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1. Parameterization of the TSFF

The QM reference data used to parameterize the TSFF for the second hydride transfer of PmHMGR
are generated from a QM/MM calculation of a truncated enzyme active site model (“Theozyme” Figure S1).
The truncated QM/MM models of the enzyme were built from the full enzyme transition state structures
previously determined(1) by deleting all residues beyond 3.0 A of the active site followed by re-optimization to
the TS at the ONIOM(MO06/6-31g(d,p):AMBER) level of theory as implemented in the GO9 suite of programs.(2)
The TSFF was developed for atoms in the active site (Figure S2) using Q2MM(3) in analogy to the procedure
described for the development of small-molecule TSFFs.(4)

The QM region of the QM/MM calculations is comprised of the nicotinamide and ribose rings of NAD,
the thiol group of CoA, mevaldehyde up to the terminal carboxylate group, and the side chains up to Ca of
catalytically relevant residues E83, K267, D283, and H381. (Figure S1)(1) Tao’s iterative method for updating
the partial MM charges of the atoms in the QM region(5) was used for the ONIOM mechanical embedding
scheme.(6) Shrinking the model size from >12,000 atoms to ~1,300 atoms makes the Hessian calculation
required for the Q2MM method manageable while maintaining the protein environment around the TS.

The TSFF was developed using Q2MM, the most recent and extensively revised version of which can
be found on github.com/g2mm. It was interfaced with a modified version of the nmode module in Amber to
obtain the MM Hessian values for comparison to the QM reference Hessian values generated from a frequency
calculation in G09. For optimization of the Q2MM objective function, literature weight factors for bonds (100 A-
1), angles (2 degree~') anddihedrals (1 degree') were implemented corresponding to the inverse tolerance of
each type of data.” Literature weight factors for the Hessian elements(7) were converted to units kcal-! mol A2
to correspond with the units of the force constants in the AMBER99SB force field.(8) They are 0.0 for self-
interactions, 0.31 for 1-4 interactions and 0.031 for all others.

New atom types were created for the hydride acceptor carbon (AC), hydride (HT), hydride donor carbon
(DC), the nicotinamide ring because of hybridization changes during the reaction and for Glu83 because of its
proposed role of stabilizing the TS. (Figure S2) Overall, this creates 150 parameters that need to be
reparametrized in the TSFF. The initial values for force constant parameters were set by analogy to existing
values wherever possible, and the initial equilibrium value parameters were set to the value from the QMI/MM
calculations. The remainder of atoms in the substrates, NAD, and protein residues were assigned atom types
from GAFF8, published parameters,(9, 10) and AMBER99SB,(8) respectively. The X-AC-HT-X and X-HT-DC-
X dihedrals were excluded from the parameterization automatically by zeroing the force constant because they
contain angles larger than 150°. Partial charges for the QM reference structure were generated by fitting them
to the HF/6-31g* electrostatic potential using the RESP protocol in the AMBER antechamber program and
were held fixed throughout the parameterization of the other parameters. The use of implicit solvation in the
MM calculations was necessary to avoid unphysical equilibrium values. Large portions of the QM reference
structure do not need to be parameterized. The corresponding atomic coordinates are frozen and the
associated data points are removed from the penalty function by zeroing out the relevant weight factors.
Freezing the peripheral atoms is particularly important for the QM/MM model where the MM region consists of
highly fragmented polypeptide chains.

Equilibrium value parameters were carefully monitored to prevent them from deviating from the QM
values beyond thresholds of + 0.05 A for bonds and + 5° for angles. Various tethering functions were used over
several rounds of optimizing the force constant and equilibrium values to avoid unphysical local minima. The
final TSFF was then generated by gradually releasing the tethering functions and is reported in the Supporting
Information. The final optimization was performed by tightening the convergence criterion to 0.001%. As
expected based on the positive curvature added to the reaction coordinate in the Hessian matrix, the bond
force constants for the forming (AC-HT) and breaking (DC-HT) bonds are very large. Optimization of the TS
using the TSFF in Amber shows excellent agreement (Figure 2B) with the QM/MM TS it was fit to reproduce.

