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The role of glutamate dehydrogenase (GDH) in disease has been exhibited in
congenital hyperinsulinism, specifically, hyperinsulinism/hyperammonemia syndrome
(HHS). GDH catalyzes the reversible deamination of glutamate to 2-oxoglutarate.
Mutations in GDH can lead to GDH over activity, causing increased ATP production via
the Krebs Cycle and excess insulin release. In addition, GDH over activity leads to
depletion of glutamate, which is the source of the urea cycle precursor N-acetylglutamate.
Reduction of N-acetylglutamate leads to reduced urea cycle activity and increased
accumulation of ammonium. There are currently no treatments that directly target GDH
and HHS patients are only treated symptomatically. To address the need to develop HHS
therapeutics that directly target GDH, we began a computational investigation of the
mechanism of allosteric ligand binding to GDH. During our computational investigation,
we discovered a 40-year-old sequence error at the NADH/ADP/ECG binding site.
Residue 387 was mistakenly identified as asparagine rather than the correct amino acid
identity, lysine. The free energy penalty for the endogenous NADH ligand binding at the
site having the incorrect residue was +5 kcal/mol per binding site. On correcting the

sequence error our collaborators noticed improved refinement and electron density of the



ligands at the NADH/ADP/ECG site, which led us to continue our investigation of the
difference in NADH (inhibitor) versus ADP (activator) binding at the NADH/ADP/ECG
site. The computed binding free energy difference using thermodynamic integration is -
0.3 kcal/mol, which is within the -0.275 and -1.7 kcal/mol experimental binding free
energy difference range thereby allowing for postulation of how the structural changes
induced in GDH between the two ligands causes the switch from inhibitor to activator.
Visual analysis of the structural conformations agree with some structural findings of
ligand-GDH interactions but also challenge other interactions. Our computational
findings can serve as a hypothesis generator for experimentalists and guide them in both
drug design and in prioritizing mutations when further investigating allosteric ligand

binding to GDH.
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INTRODUCTION

Chapter 1

Glutamate Dehydrogenase: Disease and Structure

Abstract

Mutations in glutamate dehydrogenase are associated with insulin-related disorders,
specifically hyperinsulinism/hyperammonemia syndrome. Targeting glutamate
dehydrogenase with agonists and antagonists can serve as potential therapeutics in
treating diabetes type Il and congenital hyperinsulinism. However, progress in
developing therapeutics has been limited by the complex regulation of glutamate
dehydrogenase. Thus, using computational techniques, we provide some insight and
models that may address this impediment.

HYPERINSULINISM/HYPERAMMONEMIA SYNDROME

The most common cause of hypoglycemia in infants and young children is
congenital hyperinsulinism, which is a condition that causes abnormally high levels of
insulin in individuals.® Congenital hyperinsulinism is associated with mutations in four
genes: SUR1, KIR6.2, GCK and GLUD1. Genes SUR1 and KIR6.2 encode the sequence
for ATP-regulated potassium channel.! Patients require an autosomal recessive inheritance
of mutations in SUR1 and/or KIR6.2 to exhibit the hypoglycemic phenotype of congenital
hyperinsulinism. Gene GCK encodes islet glucokinase and gene GLUD1 encodes
glutamate dehydrogenase 1 (GDH).! Individuals with autosomal dominant inheritance of
mutations in GCK or GLUD1 exhibit the hypoglycemic phenotype of congenital
Hyperinsulinism.?

Individuals with point mutations in GDH can also have an asymptomatic 2-to-5
fold increase in plasma ammonia (hyperammonemia) in addition to protein-stimulated
hypoglycemia.? These individuals have ammonia blood levels around 100 pmol/L, which

is significantly higher than normal blood levels of ammonia of <35 pmol/L.? Thus, patients



with point mutations in GDH show a unique form of congenital hyperinsulinism known as
hyperinsulinism/hyperammonemia syndrome or HHS.?

GDH catalyzes the reversible conversion of glutamate to 2-oxoglutarate in the
presence of coenzyme nicotinamide adenine dinucleotide (NAD+). Guanosine
triphosphate (GTP) is the major inhibitor of GDH. Mutations in the GTP binding site result
in loss of GTP inhibition and GDH overactivity. This GDH overactivity is linked to HHS.®

Hyperinsulinism Mechanism

Increased GDH activity results in excess 2-oxo-glutarate production. 2-oxo-
glutarate feeds into the Tricarboxylic Acid Cycle (TCA) cycle and increases adenosine
triphosphate (ATP) production.* Elevated levels of ATP bind to ATP-regulated
potassium channels and closing of the ATP-regulated potassium channels occurs.* This
results in depolarization of beta cell and influx of calcium into the cell.* The binding of
calcium to microfilaments binding insulin causes a release of insulin from the beta cells.*
Thus, the persistent production of 2-oxo-glutarate caused by GDH overactivity results in

excess insulin production and severe hypoglycemia in HHS patients.*

GDH O O
Glu=— 2-oxo-ketoglutarate ~ Kreb's Cydle Q
O O : Insulin
CaZ+
K* ATP
Channel {zation
potar!
O peracel Ca?*

[llustration 1: Hyperinsulinism Mechanism Mechanism of insulin release in beta cells in
the islets of Langerhans of the pancreas via glutamate dehydrogenase metabolism of
glutamate.



Hyperammonemia Mechanism

Because GDH utilizes glutamate to produce 2-oxo-glutarate, GDH overactivity
results in a depletion of glutamate.® The depletion of glutamate halts the synthesis of N-
acetylglutamate.® N-acetylglutamate reacts with ammonia in the presence of carbamoyl
phosphate synthetase 1 to form carbamoyl phosphate.®> The initiation of the urea cycle
requires the catalyst N-acetylglutamate to react with ammonia to form the urea cycle
initiator carbamoyl phosphate.® Thus, without N-acetylglutamate, the urea cycle halts

and ammonia accumulates in the body.®

GDH
Glu—2-oxo-ketoglutarate

NAGS CPS1
l Glu —l Glur. N-Acetylglutamate—— Carbamoyl phosphate
NH,*
HCO;

2 ATP

Mitochondria

!

Urea Cycle

Illustration 2: Hyperammonemia Mechanism Mechanism of hyperammonemia in HHS
patients. Excessive GDH activity depletes source of glutamate for N-
acetylglutamate production. Lack of N-acetylglutamate production results in
accumulation of ammonia in the cell.

