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Experimental Methods
Modeling of UDP-Glc bound ApNGT®46°A and wild-type ApNGT complexes

UDP-GIlc-ApNGT4%A or UDP-Glc-ApNGT complex was modeled as previously
described.! The final complex model was then subjected to energy minimization by the
steepest decent and conjugate gradient methods to relieve local steric clashes using the
Amber18 package.? 2 The protein was described using the Amber ff14SB force field.*
To obtain the Amber parameters of UDP-GIc, the electrostatic potential of the ligand
was firstly calculated using the HF/6-31G* method by the Gaussian 09 package, and
then the restrained electrostatic potential (RESP) charges of UDP-GlIc were determined
using the antechamber program.® ® Other parameters of UDP-GIc were adopted from
GAFF2.” The complex structure was solvated in a cubic box filled with TIP3P water
molecules, and 21 Na* ions were added to neutralize the system. The final energy-
minimized complex was used for structural analyses.
Obtaining initial ligand binding pathways by steered molecular dynamics (SMD)
simulations

Based on the above energy-minimized UDP-Glc-ApNGT4A complex, we
performed SMD simulations to pull the ligand out of the binding pocket. The SMD
simulations were carried out with the Amber18 package.? ® The parameters of the
protein and UDP-Glc were the same as described above. We firstly conducted a 100-ps
heating MD simulation, followed by a 500-ps equilibration MD simulation by
restraining all heavy atoms of the solutes. The last equilibrated MD snapshot was then

applied for the final SMD simulations.



We performed a total of six SMD simulations using varied regions of ApNGTQ46%
as the reference groups, namely, the residues M510-V512, N513-P516, F517—-N519,
N521-1524, H542-1545 and D546—G548. For each SMD simulation, the pulling
direction was determined as the vector from the given reference group pointing to UDP-
Glc (directions 1-6 in Fig. S1). The pulling force was imposed on UDP-GIc with a
force constant of 0.2 kcal/mol/A? and a pulling distance of 40 A. The temperature was
controlled by the Langevin thermostat at 310 K, and the SHAKE algorithm was used
to constrain the bonds involving hydrogen atoms.® ® Non-bonded interactions were cut
off at 12 A and long-range electrostatic interactions were treated with the particle mesh
Ewald (PME) method.'® The simulation time for each SMD simulation was 20 ns. Thus,
we finally obtained six ligand releasing pathways, which presumably corresponded to
the reverse process of ligand binding pathways.

Generating simulation dataset for Markov state model (MSM) construction

Based on the chosen SMD trajectory, we then performed extensive unbiased MD
simulations to sample the conformational space of UDP-Glc along its binding pathway.
To choose the representative conformations from the SMD trajectory, we firstly
projected the high-dimensional simulation dataset onto low-dimensional space using
the time-structure independent component analysis (tICA) implemented in
MSMBuilder 3.8.0, which is an effective dimensionality-reduction tool capable of
capturing the slowest dynamics for conformational changes of biomolecules.!! 2 In
specific, the SMD conformations were featurized by binary transforms of ligand-

protein contacts (only heavy atoms were taken into account) with a default distance



cutoff of 8 A. The protein residues within 10 A from the ligand in the energy-minimized
UDP-GIlc-ApNGT?4%A complex were treated as the binding-pocket residues. If any of
these residues had a distance less than 8 A from the ligand, it was then considered as a
contact-residue of the ligand.

Next, the above chosen features were used as the input dataset for the following
tICA, thereby the high-dimensional simulation dataset was projected onto the top five
tICs. We further grouped the projected low-dimensional dataset into 100 clusters using
the k-centers algorithm. To eliminate the bias from the SMD simulation, we firstly
carried out a 10-ns unbiased MD simulation for each cluster-center conformation. Then,
100 structures were randomly selected from the 100 last snapshots, and each was
subjected to a 100-ns unbiased MD simulation for the final MSM construction. To
ensure that enough transitions could be observed, additional 40 conformations in which
UDP-Glc was located between unbound and bound states were chosen and each was
subjected to a 100-ns unbiased MD simulation. Finally, we collected a total of 140 MD
trajectories of 100 ns for MSM construction, with aggregated simulation time of 14 ps.
Setup of unbiased MD simulations

