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1. Experimental setup 

1.1 Protein production and purification 

pET-28a(+) plasmids encoding the genes of choice codon-optimised for Escherichia coli 
production were ordered from Biomatik (Ontario, Canada). Gene sequences can be found 
in Uniprot,1 under the codes Q99YP8 (SpOGA) and D1CDN2 (TtOGA). Precultures of 
E. coli BL21(DE3) transformed cells were used to inoculate 1 L of lysogeny broth media 
containing 50 mg kanamycin. Cultures were incubated at 37oC with shaking at 180 rpm 
until OD600 reached ~0.6. Gene expression was induced with 200 µM isopropyl β-D-1-
thiogalactopyranoside and continued overnight at 20oC. Cultures were subsequently 
centrifuged, pellets resuspended in cold 50 mM HEPES buffer pH 8 containing 250 U of 
benzonase nuclease, lysed (Cell Pressure Homogenizer, Stansted, UK), and centrifuged. 
GH84 variants were purified from the supernatant by Ni2+-affinity chromatography 
(HisTrapHP, GE Healthcare, Sweden). Eluates were analysed by SDS-PAGE, and protein 
concentration was evaluated using UV280 absorption measured on a Nanodrop (Thermo 
Scientific) and molar extinction coefficients computed from the ExPASy server 
(www.expasy.org). 

1.2 Nuclear magnetic resonance (NMR) 
NMR spectra were recorded on an 800 MHz Bruker Avance III (799.75 MHz for 1H) 
equipped with a 5 mm TCI cryoprobe using 1H with presaturation. 1H chemical shifts 
corresponding to published 1H chemical shifts2 for GlcNAc-1-P were identified  as the 
only additional peaks occurring upon phosphate addition to the reaction mixture. 
Reactions were carried out with 7.5 mM pNP-GlcNAc, 0 or 50 mM phosphate, and 1 
μgꞏmL–1 SpOGA-D245N (15 nM) in 600 μL HEPES buffer 50 mM with measured pD 

7.2 (corresponding to pH 7.8).3 Time course experiments were obtained using pseudo-2D 
kinetics experiments, with spectra recorded every 3 or 5 min. Integration of anomeric 
protons is inaccurate due to the closeness of the presaturated HOD peak. 

1.3 Capillary electrophoresis (CE) 
The formation of GlcNAc and GlcNAc-1-P, as well as pNP-GlcNAc or Glc-ox 
disappearance over time, were determined by capillary electrophoresis (Beckman P/ACE 
System 5000 with an uncoated fused silica capillary, 47 cm).4,5 Media containing 7.5 mM 
donor (pNP-GlcNAc or Glc-ox) and 1 μgꞏmL–1 SpOGA-D245N (15 nM) was incubated 

at 25°C in 200 µL HEPES buffer 50 mM, pH 7.8, within the CE apparatus and analysed 
every 27 min for 8 h. If specified, 0.5 M phosphate buffer pH 7.8 was added. Separations 
were performed at 17 kV with 50 mM borax, pH 9.5 as running buffer.  

1.4 Kinetics 
Kinetics experiments were performed in a PowerWave XS microtiter plate reader 
monitored by the Gen5 software (Bio-Tek Instruments, Inc.) by measuring OD405 each 
40 s for 30 min at 25°C. GH84 variants (100 nM final) were added to 0.0025–10 mM 
pNP-GlcNAc (twelve concentrations) in 200 μL of 50 mM HEPES buffer pH 7.8, at 25°C. 
Phosphate buffer pH 7.8 (0−500 mM final) was added. Initial rates were calculated from 
slopes of pNP formation vs time and curves plotted against substrate concentration were 
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fitted to the Michaelis-Menten equation v ൌ ௞ౙ౗౪∙ሾ୉ሿ∙ሾୗሿ

௄౉ାሾୗሿ
 using OriginPro 2015 (OriginLab, 

USA) to obtain 𝑘ୡୟ୲ and 𝐾୑. 
 

