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Res ID Wat Ca™
D44 >12 >12
D46 >12 >12
E98 1.6 1.2

D114 >12 59
E147 >12 <0
E216 >12 >12
E297 <0 09
E328 >12 <0

Table S1: Calculated pKa values for active site ionizable residues in the crystal structure,
with crystal-assigned active site water and with catalytic calcium replacement. The GDP
substrate and structural calcium are present for both calculations. Large basic or acidic

shifts are shown in green or red, respectively.
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Metal Ion CN % Total Metal Ion CN % Total
4 9% 4 7%
Mg2+ > 7% Mn2+ > 7%
6 79% 6 75%
7 4% 7 7%
6 22% 4 42%
7 25% 5 19%
Ca2+ 3 45% Zn2+ 6 35%
9 5% 7 4%
10 3%

Table S2: Observed coordination numbers for various divalent cations with their relative
percentages, a survey from the Protein Databank data, adapted from [Glusker J.P.; Katz
A K. Bock C.W. The Rigaku Journal 1999, 16, 8.] Note the relative flexibility of the
calcium coordination chemistry and the accessible higher coordination numbers.
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Figure S1. Depiction of the QM/MM partition scheme. Black, MM subsystem; Red,
boundary carbon atoms in the QM subsystem described by improved pseudobond
parameters; Blue, all other atoms in the QM sub-system.
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Figure S2. RMSD from the crystal coordinates for the side chain oxygens in the five
residues that appear to interact with the proposed misassigned cationic atom: S100, D44,
D114, E147, and E328. The colors correspond as follows, black: water, green: Ca*" (with
protonate E147 and E328—this is potentially the crystal structure state due to the acidic
crystallization conditions), blue: Ca®" (with deprotonated E147 and E328—this is our

proposed reactant state).
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Figure S3. Time series and histograms for the 7 coordinated interactions from the first 10
ns of the MD trajectories, either with the crystal-assigned water or with calcium
substitution. The colors correspond as follows, black: water, green: Ca>" (with protonate
E147 and E328—this is potentially the crystal structure state due to the acidic
crystallization conditions), blue: Ca®" (with deprotonated E147 and E328—this is our
proposed reactant state). The values from the crystal structure are shown as red lines. The
specific coordinated atoms are all oxygen atoms from the following residues, d1: E147,
d2: E328, d3: S100, d4: D114, d5 D44, d6: alpha PHS, d7: beta PHS.
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Figure S4. Time series of the two bond lengths involved in the low barrier hydrogen
bond between D46 and the beta phosphate for a 20 ps unrestrained QM/MM MD
trajectory. The multiple spontaneous crossings within 20ps indicate a low free energy
barrier to this proton transfer.
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Figure SS. Structures across the dihedral rotation (step 1 of the suggested mechanism),
from the reactant to the intermediate, depicting the stabilizing solvent interactions
through the rotation.
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Figure S6. Top: Free energy profile for the dihedral rotation of the phosphoryl proton
between D46, at 160° (the reactant state), and toward the leaving group, at 300° (the
intermediate state). Bottom: Monitoring of the key Ca**-O(E328) interaction distance as
the E328 coordination with the catalytic calcium shifts from bidentate to monodentate.
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Figure S7. Top: Free energy profile for phosphoryl transfer starting at the intermediate,
showing convergence within the 25 ps sampled per window. The dashed free energy
profile is for the direct phosphoryl transfer from the reactant state (without the prior
proton transfer from Asp46 and its rotation toward the leaving group), indicating the
higher activation energy for the direct transfer. Middle: Distance averages and standard
deviations for the two bonds in the RC, demonstrating adequate structural overlap
between windows, and illustrating the concerted/synchronous mechanism. Bottom:
Distance averages and standard deviations for the proton transfer from the nucleophile to
the base E98, also showing adequate sampling.
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Figure S8: A representative P-loop/Walker A motif from the Yersinia PTP1B.[Stuckey,
J. A, Schubert, H. L.; Fauman, E. B.; Zhang, Z. Y.; Dixon, J. E.; Saper, M. A.

Nature 1994, 370, 571.] The backbone NH groups form an inward facing loop to
favorably interact with the negative phosphate, here attached to tyrosine.
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Figure S9. The potential energy barrier to phosphoryl transfer from the initial semi-stable
system—with no catalytic calcium and the corresponding active site protonation state
(Glu147 and Glu328 are protonated). The nucleophilic water is not optimally positioned
in this system, and the activation energy is unreasonably high.
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Figure S10. The free energy profile for the phosphoryl transfer reaction starting from an
alternate protonation state (Aspl14 is deprotonated). The bottom plot shows distance
averages and standard deviations for the two bonds in the RC, and the reactant state is
depicted on the right. The barrier to phosphoryl transfer from this state is relatively
reasonable, but the active site is only briefly stable during the molecular dynamics
trajectory of this reactant state. Aspl14 is drawn toward Lys145, which disrupts the
orientation of the nucleophilic water.
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Figure S11. Line drawings and structures from the QM/MM-MD simulations for the
reactant, transition state, and product for the alternate protonation state (Aspll4 is
deprotonated). Average distances and standard deviations for the bonds breaking from
and forming to the phosphorous and for the proton transfers are shown in A.
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Figure S12. Potential energy profile and transition state structure for a substrate-assisted
mechanism. The strained geometry of the simultaneous nucleophilic attack and substrate-
assisted proton abstraction leads to a high activation energy for this mechanism.
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