2. Molecular Dynamics

The ground state (GS) and intermediate (INT2) states involved in the overall mechanism of the
conversion of HMGCoA by two equivalents of NADH, catalyzed by HMGR (Figure S3) were built manually
from the non-productive ternary complex HMG-CoA/NAD+ (pdb code 1QAX).(11) The transition state (TS2)
was built via the methods described below. The AMBER99SB(8) force field was used for the GS and INT2
systems and for TS2 outside of the TSFF-parameterized active site.

Molecular dynamics (MD) simulations were run primarily using the pmemd module in Amber16. A time
step of 1 fs was used to integrate the equations of motion for all transition state simulations and 2 fs for the
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ground state and intermediate state systems. The systems were minimized in 1000 step increments that
gradually reduced restraints on the atoms, then were heated to 300K over 30 ps followed by a full temperature
equilibration for 10 ps. NPT equilibration occurred over 2 ns before running initial adaptive sampling
simulations of each state for 1 us.

Systems were setup using explicit solvation with TIP3P waters(12) and the Particle Mesh Ewald
method for treating long-range electrostatic interactions, a 10 A cutoff for nonbonded van der Waals
interactions and periodic boundary conditions. The SHAKE algorithm was used to constrain the hydrogen atom
bonds except for hydrogens in residues directly related to the transition state. The temperature was maintained
using the Langevin Thermostat and pressure in the NPT maintained using a Berendsen barostat. The TS
simulations were run in independent 100 ns trajectories and the GS and INT2 were run in 200 ns trajectories.
Analysis was done using the cpptraj module in Amber16.

3. Time-lagged Independent Component Analysis (tICA)
3.1. Adaptive Sampling Simulations

To adequately sample the conformational space of Pseudomonas mevalonii 3-hydroxyl-3- methylglutaryl
coenzyme A reductase (PmHMGR), we adopted an adaptive sampling strategy,(13) selecting starting
structures from the above short unbiased MD trajectories.(14) Starting structures for the adaptive sampling
were chosen from the unbiased MD trajectories above by a K-centers(14) clustering algorithm. The root-mean-
square fluctuation (RMSF) of the Ca atoms of the hinge region (residues 374-377) and flap domain (residues
377-428) was used as the distance function for the clustering, and the conformation that closest to the cluster
center was selected from each cluster and used as the starting structures. Then, the selected structures were
re-solvated into 124,000 explicit TIP3P(12) water molecules using a truncated octahedral box with a box length
0f180 A through ADDTOBOX program in AMBER.(15) Subsequent restrained equilibration simulations and
unrestrained production MD simulations were carried out following the above MD simulation protocol. Finally,
a total of 55, 35, and 42 200-ns production MD simulations were collected for the data analysis of the ground
state (GS), intermediate state (INT2) and transition state (TS2), respectively.

3.2.Selecting Kinetically Slow Variables

The time-lagged Independent Component Analysis (tICA) is an efficient approach to elucidate the
slowest motions for protein dynamics.(16, 17) The optimal slow tICs can be scaled to define a kinetic distance
metric subspace, on which the fast and slowly mixed states can be separated and the geometric analysis can
be used to unravel rare event transitions.(18) Thus, tICA has been widely used to reduce the dimension of MD
simulation data, and the optimal slow tICs can describe the slowest dynamics underline functional
conformational changes of interest.