1.5 High performance anion exchange chromatography coupled with pulsed 
amperometric detection (HPAEC-PAD) 
Samples containing 0.05–5 µM of GH84, 10 mM pNP-GlcNAc and 0–0.5 M phosphate 
in 50 mM HEPES buffer pH 7.8 were incubated (2 h, 25°C), then heat denatured (2 min, 
98°C), centrifuged, and the obtained supernatant was diluted 100-fold in milliQ H2O and 
filtered. Separation was carried out at 30°C on a CarboPac PA-100 (Dionex) in an ICS-
3000 (Dionex) monitored by the software Chromeleon (Dionex). A 0.1–0.4 M acetate 
gradient in 0.1 M NaOH was used as eluent in 40 min separations. 

 

2. Computational details 

2.1 System preparation and setup 

The initial structure was taken from the X-ray structure of the TtOGA-D120N mutant in 
complex with the glycopeptide hTab1-O-GlcNAc (PDB entry 5DIY).6 The D120N 
mutation was reverted to regenerate the wild-type TtOGA enzyme (TtOGA-WT). The 
peptide was removed, except the GlcNAc residue, which served as a scaffold to build the 
oxazoline/oxazolinium moiety. In the simulations with a phosphate ion in the active site, 
its initial position was estimated by substituting the oxygen and carbon atoms of the 
bound side chain serine residue of the hTab1-O-GlcNAc glycopeptide by the O and P 
phosphate atoms, respectively. The protonation state of all residues was assigned 
considering the experimental pH of 7.8. The protonation of His residues was further 
assessed according their chemical environment. Specifically, His residues 20, 48, 112, 
127, 200, 206, 242, 248, 250 were considered neutral with their proton located at Nδ; 
while His236 was protonated at Nε. Crystallographic water molecules were retained. To 
compute the distribution of phosphate ions around the active site, different models were 
tested in which an appropriate number of Na+ and phosphate ions were added to the 
system to achieve a concentration of 20 mM phosphate and reach neutrality (see section 
2.2.1). Additional water molecules were added to solvate the protein and generate a 
simulation box of 86.4 × 97.6 × 132.7 Å3. The composition of each system is specified in 
Table S1.  

2.2. Classical MD simulations. General details 

All classical molecular dynamics (MD) were run employing the AMBER14 software.7 
Amber ff14SB8 and TIP3P9 force fields were used to describe the protein and water 
molecules, respectively. Phosphate ions (HPO4

2− and H2PO4
−) were described with 

parameters adapted from phosphorylated serine parameters.10 Glc-oxazoline and Glc-
oxazolinium ion molecules (Glc-ox and Glc-ox+, respectively) were parametrized 
employing the antechamber module,11 in conjunction with GAFF12 parameters and the 
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RESP atomic charges obtained from first principles calculations at the HF/6-31G* level 
of theory using Gaussian09.13 

All systems were equilibrated in periodic boundary conditions, using the following 
protocol. First, the energy was minimized with 20,000 minimization cycles, relaxing Na+ 
ions and water molecules. Subsequently, the entire system was relaxed with 20,000 
minimization cycles. Afterwards, the system was heated gradually to 100, 200, 250 and 
300 K in the NVT ensemble at intervals of 50 ps. Spatial restraints to the protein and 
ligands during the first heating interval, while all restraints were released after reaching 
100K. Subsequently, the density was converged up to water density at 300 K during 100 
ps in the NPT ensemble. Equilibration runs of 150 ps were performed to equilibrate the 
RMSD in the NVT ensemble with a time step of 1 fs. The time step was subsequently 
increased to 2 fs, employing the SHAKE algorithm14 and the simulations were continued 
for 20 ns. Analysis of the trajectories was carried out using standard tools of AMBER and 
VMD.15 

2.2.1. Distribution of phosphate ions  

Specific MD simulations were performed to evaluate the distribution of phosphate ions 
around the enzyme, in particular to check whether phosphate ions are able to get close to 
the active site. At pH 7.8, both HPO4

2− and H2PO4
− species of phosphate ions are present 

in the solution (pK2 ≈ 7.21), thus both species were considered. To model a phosphate 
concentration of 20 mM at pH 7.8 in a system box of ~910 nm3, 9 HPO4

2− and H2PO4
− 

ions were randomly placed in the simulation cell. This phosphate concentration was the 
one that produced a maximal phosphorylation enhancement employing TtOGA-D120N. 
The system was equilibrated following the protocol described in the previous section. 
Production runs of 50 ns were performed for both TtOGA-WT and TtOGA-D120N 
mutant enzymes at 20 mM phosphate concentration in complex with a Glc-oxazolinium 
ion. The relative phosphate density (Figure 3a) was obtained by analysing the radial 
distribution function of both HPO4

2− and H2PO4
− ions with respect to the side chain of 

D120/N120. 