STRUCTURE

Mammalian glutamate dehydrogenase (GDH) is a homohexameric enzyme with
each monomer composed of approximately 500 residues.®° The assembly of GDH

involves three monomers interacting to form a trimer.® 112 The trimer then dimerizes



with another trimer to form the homohexameric complex® % 112, The two trimers have
extensive interactions and form a core at the center of the protein.® * Each monomer
contains the following structures: coenzyme (NAD) binding domain, catalytic mouth,
pivot helix, antenna helix, GTP binding site, ADP binding site, and pigtail helix.” 11
The antenna is a structure unique to mammalian GDH and is proposed to be involved in
the regulation of the enzyme.® ® 11319 To summarize, each homohexamer is a dimer of
trimers that has a total of 6 NAD binding domains, 6 catalytic mouths, 6 pivot helices, 6
GTP binding sites, 6 ADP binding sites, 6 pigtail helices, 6 antennae, and 1 core.
Glutamate dehydrogenase is a highly conserved enzyme across all organisms on Earth.®
Moreover, human isoforms are highly similar to bovine GDH. Bovine GDH has 81%

sequence identity with GDH (NCBI Blast). See Figure 1 for the structure of GDH.

Figure 1.  Structure of GDH. On the left is the monomer with each colored structure or
ligand: antenna (blue), pigtail (pink), pivot helix (gold), NAD binding
domain (purple), GTP (colored by atom), NAD+ (magenta), glutamate
(yellow). In the center is the trimer with each monomer colored in blue,
green or magenta. On the right is the hexamer (dimer of trimers) with each
monomer colored in blue, magenta, green, yellow, pink and lime.

Each monomer has an antenna, NAD+ binding domain, pivot helix, glutamate

binding domain, and GTP binding site. The NADH binding site is located between the



subunits (6 sites per hexamer). The catalytic site is comprised of the NAD+ binding
domain and glutamate binding domain. The residues involved in NAD+ and glutamate
binding include Q330, S276, E275, N254, V255, R211, K126, S381, K90, K114, N349,
A326, N169, and S170. The GTP binding site is located adjacent to the NAD+ binding
domain and is composed of residues Y262, R217, R265, R261, H209, H450, and H258.
The ADP binding site is located on the opposite side of the GTP binding site and adjacent
to the NAD+ binding domain. The ADP binding site is composed of residues R459,
R396, S393, K387, D119, R86, and H85.2 See Figure 1.2 for a depiction of these sites.

FUNCTION

GDH catalyzes the deamination of glutamate in the presence of the coenzyme
NAD or NADP to produce 2-oxoglutarate and ammonium.® 13223 The proposed
mechanism of catalysis is as follows: glutamate binds into the open catalytic mouth with
slight preference over coenzyme binding, underneath the NAD binding domain.® The
coenzyme binds at the NAD binding domain surface located above glutamate.® The
binding of NAD induces the NAD binding domain to rotate approximately 18 degrees
and firmly close the catalytic mouth down on glutamate and the coenzyme.® As the mouth
closes, the bottom of each antenna helix rotates out counter-clockwise and appears to
push against the pivot helix.® The pigtail, located in the descending loop of the antenna,
expands and shortens as the mouth closes.® The pivot helix rotates counter-clockwise
along the helical and trimer threefold axes.® Finally, the core compresses as the trimers

come closer together and the hexamer ‘exhales’ as the mouth closes.®

REGULATION

The two most commonly described regulators of GDH are guanosine triphosphate

(GTP) and adenosine diphosphate (ADP).5: 12 13.24-26 The GTP binding site is located at



the "jaw" of each subunit (see Figure 1.2).° The jaw is the space located between the
NAD binding domain and the pivot helix. When the NAD binding domain closes, the
space of the GTP binding site increases.® This allows GTP to interact with GDH via its
triphosphate group and prevents product release from occurring.® 12227 |n contrast, the
ADP binding site is located underneath the pivot helix and behind the NAD binding
domain.® 1213 |t seems unexpected to have ADP bind in an area that locks the pivot helix
in place. However, mutational studies have revealed that ADP interacts with the basic
residue R463 on the pivot helix to assist in opening the catalytic mouth.'® It was found
that if R463 is mutated to alanine, the enzyme is not activated by ADP even though ADP
can still bind at the same site.' The differences in the way GTP and ADP interact with
GDH explains how they may antagonistically affect each other’s binding sites but also

have opposite effects on the NAD binding domain.®
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Figure 1.2: Monomer with GTP, ADP, NADH, and NAD+ bound at their respective
sites. As depicted above, GTP and ADP/NADH are on opposite sides of the
pivot helix (gold). GTP binding site is located in the jaw region (orange) and
pivot helix with residues in yellow. The NAD+ binding site is locate
adjacent and under the jaw region with residues colored in red. The
ADP/NADH binding site is colored in green and also involves the pivot
helix. All ligands are colored by atom.

Nevertheless, both GTP and ADP act as energy measures and regulate GDH by
sensing the energy state of the mitochondria.® 2 When in a high-energy state, the wealth
of triphosphates make the GDH inhibition more favorable.® 1228 In contrast, when in a
low energy state, the higher levels of ADP activates GDH to produce 2-oxoglutarate and
promote the activity of the Krebs cycle.® 1228 The current hypothesis of GDH allosteric
regulation 1s that GDH is kept in a tense state while the subtle fluctuations in the
ADP:GTP ratios adjust GDH activity.® Other allosteric inhibitors and activators include
palmitoyl-coA, NADH, ATP, diethylstilbestrol, zinc, and leucine, beta-2-
aminobicyclo[2,2,1]-heptane-2-carboxylic acid (BCH), ADP, respectively.®

Mammalian glutamate dehydrogenases have several actively acetylated lysine

residues.?® The most reactive lysine sites on bovine glutamate dehydrogenase are K503,



K480, and K477.%° Each monomer has a K503 residue, which is located near the GTP
binding site.?® This lysine residue is known to undergo acetylation at a second order rate
of 757.85 x 10> M!'s™! to inactivate GDH.? The K480, K477, and K480 residues are
located on the trimeric antennae and are acetylated at a second order rate of 205.79 x 10>
M~!'s! inactivate GDH.?

There are several mutations found in GDH that lead to its overactivity and
inevitably result in hyperinsulinism/hyperammonemia syndrome in patients. These
mutations are found around the GTP binding site (H262, R265, Y266, R269, R221,
H454, and K450), in the pivot helix (H454, K450, and S448), between the pivot helix and
pigtail (A447, G446, and S445), in the pigtail (Q441 and F440), and in the antenna (L413

and N410).%%0-32 See Figure 1.3 for a depiction of residues involved in HHS.



HHS Mutations

Region between Pigtail and Pivot Helix
GTP Binding Site: R221, H262, R265, Y266, R269, H454, K450 ,

Pivot Helix: H454, K450, S448

Region Between Pivot Helix and Pigtail: A447, G446, S445
Pigtail: Q441, F440

Antenna: L413,N410

Pivot Helix

Antenna GTP Bindina Site

Figure 1.3: Residues in GDH associated with HHS when mutated.