Approximately 26,500 pairwise distances between the following pairs of atoms were selected as the
input features for tICA:
a) heavy atoms of substrate and cofactor - Cq atoms of hinge region and flap domain
b) heavy atoms of substrate and cofactor - Cq atoms of small domain and large domain residues that contact
with substrate and cofactor in the crystal structure (PDBID:1QAX)
c) Caqa atoms of hinge region and flap domain - Cq atoms of hinge region and flap domain
d) Cqa atoms of hinge region and flap domain - Cq atoms of small domain and large domain residues that
contact with substrate and cofactor in the crystal structure (PDBID:1QAX)

When PmHMGR catalyzes the reduction of HMGCoA, the hinge region and flap domain were
suggested to undergo conformational changes to facilitate the cofactor (NADH) exchange.(19) In addition,
protein residues in contact with substrate HMG-CoA and cofactor (e.g. residue 614- 719 in the small domain,
residue 1-108 and 220-375 in the large domain may also be important for the reduction reaction. To elucidate
the slowest dynamics of the system and identify remote allosteric residues, we chose all relevant pairwise
distance combinations as listed in item a) to d) above. Figure S4 shows the implied timescales resulting from
the tICA for GS, INT2 and TS2, demonstrating that the relevant movements occur on a timescale of hundreds
of ns and are therefore not accessible through shorter timescale MD simulations.



As shown in Figure S5, the projections of free energy landscape on the two slowest tICs (of the GS
ensemble) yields smooth landscape and clearly indicate the difference of conformational dynamics among GS,
INT2 and TS2. We note that we chose a relatively large number of pairwise distances in the tICA analysis that
may induce statistical noise. To address this issue, we further validated our model by only selecting a subset
of distance pairs that mostly contribute to the difference of conformational dynamics between GS, INT2 and
TS2 based on our chemical intuition. In particular, we chose a subset of only approximately 2700 distance
pairs to perform the tICA analysis by including the following pairs of atoms:

e) heavy atoms around the transferring hydrogen in HMG-CoA/NADH in the TS2 state - Ca atoms of hinge
region and flap domain
c¢) Ca atoms of hinge region and flap domain - Cq atoms of hinge region and flap domain

As shown in Figure S6b, the results from this new model (~2700 distances) are consistent with our original
model (~26,500 distances), and yield the same set of residues that have significant contributions to the
conformational dynamics.

3.3 Projecting the MD samplings to the ground state energy landscape

To compare the conformational space in the GS, INT2, and TS2 states, we performed the following
free energy landscape projections based on our tICA: (1) projecting the MD conformations of GS onto its own
slowest two tICs; (2) projecting the TSFF samplings onto the slowest two tICs of GS state; (3) projecting the
MD conformations of INT2 onto the slowest two tICs of GS state (Figure S5).

3.4.1dentifying the important relevant remote residues by tICA

We employed tICA to identify the important remote residues for the reductive reaction catalyzed by
PmHMGR. In tICA, each component (tIC) is defined by the linear combinations of the input features (pairwise
distance in our work), so the feature with maximum coefficient should have maximum contribution to this tIC.
We calculated the contribution of each remote residuefor the slowest dynamics in the GS, INT2, and TS2 states
respectively by summing the corresponding normalized tICA coefficient values of the atom pairs which include
the selected atoms of this residue.

4. Cloning Expression, Purification and Kinetics of HMGR Mutants

The mutants for this study were developed from the PKK-177-3 vector developed in the laboratory of
Victor Rodwell(20) for the expression of HMGR from Pseudomonas mevalonii. This vector contains the
expression sequence for the protein under a tac promoter and an Ampicillin marker. There are no additional
affinity tag residues added to the protein product. The mutants were generated using the New England Biolabs
Q5 Site-Directed Mutagenesis system utilizing specific DNA alterations encoded in the primers, supplied by
Integrated DNA Technologies. The result of the PCR reaction was the entire PKK-177-3 vector coding for the
wild type or one of the mutant HMGR proteins. These were transformed into DH5a and the DNA sequence
confirmed by the Purdue Genomics center before being transformed into the BL21 E coli expression system.
The induction and purification protocol was adapted from Rodwell and coworkers.(21) Briefly, the cells were
grown in LB broth containing 100 mg/L of Ampicillin to an OD600 of about 0.6. At that point 0.5 mM of B-D-1-
thiogalactopyranoside (IPTG) was introduced and the cells moved to 16C incubator for an overnight induction.
The cells were harvested by centrifugation at 10,000 RPM in a JA-12 Beckman rotor. The cell pellet was then
resuspended in 20 ml of PEG wash buffer (phosphate 10 mM, EDTA 1 mM and glycerol 10% w/v, all pH values
adjusted to 7.3) and the recommended concentration of the HALT protease inhibitor cocktail (Thermofisher).
This slurry was stored at -80C.

