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ABSTRACT: Glycerol-3-phosphate dehydrogenase is a biomedically
important enzyme that plays a crucial role in lipid biosynthesis. It is V0l
activated by a ligand-gated conformational change that is necessary for ¢ )f' )
the enzyme to reach a catalytically competent conformation capable of = ‘ir
efficient transition-state stabilization. While the human form (hIGPDH) )
has been the subject of extensive structural and biochemical studies,
corresponding computational studies to support and extend exper-
imental observations have been lacking. We perform here detailed
empirical valence bond and Hamiltonian replica exchange molecular
dynamics simulations of wild-type hlGPDH and its variants, as wellas =
providing a crystal structure of the binary #lGPDH-NAD R269A variant Dynamics
where the enzyme is present in the open conformation. We estimated

the activation free energies for the hydride transfer reaction in wild-type

and substituted hIGPDH and investigated the effect of mutations on

catalysis from a detailed structural study. In particular, the K120A and R269A variants increase both the volume and solvent
exposure of the active site, with concomitant loss of catalytic activity. In addition, the R269 side chain interacts with both the Q295
side chain on the catalytic loop, and the substrate phosphodianion. Our structural data and simulations illustrate the critical role of
this side chain in facilitating the closure of h/GPDH into a catalytically competent conformation, through modulating the flexibility
of a key catalytic loop (292-LNGQKL-297). This, in turn, rationalizes a tremendous 41,000 fold decrease experimentally in the
turnover number, k,, upon truncating this residue, as loop closure is essential for both correct positioning of key catalytic residues in
the active site, as well as sequestering the active site from the solvent. Taken together, our data highlight the importance of this
ligand-gated conformational change in catalysis, a feature that can be exploited both for protein engineering and for the design of
allosteric inhibitors targeting this biomedically important enzyme.

open
CAQ
i Catalysis

<

©:

AGH

R269A

RMSD

Reaction Coordinate

AG (keal-molT)

Center of Mass Distance

KEYWORDS: glycerol-3-phosphate dehydrogenase, loop dynamics, transition state stabilization, empirical valence bond,
Hamiltonian replica exchange

H INTRODUCTION phosphate decarboxylase (OMPDC)," S-phosphoglucomu-
tase,' and 1-deoxy-p-xylulose-5-phosphate reductoisomer-
ase,'”'® hIGPDH utilizes the binding energy of the
phosphodianion of the substrate DHAP [and of the phosphite
dianion piece in the case of the reaction with the truncated

substrate, glycolaldehyde (GA)] to drive an enzyme conforma-

Human liver glycerol-3-phosphate dehydrogenase (h/GPDH)
is a dimeric enzyme that catalyzes the NADH-dependent
reduction of cytosolic dihydroxyacetone phosphate (DHAP)
to glycerol-3-phosphate (G3P), a compound which serves as a
key precursor for lipid synthesis." The reaction catalyzed by
hiIGPDH involves hydride transfer from NADH to the C2 tional change, from a floppy inlalcfigve open enzyme to a rigid
position of the substrate DHAP, as well as protonation at the catalytically active closed form. " In the cases of OMPDC,

carbonyl oxygen of DHAP (Figure 1).””

Curiously, while hlGPDH is a key metabolic enzyme,7 it has Received: June 23, 2020
only been subject to classical studies to characterize the Revised:  August 31, 2020
protein’s structure and kinetic mechanism;>*~"* however, an Published: September 3, 2020

analysis of this enzyme’s reaction mechanism has not yet been
performed. In addition, as with a range of other enzymes, such
as triosephosphate isomerase (TIM),">'* orotidine $'-mono-
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Figure 1. (top) Overlay of the tertiary structure of ternary hlGPDH-
NAD-DHAP complexes with the catalytic loop (292-LNGQKL-297)
in either the catalytically inactive “open” conformation (magenta,
PDB ID: 6E8Y>®) or the catalytically competent “closed”
conformation (gold, PDB ID: 6E90°). Shown here are also the
positions of key active site side chains responsible for maintaining the
closed conformation of the catalytic loop, as well as the relative
position of the substrate DHAP and the cofactor NADH. (bottom)
Mechanisms for the sequential hydride and proton transfer reactions
catalyzed by wild-type hIGPDH.

TIM, and hIGPDH, up to two-thirds of the total 11—12 kcal:
mol ™" intrinsic binding interactions between the enzyme and
the phosphodianion substrate fragment is utilized in the
stabilization of catalytically active-caged complexes which, in
turn, provide strong stabilization of the transition states (TSs)
for proton/hydride transfer and decarboxylation reactions.'""”

In the case of hIGPDH, X-ray crystal structures for the
binary hIGPDH-NAD (PDB ID: 1X0X"® and 6E8Z>°) and
ternary hIGPDH-NAD-DHAP (PDB ID: IWPQ*® and
6E90”°) complexes of hlGPDH demonstrate that the binding
of the substrate DHAP triggers a conformational change from
a catalytically inactive open to a catalytically competent closed
conformation of a flexible protein loop (292-LNGQKL-297,
Figure 1),'' analogous to similar conformational changes
observed in enzymes, such as TIM'*'* and OMPDC."* Of
particular interest to the present work is the side chain of
R269, which acts as a bridge between this flexible loop and the
substrate, as it is simultaneously ion-paired with the substrate
phosphodianion via its guanidinium group, while also
interacting with Q295 from the flexible loop of hIGPDH
(Figure 1). Truncation of Q295 and R269 to alanine (Q295A
and R269A) has been shown to lead to 3.0 and 9.1 kcal-mol™
destabilization of the TS for the reduction of DHAP,"
respectively (in terms of decrease in k,/Ky;), and the R269A
variant in particular has been shown to lead to a 41,000 fold
decrease in the turnover number (k).”*° This impaired
catalytic activity has been ascribed to the electrostatic
destabilization of the TS in the substituted enzymes.''
However, while electrostatic destabilization through the loss
of the ion pair between R269 and the substrate phosphodian-
ion will clearly play a role in facilitating the loss of activity
upon truncation of this residue, additional effects from
structural perturbations and incomplete closure of the flexible
loop upon the truncation of the arginine side chain cannot be
ruled out. This possibility is supported by the fact that single
point mutations in enzymes have been shown to bring about
large conformational changes that can alter their functionally
relevant motions in a catalytically deleterious way.”'~>* We

note also that for related enzymes, such as dihydrofolate
reductase”* and TIM,”® such loop motions have been shown to
be partially rate-limiting for the chemical step.

In the present study, we have combined empirical valence
bond (EVB)*® simulations with Hamiltonian re})lica exchange
molecular dynamics (HREX-MD) simulations”’ in order to
model the hydride transfer reaction catalyzed by hIGPDH, as
well as the impact of K120A, R269A, and Q295A substitutions
on the catalytic activity of the enzyme. Parallel to this, we
present a new crystal structure for the R269A variant of the
hIGPDH-NAD binary complex, which demonstrates that this
single-point mutation has a substantial impact on both the
active site configuration and the position of the flexible loop.
This crystal structure serves in turn as a starting point for our
HREX-MD simulations to study the conformational dynamics
of the catalytic loop. Through this combination of X-ray
crystallography and atomistic simulations, we obtain insights
both into the molecular origin for the >>1000 fold rate
acceleration for the hlGPDH-catalyzed reaction (comPared to
the corresponding nonenzymatic reaction, k,/kync),” as well
as demonstrating the critical importance of full closure of the
flexible loop for efficient catalysis by this enzyme. This builds
on our earlier detailed studies of the conformational dynamics
of the analogous loop 6 in TIM,”® and further showcases how
enhanced sampling simulations combined with multiscale
models capable of reliably describing the chemical step of
catalysis can be used as powerful tools to obtain insights into
the role of loop dynamics in enzyme catalysis.