We are interested in understanding native ligand binding sites and their relation to
GDH activity to provide insight in GDH therapeutic development. While this discussion
of GDH-ligand binding may seem simple, there are some phenomena that we would like
to investigate. For example, in Chapter 2, we identify an important residue in ligand
binding that was previously misidentified and its relation to the NADH/ADP/ECG
binding site. In Chapter 4, we discuss why the NADH/ADP site could have both
inhibitory and agonistic effects depending on the ligand bound. However, before
discussing our experiments, | provide a brief introduction to computational chemistry in
Chapter 2, where | will discuss common computational procedures to model protein-

ligand binding and computing binding free energies.
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Chapter 2

Computational Approach

Abstract

The theoretical computation of binding free energies can involve a variety of techniques
and a myriad of approaches. Some of the more common techniques used in this study as
well as across the scientific community includes molecular dynamics sampling and
alchemical transformation techniques such as free energy perturbation and
thermodynamic integration.

MOLECULAR DYNAMICS

Molecular dynamics is a computational technique that utilizes statistical mechanics
to bridge the gap between the macroscopic and microscopic states of a sample.! For this
project, the macroscopic state of interest is the binding free energy difference while the
microscopic states are the momenta and positions of the atoms within each GDH molecule.
The free energy difference is a function of the potential energy of the system and the
potential energy of the system is a function of the momenta and positions of a system in a
particular state. The momenta and positions of the atoms are generated by integrating
Newton’s laws of motion.? A commonly used algorithm to integrate Newton’s equations
of motions is the Verlet algorithm.2 The Verlet algorithm uses the atom’s previous (time =
t-ot) and current (time = t) positions and accelerations to determine the new positions in
the future (time =t + &t).2 Below is the derivation of the Verlet algorithm.

H(t+51) = 1(t) + v()St + 5 a3t + ... 1)
(t-51) = r(t) — v()t + > a3t - ... @)
Add (1) and (2)
r(t+8t) + r(t—5t) = 2r(t) + a(t)dt?
r(t+8t) = 2r(t) — r(t—5t) + a(t)dt? (Verlet Algorithm)
The velocities do not appear in the Verlet algorithm but can be computed by taking

the difference of the future position and past position of the atoms and dividing by 25t.?
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Thus, integrating Newton’s equations of motions allows for the atomic positions and
velocities to vary with time thereby producing trajectories with successive protein
configurations.? Equation 3 shows the computation of velocity without using the Verlet
Algorithm.

v(t) = [r(t+3t) — r(t=5t)]/2At  (3)

Initiation of molecular dynamics simulations require an initial configuration of the
system of interest.? Initial structures can be experimentally determined structures or when
no experimental structure exists, theoretical models predicted computationally by software
such as MODELLER? 3. Our studies used the more reliable crystal structures deposited in
the Research Collaboratory for Structural Bioinformatics (RCSB) database. The resolution
of the structures we usually hope to use is 2.5A or better, which allows for structural
observation of heavy atoms such as carbon, nitrogen, oxygen, sulfur and phosphate, but
not for hydrogens. Thus, hydrogens were computationally added. Structures with higher

resolutions are avoided for computational modeling.
FREE ENERGY CALCULATIONS

Because thermodynamics is state dependent and path independent, the use of non-
physical intermediates can be implemented in free energy calculations and have shown to
reproduce experimental values. Two common techniques to evaluate free energy
calculations using alchemical transformations include free energy perturbation and
thermodynamic integration.*

Free Energy Perturbation

The free energy perturbation (FEP) technique was introduced by Robert Zwanzig
in 1954 and relates two free energy states to the weighted change in their potential energies
by the Zwanzig equation® (see equation 4):

AG(A—B) = G(B)- G(A) =-1/B In{exp( — B(Us — Ua))) (4)
where G(A) is the free energy of the initial state, G(B) is the free energy of the final state,

AG is the free energy difference between G(A) and G(B), B is the inverse Boltzmann

14



constant multiplied by the absolute temperature (f = 1/kgT), Ua is the potential energy of
the initial state and Ug is the potential energy of the final state. Note that the potential
energy is a function of the system’s positions.

Sampling the energies of only the initial and final states limits the number of
conformations sampled in phase space thereby reducing the accuracy of the free energy
difference calculations.* In order to enhance sampling of the phase space of the states, the
computation of the free energy difference can be divided into multiple intermediates, which
are typically denoted by A.* The number of intermediates used can be unique for each

system and are classically uniformly sampled for simplicity. 4

Thermodynamic Integration

Like FEP, optimal calculation of the binding free energy difference using
thermodynamic integration (TI) requires a thermodynamic path consisting of non-phyical
intermediates (1).* However, in contrast to FEP, the binding free energy computed using
Tl is accomplished by integrating the thermodynamic path from state A to state B.°
Equation (5) shows the relation of free energy to the thermodynamic path from state to
state B.® Integration can be approximated using the trapezoid method or Simpson’s rule.

AG(A—B)= [(UA()-Up(L)), dA (5)
TI can be related to FEP by taking the taylor expansion of the exponent in the Zwanzig equation.
AG =—ksT 2 In {exp (-B [Us=i+1 - Us=i]))
AG = —ksT 2 In{(1 - B [Usi+1 - Upi]))
AG = 2 (Ussist - Ui
Using this relationship, we can utilize the changes in potential energy computed from our
FEP simulations and compute the TI binding free energy difference (AAGTi) in addition

to the FEP binding free energy difference (AAGrep).
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Alchemical Transformation Method and Thermodynamic Cycles

While determining free energies of non-physical compounds in wet-lab
experiments is impossible, theoretical computation of non-physical intermediates has
proven to be an effective method of enhancing sampling and resulting in free energy
calculations similar to those obtained experimentally. Because thermodynamics is
dependent on the end states and independent of the path taken to the end state, using
alchemical intermediates is viable method to compute free energies.’

Alchemical intermediates are built depending on the approach used: dual topology
or single topology.* 8 In the dual topology approach, one alchemical molecule contains two
components: the appearing atoms of the end state and the disappearing atoms of the initial
state. Both appearing and disappearing atoms are simultaneously present during the
simulations and can only sense the environment, not each other. In the single topology
approach, a molecule is either appear or disappearing, but not both simultaneously as done
in dual topology. In our free energy calculations, the dual topology method was used as it
was determined to be the most optimal method for measuring free energies of ligand
binding to GDH because single topology methods showed larger errors in our calculations.

In addition to using the dual topology or single topology methods, the decoupling
of electrostatics and van der Waals energies can be accomplished.* ' Typically, the
decoupling of the electrostatics and van der Waals energies produces values with smaller
errors and we utilized this approach in our calculation of the binding free energy difference
of N387K sequence error. However, we avoided decoupling the electrostatics and van der
Waals components when computing the binding free energy difference of NADH versus
ADP binding to GDH due to complications when sampling.