2.2.2. Modeling the reactivity of TtOGA-Glc-oxazoline/oxazolinium ion complexes  

Several systems were tested to model the phosphorylation of TtOGA and TtOGA-D120 
complexes with the Glc-oxazoline/oxazolinium ion. Eight different systems were set up 
(Figure S9) depending on the protonation state of the intermediate (Glc-oxazoline or Glc-
oxazolinium ion), the phosphate form (HPO4

2− and H2PO4
−) and the enzyme form 

(TtOGA-WT or TtOGA-D120N). In the case of Glc-ox, relevant active site interactions 
were not maintained during the simulation, indicating that this is not the most stable form 
of the reaction intermediate. Further calculations at QM/MM level (section 2.5) 
confirmed that the reaction intermediate features a (positively charged) oxazolinium ion, 
thus only Glc-ox+ ion models were further considered.  

To elucidate which phosphate form will most likely react within the Glc-ox+ substrate of 
wild-type and mutant of TtOGA, either HPO4

2− or H2PO4
− anions were placed near the 

anomeric carbon (C1) employing a restraint during the first 10 ns of MD simulation (after 
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system equilibration). Several values for the constant force were subsequently employed 
for 5 replicas of 1 ns (Figure S10). In the case of TtOGA-WT, the ions were not stable 
and rapidly diffused away from the active site (this happened faster in the case of the 
more charged HPO4

2−) unless heavy restraints were used. The exclusion of phosphate 
ions from the active site is due to two factors: the electrostatic repulsion with D120 and 
the well-known tendency of force fields to oversolvate the phosphate ions.16. To solve 
these issues, and be able to obtain a reaction free energy profile, the QM/MM simulations 
were initiated from a snapshot of a MD simulation with a restrain in the distance between 
the anomeric carbon (C1) and the closest oxygen atom of the active site phosphate ion 
(Figure S10). In the case of the wild-type enzyme, the phosphate monoanion, for which 
electrostatic repulsion with D120 is lower than the dianion, was considered. In the case 
of the D120N mutant, the electrostatic repulsion with D120 vanishes and the phosphate 
anion could be accommodated in the active site employing just a weak restraint to 
counterbalance the limitations of the phosphate force field. All restraints released during 
the subsequent QM/MM simulations, in which the active site phosphate ion was treated 
at QM level. The more nucleophilic HPO4

2− ion was considered for the QM/MM 
simulations of the D120N mutant. This is also consistent with the higher density of this 
ion close to the active site that was observed in the simulations with 20 mM phosphate 
concentration (Figure 3a).   

 

2.3. QM/MM MD simulations 

Quantum mechanics/molecular mechanics (QM/MM) MD calculations were performed 
employing the method developed by Laio et al.17 that combines classical MD with ab 
initio MD (Car-Parrinello method).18 Three systems were set up: wild-type TtOGA with 
either H2PO4

− or water molecules located above the Glc-ox+ substrate (to study 
phosphorylation and hydrolysis reactions, respectively); and TtOGA-D120N in complex 
with the HPO4

2− ion in a reactive configuration. Snapshots from the classical MD 
simulations were taken as starting configurations. The QM region for all systems included 
the Glc-ox+ substrate, the side chain of D119 and D120/N120 (saturating the Cα atom of 
the Cα-Cβ bond) and the molecule that performs the nucleophilic attack on the anomeric 
carbon (either water, HPO4

2− or H2PO4
−). The MM region included the rest of the protein 

and the solvent. The parameters for each system are shown in Table S2 and were selected 
following the protocol described in reference 19. Density Functional Theory (DFT) was 
used to describe the electronic structure, employing the Perdew, Burke, and Ernzerhoff 
generalized gradient-corrected approximation (PBE),20 which has been proven to give 
good results in the description of isolated carbohydrates21 and carbohydrates in complex 
with glycoside hydrolases.22 A plane wave basis set was employed to expand the Kohn-
Sham orbitals, with a kinetic energy cutoff of 70 Ry. Norm-conserving ab initio 
pseudopotentials were used, generated within the Troullier-Martins Scheme.23 

QM/MM MD calculations were performed according to the following protocol. The 
structure was optimized with annealing of the nuclei until reaching a maximal component 
of the nuclear gradient of 5ꞏ10−4 a.u. Afterwards, 3 ps of MD were performed to re-
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equilibrate the system at 300 K using the Nosé–Hoover thermostat.24,25 A snapshot of this 
simulation was used as a starting point for further metadynamics simulations. 

