue is embedded in a hydrogen capped fixed environment of 
residues defined as those within 4.5 Å, and then optimized. For the copper atoms, a similar embedding strategy 
was used, with the neighboring histidines also allowed to move. To optimize the trinuclear cluster, we construct 
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a system containing all three coppers and residues within 4.5 Å of any of the three coppers, with all histidines 
and copper atoms allowed to move.

From calculations of the docked structures, we used the FBO to identify a set of residues interacting strongly 
with the toxin in at least one pose: Phe162, Pro163, Leu164, Asp206, Asn264, Phe265, Phe332, Phe337, Pro391, 
Gly392, Ala393, Pro394, Ile455, His458. These amino acids are tracked when extracting snapshots from the MD 
simulation. We utilize this same FBO approach to construct cluster models from extracted MD snapshots. We 
identify residues, strongly interacting with either the toxin or the copper atom of the active site, to be added to the 
model. We further include any connecting amino acids and terminate the clusters with amide caps. The cluster 
system includes residues: Lys157, Pro160, Ala161, Phe162, Pro163, Leu164, Asp206, Pro207, Asn208, Asn264, 
Phe265, Thr335, Asn336, Phe337, Ala388, Ala389, Ala390, Pro391, Gly392, Ala393, Pro394, His395, Thr430, 
Pro431, Ala432, Cys453, His454, Ile455, Asp456, Phe457, His458, Leu459, Glu460, Ala461.

Interaction energies calculations. Interaction energies are computed in the above defined embedding 
environment with a three point approach using the PBE functional with dispersion  corrections63, and implicit 
solvent. A smaller cluster system enables us to use the cubic scaling mode of BigDFT which can converge to a 
higher accuracy than the linear scaling mode. We further refine the energies using the B97M-V functional in 
conjunction with the def2-mSVP basis  set64, as implemented in  Orca65. The B97M-V method has recently been 
shown to yield accurate binding energies between an enzyme and its substrate for a wide range of  systems66. The 
geometric counter poise (gCP)  correction67, parameterized for the def2-mSVP basis set, is applied to provide an 
accuracy that is comparable to that at the complete-basis-set limit. The B97M-V/def2-mSVP calculations were 
carried out with aqueous solvation effects included by using the CPCM  model68.

 Code availability
The source codes for the reaction kinetics analysis are available on GitHub (https:// github. com/ bmome ni/ lacca 
se- aflat oxins- react ion- kinet ics). The BigDFT code for performing QM calculations and the PyBigDFT code for 
computing the FBO are available on the BigDFT website (https:// www. bigdft. org/).
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