The computational schematic for computing binding free energies are
thermodynamic cycles. In thermodynamic cycles, the initial state and end state are related

by the alchemical transformation (horizontal legs) and the change in solvation between the
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same initial or end state (vertical legs). See Figure 2.1 for an example of a thermodynamic
cycle. Because one must end the same place as one started in the thermodynamic cycle, the
sum of the components must equal zero. Thus, moving clockwise, one can determine the
sign of each free energy component and sum the components to equal to zero. From there,
one set the solvation (vertical leg) free energies to equal the alchemical transformation
(horizontal) free energies and thus relate the binding free energy difference to the

alchemical transformation free energies as well as the solvation free energies.

AG, _
A e Ligand > A* e Ligand
AG4 AAG - 7 AGQ
A + Ligand » A* + Ligand
AG;

Figure 2.1: Example thermodynamic cycle. A is the wild type protein and A* is the
mutant protein.

Finite Size Effects

As mentioned previously, the binding free energies are computed using the
potential energy of the system. The potential energy of the system has both bonded and
non-bonded components, one of which is the computation is the electrostatic component.
Finite size effects are errors that arise when treating the long-range electrostatics using the
Ewald method of a system in which the charge of the system changes.'? While the charging
free energy depends on the applied methodology, neglecting correction terms can impair
the thermodynamic interpretation of protein-ligand interactions.!? For example, when

alchemically transforming an asparagine residue to a lysine residue, the charge of the

17



system gains a +1 charge from the lysine. Particle mesh Ewald method does not handle the
long-range electrostatics of a non-neutral system well, thus, corrections have been included
to address the errors that arise from conducting such computations.'? Several of methods
have been implemented in attempt to correct for finite size effects including a background
neutralizing plasma, simultaneous ion mutations, twin simulations with opposite counter-
ion mutations, numerical corrections and analytical corrections. The correction method
chosen for our studies is the Hummer et al. correction'?, which is an analytical correction

that has proven sufficient for both small ion and large protein complexes (see Equation 6).

AGeorrection = '13 CEwald (qlz'QOz) X 332 (6)

SUPERCOMPUTING RESOURCES FOR COMPUTATIONAL BIOLOGY

Abstract

Because the computation of free energy requires computing the bonding and non-bonding potential
energies of each atom, the memory and processing power of a desktop becomes inadequate when
attempting to observe protein conformational changes in the presence or absence of ligands on the
nanosecond to microsecond timescale. Thus, large-scale processors in supercomputers allow for
large computations to be completed within days instead of months using parallel computing
techniques.

TACC Supercomputing Center

The supercomputing resources utilized to compute binding free energy calculations
were supercomputers Stampede2 and Lonestar5 at the Texas Advanced Computing Center
(TACC) in Austin, TX.®* With Stampede 2, we have access to 4,200 Knights Landing
(KNL) nodes and 1,736 Intel Xeon Skylake (SKX) nodes.*®* Each KNL node contains 68
computer processing units (CPUs) and each SKX node contains 48 CPUs.™® Thus, we were
able to compute microsecond trajectories of the N387K sequence error while using the
KNL nodes in 48960 corehours.

Lonestar 5 was used for our second computational investigation, which compared

NADH to ADP binding in GDH. We have access to 1,252 nodes in the Lonestar 5
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supercomputer with each node containing 24 CPUs. Large systems, such as the solvated
GDH-ligand complexes (~200,000 atoms), require 2 nodes with a total of 48 computer
processing units (CPUs) to most efficiently complete runs within two weeks. Smaller
systems, such as solvated ligand systems (~5,000 atoms), require 1 node and a total of 24
CPUs to complete within a few days. In addition to large processing power,
supercomputers allow for temporarily storing data in the terabyte (TB) range. This allows
for the extraction of large energy data sets as well as detailed visual inspection of
trajectories.

The following chapters discuss our computational experiments used to model
glutamate dehydrogenase interacting with native ligands, such as ADP and NADH.
Chapter 3 discusses the importance and binding free energy penalty of a 40 year-old
sequence error found in the bovine GDH sequence that is located in the NADH/ADP
binding site. After identifying the error, the improved electron density and
crystallographic structure of the ligands as well as the binding site led us to investigate
the binding of both NADH and ADP at the NADH/ADP binding site (chapter 4). As
mentioned previously in chapter 1, NADH at the NADH/ADP binding site acts as an
inhibitor by preventing product release while ADP at the NADH/ADP binding site
functions as an activator. Understanding the binding of both the activator (ADP) and
inhibitor (NADH) can provide insight in understanding the functionality of an inhibitor or

activator at the NADH/ADP site.
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ABSTRACT

Mammalian glutamate dehydrogenase (GDH) has complex allosteric regulation
that is essential for a number of essential pathways . In particular, the loss of GTP
inhibition causes the hyperinsulinism/hyperammonemia syndrome (HHS) where insulin is
hypersecreted upon consumption of protein. The archetypical HHS lesion is H454Y and
lies in the GTP binding pocket. To better understand the mechanism of HHS, we
determined the crystal structure of this mutant. The mutation effects are limited to the
H454Y GTP contacts. The bovine GDH crystal structures were then minimized to prepare
for computational analysis and unusually large deviations were found near the allosteric
NADH binding site. We found that this was due to the several errors in the older chemical
sequence. Perhaps the error with the greatest impact on ligand binding was that residue 387
should be lysine rather than asparagine and is located in an allosteric site where activators
(ADP and NAD") and inhibitors (NADH, Epigallocatechin 3-gallate, and Epicatechin
gallate) bind. All structures were re-refined and the electron densities for the bound ligands
were greatly improved. The binding free energy differences for NADH binding were
calculated using free energy perturbation to change lysine to asparagine at residue 387. The
binding free energy penalty going from the correct to incorrect sequence found is +5
kcal/mol per NADH binding site. Additional analysis of this region of the protein suggests
that the previous model for ADP activation is too simplistic. Therefore, correcting this error

is important in understanding allostery and the development of GDH targeted therapeutics.
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Broader Audience Abstract:

Glutamate dehydrogenase is a key enzyme involved in amino acid catabolism. As such, it
is heavily regulated in animals by a wide array of metabolites. The importance of this
regulation is most apparent in a genetic disorder called hyperinsulinism/hyperammonemia
(HHS) where patients hypersecrete insulin upon the consumption of protein. We
determined the atomic structure of one of these HHS mutants to better understand the

disease and also analyzed the other major allosteric regulatory site.
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INTRODUCTION

Mammalian glutamate dehydrogenase (GDH) is a homohexameric enzyme that
catalyzes the reversible conversion of glutamate to a-ketoglutarate in the mitochondrial
matrix2. In animals, GDH is allosterically regulated by a wide range of small molecules
with major activators being leucine and ADP and major inhibitors including GTP, NADH
and palmitoyl CoA (for a review, see 1).