2.4. QM/MM metadynamics simulation of enzymatic reactions by TtOGA and 
TtOGA-D120N 

Metadynamics calculations were performed employing the PLUMED plugin.26 All 
reactions were activated using atomic distances as collective variables (CVs), which are 
schematically represented in Figure S11. In the case of the reactions catalysed by wild-
type TtOGA, we used two distances as CVs. The first CV (CV1) accounts for the 
nucleophilic attack of the oxygen atom of either water or H2PO4

− (hydrolysis and 
phosphorylation, respectively) on the anomeric carbon of Glc-oxazolinium ion (C1). The 
second CV (CV2) accounts for the proton transfer from water or H2PO4

− to the carboxylic 
oxygen of the acid/base residue (D120). The reconstructed free energy landscapes and 
main states along the minimum energy pathway are shown in Figure S12 (Figure 3b 
shows a projection into CV1). In the case of the phosphorylation reaction catalysed by 
TtOGA-D120N, only CV1 was used, since no proton transfer event is necessary in this 
case (moreover, N120 cannot accept a proton from the phosphate).  

The parameters used in the metadynamics simulations are collected in Table S3. Relevant 
distances and charges of the species along the enzymatic reactions are listed in Tables S4-
S6. The conformation of the sugar ring at the oxazolinium ion reaction intermediate, 
transition state and reaction products are shown in the Mercator representation of Figure 
S13. The resulting conformational itineraries are:  4C1/4E → [4E]ǂ → 1,4B/4E 
(phosphorylation by either TtOGA-WT or TtOGA-D120N) and 4H5/4E → [4H5]ǂ → 4H5 
(hydrolysis by TtOGA). 

2.5. Analysis of substrate protonation state 

Starting from the equilibrated structure of TtOGA in complex with Glc-ox+, we computed 
the free energy change with respect to transferring the proton from the nitrogen of the 
oxazolinium ion to the assisting residue D119. We used metadynamics with one CV (CV3 
in Figure S11) that accounts for the aforementioned proton transfer. The resulting free 
energy profile shows that the pair D119-COOH/Glc-ox is 4.9 kcalꞏmol−1 higher in energy 
than D119-COO-/Glc-ox+ (Figure S15). Thus the proton prefers to stay in the substrate 
rather than being transferred to the D119 assisting residue. In fact, a simple structure 
optimization from D119-COOH/Glc-ox (Figure S15) shows that the proton jumps from 
D119 to Glc-ox. The substrate remained protonated >99.7% in all the simulations 
performed (three enzymatic reactions). All these results disqualify the possibility that a 
neutral oxazoline as the intermediate of the enzymatic reaction, hence supporting the 
proposed oxazolinium ion intermediate (Figure 1b). 
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4. Figures S1-S15 

Figure S1. Analysis of reaction mixtures by thin layer chromatography, in presence of 10 mM 
pNP-GlcNAc, 5–320 nM SpOGA-D245N (0.33–22 μgꞏmL–1) and 50 mM phosphate buffer 

(left) or 50 mM Tris buffer (right), pH 7.8, 37℃.    

[SpOGA-D245N] 10–160 nM 

1 h Overnight 

Phosphate buffer pH 7.8                                                                         Tris buffer pH 7.8 

[SpOGA-D245N] 5–320 nM 

1h 
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Figure S2. Chromatographic analysis of reaction mixture after 1 h at 37 ℃ by HPAEC-PAD, in 
presence of 10 mM pNP-GlcNAc, TtOGA-D120N and 50 mM HEPES (blue) or 50 mM 
phosphate (black) buffer, pH 7.8, 37 ℃. 
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Figure S3. NMR analysis of pNP-GlcNAc hydrolysis and phosphorylation by SpOGA-D245N. 
Spectra recorded in presence of 2 mM pNP-GlcNAc, SpOGA-D245N and 50 mM HEPES 
(blue, top spectra, 500 µg SpOGA-D245N) or 100 mM phosphate (red, green and purple, 40 µg 
SpOGA-D245N), pD 7.8, 25℃. Top, generic view of the spectra; bottom, zoom on the region 
used for GlcNAc-1-P monitoring, particularly the peak at δ = 4.84 ppm. The peaks labelled 
“-GlcNAc-1-P” do not appear in the reaction without phosphate, and correspond to the 
chemical shifts observed for the GH3 GlcNAc phosphorylases.2 
 



