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1. Computational Details 

Setup of molecular dynamics (MD) simulations 

AADH adopts an α2β2 heterotetrametic structure, where the α subunit has a molecular 

mass of 40 kDa and the TTQ-containing β subunit a mass of 14 kDa (Figure S1(A)). 

The TTQ cofactor is formed by post-translational modification of two gene-coded 

tryptophan residues (Trp 109 and Trp 160) and is tightly associated with the backbone 

of the rest of the enzyme structure via hydrogen bonds (Figure S1(B)). Crystal 

structures of the tryptamine-AADH intermediate complexes have been solved for 

intermediates V and VII (PDB accession codes 2AGY and 2AGZ, respectively).1 We 

first performed molecular dynamics (MD) simulations of intermediates III (modelled 

based on V and the structural information obtained by using inhibitor 

phenylhydrazine as substrate1) and VII. The atom types and the corresponding force 

constants to describe the tryptamine-bound TTQ were assigned by analogy with 

similar chemical moieties and also based on a previous study of MADH.2 The 
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equilibrium values for the bonds, angles and dihedral angles were obtained by 

optimising tryptamine-bound TTQ using B3LYP/6-31G* level of theory. The partial 

atomic charge for the substrate was computed by RED 3 in conjunction with RESP 

implemented in AMBER9.4  

The full tetrameric structure of AADH (Figure S1(A)) was solvated in a 

truncated octahedral water box using the TIP3P model with 8 Å between the edge of 

the box and the protein. The protonation state of the ionizable residues was 

determined at pH 7 using H++ (http://biophysics.cs.vt.edu/H++),5,6 a web-based 

system that computes pK values of ionizable groups in enzymes. Four Na+ ions were 

added to neutralize the net charge of the system of intermediate III and VII, 

respectively. MD simulations were carried out using the AMBER ff96 forcefield7 in 

AMBER9.4 Following minimisation and a 300 ps equilibration, the production 

trajectory was collected for 1 ns and analyzed for the root-mean-square deviations 

(RMSDs) and root-mean-square fluctuations (RMSFs) to ensure the overall stability 

of the trajectories. Three to four snapshots from the MD trajectory were selected 

randomly for the subsequent QM/MM calculations.  

QM/MM potential energy scan 

The subsequent QM/MM calculations have been performed with a two-layer ONIOM 

scheme as implemented in G03,8 where the interface between the QM and the MM 

regions is treated by link atoms.9  A small QM region (45 atoms) was firstly used, 

consisting of the tryptophyl quinone moiety of the TTQ with tryptamine bound and 

the carboxylate group of the active site base Asp128β, with 3 link atoms connecting 

this to the MM region (Figure S1(B)). However, this definition of QM region grossly 

underestimated the activation energy and overestimated the energy of reaction for the 

proton transfer reaction in going from intermediate III to IV (see Results and 
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Discussion; Figure S2). A larger QM definition comprising 104 atoms with 10 link 

atoms was then applied to incorporate more accurately the electrostatic interactions 

through hydrogen bonds between the carboxylate group of Asp128β, tryptamine-

bound TTQ and the active site residues (Figure S3). Due to the large size of AADH 

(~900 residues), inclusion of the whole enzyme into the MM region in the QM/MM 

calculations is beyond our computational resources. Thus, only the TTQ-containing 

small β subunit and the interface between it and the α subunit were defined as the MM 

region and are free to move (the active MM region). An additional 5 Å layer of the α 

subunit outside the active MM region protein and a 5 Å layer of water around the β 

subunit were defined as MM but were kept frozen to maintain the shape of the 

interface (Figure S1(A)).   

The potential energy scans were performed with geometry optimization at 

each fixed reaction coordinate along a given reaction path using B3LYP/6-31G* level 

of theory for the QM region and the AMBER 96 force field for the MM region in the 

ONIOM scheme. The level of theory and basis set for the QM region adequately 

describes the geometries of the enzyme-substrate complex compared to the available 

crystal structures and gives a barrier height of the rate-limiting step in close 

agreement with the experimental data. The combination of B3LYP and 6-31G* 

provides a balance between the accuracy of calculations and the computational 

efficiency, given the size of the QM region and the number of reactive intermediates 

studied. The minima and the transition state on the potential energy surfaces were 

characterised by frequency calculations at the same level of theory. For both minima 

and transition states, further optimisations were carried out with the electronic 

embedding scheme 10, 11  (as suggested by the G03 manual), then single point energy 

calculations (B3LYP/6-311++G** for the QM region) were performed on the 
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optimized structure with electronic embedding scheme to obtain the most accurate 

energies. The energies discussed in our study are relative electronic energies unless 

otherwise specified. 
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Figure S1: (A) Structure of the TTQ-dependent AADH, with the small subunit 
depicted in red cartoon, the large subunit in blue cartoon and the TTQ in green 
spheres in the heterodimer on the left-hand side. In the heterodimer on the right-hand 
side, the MM atoms free to move in the QM/MM calculations are depicted in green 
(including the small subunit and the interface between the small and large subunit) 
and the MM atoms frozen in the QM/MM calculations are depicted in pink. (B) 
Schematic of the active site of AADH, illustrating the QM definition used in the 
calculations – the small QM region is depicted in red while the larger 104 atom QM 
region is depicted in both red and black. The hydrogen bonds are represented by 
dashed lines. 
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Figure S2: Potential energy surface for the formation of the bond (reactant on the 
right and product on the left – from intermediate III to IV) between H1 of 
iminoquinone and O1 (blue squares) and O2 (red triangles) of Asp128β, respectively 
using the small QM/MM partition of 45 atoms (Figure 1).   
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Figure S3. Potential energy surface for the formation of the bond between H1 of 
iminoquinone and O1 (blue squares) and O2 (red triangles) of Asp128β – from 
intermediate III to IV – using the QM/MM configuration containing 104 QM atoms 
(Figure 2B). The solid squares/triangles show the results obtained with mechanical 
embedding and the open squares/triangles show the results obtained with electronic 
embedding.  
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Figure S4: Potential energy surface for the formation of the bond between H1 from 
O2 of Asp 128 β back to N of the Schiff base – from intermediate V* to V – obtained 
using the electronic embedding scheme with B3LYP/6-31G* level of theory for the 
QM region and the AMBER 96 force field for the MM region (three different starting 
configurations – blue, magenta and green). The inset illustrates: (A) The configuration 
where the hydrogen bond remains between O2 of Asp128β and the hydroxyl group of 
Thr β172. The transfer of H1 is energetically facile (green line in main plot). (B) The 
configuration where the hydrogen bond is broken with the hydroxyl group of Thr 
β172 moved away and pointing towards TTQ. The transfer of H1 back to N of the 
Schiff base is endothermic with a straight energy increase (blue and magenta lines in 
main plot). 
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Figure S5: Potential energy surface of the formation of bond between O7 and H2 of 
iminoquinone, obtained by mechanical embedding scheme using B3LYP/6-31G* 
level of theory for the QM region and the AMBER 96 force field for the MM region 
(three different starting configurations (magenta, blue and green)).  
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Figure S6: Potential energy surface for the formation of bond between O and C1 – 
from in intermediate VI to VII – obtained using the mechanical embedding scheme 
with B3LYP/6-31G* level of theory for the QM region and the AMBER 96 force 
field for the MM region (three different starting configurations). 
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