Unbiased MD simulations were performed with the GROMACS 2019.4 software
package.’® The parameters of the protein and UDP-Glc were the same as described
above. Each complex was solvated in a triclinic box filled with 27,598 TIP3P water
molecules, and 21 Na" ions were added to neutralize the system. The final system
contained a total of 92,717 atoms. Long-range electrostatic interactions were treated

with the PME method.® Van der Waals and short-range electrostatic interactions were



cut off at 12 A. All chemical bonds were constrained using the LINCS algorithm.* The
solvated system was energy-minimized with the steepest decent method, followed by a
100-ps NVT equilibration MD simulation and a 500-ps NPT equilibration MD
simulation by restraining all heavy atoms of the solutes. Finally, the production MD
simulation was conducted under NPT conditions at 310 K and 1 bar using the velocity
rescaling thermostat and Berendsen barostat, respectively.'> 1
MSM construction

MSM construction proceeds from the discretization of the conformational space
of the system of interest and the description of the dynamics of system as a sequence
of transitions between all discrete states.!”*® An optimally discretized MSM exhibits
converging timescales with high probability of transition among kinetically similar
states and lower probability between kinetically separated states.'’*® From this model,
the pathways and Kinetic rates between distinct conformations can be calculated.”° In
this study, we constructed a Bayesian MSM by PyEMMA 2.5.7 following the
recommended procedure.?° As described above, we employed the contact map between
ligand and protein as the structural features for dimensionality reduction using tICA.
The final dataset was projected onto the top two tICs and then grouped into 600
microstates using the k-means algorithm. We validated the MSM by plotting the
implied-timescale curves that converged well (Fig. S3a) and performing the Chapman-
Kolmogorov test (Fig. S4). We also analyzed the slowest processes by inspecting the
values of the top 2—6 eigenvectors projected onto the top two tICs (Fig. S5). To obtain

a humanly interpretable model of the system, we further lumped the microstates into



six macrostates using the Perron-cluster cluster analysis (PCCA++) algorithm.?!
Transition path theory (TPT) was applied to investigate dominant transition paths of the
ligand binding process.?? 23

The choice of the number of macrostates is still an open question.?* 2° In spectral-
based methods, like PCCA++ used in this study, the number of coarse-grained
macrostates has often been chosen based on the existence of a gap in the eigenvalue
spectrum of the transition probability matrix (Fig. S3b).?* 2> However, the choice of the
number of macrostates is generally very subjective due to the continuum of
eigenvalues.”® We firstly plotted the free energy landscape by mapping all MD
conformations onto the top two tICs, which clearly indicates six distinct low-energy
basins (Fig. S3c). From a biological viewpoint, this six-metastable-state model could
well describe the ligand binding process at a desirable resolution for understanding the
molecular mechanism underlying the enzyme-substrate recognition (Fig. S3d). In
specific, S1 and S6 are the completely unbound and bound states, respectively; while
other four states, S2—S5, are key intermediate states during the donor-substrate loading.
Particularly, the S2—S4 transition is the rate-limiting step, which therefore can guide
us to pinpoint the critical gating motifs responsible for regulating the loading dynamics.
In comparison, we also constructed a three-metastable-state model (Fig. S3e). This
relatively low-resolution model fails to isolate the completely unbound and bound
states that are biologically significant (namely S1 and S6 in Fig. S3d). Therefore, we
conclude that the six-metastable-state model is a reasonable model to elucidate the

donor-substrate loading dynamics.