S12 
 

  

 

 
Figure S4. pNP-GlcNAc hydrolysis and phosphorylation by SpOGA-D245N according to 
phosphate concentration. Spectra recorded in presence of 2 mM pNP-GlcNAc, SpOGA-D245N 
and phosphate 30 mM (top, 10 µg SpOGA-D245N) or 100 mM phosphate (bottom, 40 µg 
SpOGA-D245N), pD 7.8, 25℃. Due to the proximity with the HOD peak and its presaturation, 
the integrals of the peak at δ = 4.84 ppm (in red) cannot be used to quantify GlcNAc-1-P, and 
the peak at δ = 3.84 ppm is used instead (see Figure S3, bottom). 

 

 



S13 
 

 

 
Figure S5. Top, pNP-GlcNAc and oxazoline phosphorylation by SpOGA-D245N. Spectra 
recorded in presence of 2 mM pNP-GlcNAc or oxazoline, SpOGA-D245N 40 µg and 
phosphate 100 mM. Bottom, GlcNAc-1-P phosphorolysis. Data on the right were recorded 4 h 
after addition of 40 µg SpOGA-D245N or 40 µg TtOGA-D120N), pD 7.8, 25℃. From the 
slopes,  GlcNAc‐1‐P  hydrolysis  by SpOGA-D245N is ≈ 2 orders of magnitudes slower than 
GlcNAc-1-P formation by the same enzyme. TtOGA-D120N is approximatively 3-fold faster 
than SpOGA-D245N for GlcNAc-1-P hydrolysis. 
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Figure S6. Kinetics of pNP release by SpOGA-WT and SpOGA-D245N in function of 
phosphate concentration, at pH 7.8, 25℃. Top, SpOGA-WT inhibition by phosphate. Bottom, 
SpOGA-D245N activation by phosphate. 
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Figure S7.  TtOGA-D120N. Top, pNP-GlcNAc hydrolysis and phosphorylation by 40 µg 
TtOGA-D120N. Bottom, kinetics of pNP release by TtOGA-D120N as function of phosphate 
concentration, at pH 7.8, 25℃.  
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Figure S8. pH influence on phosphate activation of pNP-release in presence of 2 mM  
pNP-GlcNAc at 25 ℃. Top, TtOGA-D120N; bottom, SpOGA-D245N. 
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Figure S9. Schematic representation of the models for the TtOGA enzyme considered in this 
work, depending on the nature of the acid/base residue (wild-type or D120N mutant), and the 
protonation state of the intermediate/phosphate anion (oxazoline or oxazolinium ion/HPO4

− and 
H2PO4

2−). 

 

 

Figure S10. Evolution of the phosphate-anomeric carbon distance during the restrained MD 
simulations of TtOGA and TtOGA-D120N model complexes. Different values for the constant 
force of the restraint between anomeric carbon (C1) and the oxygen of the phosphate are used. 
Results are averaged over five MD replicas that were performed for each applied restrain. 
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Figure S11. Collective variables (CVs) used in this work to study: a) hydrolysis, b) 
phosphorylation by wild-type TtOGA, c) phosphorylation by TtOGA-D120N, and d) the 
protonation state of the bicyclic reaction intermediate in wild-type TtOGA. 
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Figure S12. Glc-ox+ hydrolysis (left) and phosphorylation (right) by wild-type TtOGA. a) Free 
energy surfaces reconstructed from the metadynamics simulations of hydrolysis (left) and 

