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Note S1. System preparation and QM/MM MD Simulations 

Details of system preparation, docking calculations, and umbrella sampling simulations that 
generated the four binding poses studied here are reported in our previous work,1 with the 
protein structure based on PDB ID 5DYV, chain A, and a TIP3P solvent sphere (20 Å radius) 
around the substrate. The QM/MM MD simulation protocol was also adopted from that 
previous study, including the use of the SCC-DFTB/ff14SB level of theory with a 1 fs time 
step, and a QM region consisting of the substrate only. General Amber Force Field atom 
types were assigned for the calculation of Van der Waals interactions. For each pose, two 
different enzyme-reactant starting structures were obtained for simulation, taken from the 
reactant minima of two individual series of QM/MM MD umbrella sampling simulations of 
the reaction. These represent the same binding poses initially identified with docking. For 
each reactant structure (2 per pose), a 100 ps QM/MM MD simulation was performed under 
NVT conditions at 300 K, considering two replicas. As in the previous work, all atoms beyond 
a 20 Å cutoff were restrained using the ibelly option in sander. Non-bonded interactions 
were calculated with a 10 Å cutoff. All simulations described were carried out using the 
sander module of the AmberTools18 software package.2  
 
Note S2. Atom-condensed Fukui function calculations 

From the 100 ps trajectories, with two replicas for each binding pose, 50 evenly spaced 
frames were extracted from each trajectory. QM/MM single-point calculations were 
performed at the B3LYP/6-31G**/ff14SB level of theory using the sander/Gaussian 
interface,3,4 with a 10 Å cutoff applied for non-bonded MM and QM/MM interactions. The 
QM region was reduced to include only the diene and dienophile fragments (see Fig. S1) for 
the subsequent calculation of nucleophilic (f⁻) and electrophilic (f⁺) Fukui functions.  
 
Molecular electron densities stored in the checkpoint files from the QM/MM calculations in 
Gaussian164 were processed using ChemTools5 to compute atom-condensed Fukui 
functions. The f⁺ and f⁻ indices were calculated using the frontier molecular orbital (FMO) 
approximation, where the electron densities of the lowest unoccupied molecular orbital 
(LUMO) and the highest occupied molecular orbital (HOMO) were used. For a system of N0 
electrons, they are defined as follows: 
 

𝑓𝑁0

+ = 𝜌𝑁0+1 − 𝜌𝑁0
≈ 𝜌𝐿𝑈𝑀𝑂(𝑟) 

 
𝑓𝑁0

− = 𝜌𝑁0
− 𝜌𝑁0−1 ≈ 𝜌𝐻𝑂𝑀𝑂(𝑟) 

 
The Fukui function was condensed to individual atoms using the Hirshfeld-I partitioning 
method6 in combination with the fragment of molecular response (FMR) approach. This 
methodological combination has proven to accurately capture the reactivity of α,β-
unsaturated systems.7 The weight function used to partition the electron density in the 
Hirshfeld-I approach, associated to atom A, is defined as: 
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where 𝜌𝐴
0(𝑟) represents the spherically averaged proatomic electronic density of atom A, 

calculated as a linear combination of proatomic densities with integer populations that are 
closest to the actual population of the atom in the molecule. This is achieved through an 
iterative self-consistent procedure. Finally, the condensed Fukui function for atom A in the 
molecule is obtained using the Hirshfeld-I (HI) weight function as: 
 

𝑓𝐴
± =  ∫𝑤𝐴(𝑟)𝑓

±(𝑟)𝑑𝑟 

 
Boltzmann-weighted atom-condensed Fukui functions8 were then calculated using the 50 
frames extracted from each trajectory, averaging the 𝒇𝑨

± values for each configuration (100 
configurations for each binding pose). Since an electronic embedding scheme was employed 
in the B3LYP/6-31G**/ff14SB QM/MM calculations, the polarized electron density at fixed 
atomic positions yields atom-condensed Fukui function values that capture the influence of 
the molecular environment on the fragments considered. 
  