Calculations of mean first-passage time (MFPT) and equilibrium populations

We used the transition probability matrix of the constructed 600-microstate MSM
to generate Monte Carlo (MC) simulation trajectories.?® In specific, a random number
between 0 and 1 was chosen at every step to determine which microstate the system
would jump to in the next step according to the transition probabilities. We set the time
step as 15 ns and generated a total of 300 independent 10.5-ms MC trajectories, each
of which was long enough to ensure that all microstates reached equilibrium. Thus, the
MFPT and equilibrium populations could be readily calculated, with the mean values
averaged over the 300 MC trajectories, and the corresponding standard deviations were
then obtained.
Unbiased MD simulation setup for UDP-Glc bound ApNGT®?4%®A and wild-type
ApNGT complexes

The energy-minimized UDP-Glc bound ApNGT®*%A and wild-type ApNGT
complexes were used as the starting structures for unbiased MD simulations. The
parameters of the protein and UDP-GIc were the same as described above. Each system
was immersed in a TIP3P water box with a minimum distance of 10 A between the
solutes and the edge of the box, and Na* ions were added to neutralize the system. MD
simulations were conducted with the GROMACS 2019.4 software package.'® After
energy minimization, a 100-ps NVT equilibration MD simulation and a 500-ps NPT
equilibration MD simulation were carried out in succession. Finally, three parallel 200-
ns unbiased MD simulations were performed. All the parameters used for the

simulations were the same as described above. For each 200-ns MD trajectory, the last



100-ns simulation dataset was used for final analyses.
Analyses of MD simulations

Structural analyses, including calculations of distance, root-mean-square deviation
(RMSD), root-mean-square fluctuation (RMSF), radius of gyration (Rg), hydrogen
bond (HB), and contact frequency were conducted by the internal tools in
GROMACS.*? 27 Substrate pocket volumes were calculated by POVME 3.0 with
default settings in the ligand-defined inclusion region mode.?

HB was determined with default parameters, i.e., the acceptor—donor distance was
less than 3.5 A and the hydrogen—donor—acceptor angle was less than 30°. Detailed
definition of each HB in Fig. 3a is as follows: the HB between the S496 side chain and
the carbonyl oxygen atom of uracil base (denoted as H1); the S496 main chain and the
amine group of uracil base (H2); the S496 main chain and the carbonyl oxygen atom of
uracil base (H3); the D525 side chain and the ribose ring (H4); the T438 side chain and
the P20Os% moiety (H5); the N471 side chain and the glucose moiety (H6); the H272
side chain and the P20s% moiety (H7); the H277 side chain and the P20s%> moiety (H8);
the S278 side chain and the P20s2" moiety (H9); the K441 side chain and the P20s*
moiety (H10); the N521 main chain and the P20s?" moiety (H11); the N521 side chain
and the P.0s% moiety (H12); the S278 side chain and the glucose moiety (H13); the
T520 side chain and the glucose moiety (H14).

Calculation of configurational entropy
Schlitter’s formula is used for the configurational entropy calculation,?® which

derives an upper limit Sschi to the true entropy Strue:
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Strue < SSChl == E ln det [1 + MO-]

hZ
where k is Boltzmann’s constant, T is the temperature, e is Euler’s number, 7 is Planck’s
constant divided by 2z, M is the mass matrix with the masses of the atoms on the
diagonal and all off-diagonal elements equal to zero, 1 is the unit matrix, and ¢ is the
covariance matrix of atom-positional fluctuations.

We used the internal tools in GROMACS to analyze configurational entropy.*®
Firstly, gmx covar was applied to obtain the covariance matrix o. Then, we employed
gmx anaeig to calculate the configurational entropy at 310 K. For each metastable state,
the mean value was averaged over all the microstates belonging to it, and the
corresponding standard deviation was calculated.

Multiple sequence alignment

Multiple sequence alignment of ApNGT (ABN74719.1), AaNGT (ALC78880.1),
BINGT (WP_015433617.1), KKNGT (CRZ19328.1), MhNGT (AJE07135.1), HANGT
(AAP96624.1), HINGT (AD096126.1), ECNGT (CBL93373.1), YeNGT (CAL13257.1)
and YpNGT (CAL21840.1) was conducted with MEGA-X and then analyzed by
ESPript 3.0 (https://espript.ibcp.fr/ESPript/ESPript/).%0 3!