While the existence of this complex allosteric regulation has been known for
decades, the importance of GDH allostery has only been recently identified from studies
on the Hyperinsulinism/Hyperammonemia Syndrome (HHS)3 #. HHS patients have point
mutations that directly or indirectly abrogate GTP inhibition of GDH. Children with HHS
have increased B-cell responsiveness to leucine and susceptibility to hypoglycemia
following high protein meals®. This is likely due to uncontrolled amino acid catabolism
that stimulates insulin secretion and yields high serum ammonium levels. In the pancreas,
dysregulated GDH causes an exaggerated insulin response to amino acid consumption by
increasing the flux of glutamate to a-ketoglutarate that, in turn, boosts ATP formation that
stimulates insulin degranulation®. In the kidneys, high glutamate catabolism leads to
increased ammonia output ©. In the CNS there is a high correlation between HHS and
epilepsy, learning disabilities, and seizures that are independent of the high ammonium and
hypoglycemia ’. This is likely because glutamate and its derivative, y-aminobutyric acid,
are important neurotransmitters.

The complexity of GDH allostery makes the thermodynamics and kinetics of GDH
regulation in relation to its structure a long-standing problem “. Since the bovine GDH
protein sequence is 98% identical to human GDH sequence with 100% similarity near
substrate and regulatory binding sites, bovine GDH is an excellent surrogate for human

GDH.
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GDH is a homohexamer composed of a dimer of trimers (Figure 3.1) 2. Each

2 In the structure of the bovine

monomer contains approximately 500 residues
GDH/NADH/GIU/GTP complex (Figure 3.1; pdb 3MW9), NADH and glutamate (the
abortive complex) are observed in the active site and cause the ‘closed’ conformation
where the NAD binding domain is closed tightly over the active site 2. The inhibitor, GTP,
binds at the base of the antenna between the pivot helix and the top of the NAD binding
domain. A second molecule per subunit of NADH binds beneath the pivot helix between

adjacent subunits and is presumed to inhibit GDH 8. This allosteric site is particularly

complex since it binds the inhibitor ECG ° as well as the activators ADP *° and 75-E10 1,

Antenna

Figure 3.1: View of bovine GDH trimer in the inhibited state bound to NADH. NADH
bound at the second site is shown in mauve. The trimer is composed of
monomer A (blue), monomer B (red) and monomer C (green). The overlap
of each NADH binding site between two adjacent monomers is shown.
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The goal of this work was to examine the properties of the GTP inhibitory site with
regard to HHS. We determined the structure of mutant human GDH with the HHS
mutation, H454Y. Even though this mutation causes >400-fold decrease in sensitivity to
GTP, it causes insignificant changes to the GTP binding site other than sterically interfering
with GTP binding and eliminating a potential salt bridge with the B-phosphate. In other
words, the conformation of the GTP binding site remains the same, but the presence of
tyrosine eliminates favorable interactions GTP has with histidine. In preparation for in-
silico studies on the GTP binding site, the structure of bovine GDH complexed with
NADH/GIu/GTP was energy minimized. Abnormally high deviations from the starting
structure were observed in the second, allosteric, NADH binding site. While trying to
understand the cause for these deviations, we found several inconsistencies in the bovine
GDH sequence that affects the x-ray crystallographic structures 1IHWZ, 3MW9, 3MVQ,
1IHWY, INQT, INR7, 3ETE, 3JCZ, 3MVO, 3QMU, 3ETD, 3ETG and the cryo-electron
microscopy structures 3JCZ, 3JDO, 3JD1, 3JD2, 3JD3, 3JD4, 5K12% 810 1215 Ap
interesting consequence of the errors involves the NADH/ADP/ECG allosteric binding site
geometry and interactions. Further these sequence errors have nontrivial consequences on
the computed thermodynamics of NADH binding and therefore other compounds at the
same site. From the corrected and refined structures, it is also clear that the previously

proposed model for ADP activation is likely too simplistic.
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MATERIALS AND METHODS

Structure determination of the H454Y-huGDH mutant.

The H454Y mutant of human GDH was cloned, expressed, and purified as
previously described 6. H454Y GDH crystals were prepared using the vapor diffusion
method and sitting drop apparatus. The enzyme was dialyzed against 0.1M sodium
phosphate, pH 6.8 and adjusted to a concentration of 3.75mg/ml. The reservoir solution
contained 10% PEG 8000 (w/v), 0.1M sodium chloride, 1.3% octyl-B-glucopyranoside
(w/v), 7.5% methyl pentanediol (v/v), 0.1M sodium phosphate, pH 6.8, and 1mM sodium
azide. The drop was composed of 8l reservoir, 1.35ul enzyme solution, and 0.65pl
water. The crystals were prepared for freezing in the Oxford system cryostream by
incubation in a synthetic mother liquor solution containing increasing concentrations of
glycerol. This solution contained 60mM sodium phosphate, 1% octyl-3-glucopyranoside
(w/v), 8% methylpentanediol (v/v), 50mM sodium chloride, 14% PEG 8000 (w/v), and
1mM sodium azide. The crystals were incubated for 30 minutes in this solution
containing 0, 2, 5, and 10% glycerol (v/v). At the end of these incubations, the
concentration of PEG 8000 in the synthetic mother liquor was increased to 22%, and the
crystals were incubated for 30 minutes in each of the solutions containing 12.5, 15, 17.5,
and 20% glycerol. Data was collected from a single crystal with dimensions of 0.22mm x
0.24mm x 0.11mm on a R-axis IV imaging plate system attached to a Rigaku generator.
The data set is composed of 260 diffraction images with oscillation angles of 0.4° and
exposure times of 45 min. The crystal belonged to the space group P1 and had unit cell
parameters of a=96.78A, b=98.44A, c=124.28A, 0=85.95, =69.34, and y=60.98. The

data collection statistics are shown in Table 3.1.
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Since this unit cell was nearly identical to that of the previously characterized
native huGDH crystals 1/, molecular replacement was used to determine this structure.
Phenix and COOT were used for structure determination and refinement, respectively.
Initially, the model was subjected to thirty steps of rigid body refinement without non-
crystallographic (NCS) restraints and then energy minimization with NCS restraints to
make sure the coenzyme binding domain was free to move if necessary. Simulated
annealing was then applied with NCS restraints, followed by energy minimization and
individual B value refinement. The histidine at position 454 (mutation site) was initially
modeled as an alanine. After two rounds of crystallographic refinement, a tyrosine
residue was modeled with respect to the electron density observed in a 2Fo-Fc map. This
was further corroborated by analysis of a Fo-Fc map with both positive and negative

contours. The final refinement statistics are summarized in Table 3.1(b).

