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Supplementary Methodology 
 
Equilibration Procedure for Conventional Molecular Dynamics Simulations 

The following procedure was used for all systems in order to prepare for production MD 

simulations. All simulations were run using an 8 Å direct space non-bonded cut-off, with long 

range electrostatics evaluated using the particle-mesh Ewald1 method. Further, all dynamics step 

had the SHAKE2 algorithm applied to constrain all bonds containing a hydrogen atom. MD 

simulations were performed using Amber 18.3  

All hydrogen atoms and solvent molecules (including any counterions) were energy minimized 

using first 500 steps of steepest descent minimization, followed by 500 steps of conjugate gradient 

minimization. In order to keep the protein and substrate fixed in place during the minimization, 10 

kcal mol−1 Å−2 positional restraints were applied to all heavy (non-hydrogen) protein and ligand 

atoms. These positional restraints were retained as the system was heated from 50 to 300 K in an 

NVT ensemble over the course of 200 ps of simulation time using a 1 fs time step and Langevin 

temperature control4 (collision frequency of 1 ps−1). For the subsequent steps, the restraints were 

reduced from 10 to 5 kcal mol−1 Å−2 and applied to only the Cα atoms of all protein residues. 

Following this, another energy minimization and heating process was performed, again using 500 
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steps of steepest descent minimization followed by 500 steps of conjugate gradient minimization. 

The restraints on the Cα atoms were retained as the system was heated from 25 K to 300 K over 

the course of 500 ps in an NVT ensemble using the same conditions as described above. 

Simulations were then performed in the NPT ensemble (300 K, 1 atm) using Langevin temperature 

control4 (collision frequency of 1 ps−1) and a Berendsen barostat5 (1 ps pressure relaxation time). 

NPT simulations were performed using a 2 fs simulation time step. The 5 kcal mol−1 Å−2 positional 

restraints described above were slowly released in 1 kcal mol−1 Å−2 increments every 10 ps of 50 

ps of simulation time. Finally, a 1 ns long unrestrained MD simulation was performed for further 

equilibration, using the same NPT conditions as described above, before performing the final 

100ns production runs (10 replicas per system, for equilibration of the production runs see Figures 

S5 and S6).  

 

 

  



 S4 

Supplementary Figures 
 

 
 
Figure S1. Sequence logo of the WPD-loop based on a library of classical active PTPs, as defined 

by Chen et al.6, as well as the canonical YopH sequence. The multiple sequence alignment (MSA) 

was generated using the MUSCLE webserver utility7, and gappy positions (>50%) were stripped. 

The resulting MSA was converted into a sequence logo using Weblogo38, only visualizing the 12 

WPD loop residues. 
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Figure S2. Overlay of the different conformations of the WPD loop of PTP1B. Shown here are 

the structures of the open (blue, PDB ID: 2CM29) and closed (gold, PDB ID: 3I8010) forms of the 

WPD loop (the closed conformation contains a vanadate ion in the active site). As can be seen, the 

remainder of the scaffold remains virtually identical between the two proteins. This conformational 

change moves the conserved Asp residue (D181, PTP1B numbering) ~9Å, in order to optimally 

position it for catalysis. The ligand-free WPD-loops are colored in cyan, ligand-bound WPD-loops 

are colored in blue, and P-loops are colored in yellow.  

  



 S6 

 
 
Figure S3. Substitution of G352 to Thr in YopH introduces an additional hydrogen bond between 

the side chain of T352 and backbone carbonyl of M328, that is not present in the wild-type enzyme.  
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Figure S4.  Active site cysteine thiol titration curves were constructed by plotting the second-order 

rate constant for inactivation by iodoacetate of WT and G352T YopH against pH (4.25-6.75). The 

thermodynamic pKa of Cys215 is determined from fitting the half-bell pH-inactivation profile to 

Eq. 2 of the main text. 