Chemicals

All chemical reagents were purchased from commercial suppliers, and used
without further purification unless otherwise stated. UDP-Glc was purchased from
Sigma (St. Louis, MO, USA). Peptides were synthesized by GL Biochem (Shanghai,

China). NahK, AGX1 and PPA were expressed as reported.®2-** Analytical TLC was

visualized under UV light (254 nm and 365 nm), or staining the plates with a solution



of H2SO4 in MeOH (10%, v/v). Analytical RP-HPLC was performed using a Shimadzu
LC-2010A system with a PDA detector. A reverse phase C18 column (250 x 4.6 mm
I.D., 5 um, GL Sciences Inc., Tokyo, Japan) was used with linear gradients according
to the polarity of the peptides used at a flow rate of 1 mL/min (mobile phase A: 5%
ACN, 95% H20, 0.1% TFA; mobile phase B: 95% ACN, 5% H20, 0.1% TFA). ESI-
MS analysis was performed on LTQ XL ™ Linear lon Trap Mass Spectrometer (Thermo
Fisher Scientific). *H NMR were recorded at 25 °C with Bruker AVANCE 111 (400 MHz)
instruments (Bruker, Germany). NMR data were processed with Mnova software.
Site-directed mutagenesis

The mutants were generated by PCR using KOD-plus DNA polymerase (Toyobo,
Osaka) with the pET-24b-ApNGT4A template as described previously!. The PCR
primers were synthesized (Sangon Biotech, Shanghai) and listed in Table S1. All
mutations were confirmed by DNA sequencing.

The plasmids containing ApNGT mutants were introduced into E. coli BL21(DE3)
and overexpressed in the same condition that was used previously.! The purity of
ApNGT mutants was verified by SDS-PAGE and the concentration of each enzyme was
measured by the BCA Protein Assay Kit (Sangon Biotech, Shanghai) with bovine serum
albumin (BSA) as a protein standard.

Determination of glycosylation activity for ApNGT mutants

The glycosylation activity of ADNGT mutants against UDP-Glc was measured at

37 °C for 30 min in a reaction mixture containing Tris buffer (10 pL, 50 mM, pH 8.0),

UDP-GIc (10 mM), peptide GGNWTT or GGNWST (1 mM), and the enzyme (1.25



uM). The reaction was then quenched by adding HCI1 (10 pL, 0.1 M) and analyzed by
analytic RP-HPLC (Shimadzu LC-2010A, Kyoto, Japan) with a PDA detector. The
peptide/glycopeptide was detected by UV absorbance at 220 nm. The reaction yield
was determined by the change of the peak area.

The glycosylation activity of the enzyme against UDP-GIcN was measured at
37 °C for 12 h in a reaction mixture containing Tris buffer (10 pL, 50 mM, pH 8.0),
UDP-GIcN (20 mM), peptide GGNWTT (1 mM), and the enzyme (25 uM). The
reaction was then quenched by adding HCI (10 pL, 0.1 M) and analyzed by RP-HPLC.
The peptide/glycopeptide was detected by UV absorbance at 220 nm.

Synthesis of UDP-GIcN

UDP-GIcN was synthesis following the published procedures.®® In brief,
glucosamine HCI (510 mg) and Na2CQOz (500 mg) were dissolved in dry MeOH (5 mL).
Ethyl trifluoroacetate (0.67 mL) was then added. After being stirred overnight at room
temperature, the residue was purified by flash column chromatography (EA : MeOH =
8:1, by volume) to afford GICNHTFA (620 mg, 95%).

GIcNHTFA (100 mg, 1.0 eq.), ATP (1.5 eq.), and UTP (1.5 eq.) were dissolved in
Tris-HCI buffer (18 mL, 100 mM, pH 8.0) containing MgCl2 (20 mM). After the
addition of appropriate amount of NahK, AGX1 and PPA, the reaction was carried out
by incubating the solution at 37 °C for 8 h. The reaction was monitored by TLC (n-
Butanol : NH4sOH : H20 = 4:3:1, by volume). Once finished, the reaction was stopped
by adding the same volume of ice-cold ethanol. The mixture was than purified by a

BioGel P-2 gel filtration column to obtain UDP-GICNTFA (220 mg, 92%).