B METHODOLOGY

EVB Simulations. Following from our previous recent
studies of the proton transfer reactions catalyzed by TIM, in
the present work, we used the EVB approach’ to model the
chemical reaction catalyzed by hIGPDH (Figure 1), using a
similar protocol as that described in our previous work.”*™>"
Specifically, we modeled the hydride transfer reaction based on
the valence bond states, as shown in Figure 2. Simulations of
the reaction catalyzed by wild-type hlGPDH , as well as by the
K120A, Q295A, and R269A variants of this enzyme were
performed (i.e, 4 independent simulation systems in total).

All simulations were performed using the 2.05 A resolution
structure of hIGPDH in the complex with the substrate DHAP
and the cofactor NAD (PDB ID: 6E90™°) as a starting point.
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Figure 2. Valence bond states used in this work to describe the
hydride transfer reaction catalyzed by hIGPDH. Only the
nicotinamide ring of the cofactor was placed in the EVB region,
with the remainder of the cofactor treated purely classically. Note
however that the EVB region is also described using the same classical
force field, and the main difference between the EVB and surrounding
regions is the cutoffs used for evaluating nonbonded interactions, as
well as the use of Morse potentials and an alternative vdW potential to
describe atoms directly involved in the reaction, as described in the
main text and Supporting Information.
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In the case of the K120A, Q295A, and R269A variants, alanine
substitutions were performed in silico by manual truncation of
the side chain of the relevant residue(s), using the structure of
the wild-type enzyme.

All resulting systems were solvated in a water sphere of
TIP3P** water molecules, with a radius of 24 A, centered on
the bridging oxygen atom of the nicotinamide-bound ribose
sugar and phosphate group of the NADH cofactor, and
described using the surface-constraint all-atom solvent
model.*> The system was then described using a standard
multilayer approach in which all residues within the inner 85%
of the water sphere were fully mobile, those in the outer 15%
were subjected to a 10 kcal'mol™ A~ harmonic positional
restraint to restrain them to their original crystallographic
positions, and all residues outside the droplet were essentially
fixed to their crystallographic positions using a 200 kcal-mol™"
A~ restraint, as in our previous work.”* ™" All residues within
the mobile region (i.c., the inner 85% of the water sphere) were
assigned their expected ionization states at physiological pH,
based on a combination of empirical screening using PROPKA
3.1** and visual inspection. All other residues, in particular
residues outside the water droplet, were kept in their neutral
form and restrained to their crystallographic positions as
described above, as is standard practice to avoid system
instabilities being introduced to the simulations because of the
presence of unscreened charges outside the explicit simulation
sphere. A full list of ionized residues and histidine protonation
patterns in our simulations is provided in Table S1. All
nonbonded interactions were calculated with a 10 A cutoff,
except for the reacting atoms (shown in Figure 2) to which a
99 A (ie. in principle infinite) cutoff was applied to describe
the nonbonded interactions. Long-range interactions were
treated using the local reaction field approach.”

All simulations in this work were performed using the QS
simulation package,’® and the OPLS-AA force field.”” OPLS-
AA compatible parameters and partial charges for the cofactor
and substrate in different EVB states were obtained using
Schrodinger’s MacroModel, v. 9.19, and Gaussian 16 Rev.
A.03,” at the HF/6-31G(d)/SMD level of theory and using
the standard restrained electrostatic potential (RESP)
procedure,” respectively. All EVB parameters used in this
work are provided as the Supporting Information. All systems
were gradually heated up from 0.01 to 300 K over 140 ps,
while initially applying 200 kcal-mol™" A~ harmonic positional
restraints on all heavy atoms in the system. These restraints
were gradually removed during the heating procedure, until
only weak (0.5 kcal-mol™ A™%) positional restraints remained
on the atoms consisting of the “EVB region” of the simulations,
described using the valence bond states, as shown in Figure 2,
which was maintained during both equilibration and EVB
simulations. Once each system had been heated to 300 K, a
further 40 ns of classical MD equilibration was performed for
each replica for each system, and the end-point of each classical
MD equilibration run was used as the starting point for the
subsequent EVB simulation. The convergence of the initial
equilibration runs, over all replicas, is shown in Figure SI.

The EVB simulations were performed using the standard
EVB free energy perturbation/umbrella sampling procedure
that has been described in detail elsewhere.”**" Each EVB
simulation was performed in 51 EVB mapping windows of 200
ps in length, and 30 replicas were performed per system. This
led to 40 ns equilibration time and 10.2 ns EVB simulation
time per replica, 1.2 ps equilibration and 306 ns EVB

simulation time per system (30 replicas/system), and 6.0 s
equilibration 1.530 ys EVB simulation time in total over all 4
independent enzyme variants being considered in this work (5
sets of simulations total, as, in the case of the K120A variant,
we performed two separate sets of simulations with the
adjacent D260 side chain either protonated or deprotonated,
as described in the main text). In addition, all equilibrations
and subsequent EVB simulations were performed at and
propagated from the apgroximate EVB TS (4 = 0.5), in line
with our previous work,” " in order to improve sampling and
accelerate the simulations [as EVB trajectories can be
propagated toward reactant and product states (PSs)
simultaneously].

In order to calibrate our EVB parameters, that is, the
coupling-parameter H;; and the gas-phase shift parameter a
(for a more detailed definition of these parameters, see e.g. ref
41), we calibrated the wild-type enzyme to reproduce
experimental activation and reaction free energies, using the
same valence bond states as for simulating the enzyme-
catalyzed reactions (Figure 2). The activation and reaction free
energies, AG¥ and AG, were fit to reproduce values of 14.2
and —6.2 kcal-mol™" for the hydride transfer reaction based on
data presented in refs 5 and 42. The resulting EVB parameters
from this calibration are provided with all other EVB
parameters used in this work in the Supporting Information,
and once the EVB parameters had been calibrated to
reproduce the energetics of the reaction catalyzed by the
wild-type enzyme, the same parameters were then transferred,
unchanged, to describe the corresponding reaction in all
enzyme variants studied here.

HREX-MD Simulations. HREX-MD simulations were
performed in order to explore the conformational sampling
of the flexible loop (L292—L297) in wild-type h/GPDH and
the R269A and Q29SA variants, in their unliganded (apo)
forms, binary hIGPDH-NAD complexes, as well as the
corresponding h/GPDH-NAD-DHAP ternary complexes. In
the case of the unliganded wild-type enzyme, binary complexes
of the wild-type enzyme and R269A variant, as well as the
ternary complex of the wild-type enzyme, PDB IDs: 6E8Y,”°
6E8Z,>° 6PYP, and 6E90,5’6 were used as simulation starting
points, respectively. The starting structures for the Q29SA
variants were constructed from the wild-type enzyme by the
manual truncation of the Q295 side chain. The binary and
unliganded variants were constructed by deleting DHAP and
both ligands, respectively. In the case of the R269A ternary
complex, the starting structure was generated from the
structure of the binary complex by manual placement of
substrate DHAP in the active site based on overlaying this
structure with the structure of the wild-type ternary complex,
as in the case of our EVB simulations. The unliganded form of
the R269A variant was constructed by simply deleting the
ligands present in the crystal structure of the binary complex.
In the case of the Q295A variant, all models were created by
truncation of the Q295 side chain to alanine in the starting
structures for the corresponding simulations of the wild-type
enzyme.