Sequence Analysis

Bovine and human GDH share 100% sequence identity in the allosteric binding
sites. Thus, when residue 387 was found by modeling comparison to be identified as
asparagine in bovine but lysine in human, the bovine GDH sequence was reinvestigated &
19 The bovine GDH sequence originally used in all bovine GDH structures came from a
protein sequence determined by chemical modification published in 1972*° Five residues
were misidentified: N387K, G47S, A248V, V2711 and A272T. Of the five, only N387K
was located in a binding site and was determined to be the most deleterious to previous

interpretations of function.

Model Refinement

Crystal structure 3MW9 containing the incorrect sequence was minimized by
conjugate gradient for 4000 steps using the NAMD software. The root-mean-square

deviation was calculated for each atom using the incorrect sequence crystal structure as the
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reference state. A number of atoms located near the allosteric ligand binding pocket moved
greater than 3A which is unusual for a 2.7A structure. We compared the NADH binding
pocket (Figure 1) of 3MW9 (incorrect sequence) to a crystal structure of H454Y mutant
human GDH. When comparing both structures, it was evident that the sequences near the
NADH allosteric site were not identical when considering the free phosphate molecules
located near the NADH binding pocket in the mutant human GDH structure, which should
be in a similar location as the NADH B-phosphate group in 3MW9 (incorrect sequence).
Thus, residues located near the NADH binding pocket, particularly those near the NADH

phosphate group, were further analyzed via sequence alignment.

Free Energy Simulation

As we are interested in ligand binding to the allosteric sites, we calculated the consequences
of the sequence/structure issue on binding free energy differences in the presence and
absence of NADH. The GDH model used for simulation was the homotrimer (see Figure
1). We considered the difference in unbound vs NADH bound to pdb 3MW9 in the
previously published form and with the correct sequence. Each pair of monomers contained
a NADH molecule bound to the NADH binding site (3 NADH molecules bound total) and
each monomer initially contained the correct residue (Lys 387). This structure was placed
in 0.1M NacCl solution, minimized for 6000 steps and equilibrated for 1ns in an NPT
ensemble with a 2 fs time step. The CHARMMZ36 force field was used for atomic topology
and parameters. Particle-mesh Ewald with tinfoil boundary conditions was used for the
long range electrostatic calculations. The free energy was then computed for changing Lys
to Asn at residue 387. The dual topology technique was used to calculate the binding free
energy, where A=0 state is Lys 387 and A=1 state is Asn 387. The binding free energy
simulations were run for over 100 nanoseconds per A. The calculation was divided into 16

windows and the free energy was calculated using free energy perturbation techniques
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(Equation 1), where kg is the Boltzmann constant, T is the temperature at 300K and < >

represents the ensemble average 2.

AG= -kgTIn< e~ PAU > 6))

The binding free energy difference (AAG) was calculated for the thermodynamic cycle
shown in Figure 2.1. AAG may be computed as the difference of the vertical legs, which is
equal to the difference of the horizontal legs. The horizontal legs of the thermodynamic
cycle (AG1 and AGs) represents the free energy of changing lysine to asparagine with and
without NADH. AG1 and AGs are the sums of their electrostatic terms and van der Waals

terms.
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RESULTS

Structure of the H454Y mutant

Several mutations in the GTP binding site and antenna desensitizes GDH to GTP
inhibition 2% 22, While the HHS H454Y mutant has been extensively studied and is used as
an archetypal example of HHS 16 2 the structural effects of the mutation had not been
determined. The structure of H454Y was determined to 2.7A (Table 3.1, Figure 3.2). Using
the alignment routine in Pymol 24, the structure of apo human GDH was compared to apo
H454Y human GDH and the root-mean-square difference between the two structures was
0.35A (using 2855/3872 atoms). As with all apo GDH structures, the outermost region of
the NAD" binding domain has weak density because of its inherent flexibility in the
absence of bound substrates. However, the electron density around the GTP site was well
resolved and clearly showed the H454Y mutation (Figure 3.2A). As shown in Figure 3.2B,
the H454Y mutation does not affect any of the neighboring residues. Therefore, it is most
likely that the H454Y mutation directly interferes with GTP binding rather than by
deforming the binding site. To better examine this, the H454Y mutation was modeled in
the bovine GDH structure (H450Y in bovine GDH) where we have the structure of GTP
bound. Since the huGDH H454Y structure demonstrated that the mutation does not affect
other residues in the GTP binding site, we made the H450Y mutation in bovine GDH using
the VMD plug-in, Mutator. The complex placed in 0.1M NaCl and GDH was held fixed
while the solvent was minimized for 2,000 steps. The solvent was then held fixed and GDH
and its ligands were minimized for 200 steps. The entire system was then minimized for
2000 steps. As shown in Figure 3.2C, the effects of the tyrosine at 450 appear to be modest.
The hydroxyl group is very close to the B-phosphate of the GTP and may sterically interfere
with the phosphate interactions. Perhaps more importantly, the His to Tyr mutation would

likely eliminate the charge interaction.
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Wavelength
Resolution range

29.77-2.7 (2.797-2.7)

Space group P1
Unit cell (a,b,c,o.B,y) 96.803, 98.38, 124.3, 85.94, 69.35, 61.0
Unique reflections 90899 (7177)
Multiplicity 2.2(2.0)
Completeness (%0) 88.82 (70.29)
Mean I/sigma(l) 12.9 (2.0)
Wilson B-factor 45.77
R-merge 0.06 (0.24)
Reflections used in refinement 90875 (7176)
Reflections used for R-free 4607 (362)

R-work
R-free

0.2406 (0.2898)
0.2786 (0.3737)

Number of non-hydrogen atoms 23591
macromolecules 23256
ligands 75
solvent 260

Protein residues 2976

RMS(bonds) 0.008

RMS(angles) 0.95

Ramachandran favored (%) 91.36

Ramachandran allowed (%) 6.88

Ramachandran outliers (%0) 1.75

Rotamer outliers (%0) 5.73

Clashscore 10.71

Average B-factor 61.78
macromolecules 61.95
ligands 66.92
solvent 45.24

Table 3.1. Data collection and refinement statistics. Statistics for the highest-resolution
shell are shown in parentheses. Rmerge = > nkiCi(|Ihkt,i-<lhki>[))/> nkiYi Thit,ix
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Figure 3.2: Structure of the HHS H454Y mutant. A) Shown here is the electron density
of the region around the human GDH H454Y mutation that causes HHS. B)
This figure shows the structures of the sidechains that contact GTP before
(green) and after the mutation. C) Shown here are the energy minimized
structures of bovine GDH complexed with GTP/NADH/GIu before (green)
and after the H450Y (H454Y in human) mutation.
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Electron Density versus Protein Sequence

In preparation for examining GDH allostery, we compared the wild type crystal
structure to its minimized structure and searched for residues that moved more than 3A
away from their initial position. This was done to see if there were any significant
deviations in the GDH allosteric ligand binding pockets. The atoms in the GTP binding
site remained well within 3A of their respective crystal position while atoms in the NADH
binding site deviated greater than 3A. This led to the further investigation of residues in
the NADH binding site.