phosphorylation (right) reactions of Glx-ox+ by TtOGA. Isolines are at 1 kcalꞏmol−1. The two 
employed CVs account for the deprotonation of either water or phosphate by D120, and the 
nucleophilic attack of either the water or phosphate oxygens on C1, respectively. b) Average 
structures of the main states along the reaction coordinate of Glc-ox+ hydrolysis (left) and 
phosphorylation (right).  Hydrogen atoms have been omitted for clarity, except those attached to 
heteroatoms. Atom labels are represented in the intermediate state. I = Glc-ox+ intermediate, TS 
= transition state, P = products. H and P subscripts correspond to hydrolysis and phosphorylation, 
respectively. Hydrogen bonds and ionic interactions are indicated with yellow dashed lines, 
whereas bonds being formed/broken are indicated with red dashed lines. 
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Figure S13. Mercator representation of the puckering coordinates calculated for the averaged 
structures of the main states along the enzymatic reactions: a) hydrolysis, b) phosphorylation by 
wild-type TtOGA, and c) phosphorylation by TtOGA-D120N. I = Glc-ox+ intermediate, TS = 
transition state, P = products. H and P subscripts correspond to hydrolysis and phosphorylation, 
respectively. 
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Figure S14. Active site architecture of a) TtOGA wild-type enzyme and b) TtOGA-D120N 
mutant. The main interactions between the enzyme and the Glc-ox+ substrate are shown. Side 
chains of Y168, T193 and W221 provide a hydrophobic cavity for the methyl group of the 
substrate. The OH3 of oxazolinium ion interacts with K43 and the backbone carbonyl of G12, 
while OH4 and OH6 interacts by hydrogen bonding with both oxygens of the carboxylate group 
of D228. The assisting residue D119 establishes ionic interactions with the nitrogen of the 
oxazolinium ion ring and the side chain of K43. The main difference between TtOGA and 
TtOGA-D120N enzymes lies in the environment of the acid/base residue (D120 and N120, 
respectively). a) In the wild-type TtOGA, the acid/base residue D120 is oriented for catalysis and 
stabilized by the phenolic hydroxyls of both the Y14 and Y168 residues. b) In TtOGA-D120N, 
N120 interacts only with Y168. The NH group of the amide N120 can form a hydrogen bond 

bonding with the incoming HPO4
2−.  

 

 

 

 



S22 
 

 

Figure S15. Analysis of the protonation state of the reaction intermediate. a) Free energy profile 
reconstructed from a metadynamics simulation using as a CV the distance between the oxygen of 
D119 and the hydrogen from the oxazoline ring nitrogen. b) Initial structure for geometry 
optimization: the proton is bound to D119, the oxazoline is neutral. c) The optimized structure, in 
which the proton has transferred to the N atom. 
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5. Tables S1-S6 
Table S1. Computational set up for all systems analyzed in this work. 

Simulation 
type 

Enzyme 
Reaction 

intermediate 
HPO4

−/ H2PO4
2−/Na+ Total nº atoms 

Production run 
(ns) 

Analysis of 
phosphate 

distribution 

WT Glc-ox 9/2/35 93555 50 

D120N Glc-ox 9/2/34 93559 50 

Reaction 
coordinate 
analysis 

WT Glc-ox 1/0/24 93553 20 
WT Glc-ox 0/1/23 93559 20 
WT Glc-ox+ 1/0/24 93553 20 
WT Glc-ox+ 0/1/23 93559 50 

D120N Glc-ox 1/0/23 93557 20 
D120N Glc-ox 0/1/22 93560 20 
D120N Glc-ox+ 1/0/23 93557 50 
D120N Glc-ox+ 0/1/22 93560 20 

 

Table S2. QM/MM MD parameters for the three systems studied in the present work. 

System 
Total 

nº 
atoms 

QM nº 
atoms 

Box (Å) 
NN/ MIX/ESP 

radii (Å) 
Timestep 

(fs) 
Electronic 
mass (a.u.) 

TtOGA + H2O 93561 45 14.26×14.17×18.45 9.00/13.23/15.88 0.12 600 

TtOGA + H2PO4
2− 93561 49 15.45×15.56×18.33 7.94/10.58/15.88 0.12 600 

TtOGA-D120N + 

HPO4
− 

93559 50 13.26×17.08×18.22 6.35/10.58/15.88 0.12 600 

 

Table S3. Metadynamics parameters for hydrolysis/phosphorylation by TtOGA and 
phosphorylation by TtOGA-D120N mutant. 