 
 
   
 
  



 S8 

 
Figure S5. Root mean square deviations (RMSD, Å) of all backbone Cα atoms over the course of 

our MD simulations (10 x 100 ns for each system, see the Methodology section for further details) 

for (top) WT and (bottom) T177G PTP1B. The Cα RMSD is measured to the whole enzyme (i.e. 

every residue) using the appropriate crystal structure as the reference conformation. All 

simulations initiated starting from the closed WPD-loop conformation used a closed crystal 

structure as reference (PDBs: 6B9011 and 7L0C [this study] for WT and T177G PTP1B 

respectively), whilst simulations starting from the open WPD-loop conformation used an open 

crystal structure as reference (PDB: 6B9011 for both WT and T177G PTP1B). The red dots denote 

the rolling average from the 10 replicas, while the grey dots show the results from each individual 

run. In all cases, PTP1B residues that make up the “recognition domain” (residues 28-56) were not 

included in the RMSD calculation, due to their high flexibility (this region has very limited 

secondary structure).   
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Figure S6. Root mean square deviations (RMSD, Å) of all backbone Cα atoms over the course of 

our MD simulations (10 x 100 ns for each system, see the Methodology section for further details) 

for (top) WT and (bottom) G325T YopH. The Cα RMSD is measured to the whole enzyme (i.e. 

every residue) using the appropriate crystal structure as the reference conformation. All 

simulations initiated starting from the closed WPD-loop conformation used a closed crystal 

structure as reference, (PDBs: 2I4212 and 7L0I [this study] for WT and G352T YopH respectively), 

whilst simulations starting from the open WPD-loop conformation used an open crystal structure 

as reference (PDB: 1YPT13 for both WT and G352T YopH). The red dots denote the rolling 

average from the 10 replicas, while the grey dots show the results from each individual run. In all 

cases, PTP1B residues that make up the “recognition domain” (residues 48-84) were not included 

in the RMSD calculation, due to their high flexibility (this region has very limited secondary 

structure).   
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Supplementary Tables 

 
Table S1. WPD-loop sequences for WT PTP1B, PTP1B T177G, YopH G352T and WT YopH.a  

System Sequence 

PTP1B 175HYTTWPDFGVPES187 

PTP1B T177G HYGTWPDFGVPES 

YopH G352T HVTNWPDQTAVSS 

YopH 350HVGNWPDQTAVSS362 

a The WPD-loop sequence for WT PTP1B is colored in red, while that for WT YopH is colored in blue. 

 
 
Table S2. The forward and reverse primers used to construct PTP1B T177G and YopH G352T.  

PTP1B T177G Forward Primer 5'-TTTCCACTATGGCACATGGCCTG-3' 

PTP1B T177G Reverse Primer 5'-TGTAAGATCTCTCGAGTTTC-3' 

YopH G352T Forward Primer 5'-GGTTCATGTTACCAATTGGCCC-3' 

YopH G352T Reverse Primer 5'-ACAGGAACAGAAATTGTTTTTTG-3' 
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Table S3. All X-ray crystal structures used for our MD simulations of PTP1B and YopH in their 

ligand-free forms.  

PTP and WPD-loop 

conformation 

Crystal 

Structure Used 
Modifications/Mutations Required 

WT PTP1B 

Closed WPD-loopa 

Open WPD-loopa 

 

6B9011  

6B9011 

 

None. 

None. 

WT YopH 

Closed WPD-loop 

Open WPD-loop 

 

2I4212 

1YPT13 

 

Bound VO4 ion removed. 

No. 

T177G PTP1B 

Closed WPD-loop 

Open WPD-loop 

 

7L0Cb 

6B9011 

 

No. 

T177G substitution made with PyMol 

G352T YopH 

Closed WPD-loop 

Open WPD-loop 

 

7L0Ib 

1YPT13 

 

No. 

G352T substitution made with PyMol 

a Structure contains both closed and open conformations of the WPD-loop. b Structures used were generated from this 

study.  
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Table S4. Non-standard protonation states and histidine tautomerization states used in all 

simulations.a 

System Non-Standard Protonation States HIE Tautomerization Stateb 

WT/T177G PTP1B 
D181 – Deprotonated 
C215 – Deprotonated 

E102 – Protonated 

25, 54, 60, 94, 173, 175, 208, 
296 

WT/G352T YopH D356 – Deprotonated 
C403 – Deprotonated 

270, 350 

 
a The same protonation and tautomerization states were used for both the WT and its corresponding point variant.                 

b HIE corresponds to a neutral histidine residue which is protonated on its Nϵ2 nitrogen atom. All other histidine 

residues were simulated as neutral and protonated on their Nδ1 nitrogen (HID). 
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