To ensure consistency of the NADH binding pocket between the H454Y mutant
GDH and the wild type GDH, both the residue composition and conformation were
compared. It was found that residue 387 was a lysine in the H454Y mutant structure and
asparagine in the bovine GDH structure. As mentioned earlier, there should be a 100%
identity between the bovine and human GDH sequences near the NADH binding site.
However, the older published bovine GDH sequence had residue 387 incorrectly identified
as asparagine instead of lysine which was used in the crystal structure refinements. Residue
387 is located at the interface of the allosteric NADH binding site. Table 3.1 shows the
distances between residue 387 and NADH in the incorrect, correct and mutant GDH crystal
structures. As shown in Table 3.2, the distance between NADH and residue 387 is reduced
by 63% when correcting residue 387 from an asparagine to a lysine. This moves the NADH
B-phosphate one shell (water diameter) closer to the NADH binding site, which is similar
to the free PO4* ligand in the H454Y mutant NADH binding site. This geometric difference
affects the binding free energy of NADH interacting with residue 387. Thus, we calculated
the binding free energy difference of lysine versus asparagine in the presence and absence
of NADH to compute the significance of the N387K sequence error for future drug or

ligand design.
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GDH Complex Ligand 387 to Ligand Distance (A)
Incorrect bovine seq (N387) NADH(BPO4* group) 6.2
Correct bovine seq (K387) NADH (BPO4+* group) 3.9
H454Y Mutant human GDH | POs* 3.2

Table 3.2:  Distances (A) between residue 387 and ligand in NADH binding pocket in
the incorrect bovine GDH, correct bovine GDH, and H454Y mutant human

GDH.

Evidence for the sequence error in the electron density

Shown in Figure 3.3 is the difference map (Fo-Fc¢) when 387 is an asparagine and

the 2Fo-Fc map after it was substituted by a lysine and re-refined. In the difference map,

the red density represents negative density where atoms should not be in the model while

the positive blue density shows areas lacking atoms in the model. After refinement, the

2Fo-Fc density well describes the lysine sidechain. Thus, the crystallographic data had

pointed to, and been consistent with, the error in the published sequence.
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Figure 3.3: Comparison of asparagine and lysine in 3MW9 electron density at residue
387. Asparagine (left) in the electron density is unfavorable as indicated by
the negative and positive electron density, (red and blue respectively) in the
Fo-Fc maps. However, these differences disappear when lysine is used
instead. It is important to note that the position of asparagine and lysine are
different in the figure because the re-refinement of 3MW9 resulted in a
conformational change when using lysine instead of asparagine in the
protein sequence.

Computed Free Energy Penalty

The total computed binding free energy penalty is +5 kcal/mol per NADH between
the incorrect and correct sequence forms. This was an average from all three binding sites.

(Figure 3.4). The errors were calculated using the block standard error (BSE) method 2

with a block size of 1000. The maximum errors in any window (see eq 1) for AG,
electrostatics, AG, van der Waals, AG; electrostatics, and AG, van der Waals were +0.086
kcal/mol, +0.043 kcal/mol, +0.047 kcal/mol and +0.046 kcal/mol, respectively. The
standard square root of the sum of each window’s variance for AG, electrostatics, AG, van

der Waals, AG; electrostatics, and AG; van der Waals were +0.20 kcal/mol, +0.088

kcal/mol, +0.13 kcal/mol and *0.11 kcal/mol, respectively. We can use a more

conservative propagation of errors taken as the sum of the 16 window errors, shown in

Table 3.3.
AG
K387 GDH Trimer-3NADH P N387 GDH Trimer-3NADH
AGy, AAG = +15 kcal/mol AG,
K387 GDH Trimer + 3NADH P> N387 GDH Trimer + 3NADH
AGq

Figure 3.4: Thermodynamic cycle used to calculate the binding free energy difference
of asparagine versus lysine as residue 387.
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AG, =107+1.1 AG, =92+0.94

AG, electrostatics =99+ 0.77 AG, electrostatics = 83 +0.52

AG, van der Waals =8 £ 0.36 AG3 van der Waals =9 +0.42

Table 3.3:  Binding Free Energy differences in kcal/mol for the trimer with summed
window errors using BSE n=1000.

The size of the computed sequence error effect on the free energy of binding for the
native ligand, NADH, would preclude any productive sort of computational screening of

other compounds based on free energy calculations with such a structure.

Structural analysis of the NADH/ADP/ECG site

As mentioned above, the NADH allosteric site is particularly puzzling since it binds
both activators (ADP) and inhibitors (NADH and ECG/EGCG). While we have not yet
determined the structure of GDH complexed with the compound 75-E10, our previous
binding studies demonstrated that it likely binds to this same site as well 1. Shown in
Figure 3.5 is the electron density of bound NADH, ADP, and ECG bound to this site. In
all cases, the quality of the electron density improved upon re-refining these complexes
with the corrected sequence. With the change of N387 to K387, it is necessary to reexamine
the interactions between GDH and the various allosteric regulators that bind to this site to
better understand how the various ligands can cause such disparate effects (Figure 3.6).
The view in this figure is approximately parallel to the ‘pivot helix’, looking into the
interface between two subunits within one of the trimers. To emphasize that this allosteric
site is at the interface between two adjacent subunits, the carbon atoms in the stick models
are shown in light blue or white. Each of the figures is labeled as either being ‘open’ or

‘closed’ to denote the conformation of the catalytic cleft. It is immediately evident that the
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newly introduced K387 interacts with all three ligands in both the open and closed

conformations while the previous erroneous N387 did not.

ECG

Figure 3.5: Electron density for the re-refined ligands bound to the NADH/ADP/ECG
site.
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Vi20\»
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Figure 3.6: Re-refined binding environments for A) NADH, B) ADP, and C) ECG.
Shown here are the potential contacts between GDH and the various ligands.
Since this binding site is comprised of two adjacent subunits within the
trimer, the carbon atoms are colored white or light blue to designate the
difference. Also noted is whether the catalytic cleft is in the open or closed
mouth conformation. Note that the K387 residue is now in contact with all
three ligands whereas the incorrect N387 did not in the previous model.
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Also noted on the figures are the results of our previous site-directed mutagenesis
studies °. In the case of ADP, R86S and S393I mutations had deleterious effects on
activation. The R86S mutation effects are not entirely surprising since the guanidine group
on the arginine stacks up against the purine ring in addition to interacting with the ribose
hydroxyl groups. The effects of the S3931 mutation are more complex in that S393 interacts
with all of the bound ligands but the mutation also abrogates GTP inhibition even though
it does not contact GTP. Therefore, it is not clear whether the S3931 effects are entirely due
to changes in the binding interface or whether it may also be related to subunit/subunit
communication as implied by the loss of ADP and GTP regulation when the antenna is
genetically removed 2. R459 interacts extensively with the B-phosphate of ADP. When
mutated to an alanine, ADP activation is completely abrogated. However, using TNP-ADP
as a fluorescent ADP analog 2%, it was clear that the R459A mutation did not block ADP
binding. This was somewhat unexpected and suggested that the mutation did not affecting
binding but rather the conformational changes necessary for ADP activation. The existence
of this unusual phenomenon was also suggested by the fact that the R459A mutation
increased the ED50 for diethylstilbestrol (DES) and GTP by nearly 5-fold and palmitoyl-
CoA by approximate 3-fold. From the structure of DES, it is likely to bind to the
GWS5074/bithionol site deep within the enzyme rather than the ADP site'®. Therefore, the
effects of the R459A mutation is not simply removing a charge on the pivot helix that
interacts with ADP. The effects of the D119A mutation is more simply understood. As
shown in this figure, the carboxylic acid group of D119 is close to the B-phosphate of ADP
and the charge on this acid is at least partially negated by the basic residues in the area.
Unlike the other mutations, the D119A mutant enhances the activation of ADP by
approximately 2-fold. It seems most likely that this mutation enhances binding and/or
action by increasing the positive charge in that area.