All HREX-MD simulations were performed using GRO-
MACS 5.0.4,***" interfaced with the PLUMED v. 2.5.0
plugin.”® In all cases, the protein was described using the
Amber fP99SB-ILDN force field,* whereas parameters to
describe the substrate DHAP and the NAD cofactors were
obtained using the General AMBER Force Field 2
(GAFF2).** The partial charges of the substrate and cofactor

https://dx.doi.org/10.1021/acscatal.0c02757
ACS Catal. 2020, 10, 1125311267


http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c02757/suppl_file/cs0c02757_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c02757/suppl_file/cs0c02757_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c02757/suppl_file/cs0c02757_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c02757/suppl_file/cs0c02757_si_001.pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c02757?ref=pdf

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

were obtained using the RESP approach® and Gaussian 16
Rev. A.03 with the level of theory mentioned above,” using an
Antechamber as implemented into AMBER 16," and based on
the electrostatic potential obtained at the HF/6-31G(d)/SMD
level of theory. All nonstandard (substrate and cofactor)
parameters used in the HREX-MD simulations are provided in
Tables S2—S4 of the Supporting Information. All ionizable
residues were kept in their default protonation states at
physiological pH, as both estimation of side chain pK, values
using PROPKA 3.1°" and visual inspection indicated no
residues with pK, deviations.

All four starting structures were solvated in a cubic box of
TIP3P water molecules,* with a distance of at least 12 A from
the solute to the edge of the box. The system charge was then
neutralized by the addition of Na* counter ions, followed by
50,000 steps of steepest descent minimization, with 1000 kJ
mol™! nm™ positional restraints placed on all heavy atoms in
the system. This was followed by the first 5 ns of equilibration
in a canonical (NVT) ensemble, and then a further S ns of
equilibration at in an isothermal—isobaric (NPT) ensemble,
with the positional restraints maintained on all solute heavy
atoms in order to allow water molecules to penetrate the
solvent accessible region of the protein. A final 5 ns of
equilibration was performed in an NPT ensemble, with the
positional restraints removed to allow the solute atoms to
equilibrate. The root-mean-square deviation (RMSD) of all
backbone atoms of each system after equilibration is shown in
Figure S2.

In both the initial equilibration and subsequent HREX-MD
simulations, the target temperature was maintained at 300 K
using a v-rescale thermostat™® with a time constant of 0.1 ps,
and pressure was maintained at 1 atm using a Parinello—
Rahman barostat®" with a time constant of 2 ps. The cutoffs for
short-range van der Waals (vdW) and electrostatic interactions
were each set to 10 A, and long-range electrostatic interactions
were described using the particle mesh Ewald approach,® in
conjunction with periodic boundary conditions. All simulations
were performed using a 2 fs time step.

Once equilibrated, the final configuration of the system after
each equilibration was then used as the starting structure for
the subsequent HREX-MD simulations. The loop region from
residues L292 to L297 was selected as the “hot” region for the
HREX-MD simulations. The partial charges and Lennard-
Jones parameters of atoms in the hot region were scaled by \/ A
and 4, respectively. The proper dihedral angles were scaled by
either \/ A or 4, depending on whether both the first and fourth
atoms of the dihedral, or just one of the two atoms of the
dihedral, were located in the hot region, respectively. All
HREX-MD simulations were performed using 6 replicas, with
the scaling factor, 4, exponentially ranging from 1.0 to 0.6
(corresponding to an effective temperature range of 300—500
K). Exchanges between neighboring replicas were attempted
every 2 ps, and configurations were saved every 2 ps. Each
replica was sampled for 300 ns for all simulations, resulting in
an average exchange rate of 20—30% in these simulations. Only
the unscaled replica (1 = 1.0) was used for further analysis.

Simulation Analysis. All energy analysis in this work was
performed using the QCalc module of Q3,*® and all structural
analysis was performed using VMD 1.9.3,> with the exception
of the analysis of root mean square fluctuations (RMSF) of
individual residues during the simulations, which was
performed using GROMACS 5.0.4.">** Active site volumes
for wild-type hlGPDH and its variants were calculated from 30

X 40 ns of MD equilibration performed at the respective TS
complexes using a Pocket Volume Measurer (POVME) 3.0,>*
with snapshots taken every 100 ps of the simulations.

In the case of our HREX-MD simulations, two-dimensional
energy surfaces were generated based on the RMSD of all C,
atoms of the flexible loop and on the distance between the
center of mass (CoM) of the N-terminal domain of the
hIGPDH variants (due to its rigidity, as it provides a less
mobile frame of reference for the loop position) and the CoM
of the C, atoms of the flexible loop. Crystallographic evidence
suggests that the conformational changes of the loop mainly
occur at the hinges connecting the N- and C-terminal domains
of the protein® and that the R269A substitution perturbs the
C-terminal domain of the protein. The relative free energy
surface at 300 K was derived from the probability distribution
along the reaction coordinate, R. Here, R (so-called order
parameters) are the loop C, RMSD and the CoM distance.
The free energy is then plotted along these order parameters
obtain the corresponding free energy surface. We have also
plotted protein—substrate hydrogen bonding interactions as a
function of the same order parameters in order to examine how
they change across each surface. The analysis of protein—
substrate hydrogen bonding interactions and active site
volumes were also performed on individual structures of core
states obtained by performing clustering analysis on the free
energy surfaces using InfleCS.>> Analysis was performed
following ref SS, using SO grids with a maximum of 10
components.

Dynamic cross-correlation matrices (DCCM) were calcu-
lated using Bio3D*® from simulations performed on wild-type
hIGPDH and the R269A variant. This approach is based on
measuring linear atomic displacements during the course of
simulations. We calculated the covariance (cij) between atoms i
and j, based on the displacement of all C, atoms in our
simulations. Subsequent network analysis of the correlated
motions pinpointed from this analysis was used to identify
protein segments with coupled dynamics. A weighted network
graph was then constructed where each node represents an
individual residue (based on the C, atom), and the weight of
the connection between nodes i and j represents their
respective cross-correlation value, c;. Here, we used a network
construction model similar to that introduced by Luthey-
Schulten and co-workers.”” However, the network edges were
constructed based on the minimum C,—C, cross-correlation
value between all residues. Network edges were added for (i)
residue pairs with Ic;l > 0.4 and with a C,—C,, distance d;; < 8
A. The edge weights were calculated from —log(lcijl). For each
correlation network, hierarchical clustering was performed to
generate aggregate nodal clusters, or communities, that are
highly intraconnected but loosely interconnected. This was
done using an edge-betweenness clustering algorithm similar to
that introduced by Girvan and Newman,”® to yield a coarser
community network.

Determination of the Structure of the hiIGPDH R269A
Variant. The structure of the R269A variant of hIGPDH was
solved using methods similar to that used previously for the
wild-type enzyme.” The R269A variant of hIGPDH was
crystallized using hanging drop vapor diffusion with a
crystallization cocktail of 175 mM KCl, 23% PEG 20000, 0.1
M Bis—Tris propane, pH 7.0. The protein was incubated with
5 mM NAD and 15 mM DHAP. A crystal was cryoprotected
by transferring the protein through three solutions containing
28% PEG 20000, 220 mM KCl, 0.1 M Bis—Tris propane, 15
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Figure 3. (A) Comparison of experimental (red, AGfXP) and calculated (blue, AGZ,.) activation free energies for the hydride transfer reaction

catalyzed by wild-type and substituted variants of hlGPDH. Experimental data were adapted from refs,

5,20,66
> and calculated values are averages and

SEM over 30 individual EVB trajectories per system, as described in the Methodology section. We note that the error bars are not easy to see as the
errors on both experimental and calculated activation free energies are small; these values are presented as raw data in Table 1. (B) Correlation
between experimental and calculated activation free energies for the hydride transfer reaction catalyzed by hlGPDH. The correlation coefficient was
calculated using linear regression analysis. All energies are provided in kcal-mol ™.

mM DHAP, 1 mM NAD, and 7.5, 15, and 30% PEP426°” and
plunging the loop containing the crystal directly in liquid
nitrogen.