System Collective variable (CVs) 
Gaussian height 

(kcalꞏmol−1) 

Gaussian 
width (Å) 

Deposition time 
(MD steps) 

TtOGA + H2O CV1 = Ow‐C1; CV2 = Hw-OD120 0.6 0.10; 0.10 300 

TtOGA + H2PO4
2− CV1 = Op‐C1; CV2 = Hp-OD120 1.0 0.10; 0.10 400 

TtOGA-D120N + HPO4
− CV1 = Op‐C1 0.6 0.10 400 

 

Table S4. Values of the most relevant active site distances during the hydrolysis of Glc-ox+ by 
TtOGA. 

Distance Reaction intermediate Transition state Product 
C1-Ow 3.39 ± 0.05 2.10 ± 0.05 1.46 ± 0.02 
C1-Ox 1.60 ± 0.07 2.40 ± 0.23 3.05 ± 0.26 
C1-O5 1.35 ± 0.03  1.32 ± 0.03 1.43 ± 0.05 
Ow-Hw 1.01 ± 0.03 1.07 ± 0.02 1.60 ± 0.06 

Hw-Oδ2D120 1.75 ± 0.06 1.53 ± 0.03 1.03 ± 0.02 
Hx-Oδ2D119 1.58 ± 0.10 1.90 ± 0.28 1.80 ± 0.03 

Hx-Nx 1.08 ± 0.05 1.03 ± 0.06 1.06 ± 0.03 
Ox- Hδ2N223 2.78 ± 0.28 2.11 ± 0.11 2.30 ± 0.20 

HηY14- Oδ2D120 1.84 ± 0.12 1.84 ± 0.08 1.93 ± 0.10 
HηY168- Oδ1D120 1.88 ± 0.16 1.84 ± 0.12 1.91 ± 0.12 
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Table S5. Relevant distances involved in the phosphorylation of Glc-ox+ by TtOGA. 

Distance Reaction intermediate Transition state Product 
C1-Op 3.15 ± 0.02 2.10 ± 0.04 1.51 ± 0.02 
C1-Ox 1.63 ± 0.07 2.59 ± 0.08 2.85 ± 0.07 
C1-O5 1.34 ± 0.03  1.29 ± 0.03 1.40 ± 0.03 
Op-Hp 1.05 ± 0.04 1.53 ± 0.12 1.96 ± 0.09 

Hp-Oδ2D120 1.56 ± 0.04 1.05 ± 0.01 1.03 ± 0.02 
Hx-Oδ2D119 1.60 ± 0.14 1.94 ± 0.13 1.79 ± 0.18 

Hx-Nx 1.09 ± 0.03 1.05 ± 0.04 1.03 ± 0.02 
Ox- Hδ2N223 2.34 ± 0.22 1.91 ± 0.07 1.87 ± 0.10 

HηY14- Oδ2D120 2.61 ± 0.35 2.64 ± 0.12 2.75 ± 0.13 
HηY168- Oδ1D120 2.98 ± 0.69 3.08 ± 0.47 3.22 ± 0.12 

 

Table S6. Relevant distances involved in the phosphorylation of Glc-ox+ by TtOGA-D120N. 

Distance Reaction intermediate Transition state Product 
C1-Op 3.40 ± 0.08 2.17 ± 0.01 1.47 ± 0.03 
C1-Ox 1.66 ± 0.09 2.55 ± 0.12 3.07 ± 0.13 
C1-O5 1.34 ± 0.03  1.29 ± 0.02 1.40 ± 0.04 

Op-HηY14 1.94 ± 0.11 2.03 ± 0.21 2.12 ± 0.16 
Op-Hδ2N120 1.95 ± 0.33 2.95 ± 0.19 3.11 ± 0.23 
Hx-Oδ2D119 1.68 ± 0.15 2.19 ± 0.13 2.38 ± 0.27 

Hx-Nx 1.07 ± 0.04 1.04 ± 0.03 1.03 ± 0.03 
Ox-Hδ2N223 2.59 ± 0.38 2.11 ± 0.14 2.01 ± 0.14 

HηY168- Oδ2N120 1.92 ± 0.15 1.81 ± 0.09 1.89 ± 0.11 
Op2-Hδ2N120 3.63 ± 0.27 2.30 ± 0.71 2.37 ± 0.49 

 

 