These cells were subsequently lysed with three passages through a french press. This was followed
by centrifugation in a JA-25.5 Beckman rotor at 15,000 RPM for 15 minutes. The supernatant was then
transferred to a Ti70.1 Beckman ultracentrifuge rotor and pelleted at 50,000g for one hour. The resulting
supernatant was isolated and then precipitated with 2/3 volume of saturated ammonium sulfate adjusted to
a pH of 7.0. The resulting pellet was isolated and resuspended in 20 ml of PEG buffer plus HALT protease
inhibitors then stored at -80C.

After thawing this ammonium sulfate-lysate was added to 500 ml of PEG buffer and passed over a
10 ml DEAE ion exchange column. After washing with additional PEG buffer the material was eluted using
a gradient of potassium chloride from 0 to 150 mM. Fractions were collected and those containing a band
of the appropriate molecular weight for HMGR were combined and precipitated with ammonium sulfate.



The resulting pellets were resuspended in PEG buffer to a concentration of approximately 10 mg/ml. A final
gel showed greater that 95% purity for the wild type and the three mutants.

The kinetic experiments were run in a buffer solution (phosphate 25 mM, NaCl 50 mM, pH 8.7) and
combined 2000 pM of mevalonate, 600 uM of CoA and 600 uM of NAD+, resulting in the production of two
NADH and HMG-CoA.(22) These were followed at 340 nm in a BioTEK Synergy H1 plate reader for two
minutes and the initial stable rate reported as the Vmax of the reaction in milli-absorption units per minute.
All reactions were repeated 8 times and averaged.



Fig. S1. The ONIOM model of the second hydride transfer used as reference data for the
parameterization of the TSFF. The QM region is depicted with the ball and stick representation,
while the MM region is depicted in the line representation with hydrogens omitted for clarity.
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Fig. S2. New atom types defined for parameterization of the TSFF
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Fig. S$3. Overall Mechanism of the reduction of HMGCoA by NADH, catalyzed by HMGR'2
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Fig. S4. The implied timescales (ITS) for tICA in the ground state (GS, blue), intermediate state
(INTZ2, green) and transition state (TS2, red) respectively. The slowest dynamic (the top line) of the
system can be obtained by tICA but not from shorter MD simulations.
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Fig. S5. The projection of the TSFF MD samplings (TS2, red), the MD conformations of the
intermediate state (INT2, green) and ground state (GS, blue) onto the slowest two tICs of the
ground state
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Fig. S$6. Contributions (tICA coefficient) of the selected residues for the slowest dynamics of the
system in the ground state (GS, blue), intermediate state (INT2, green) and transition state (TS2,
red). (a) The contributions of R396 ((1)), E399 ((2)) and L407 ((3)) are: 0.014, 0.010 and 0.015
respectively in the GS state, 0.021, 0.011 and 0.014 in the INT2 state, while they are 0.018, 0.015
and 0.019 respectively in the TS2 state. The large differences between the ground state and
transition state that observed in HMG-CoA and NADH originate from those selected heavy atoms
around the transferring hydrogen that were treated by TSFF in the TS2 state. The “HMG-CoA” and
“‘NADH” labels in the x-axis denote the heavy atoms of the substrate and cofactor respectively,
“small/large domain” denotes the Ca atoms of the residues that contact with HMG-CoA/NADH in
the small and large domain, and “flap domain” denotes the Ca atoms of the residues (374 to 428)
in the hinge region and flap domain. (b) The contributions calculated from the atom pair subset that
only selected from the hinge region/flap domain and some TSFF treated atoms in TS2 state. “TSFF
atoms” denotes the heavy atoms around the transferring hydrogen in HMG- CoA/NADH that were
treated by TSFF in the TS2 state
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