Note S3. Electrostatic potential and electric field analysis 

The electrostatic potential exerted by the enzyme and surrounding water molecules at each 
of the substrate atoms was calculated using the classical Coulomb expression: 

𝑽𝑬(𝒓) =  
𝟏

𝟒𝝅𝜺𝟎
∑

𝒒𝒊

|𝒓 − 𝒓𝒊|
𝒊

 

Where r denotes the point at which the potential is evaluated (substrate atoms), rᵢ is the 
position of a nonzero charge qᵢ (MM partial charge) and 𝜺𝟎 is the vacuum permittivity. This 
was performed using a modified version of FieldTools 
(https://github.com/bunzela/FieldTools).  
 

Electrostatic potentials and electric fields (𝑬⃗⃗ ) were calculated for 200 frames per trajectory 
(each 0.5 ps), resulting in 400 frames for each binding pose.  
 
Electric field calculations were performed with the program TUPA.9 The “BOND” mode was 
chosen to calculate projected electric fields on different bond vectors. Here, the midpoint 

of 2 selected atoms is tracked and is used as a probe to calculate 𝑬⃗⃗ . The projection of 𝑬⃗⃗  onto 
the defined bond vector is calculated as: 

𝑬𝒑𝒓𝒐𝒋 =
𝑬⃗⃗ 𝒕𝒐𝒕𝒂𝒍 ∙ 𝒓⃗ 𝒃𝒐𝒏𝒅

|𝒓⃗ 𝒃𝒐𝒏𝒅|
 

The alignment percentage to the defined bond vector is calculated as: 

https://github.com/bunzela/FieldTools


%𝒂𝒍𝒊𝒈𝒏𝒎𝒆𝒏𝒕 =
𝑬𝒑𝒓𝒐𝒋 𝒙 𝟏𝟎𝟎

|𝑬⃗⃗ 𝒕𝒐𝒕𝒂𝒍|
 

All partial charges of the system (i.e. partial charges from all atoms in Note S1, protein and 
solvent) were considered in the calculations, except those of the substrate. 
  
Note S4. Solvent-only QM/MM umbrella sampling simulations 
The free energy barrier for the reaction in solution was calculated using umbrella sampling 
along the same reaction coordinate optimized for the enzymatic reaction as reported 
previously.1 The same QM method was used for the substrate: SCC-DFTB. All simulations 
were performed in a rectangular periodic box, both for umbrella sampling and the 
generation of initial structures. 

The system was prepared by solvating the product structure in a periodic box of TIP3P water, 
with a box buffer (minimal distance between solute and edge of the box) of 20 Å. Topology 
and coordinate files were generated using previously generated GAFF parameters for the 
product.1 The system was equilibrated using molecular mechanics (MM) with the Amber 
pmemd.MPI module under periodic boundary conditions. The default direct-space non-
bonded interaction cutoff of 10 Å was used, and the Particle Mesh Ewald (PME) method was 
applied for long-range electrostatics. The equilibration protocol included: 

1. Minimization of solvent and solute hydrogen positions. 
300 steps of minimization with restraints on solute heavy atoms (force constant: 
100 kcal·mol⁻¹·Å⁻²). 

2. Solvent heating and equilibration. 
Random velocities assigned at 50 K, followed by 50 ps NPT heating to 300 K with a 
2 fs timestep using SHAKE constraints. Langevin dynamics with a collision 
frequency of 2 ps⁻¹ and the Berendsen barostat (pressure relaxation time: 1 ps) 
were considered. Solute atoms were restrained with a force constant of 25 
kcal·mol⁻¹·Å⁻². 

3. Minimization and quick heating of the full system. 
300 additional minimization steps, followed by heating to 298 K over 20 ps in the 
NVT ensemble, using a 2 fs timestep, SHAKE, Langevin dynamics (collision 
frequency: 1 ps⁻¹), and random velocities assigned at 25 K. 

