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Reversible phosphorylation of proteins is a post-translational modification that regulates diverse biological process-
es. The molecular mechanism underlying phosphoryl transfer catalyzed by enzymes, in particular the nature of transi-
tion state (TS), remains a subject of active debate. Structural evidence supports an associative TS, whereas physical or-
ganic studies point to a dissociative character. In this article, we briefly introduce our recent effort using the hybrid quan-
tum mechanics/molecular mechanics (QM/MM) simulations to resolve the controversy. We perform QM/MM simula-
tions for the reversible phosphorylation of phosphoserine phosphatase (PSP), which belongs to one of the largest phos-
photransferase families characterized to data. Both phosphorylation and dephosphorylation reactions are investigated
based on the two-dimensional energy surfaces along phosphoryl and proton transfer coordinates. The resultant struc-
tures of the active site at TS in both reactions have compact geometries but a less electron density of the phosphoryl
group. This suggests that the TS of PSP has a geometrically associative yet electronically dissociative character and
strongly depends on proton transfer being coupled with phosphoryl transfer. Structure and literature database searches
on phosphotransferases suggest that such a hybrid TS is consistent with many structures and physical organic studies
and likely holds for most enzymes catalyzing phosphoryl transfer.

Key words——nature of transition state; reversible phosphorylation; phosphoserine phosphatase; two-dimensional
energy surface; quantum mechanics/molecular mechanics (QM/MM) calculation
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Fig. 2. More O’Ferrall-Jencks Plots along Bond Distances and Bond Orders

solid circle: crystal structures of transition state analogue complexes, open circle: theoretical calculations. The bond orders are defined using Pauling’s equa-
tion: D (n) =D (1) —0.60 log n, where D (n) is the bond length for bond number n (less than 1) and D (/) is the bond length for a single bond (1.73 A).
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PDB ID for the corresponding crystal structure is indicated in parenthesis. The model system used for the QM/MM calculation is also shown.
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Isosurface representation of the 3D distribution functions, g (r) >4, of water oxygen (pink) and water hydrogen (ice blue) inside the active site of PSP-P+H,0
complex obtained from the 3D-RISM calculation and the most probable water configurations (pink) mapped on the modeled complex.
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Table 1. Differences in r, Distances between E-S and TS Analogue Complexes with AlF;
Experiment® QM/MM calculations

Phosphorylation Dephosphorylation Phosphorylation Dephosphorylation
r,(P-O,,0) (E-S) 2.90 3.54 2.74 3.35
r,(P-0,,) (TS1/TS2) 2.51 1.92
ry(Al-O,,.) (TS) 2.09 2.16 1.87,7 1.93% 2.06," 1.90¢
AE-S®TS) —0.81 —1.38 —0.87,F —0.81* —1.29,F —1.45¢%

 Value of the PSP+H,0-AlF; complex. * Value of the PSP (H*) OH~ - AlF; complex. § Ref. [?], P-O,,, distances are taken from PSP-PO; complex (PDB
code: 1F5S) and the PSP+-BeF; complex (PDB code: 1J97) for the phosphorylation and dephosphorylation, respectively. Al-O,,,. distances are taken from the

PSP-AIF; complex (PDB code: 1L7N).
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Table 2. Changes in Selected Parameters of the Phosphoryl Transfer Reactions upon Going from the Reactant State to Each TS
ry I I'pt r(olgonuc) r(OD13Olg)
Bond length (A)
Phosphorylation (PSP-P-Ser (») TS1) 0.17 —0.23 —0.50 —0.06 —0.10
Dephosphorylation (PSP-P-H,O () TS2) 0.77 —1.43 —0.50 —0.66 —0.23
Wiberg Bond index in natural atomic orbital basis
Phosphorylation (PSP-P-Ser () TS1) —0.17 0.05 0.32 — —
Dephosphorylation (PSP-P-H,O () TS2) —0.36 0.31 0.26 — —
The changes were calculated with respect to the corresponding values in each reactant state.
CEEERFMMAD PO 2 REMESIREZ R I & & %, 121419
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Fig. 8. Changes in the Geometry and Electronic Structure of the PO; Moiety along the Minimum Energy Path
From the top, P-O bond length and the corresponding Wiberg bond index in natural atomic orbital basis (NAO-WBI), and the sum of atomic charges of the

PO; group.
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Fig. 9. More O’Ferrall-Jencks Plots Showing the Reaction Pathway Obtained from the QM/MM Calculations of the Reversible

Phosphorylation of PSP
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