Data were collected at beamline 23-IDB of the Advanced
Photon Source at the Argonne National Laboratory.
Diffraction data were integrated and scaled with iMOSFLM.”
The structure was screened for molecular placement using
models of both the open and closed conformations. The best
solution and electron density for the complete model was
obtained using a model of the open conformation from which
ligand and solvent atoms were removed, along with the side
chain of R269. The model was refined through iterative rounds
of manual model building and refinement with the PHENIX
suite of programs.”’ The final model contains a dimer in the
asymmetric unit; chain A is complete from residues A2
through M349, while chain B also consists of residues 2—349,
with two disordered loops occurring between D123—L129 and
L290—-L297. A complete molecule of NAD is seen in chain A,
along with a molecule of erythrose derived from the
cryoprotectant. In chain B, density for the phosphates of the
NAD cofactor is observed; however, density does not support
the inclusion of the remainder of the ligand molecule. DHAP
was not observed in either chain. Chain A, was used for
modeling and analysis described herein. The final structure has
been deposited with the Protein Data Bank,” PDB ID: 6PYP.

B RESULTS AND DISCUSSION

Studying the Mechanism of the Reduction of DHAP
by Wild-Type hIGPDH. There have been a range of structural
analyses of glycerol-3-phosphate dehydrogenases from differ-
ent organisms that provide important information into the
overall structure of the enzyme™'"*” (including characterizing
the flexible loop 292-LNGQKL-297), as well as biochemical
and kinetic studies of the catalytic activity of different
GPDHs,"'"*® and the activation of GPDH by phosphite
dianions.”** In addition, the examination of primary deuterium
kinetic isotope effects (1° DKIEs) of the hydride transfer
catalyzed by wild-type and substituted GPDHs show that these
values fall within a very narrow range (2.4—3.1) for reactions
spanning a 9.1 kcal'mol™" change in the reaction driving force
(AAG¥).®'* This strongly suggests that the rate acceleration
for the GPDH-catalyzed reaction is because of the stabilization
of the classical TS for hydride transfer, rather than having a
large contribution from quantum mechanical tunneling,
allowing us to model these hydride transfer reactions using
classical EVB simulations.

While the cofactor is clearly the hydride donor in this
process, either one of the two active site lysine residues (K120
and K204), with side chains within 2.8 A of the DHAP
carbonyl group, are positioned to act as viable proton donors
(Figure 1, based on distances between the nitrogen atom of the
lysine side chain, and the carbonyl oxygen of DHAP in PDB
ID: 6E90™°). It was recently suggested” that the side chain
alkyl ammonium cation of K120, which is ion paired with the
side chain of D260, can function as a Brensted acid and donate
a proton to the carbonyl oxygen of the substrate. This was
based on the fact that in the structure of the nonproductive
ternary complex of HIGPDH-NAD-DHAP (PDB ID: 6E90°°),
the N, atom of K120 lies nearly coplanar with the plane
defined by the trigonal C=O bond of DHAP, facilitating
proton transfer from K120 to the carbonyl oxygen, whereas the
corresponding N, atom of K204 (distance 2.8 A) lies well
below this plane and was therefore judged to be less likely to
participate in the protonation of carbonyl oxygen (Figure 1).
In fact, truncation of the cationic side chain of K120 to alanine
(K120A) resulted in 5.3 kcal'mol™" destabilization of the TS
for reduction of DHAP by hIGPDH.’ Clearly, in addition to
acting as potential Brensted acids, both K120 and K204 will be
important in stabilizing the developing negative charge at the
carbonyl oxygen of the substrate during hydride transfer from
NADH and DHAP, and therefore it would be expected that
the truncation of either residue would be detrimental to
catalysis. In addition, K120 is involved in an ion pair with
D260, which would be expected to increase its pK,. However,
empirical pK, estimates of the pK, of these two lysine side
chains, performed using PROPKA 3.1°* (using PDB ID:
6E90™°), predict pK, values of ~8 and ~10 (chains A and B, in
which DHAP is bound in the active site) for the side chains of
K120 and K204, respectively.

In this work, we primarily focus on the rate-determining
hydride transfer reaction, which we model by performing EVB
simulations (Figure 1). Hydride transfer to the substrate
DHAP results in the formation of an alkoxide product with a
build-up of the negative charge on the carbonyl oxygen. At this
point, the pK, difference between the resulting alkoxide
(~17)% and either K120 or K204 (pK,s in the range of 8—10
based on empirical estimates using PROPKA 3.1)*" will make
the subsequent proton transfer reaction spontaneous and not
rate limiting, and therefore we have not focused on this step in
the present work. As described in the Methodology section, we
calibrated the hydride transfer catalyzed by wild-type hlGPDH
against existing experimental data, and then modeled the
reaction catalyzed by all substituted variants using the same
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Table 1. Calculated and Experimental Activation Barriers (AG¥), and Changes in Gibbs Free Energy (AG,) for Hydride
Transfer from NADH to DHAP, Catalyzed by Wild-Type and Variants of Glycerol-3-phosphate Dehydrogenase (hlGPDH) at
25 °C”

pubs.acs.org/acscatalysis

variant AGE, AG, AGy e AAG\f/T-»mut,epr AAGH - mugeate” AAGcalc-»exp
wild-type 142 142 + 0.3 —6.2 + 0.3 0.0 0.0 0.0
K120A 17.5 21.1 + 0.2 04 + 04 33 6.9 3.6
K120A/D260[H*]¢ 17.5 15.0 + 0.2 —84 +03 3.3 0.8 -2.5
R269A 20.5 16.7 + 0.2 —-1.1 +£03 6.3 2.5 —-3.8
Q295A 14.7 15.6 £ 0.3 —49 + 04 0.5 14 0.9

“The calculated energies are averages and SEM over 30 independent trajectories per system, determined as described in the Methodology section.

YThe difference between the experimental activation barrier for the hydride transfer reaction catalyzed by wild-type /IGPDH and the variant
enzyme (AAGE T e exp) “The difference between the calculated activation free energies for the hydride transfer reaction catalyzed by wild-type
hIGPDH and the variant enzyme (AAGWT_mm,t alo)- 9The difference between the experlmental and calculated activation free energies for the
hydride transfer reaction catalyzed by wild-type hlGPDH or the enzyme variant (AAGCQIC_,EXP) “The EVB calculated energetics for the K120A
variant with the D260 side chain protonated include a 2 kcal-mol™ correction for the protonation of this side chain, based on a calculated pK, of 6
from PROPKA 3.1,>* obtained as described in the main text. The experimental activation free energies are calculated from kinetic data presented in
refs 5, 20, 66 and in Table S5. All energies are presented in kcal-mol ™.

EVB parameters, allowing us to quantify and rationalize the
effect of different amino acid substitutions.

The resulting activation and reaction free energies from our
EVB simulations are shown in Figure 3 and Table 1 for all
enzyme variants, and representative snapshots of key stationary
points in the wild-type enzyme are shown in Figure 4. A similar

MC

£,
j{—";diP NAD*

<204 %KlZO K204 *KlZO

Figure 4. Representative structures of the reacting atoms in the key
stationary points for the hydride transfer reaction catalyzed by
hIGPDH at the MC, TS, and PS extracted from EVB trajectories of
this reaction. Structures were selected based on clustering analysis
using the method of Daura et al.®” as implemented in GROMACS
5.0.4.7** The distances of the hydride transfer from NADH are
highlighted and changing during the reaction, and the hydride being
transferred is shown as a sphere for clarity. Distances are shown as
average distances over the entire simulation trajectory (for the
corresponding distances for other variants see Table S6).