UDP-GIcNHTFA (220 mg) was dissolved in 10 mL NaOH (aqg., pH 10.0). The
reaction was stirred at room temperature and monitored by TLC (n-Butanol : NH4OH :
H20 = 4:3:1, by volume). Once UDP-GIcNHTFA was cleanly hydrolyzed, the reaction
mixture was adjusted to pH 7.0 and purified by a BioGel P-2 gel filtration column to
afford UDP-GIcN (180 mg, 96%).

'H NMR (400 MHz, Deuterium Oxide) of UDP-GIcN: ¢ = 7.95 (d, J = 8.1 Hz,
1H), 5.99 - 5.95 (m, 2H), 5.80 (dd, J = 6.8, 3.4 Hz, 1H), 4.40 — 4.34 (m, 2H), 4.32 -
4.21 (m, 3H), 3.96 — 3.79 (m, 4H), 3.55 (t, J = 9.6 Hz, 1H), 3.29 (dt, J = 10.5, 3.1 Hz,

1H); ESI-MS: m/z calcd for C1sH2sN3016P2 (M-H) 564.07, found 564.26.



Supporting Tables

Table S1. Primers for site-directed mutagenesis.

Primer Sequence (5’ to 3%)
F39A-F TAGCAATgcaGGTGGCATTCATGAAATCGAGT
F39A-R TGCCACCtgcATTGCTATCCAGCTGGCTCAGA

H272A-F CTGCTGGAAgcaTTTCATAGCGCGCACTCTATCTA
H272A-R TGAAAtgcTTCCAGCAGAACGACCATAACCGG
H274A-F ACATTTTgcaAGCGCGCACTCTATCTACCGTA
H274A-R GCGCGCTtgcAAAATGTTCCAGCAGAACGACC
H277A-F TAGCGCGgcaTCTATCTACCGTACTCACTCTACCAGC
H277A-R AGATAGAtgcCGCGCTATGAAAATGTTCCAGC
M349A-F CATCGGTgcaGATATGACCACCATCTTCGCGT
M349-R TCATATCtgcACCGATGCTCGGCATGTAGAAA
N471A-F TCCgcaGGTATCACTCACCCTTACGTTGAACG
N471A-R TGAGTGATACCtgcGGACGCGCCCAGTGCGAA
H495A-F gcaTCTCCGTACCACCAGTACCTGCGTATTCT
H495A-R TGGTGGTACGGAGAtgcCGGGTGCGCGGTAGCGCT
S496A-F gcaCCGTACCACCAGTACCTGCGTATTCTGCA
S496A-R TACTGGTGGTACGGtgcGTGCGGGTGCGCGGTAGC
P497A-F CACTCTgcaTACCACCAGTACCTGCGTATTCTG
P497A-R TGGTGGTAtgcAGAGTGCGGGTGCGCGGTAGC
Y498A-F TCTCCGgcaCACCAGTACCTGCGTATTCTGCA
Y498A-R TACTGGTGtgcCGGAGAGTGCGGGTGCGCGGT




Supporting Figures

(b)

Fig. S1 (a) Surface representation of the modeled UDP-Glc-ApNGT?494 complex. (b)
Six pulling directions (directions 1-6) used in SMD simulations. Accordingly, six
reference groups (magenta spheres) are defined, including the center coordinates of
N513-P516 Coa atoms, M510—V512 Cq atoms, N521-1524 Cq atoms, F517-N519 Ca
atoms, D546—G548 C, atoms and H542-1545 C. atoms, respectively. Each pulling

direction derives from each reference group and points to UDP-GlIc (cyan sphere).
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Fig. S2 Exerted pulling force against distance during SMD simulations. The energy

along each pulling direction is calculated.
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UDP-Glc. (d) Average water numbers around the active site. () Active-site residues for
RMSD calculation in (f) and (g), including the residues 278-282, 369-372, 437441,
466—469, 494—501, and 517-525 (highlighted in yellow). (f) Distributions of RMSD

values of the active-site residues. (g) Average RMSD values of the active-site residues.
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Fig. S12 SDS-PAGE analysis of purified ApNGT®46°A and its mutants.
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