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Section S1. Methyl transfer in the presence of the excess proton 
 

We explored the methyl-transfer process following right after the deprotonation to 

understand the timing between both stages of the reaction. For this, we used the product of the 

deprotonation step, meaning the Lys4 in its deprotonated form, with the proton being still part of 

the system as a hydronium molecule close to the exit of the water channel. The selection of the 

conformations was done considering the lowest and highest relative reaction energies (∆E1°) for 

the deprotonation process for M3RA and MLL3. The ∆E1° give an account of the stability of the 
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intermediate, therefore by considering the lowest and highest values means selecting the most 

stable and unstable intermediates as two extreme cases of study, in this case being Th-conf-4 and 

Th-conf-2 for M3RA; and Mh-conf1 with Mh-conf3 for MLL3. The resulting TSs for the methyl 

transfer provided ∆E≠ of 47.0 and 34.9 kcal/mol for Th-conf-4 and Th-conf-2, respectively. 

Meanwhile, for MLL3, we obtained ∆E≠ of 30.3 and 34.5 kcal/mol for Mh-conf1 and Mh-conf3, 

respectively. In general, these results show the impossibility of carrying out the methyl transfer 

without completely removing the proton from the water channel as the electrostatic repulsion 

between the SAM cofactor and the hydronium ion is still present. For example, in Th-conf-4 the 

distance between the methyl group and the hydronium ion at the RS is of 5.70Å, and even at that 

distance the repulsion led to an ∆E≠ of 47.0 kcal/mol for the methyl-transfer. This also supports 

the need for the involvement of several water molecules simultaneously for the proton removal as 

exposed above. As we will see in the next section, in the absence of the hydronium ion, the ∆E≠ is 

significantly reduced. These results also rule out the possibility of a deprotonation concerted with 

the methyl transfer step.  
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Table S1. Correlation between the numbering used in this article for the MLL3 subunit and the 
ones used in the article from which the crystal structure was obtained published by Li et al.1 

Crystal structure 
article 

This article 

  
Tyr4800 Tyr44 
Tyr4825 Tyr69 
Tyr4884 Tyr128 
Tyr4886 Tyr130 

  

 

 
 
 
 
 
 
 
 
 
Table S2. List of experimental free energy barriers for the methyl-transfer reaction catalyzed by 
methyltransferase enzymes. Energy values are in kcal/mol. 

Organism Domain type ΔG≠ (298K) 
Human MLL3a 21.3 
Human SET9b 20.7 

Rubisco PeaLSMT b 19.4 
Human RCC1-12c 20.2 
Human AdoMetc 20.2 

S. pombe CLR4d 18.5 
Human SET7/9d 20.4 
Mouse G9A 19.3 

Drosophila SU(VAR)3-9d 18.5 
Plant homologe pLSMTd 19.1 

Human Quinoline-SAMe 20.1 
   

a reference 1 
b reference 2 
c reference 3 
d reference 4 
e reference 5 
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Table S3. Quantification of the charge transfer process for M3RA taking place during the methyl-

transfer reaction. Values are obtained as the charge difference between the TS and RS. 

Systems Lys4 Δq(TS-R) SAM Δq(TS-R)
a CH3 Δq(TS-R) 

     
T-conf-1 0.25 -0.26 0.22 
Tconf-2 0.21 -0.22 0.14 
T-conf-3 0.26 -0.26 0.18 
T-conf-4 0.22 -0.23 0.20 
T-conf-5 0.22 -0.23 0.20 
T-conf-6 0.22 -0.23 0.21 
T-conf-7 0.24 -0.24 0.20 
T-conf-8 0.22 -0.23 0.18 
T-conf-9 0.18 -0.25 0.20 
T-conf-10 0.21 -0.22 0.21 
T-conf-11 0.24 -0.25 0.19 
T-conf-12 0.25 -0.25 0.17 
T-conf-13 0.15 -0.25 0.23 
T-conf-14 0.22 -0.23 0.21 
T-conf-15 0.19 -0.28 0.25 
T-conf-16 0.25 -0.26 0.20 
T-conf-17 0.27 -0.27 0.23 
T-conf-18 0.19 -0.25 0.21 
T-conf-19 0.25 -0.25 0.22 
T-conf-20 0.27 -0.25 0.21 
       
Avg. (Ᾱ) 0.23 -0.24 0.20 

aThese charge differences are calculated including the Met as part of the fragment. The remaining 
charge on the cofactor without the Met group can be calculated from the difference between SAM 
Δq(TS-R) and CH3 Δq(TS-R) 
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Table S4. Quantification of the charge transfer process for MLL3 taking place during the methyl-

transfer reaction. Values are obtained as the charge difference between the TS and RS. 