NADH

[z0s K120

computational protocol to model the effect of active site-
directed substitutions on the activation barrier for TIM-

catalyzed deprotonation of bound triosephosphate substrates
showed good agreement (+1 kcal-mol™") between AAG::XP and
AAGE, for eight different variants.”’ By contrast, in the
present case, there is good agreement between AAGZ, and
AAGH, for only the Q295A variant of hIGPDH, and large
dlfferences (AGH, — AGfXP) = AAGcalc_ﬂP of —3.8 and 3.6
kecal'mol ™!, respectively, for the R269A and K120A variants
(Table 1), resulting in a correlation coefficient of R* = 0.45
between the calculated and experimental activation free
energies (Figure 3).

The quality of the calculated predictions of AG is only as
good as the quality of the input structures provided for the
calculations. While one might expect the amino acid
substitutions presented in Table 1 to have only a conservative
effect on structure, the failure of calculations to model the
experimental effects of site-directed substitutions on AG* for
hydride transfer in the case of the K120A and R269A variants
are likely due to structural effects upon amino acid substitution
that are not captured in our model. Furthermore, based on our
simulations [averages and standard error of the mean (SEM)
from our equilibration runs] the smaller 2.7 + 0.001 A
separation of the &-NH;" of K120 and the carbonyl oxygen of
DHAP compared with the 6.9 + 0.003 A separation between
this oxygen and the R269 side chain cation predicts the larger
value of AAGE, for the KI120A compared to the R269A
variant. This suggests that the values of AAGfxp cannot be

/™ Closed

Open

Figure 5. Overlay of the tertiary structure of the wild-type ternary hIGPDH-NAD-DHAP complex (gold, PDB ID: 6E90>°), and the binary
hIGPDH-NAD complex of the R269A variant (blue, this work). Shown here are also the positions of key active site side chains responsible for
maintaining the closed conformation of the catalytic loop, as well as the relative position of the substrate DHAP and the cofactor NADH in the
wild-type ternary complex. As can be seen from this figure, the R269A truncation leads to opening of the flexible catalytic loop (292-LNGQKL-
297) coupled with the corresponding displacement of key catalytic residues such as K204.
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rationalized by a simple consideration of the electrostatic
interactions of these side chains with a negative charge that
develops at the carbonyl oxygen at the TS for hydride transfer.
We propose that the effects of these substitutions on AGfXP
reflect possible changes in the protein structure, which have
not been modeled by EVB calculations that assume similar
structures for ternary complexes to wild-type and variants of
hIGPDH. These have been outlined in detail below for each
substitution.

R269A Substitution. The R269 side chain forms an ion pair
with the phosphodianion at the Michaelis complex (MC) to
DHAP (Figure 1). If this side chain at wild-type hIGPDH is
positioned to provide optimal stabilization of the TS for
hydride transfer, then any effect of the R269A substitution on
the enzyme structure will result in an increase in AGZ
compared with AGY,, determined for wild-type hIGPDH.
To explore the role of this side chain in catalysis, we
determined a new crystal structure of the binary hIGPDH-
NAD complex using the R269A variant (see the Methodology
section and Table S7), in which it can be seen that truncation
of R269 leads to the opening of the flexible loop (Figure S)
that would be expected to allow for greater solvent penetration
of the active site. We note that we were unable to obtain a
structure of the ternary hIGPDH-NAD-DHAP complex,
despite the inclusion of DHAP in both the crystallization
and cryoprotecting solutions at a concentration 3X higher than
the Ky for the R269A variant.”

We propose that elimination of the cation—anion pair at the
R269A variant favors a change in the structure of the wild-type
ternary complex (Figure 1) from the active, tightly closed
structure™ to a less active open form, with a structure similar
to that for the binary complex between the R269A variant and
NAD reported in this work (Figure 5). The large value of
AG::xp = 20.5 kcal'mol™ would then reflect the low catalytic
activity of the open ternary complex of the R269A variant,
and/or the small fraction of the total R269A variant that exists
in the active closed form.>>’

The R269 side chain and 1.0 M exogenous guanidine cations
provide similar 9.1 and 6.7 kcal'mol™ stabilization,*’
respectively, of TSs for biomolecular hydride transfer to
DHAP catalyzed by the R269A variant of hIGPDH. This
provides evidence that an inactive open ternary complex for
the R269A variant is in equilibrium with a low concentration of
the active closed enzyme and that the binding energy of the
exogenous guanidine cation is utilized to drive this equilibrium
to the closed enzyme.'"”® There is similar evidence that
binding interactions of exogenous phosphite dianion and of
ethyl ammonium cations, respectively, are utilized to stabilize
active closed conformations of wild-type hIGPDH complexed
to GA and of the K120A variant complexed to DHAP.®® These
results emphasize the importance of the utilization of the
substrate or side chain binding energy in the stabilization of
rigid and structured active enzymes.””’" It is not surprising
that it might be difficult to model effects of side chain
substitutions that promote a large relaxation of the tight MC to
an open protein.

K120A Substitution. The ion pair between the K120 and
D260 side chains at wild-type hIGPDH suggests a role for
D260 in (pre)organization of the K120 side chain to provide
optimal stabilizing interactions with the anionic TS.>** The
K120A substitution replaces stabilizing interactions between
the side chain cation and anionic TS with destabilizing
interactions from the ionized D260 side chain anion. The

K120A substitution results in a calculated increase in the pK,
of the D260 side chain from 4.0 + 0.003 to 6.0 + 0.004
(average values and sem of pK, values estimated for snapshots
taken every 100 ps of our equilibration runs, evaluated using
PROPKA 3.1*"). This means that at pH 7.5, 4% of the total
side chain will be protonated. Upon protonation of D260 in
the K120A variant, two water molecules interact with the
carbonyl oxygen of substrate DHAP, one of which is located in
the hole created by the D260 side chain and is highly stable
over our simulations. This water molecule interacts favorably
with the developing O-2 anion at the TS for hydride transfer,
and, when combined by the removal of the electrostatic
repulsion between the D260 side chain and the developing
charge on the O-2 anion at the TS for hydride transfer, leads to
a lower calculated barrier of 15 kcal'mol™ for this variant
(Table 1). This value includes the energetic penalty for
protonating the D260 side chain at pH 7.5 (we obtain an
activation free energy of 13 kcal'mol™ for this variant if
assuming the side chain to be fully protonated). We note again,
however, that the presence of this side chain in its protonated
form is a rare event, and the deprotonated form of D260 will
still dominate. In addition, a recent computational study”" has
suggested that the protonated form of D260 acts as a general
base donating a proton also in the wild-type enzyme; however,
it is implausible that the D260 side chain would be protonated
in the wild-type enzyme as this side chain clearly forms a salt-
bridge with the side chain of K120 (Figure 1).

Probing the Molecular Basis for the Catalytic Effect
of hIGPDH. Having examined the energetic impact of different
amino acid substitutions on the enzyme-catalyzed reaction
(Table 1 and Figure 3), we then proceeded to explore in more
detail the molecular origin for the catalytic effect of hIGPDH as
well as the effect of the different active site substitutions
studied here. We first examined protein—substrate interactions
in the form of total hydrogen bonds formed between the
protein and the substrate DHAP (Table S8). We note the
formation of nearly 8.5 hydrogen bonds between the substrate
and protein residues at the MC in the case of the wild-type
enzyme and the Q295A variant, and between 6.6 and 8
protein—substrate hydrogen bonds in the case of the K120A
and R269A variants. These numbers increase by ~1 hydrogen
bond at the transition and PSs for the wild-type enzyme and
the R269A and Q295A variants and decrease by about 0.5
hydrogen bonds in the case of the K120A variant (where we
also over-estimate the activation free energy by 3.6 kcal-mol ™).
It is clear that the loss of stabilizing hydrogen-bonding
interactions would be catalytically unfavorable, and indeed, we
obtain a good correlation between calculated activation free
energies and the corresponding average number of protein—
substrate hydrogen bonds at the TS (R* = —0.7 calculated
using linear regression analysis).