4. Final equilibration. 
600 ps of NPT equilibration with Langevin dynamics using the Berendsen barostat. 

Ten snapshots were extracted at regular intervals from the final 200 ps of equilibration to 
initiate QM/MM (SCC-DFTB/TIP3P) umbrella sampling simulations. The umbrella sampling 
protocol followed that used for the enzymatic system,1 with the sole difference being that 
all simulations were performed in the NPT ensemble, using the same parameters as the 
equilibration stage. 

 



 
Figure S1. Fragments considered for the single-point QM/MM calculations to compute nucleophilic 
and electrophilic atom-condensed Fukui functions. Link atoms are highlighted in orange. 
 
 

 

 
Figure S2. Atom-condensed nucleophilic Fukui functions (f⁻) of diene carbons C10 and C13 in all four 
enzyme-substrate poses, both in vacuum and in aqueous medium (using the default Polarizable 
Continuum Model implemented in Gaussian16). Error bars represent the standard error of the 
mean. Differences are not significant, based on p > 0.05 for two-sample t-tests on all pairwise 
comparisons of atoms C10 and C13 in the four poses, apart from p=0.043 for C13 in poses A and D 
with implicit solvent. 
 
 



 
 

 
Figure S3. Atom-condensed electrophilic Fukui functions (f+) of dienophile carbons C14 and C15 in 

all four enzyme-substrate poses. Error bars represent the standard error of the mean. 

 

 

 



 

 
Figure S4. (A) The f⁺ and f⁻ functions are represented by the frontier molecular orbitals LUMO and 

HOMO, respectively, for a representative frame of the dienophile and diene fragments of pose A. An 

isovalue of 0.004 was used. The plot was generated with ChemTools. (B) Average bond-forming 

distances between the C10–C15 and C13–C14 pairs for the four poses studied (400 frames each). (C) 

HOMO–LUMO gap calculated for all frames used in the atom-condensed Fukui calculations, averaged 

for each pose. For B and C, error bars correspond to the standard error from 400 frames. 

 

 

 

 



 
Figure S5. Average atomic charges for carbons C10–C13 of the diene in the four poses (A–D) under 
the influence of the enzyme (colored bars) and in vacuum (black circular markers). Error bars 
correspond to the standard error (from 400 conformations each). Across poses A and B, the enzyme 
environment induces a consistent increased polarization pattern along the C10–C13 conjugated 
segment, whereas poses C and D exhibit the opposite trend (reduced polarization). 
 

 

  



 
 

Figure S6. Free energy profiles of the Diels-Alder reaction in AbyU obtained by umbrella sampling 

simulations for the four binding poses at the DFTB2/ff14SB level of theory, as reported in our 

previous work,1 together with the same reaction in aqueous solution (DFTB2/TIP3P level). Note that 

no correction to M06-2X/6-31G(d,p) QM level is included here, so values differ from those shown in 

Fig. 1. The energy cost to reach the transition state from reaction coordinate value 3.05 Å (reactant 

minimum for pose A) is as follows: 6.13 and 6.29 kcal·mol⁻¹ for poses A and B, 7.38 kcal·mol⁻¹ for 

water, 9.29 and 8.92 kcal·mol⁻¹ for poses C and D. These values are approximately consistent with f– 

values calculated in implicit solvent being more similar to those for poses A-B than poses C-D (Fig. 2, 

Fig. S2).  

 

 
 

Figure S7. Kernel density estimation of the electric field projected on the C10→C15 and C13→C14 
bond vectors. 
 
 
 
 
 



 
Figure S8. Probability distributions of the signed alignment percentages of the electric field with 
respect to the defined C10→C13 vector. 
 
 

 
 

Figure S9. Average contributions for each residue to the projected electric field along the 
C10→C13 bond vector for each binding pose. Error bars indicate standard deviations 
calculated from 400 configurations per pose. Residues E19, E78, and R122, which cap the 
substrate cavity, contribute most to the electric field for poses A and B. For pose A, other 
residues also contribute significantly, such as W124 (in the substrate cavity close to the 
diene moiety, see Fig. 1 in the main text). For pose B, residues D42, D43, and F41 also 
contribute significantly to the projected field. In the case of poses C and D, the primary 
contributions originate from the charged residues D26 and R130. 
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