Systems Lys4 Δq(TS-R) SAM Δq(TS-R)
a CH3 Δq(TS-R) 

     
M-conf-1 0.21 -0.26 0.24 
M-conf-2 0.23 -0.24 0.21 
M-conf-3 0.24 -0.22 0.24 
M-conf-4 0.27 -0.27 0.23 
M-conf-5 0.25 -0.26 0.21 
M-conf-6 0.19 -0.28 0.33 
M-conf-7 0.20 -0.28 0.34 
M-conf-8 0.23 -0.24 0.22 
M-conf-9 0.13 -0.20 0.24 
M-conf-10 0.19 -0.25 0.29 
M-conf-11 0.21 -0.20 0.23 
M-conf-12 0.20 -0.24 0.28 
M-conf-13 0.21 -0.30 0.27 
M-conf-14 0.18 -0.25 0.27 
M-conf-15 0.19 -0.26 0.23 
M-conf-16 0.20 -0.26 0.26 
M-conf-17 0.13 -0.23 0.23 
M-conf-18 0.20 -0.26 0.22 
M-conf-19 0.21 -0.23 0.17 
M-conf-20 0.19 -0.22 0.23 
       
Avg. (Ᾱ) 0.20 -0.25 0.25 

aThese charge differences are calculated including the Met as part of the fragment. The remaining 
charge on the cofactor without the Met group can be calculated from the difference between SAM 
Δq(TS-R) and CH3 Δq(TS-R) 

 
Table S5. Mean values for some selected interaction distances between the cofactor and the 
substrate with the catalytic site, for both M3RA and MLL3 at the PS. Distances are in Å. 

 
Systems M3RA 

 PS 
Tyr44-Lys4a 2.08 
Tyr128-Lys4a 2.11 
Val68-Metb 2.92 
Arg89-Metb 2.97 
Ile91-Metb 2.03 
Tyr130-Metc 3.04 
Tyr69-SAMd 1.57 

   
aDistance between the hydroxyl oxygen from Tyr and the closest proton from Lys4 

bDistance between the carboxyl oxygen from the backbone of the residue and the closest hydrogen 
from Met 
cDistance between the hydroxyl oxygen from Tyr and the closest hydrogen from Met 
dDistance between the hydroxyl group from Tyr69 and the closest oxygen from the carboxylic acid 
of SAM. 
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Table S6. Selected interaction distances obtained from 50 ns of MD simulations of the system 
with the deprotonated Lys4. All distances and their respective standard deviations are in Å. 

Systems M3RA MLL3 
   

SAM-Cγ-Nε-Lys4 3.80 ±0.52 5.70 ±1.53 

SAM-Sγ-Cγ-Nε-Lys 117.1 ±22.5° 72.9 ±33.3° 
Tyr44-Oζ-Nε-Lys4 3.83 ±1.01 3.83±0.72 
Tyr44-Oζ-Cγ-SAM 5.60 ±0.90 7.42 ±1.11 
Tyr128-Oζ-Nε-Lys4 3.51 ±0.73 3.56 ±0.73 
Tyr128-Oζ-Cγ-SAM 5.48 ±0.81 7.88 ±1.67 
   
Leu27-H3N-Cγ-Met 3.04 ±0.33 2.85 ±0.16 

Tyr90-H3N-Cγ-Met 3.11 ±0.64 3.09 ±0.63 

Ans92-H3N-Cγ-Met 2.74 ±0.12 2.74 ±0.11 
Tyr69-OHζ-OOC-SAMa 2.17 ±0.73 4.85 ±1.31 
   
   
Val68-Meta 4.39 ±1.34 3.67 ±0.54 
Arg89-Meta 3.67 ±0.62 5.04 ±1.13 
Ile91-Meta 4.14 ±0.61 6.66 ±1.20 
Tyr130-Metc 3.92 ±0.44 5.67 ±1.04 
   
   
   
Arg50-Tyr69d 14.1 ±0.37  14.9 ±0.42 
Arg50-SAMe 22.5 ±0.48 24.1 ±0.74 
Glu43-Lys111f 3.60 ±0.36 4.18 ±1.24 
Arg108-Lys111g 9.89 ±2.52 11.09 ±2.65 
Arg89-Arg108h 24.35 ±2.96 25.43 ±2.89 

   

 
aDistance between the hydroxyl group from Tyr69 and the closest oxygen from the carboxylic 
acid of SAM. 
bDistance between the carboxyl oxygen from the backbone of the residue and the Cγ from the 
Met group from SAM. 
cDistance between the hydroxyl oxygen from Tyr and the Cγ from the Met group from SAM. 
dDistance between the Cα from the backbone of both residues. 
eDistance between the Cα from the backbone of Arg50 and the carbon from the carboxylate 
group of SAM. 
fDistance between the carbon from carboxylate group of the side chain of Glu43 and the 
nitrogen from the side chain of Lys111. 
gDistance between the carbon from guanidinium group of the side chain of Arg108 and the 
nitrogen from the side chain of Lys111. 
hDistance between the carbons from guanidinium groups of the side chain of Arg89 and 
Arg108. 
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Figure S1 Plot of the S···C···N angle versus the energy barrier (∆E≠) with their corresponding 
correlation factor (a) Reactant state (b) Transition state (c) Difference between reactant state and 
transition state 
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Figure S2. Plot of the S···C distance versus the energy barrier (∆E≠) with their corresponding 
correlation factor (a) Transition state (c) Difference between reactant state and transition state. 
The Reactant state was omitted because they variated within a very short range going from 
1.81 to 1.83 Å. 
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