Following from this, we examined the electrostatic
contributions of each individual amino acid to the calculated
activation free energies (AGY, Figure 6 and Table S9),
extracted from our calculated EVB trajectories using the linear
response approximation (LRA),35’ * as in our previous
work. ™" Figures 1 and 5 illustrate the position of key
catalytic residues in the active site. Unsurprisingly, the main
stabilizing interactions come from the two active site lysine
side chains (K120 and K204), offset to some degree by a
destabilizing interaction with the D260 side chain. The
truncation of either lysine side chain to alanine would
therefore lead to a significant loss in electrostatic stabilization
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Figure 6. Electrostatic contributions (AAGE,, kcalmol™) to the
calculated activation free energies for the hydride transfer reaction
catalyzed by wild-type hIGPDH and variants. These values were
calculated by applying the LRA*>>7? to the calculated EVB trajectories,
as in our previous work.”**! Calculated values are averages and SEM
extracted from 30 independent EVB trajectories. All energies are
provided in kcal'mol™'. Shown here are only those residues that
contribute at least 0.5 kcal'mol™ to the calculated activation free
energies, and the SEM is <0.1 kcal'mol™' for all systems. The
corresponding raw data for this figure are presented in Table S9.

of the TS, as observed also in Table 1 in the case of the K120A
variant. Surprisingly, we obtain only modest stabilization from
the R269A side chain (Figure 6), supporting that the role of
this residue is primarily to facilitate binding of the
phosphodianion group of the substrate and closure of the
catalytic loop. Included in Figure 6 is also the sum total
electrostatic contribution of all solvent molecules in the system
for comparison.

Related to this, we also compared the active site volumes of
wild-type and substituted forms of hlGPDH, calculated using
the POVME 3.0°* (Table S10). This yields an active site
volume of 24.6 + 7.2 A® for the wild-type enzyme, with smaller
increases to 31.6 + 10.2 and 26.9 + 7.4 A® in the case of the
K120A and Q295A variants, and a substantial increase to 78.0
+ 10.0 A3 in the case of the R269A variant. The increase in the
R269A variant would be consistent with incomplete closure of
the catalytic loop, as suggested also by the crystal structure of
the binary complex (Figure S). Note that these data were
calculated based on snapshots taken from our equilibration
simulations, which were performed at the EVB TS, as
described in the Methodology section, and are averages and
standard deviations over all snapshots used for the calculations.

As larger active site volumes would be expected to also
increase the solvent exposure of the reacting atoms, we
additionally calculated the number of water molecules within
4.0 A of the reacting atoms (donor, hydride, and acceptor), at
the MCs and TSs of the hydride transfer reaction catalyzed by
hIGPDH (Table S11), extracted from our EVB simulations. As
can be seen from this data, the substitutions allow for a slight
increase in the number of water molecules in close proximity
to the reacting atoms, with up to an additional water molecule
being able to enter the active site upon truncation of K120 and
R269 site side chains to alanine (note that Q29S5A behaves
similarly to the wild-type). We obtain a high correlation (R* =
0.9, calculated using linear regression analysis) between the
number of active site water molecules and the calculated
activation free energies. The observed loss of enzyme activity
upon increased solvation of the active site is in good agreement
with previous computational studies on enzymes, such as
TIM,” ketosteroid isomerase,”” and serum paraoxonase 1,7
among others.

We also examined the impact of the active site substitutions
on the geometric parameters (donor—acceptor distances and
donor—hydride—acceptor angles) for the hydride transfer
reaction catalyzed by this enzyme (Table S6). In the case of
the substitutions, the donor—acceptor distance increases (again
slightly) compared to the wild-type enzyme; however, the
differences are typically small (<0.4 A), and there is no clear
trend between the geometric parameters and the calculated
activation free energies. Therefore, based on this data,
variations in the donor—acceptor distance are by themselves
unlikely to account either for the catalytic effect of the wild-
type enzyme, or for the detrimental effect of the substitutions
on hIGPDH activity.

Finally, we considered the correlation between the
calculated activation and reaction free energies (AGE,. and
AG) 1 respectively) for the redox reaction catalyzed by wild-
type hIGPDH and its variants (Figure 7). From this data it can
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Figure 7. Correlation between calculated activation (AGE,) and
reaction (AGy,,.) free energies for the hydride transfer reaction
catalyzed by wild-type and substituted forms of hlGDPH. Correlation
coefficients and Brensted f values were calculated using linear
regression analysis. For an overview of the reaction mechanism, see
Figure 1, and for the raw data used to make this figure, see Table 1.

. . 29,31 .
be seen that, as in our previous work on TIM, %31 there is a

good linear correlation between both the experimental (R* =
0.8) and calculated (R* = 0.9) activation free energies, and the
calculated reaction free energies for the hIGPDH-catalyzed
hydride transfer reactions, with slopes of 0.9 for both
correlations (calculated using linear regression analysis). This
suggests that our calculations are likely doing a good job of
capturing the electrostatic stabilization of the intermediate/PSs
of the energetically unfavorable charge transfer process
occurring during the redox reaction. However, they are missing
larger structural effects and changes to conformational
dynamics upon introducing these amino acid substitutions,
as is clear for example from our HREX simulations of the
R269A variant (see the subsequent section for discussion of
changes in loop dynamics upon the truncation of R269 to
alanine).

Exploring the Role of the Flexible Active Site Loop in
Catalysis by hIGPDH. Based on the calculated active site
volumes shown in Table S10, it can be seen that the amino
acid substitutions considered in this work both expand the
volume of the active site as well as increase its flexibility (as
evidenced by the larger standard deviations on the calculated
values for the different KIGPDH variants studied in this work,
with the exception of Q295A which is similar to the wild-type
enzyme) and that this effect is particularly pronounced in the
case of single and double substitutions that include R269A. As
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a final point, in order to further explore potential differences in
flexibility of the active site loop (L292—L297) between the
wild-type enzyme and the R269A and Q295A variants, we also
performed HREX-MD simulations as described in the
Methodology section in order to explore the dynamics of the
flexible loop in hIGPDH. Here, the loop motion was defined as
a function of the RMSD of the flexible loop (residues L292—
L297), and the distance between the centers of mass of the N-
terminal domain and the C, atoms of the flexible loop. The
population probability obtained from the simulations was then
translated into the free energy landscape, as shown in Figure 8
(for the convergence of the HREX-MD simulations see Figure
S3).

From Figure 8, it can be seen that in the case of the both
binary complexes or unliganded forms of wild-type, Q295A
and R269A hIGPDH (Figure 8A,B,D,E,GH), the loop is
highly flexible and occupies a large energy basin. In the case of
the ternary complex of wild-type hIGPDH (Figure 8C),
substrate binding focuses the conformational dynamics of the
loop, confining it to a smaller basin at a CoM distance of ~20
A, closer to the crystallographically observed closed con-
formation of the enzyme (PDB ID: 6E90™°). This is consistent
with the expected ligand-gated conformational change upon
binding of substrate DHAP.'**>”*~7® This conformational
change is driven largely by the interactions between the
substrate phosphodianion and the cationic side chain of R269,
and is essential for the placement of the C-terminal domain of
the enzyme in a catalytically competent position, through
further interactions with other residues in the two helices
(R269—T280 and E285—1291) and loops (G281—-1284 and
1292—1297) of this domain. Specifically, the catalytic loop
(292-LNGQKL-297) undergoes closure upon hydrogen bond

formation between R269 and Q295 side chains. Therefore, full
loop closure is lost in the ternary complex of the R269A
variant, where the loop is highly flexible, with the highest
population of the loop occupying a “near-open” conformation
of the loop, at a CoM distance of ~23 A (Figure 8I).

The inability of the loop to sample fully closed
conformations in even the complex of the R269A variant is
because of the loss of the key interaction network between the
phosphodianion group of the substrate, the R269 side chain,
and the Q295 side chain (Figure 1), which appears to be
essential for maintaining the closed conformation of the loop.
In addition, this interaction network is essential for the correct
placement of the C-terminal domain of the enzyme, through
further interactions with the other residues in the two helices
(R269—T280 and E285—L291) and loops (G281—1284 and
L292—1297) of this domain. The truncation of R269 to
alanine disrupts this interaction network, causing the C-
terminal domain to move further from the active site (Figures
S and 8), resulting in the large loss of activity observed in this
variant in large part because of greater solvent penetration into
the active site. Interestingly, the Q295A variant (Figure 8D—F)
behaves in a fashion that is more similar to that of the wild-
type enzyme, and, in the ternary complex, this variant is also
able to sample conformations of the catalytic loop that are
similar to the closed conformation observed in the wild-type
crystal structure. This is in agreement with the small impact of
this substitution on the experimental activation free energy for
the reduction of DHAP by hIGPDH (Table 1). However, even
in this variant, the observed closed conformations are transient
because of the increased flexibility of the loop as a result of the
truncation of the Q295 side chain. Therefore, while the R269
side chain appears to play an important role in the closure of
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full dimer).

the enzyme, also the truncation of Q295 appears to be
detrimental to the ability of the enzyme to sample catalytically
competent fully closed conformations.

Furthermore, the observations of Figure 8 are supported by
examining the RMSF of all backbone C, atoms in each
simulated system (Figure S4). This data indicate that while the
catalytic loop (292-LNGQKL-297) is relatively rigid in the
wild-type ternary complex and in the ternary complex of the
Q295A variant, the loop is much more flexible in the ternary
complex of the R269A variant, in agreement with our HREX-
MD simulations (note that in the unliganded forms and the
binary complexes, this loop shows similar flexibility in all
variants).

Following from this, we have examined protein—substrate
hydrogen bonding interactions and active site volumes during
our HREX-MD simulations of the ternary complexes of the
wild-type enzyme and the R269A and Q295A variants (Figure
SS and Tables S12—S14). From Figure 8, it can be seen that
our HREX-MD simulations do not indicate the presence of
individual discrete energy minima but rather indicate the
presence of a wide range of loop conformations that are all
thermodynamically accessible (within 1—2 kcal-mol™" of the
predicted minimum). Therefore, as a starting point for this
analysis, we have projected the number of protein—substrate
hydrogen bonding interactions onto the free energy land-
scapes, as shown in Figure 8, as a function of the same order
parameters (Figure SS). As can be seen from this figure,
unsurprisingly, we observe a larger number of protein—
substrate hydrogen bonding interactions in the case of the
wild-type enzyme and the Q29SA variants, where the loop
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samples more closed conformations at the ternary complex
than in the case of the R269A variant where the loop appears
to be unable to easily sample a closed conformation (Figure 8).
This observation is supported by examining the protein—
substrate hydrogen bonding interactions at the centroids of
each of the core states obtained from clustering analysis
performed on the HREX-MD free energy surfaces using
InfleCS,> as described in the Methodology section (Tables
S12—S14). In the case of the wild-type enzyme (Table S12),
the observed number of protein—substrate hydrogen bonding
interactions ranges from 11 in the structure with the smallest
CoM distance to 6 in the structure with the largest CoM
distance (i.e., the least and most open conformations of the
loop, defined as a function of the CoM distance). In the case of
the Q295A variant, we observe a similar narrow range of values
(4—8 interactions depending on loop conformation), which
drops to 0—4 interactions in the R269A variant, again
depending on loop conformation. This is a more radical
drop than observed in our EVB simulations (Table S8), but
this is likely representative of the fact that the much shorter
timescales of our EVB simulations do not allow for full opening
of the catalytic loop (the system maintains an average
backbone RMSD of 0.46 A across all trajectories in our EVB
simulations). In contrast, in our HREX-MD simulations, we
observe much greater conformational flexibility of the loop,
with substantial loop opening (average RMSD of ~11 A from
the initial crystal structure), which causes the more dramatic
loss of key protein—substrate interactions in the R269A variant
compared to the wild-type enzyme and the Q295A variant.
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In addition, similarly to our EVB simulations (Table S10),
which show similar average active site volumes for the wild-
type enzyme and the Q295A variant, with a huge increase in
the average active site volume in the R269A variant, we
observe much larger active site volumes in the R269A variant
(Table S14) than we do in either the wild-type enzyme (Table
S12) or the Q295A variant. We note that we observe much
larger active site volumes overall from our HREX-MD
simulations than from our EVB simulations (Table S10),
but, once again, this is due to the longer simulation timescales
and the enhanced sampling, which allows for greater sampling
of more open loop conformations in our HREX-MD
simulations than in our EVB simulations. The increase in
active site volume caused by the opening of the catalytic loop
would be expected, in turn, to lead to greater solvent exposure
of the active site, which our EVB simulations indicate is
catalytically detrimental.

Overall, these observations agree well with kinetic data that
indicates similar activation free energies for the hydride
transfer reaction catalyzed by the wild-type enzyme and the
Q29SA variant, with significantly higher activation free
energies in the case of the R269A variant (Table 1).>2*
That is, the R269A truncation is observed to increase the
activation free energy for the hydride transfer reaction by 6.3
kcal-mol™". Our EVB simulations capture 2.5 kcal-mol™" of this
effect, but, as the catalytic loop remains closed in our EVB
simulations, they do not fully capture the active site changes
caused by the increased mobility of the catalytic loop. The
remaining ~4 kcal'mol™" of the observed increase in activation
free energy in the R269A variant is likely linked to the altered
conformational ensemble of the ternary complex of the R269A
variant toward a more open conformation of the flexible loop,
and the associated loss of stabilizing interactions with the
substrate in the absence of the full loop closure.

Finally, we calculated DCCM in order to explore the
correlated motions in the ternary complexes of wild-type
hIGPDH and the R269A variant. Figure 9 indicates the
existence of several anticorrelated motions in both enzyme
variants, especially in the C-terminal domain. We note that
while the HREX-MD simulations were performed for the full
dimer, only DCCM for one monomer are shown in panels
(B,E) for clarity. It can be seen here that both correlated and
anticorrelated motions appear to be reduced in the R269A
variant compared to the wild-type enzyme. In the case of the
catalytic loop, this likely occurs due to the loss of interactions
between the R269 side chain and the ligand, which keeps the
loop in a relatively rigid closed state in the wild-type enzyme.
We note also that the K120 and R269 side chains are a part of
a highly conserved set of amino acid side chains that extend
from Q295 to K120, and which include N270, N2035, K204,
T264, D260, and K120 (Figure 1). Clearly, any perturbation of
this network is likely to disturb several hydrogen bonds.

Our observations are further supported by the community
network analysis performed using Bio3D,’® which shows 18
communities in total (Figure 9). The residues that fall into
these community nodes are color coded in accordance to their
community and as shown in Figure 9A,D [note that the
community network analysis is shown for the full dimer, but
only one monomer is shown in panels (A,D) for clarity]. The
flexible loop and surrounding region (spanning residues
E275—E300) exist as separate communities in the wild-type
enzyme, which is relatively rigid compared to the R269A
variant, due to the absence of the hydrogen bonding network

the R269 side chain participates in the latter case. Therefore,
this community vanishes and becomes part of the larger C-
terminal domain community in the R269A variant. This
provides further evidence that the R269 side chain plays a vital
role in facilitating a network of hydrogen bonding interactions
that are critical for attaining a catalytically optimal closed
conformation of the enzyme.

B CONCLUSIONS

Human glycerol-3-phosphate dehydrogenase is a biomedically
important enzyme’® that, like related enzymes such as
TIM,">'* OMPDC,"® f-phosphoglucomutase,'® and 1-deoxy-
p-xylulose-S-phosphate reductoisomerase,'”'® is activated by a
ligand-gated conformational change that in turn ultimately
stabilizes the TS for the hydride transfer reaction catalyzed by
this enzyme.""

While there have been extensive structural®'"®* and
biochemical "**~'*%*%* studies of this enzyme, corresponding
computational investigations of the reaction mechanism of this
enzyme and the role of flexibility of the catalytic loop (292-
LNGQKL-297) in catalysis have been lacking. In particular, a
limitation of structural studies is the static view that is provided
in a single crystal structure. The use of multiple structures,
including of wild-type and mutant enzymes bound to multiple
ligands, can serve as the foundation for understanding the
dynamic nature of enzymes to be investigated through detailed
kinetic analyses and computational simulations. Simulations, in
particular, can play an important role in providing a detailed
analysis and thus expanding our understanding of the
structural, energetic, and dynamical differences introduced by
the substitution of key active site residues, thus rationalizing
experimentally observed changes in turnover numbers upon
introducing such substitutions.

In the present study, we perform detailed EVB*® simulations
coupled with HREX-MD simulations®” of wild-type hIGPDH
and variants, as well as providing a crystal structure of the
R269A variant, in order to better understand the reaction
mechanism and the role of R269 in maintaining the structural
integrity of the active site and allowing for optimal catalysis.

We have considered only the initial hydride transfer step as
the subsequent proton transfer would be expected to be
spontaneous (Figure 1). In addition, based on pK,
considerations, it is likely that any of the K120, K204, or
D260 side chains could fulfill the role of the proton donor for
the subsequent proton transfer step. That is, these three side
chains appear to have very similar pK, values ranging from 6 to
8 based on empirical pK, estimates using PROPKA 3.1.>* Note
that in the case of the D260 side chain, the value of ~6 refers
to the K120A variant where this side chain has the ability to be
partially protonated and take over the role of K120 (Table 1),
and not the wild-type enzyme. When this is compared to the
pK, of the alkoxide ion resulting from the hydride transfer step
(Figure 1), which would be estimated to be ~17,% it is clear
that the protonation of this intermediate will be facile, and any
of these three side chains could act as a potential proton
source, with the thermodynamically preferred proton donor
changing upon the introduction of active site amino acid
substitutions, such as in the case of the K120A variant.

Our EVB simulations show significant loss of electrostatic
stabilization upon truncation of the K120 side chain, resulting
in a corresponding increase in activation free energy. We note
that in the R269A variant, displacement of the C-terminal
domain disrupts the positioning of the K204 side chain (Figure
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5), which likely leads to the substantial experimentally
observed loss of activity in the R269A-based variants (Table
1). However, our calculations are not able to fully reproduce
this energetic effect, most likely due to structural changes in
the ternary complex that our calculations are unable to capture.
We have also explored the molecular origin of the observed
effects, noting an interplay between loss of stabilizing
interactions (both electrostatic interactions and hydrogen
bonds), and increased active site volume (leading to increased
solvent penetration of the active site) likely leading to the loss
of activity in the K120A and R269A variants.

The truncation of the R269 side chain to alanine has been
shown to be particularly detrimental to the catalytic efliciency
of the enzyme, showing 9.1 kcal'mol™" destabilization for the
reduction of DHAP,"" (in terms of decrease in k_,/Ky), and a
41,000-fold decrease in the turnover number (k_,).>*" This is
perhaps unsurprising in light of the fact that this residue
interacts with both the Q295 side chain (which is located on
the catalytic loop) and the phosphodianion substrate (Figure
1), and therefore provides both electrostatic stabilization of the
TS, and structural stabilization of the active site. We present
here a structure of the hIGPDH-NAD binary complex of this
R269A variant, and demonstrate that truncation of this residue
causes a shift in the position of the C-terminal domain, with an
associated shift towards a more open conformation of the
enzyme compared to the wild-type, as well as a shift in
placement of key catalytic residues as a result of this (Figure
S). This conformational shift is clearly important, as our EVB
simulations indicate that simply truncating the side chain of
R269 to alanine using the structure of the wild-type enzyme as
a starting point can only capture 2.5 kcal'mol™ of the
experimentally observed 6.3 kcal'mol™ increase in activation
free energy upon truncation of this side chain,>*° and,
therefore, electrostatic considerations alone are not sufficient
to fully account for the tremendous observed loss of activity.

Following from this, detailed HREX-MD simulations of the
wild-type enzyme, as well as computationally constructed
models of the ternary complexes of the R269A and Q295A
variants also highlight the greater conformational flexibility of
the catalytic loop. Furthermore, these studies suggest that the
R269A variant prevents the catalytic loop from reaching a fully
closed conformation even in the ternary complex (interest-
ingly, this effect is not as pronounced in the Q295A variant, in
agreement with the minimal impact of this substitution on the
experimental activation free energy, Table 1). DCCM analysis
and community modeling illustrate changes in both correlated
motions and community distribution upon truncation of R269
that provides further evidence of the vital role this residue
plays in facilitating a network of hydrogen bonding interactions
that are critically for being able to attain a catalytically optimal
closed conformation of the enzyme. In analogy, detailed
biochemical studies of the rate and equilibrium constants for
an analogous ligand-gated conformational change in orotidine
S’-monophosphate decarboxylase from Saccharomyces cerevisiae
(ScOMPDC) provide evidence that side chain substitutions,
which destabilize the closed form of ScOMPDC, result in a
decrease in k, for decarboxgylation when AG® > 0 for loop
closure at the MC to OMP.*° In the current case, the R269
side chain appears to be critical for holding the catalytic loop of
hIGPDH in a closed conformation, and therefore by analogy
modulation of the equilibrium constant for loop closure
(preventing full closure of the loop) upon truncation of this
side chain to alanine may be contributing to the large

11264

unfavorable effect of this mutation on k_,..”*° Therefore, in the
case of the R269A variant, the dianion binding energy is no
longer sufficient to drive full loop closure at the MC to DHAP,
so that the complex to DHAP exists in the loop open form,
that shows a low reactivity for hydride transfer to DHAP. In
the case of the K120A variant, in contrast, the partially
protonated D260 likely takes over the role of the excised side
chain (Table 1).

In summary, our simulations rationalize the effect of the
substitution of key catalytic residues, highlighting in particular
the impact of the loss of key stabilizing interactions, as well as
expansion of active site volume and increased solvation of the
active site as amino acid side chains are truncated as driving
forces for the experimentally observed loss of activity in the
enzyme variants studied here. In addition, we show that
regulation of conformational dynamics and structural stability
through precision in placement of key catalytic residues is
critical, and, in particular, the truncation of the R269 side chain
to alanine blocks the ligand-gated conformational change that
is absolutely essential to catalysis in this enzyme. As
biochemical studies of the rate and equilibrium constants for
the related ligand-gated conformational change in SCOMPDC
suggest a similar correlation between the equilibrium constant
for loop closure and the resulting turnover number,* it is likely
that this is observation is unique to h/GPDH but rather can be
a more common feature of enzymes that are activated by
ligand-gated conformational changes. Targeting this conforma-
tional change can therefore be harnessed both in protein
engineering, and in the design of selective inhibitors for this
biomedically important system.
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