The effects of NADH bound to this site is less clear. NADH inhibition is only seen

at very high NADH concentrations, well above the measured binding of NADH to this
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site!. Nevertheless, it is well documented that GTP and NADH bind in a synergistic
manner?’ and this structure is in the ‘closed’ conformation where the catalytic mouth is
closed tightly on the abortive complex of NADH+Glutamate 2. Two of the more notable
changes are the positions of H209 and R459. In the open conformations in the ECG and
ADP structures, both of these residues are rotated down onto the bound ligand. Here, H209
rotates and interacts with the bound GTP while R459 is lifted up and away from the NADH
because of the closed conformation. The adenosine/ribose rings of the bound NADH
closely mimic that of ADP. However, the nicotinamide/ribose moiety hooks back down
into the protein near the base of the antenna. It is not clear whether this nicotinamide/ribose
moiety binding here causes inhibition and why NADH inhibition requires such a high
concentration relative to its Kd.

The structure of ECG is similar to ADP in that it is bound to the open conformation
of GDH in spite of the fact that NADPH was added to the crystallization mixture °. In this
conformation, H209 swings over to interact with the gallate ring (ring D) but does not
interact to the extent that the a-phosphate does in the ADP structure. Also, similar to ADP,
R459 swings down from the pivot helix to interact with the gallate ring. While the D119A
mutation enhances ADP activation, the same mutation abrogates ECG inhibition. The
difference is likely due to the fact that the carboxyl side chain forms hydrogen bonds with
the C ring of the flavanol moiety that are lost with the D119A mutation while the negation
of these charges eliminates the charge conflict around the B-phosphate in ADP. As with
ADP, the R86S mutation blocks ECG inhibition presumably by eliminating a hydrogen
bond to the OAR atom of the C ring of the flavanol group.

The N387K fixed and refined structures all yield more accurate details of the
ligand/GDH contacts. However, it is still puzzling why some ligands binding to this site
activate while others inhibit the enzyme. As we noted previously, GDH is a highly flexible
enzyme that undergoes large conformational changes during each catalytic cycle ®. To

better quantify these structural changes, several measurements were made comparing the
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open (ADP/GDH) and closed (GTP/NADH/GLU/GDH) structures (Figure 3.7). To better
illustrate the movements described below, the ascending antenna helices (red helix) of the
open (lighter hues) and closed (darker hues) conformations were aligned in this figure
(noted as #1). In the first measurement, the center of masses of the pivot helices were
calculated and found to move ~2.5A away from each other as the catalytic site closes (#3
and #4). Similarly, when the bottom quarter (N-terminal end) of the ascending helices were
analyzed, they also moved ~2.5A away from each other as the catalytic site closes.
However, the distances between the top quarter of the ascending helices remained
unchanged as the catalytic site closed. Essentially, that portion of the three helices (#5) is
the pivot point about which the ascending helices rotate about each other as the catalytic
site opens and closes. The descending helix of the antenna (#6) is caught right in the middle
of this conformational change with the top (N-terminus) being fixed near the pivot axis and
the bottom (C-terminus) being carried along for the 2.5A expansion as the catalytic site
closes. For this reason, the helix itself is distended in the closed conformation.

From these results, the effects of the various activators and inhibitors binding to
this same site maybe be due to more than particular GDH/ligand interactions but rather due
to the large conformational changes occurring in this subunit interface. For example, one
of the HHS mutations that abrogates GTP inhibition lies in this helix 1’ and the deletion of
the antenna region eliminates both GTP and ADP regulation 6. The S393I mutation not
only affects ADP activation but GTP inhibition as well. From these and several other
observations, it is apparent that the widely varying effects of ADP, NAD*, ECG, and 75-
E10 binding to this site may not be due to interactions with particular residues but rather
their larger effects on this complex movement between adjacent subunits within the
trimers.

The schematic in Figure 3.7B summarizes these movements in entire hexamer.
When the substrate binds (#1), the NAD binding domain rotates by ~20° about the pivot

helix (#2) and tightly closes the catalytic cleft (mouth). The base of the antenna rotates
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away from that subunit (#3) and pushes into the NAD binding domain of the adjacent
subunit. In this side view of the adjacent subunit, closure of the catalytic cleft from #2
rotates the NAD binding domain away from the center of the hexamer (#4). This, in turn,
opens up the ADP binding site (#5). All of these rotations and twisting motions compresses

the core of the hexamer (#6).
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Figure 3.7: A) Expansion and contraction of the NADH/ADP/ECG binding site. GDH
trimers from the open mouth (lighter hues) and closed mouth (darker hues)
are aligned along one of the ascending antenna helices (#1). As the catalytic
mouth closes, the ascending antenna helices (#2) and the pivot helices move
~2.5A away from each other (#3, #4) causing an opening of the
NADH/ADP/ECG binding site. This rotation occurs about the upper quarter
of the ascending antenna helices (#5), causing a distension of the descending
antenna pivot helix (#6). B) Schematic of the overall movement in GDH as
the catalytic mouth closes. GDH binds (#1) causing the NAD binding
domain to rotate and close upon the substrate (#2). The base of the antenna
rotates counter clockwise (#4) and the NAD binding domain rotates away
from the center of the hexamer. These rotations are twisting motions that
cause the core of the hexamer to compress (#5).

To better visualize the effects of these rotations and movements on the ADP binding
site, Figure 3.8 shows a surface rendering of this binding site in the open and closed
conformations. As with Figure 3.7A, the open conformation is represented by lighter hues
and the two adjacent subunits are colored in green and blue. The view here is approximately
parallel to the antenna, looking down into the allosteric site. In general, as the catalytic site
closes, the gap between the two subunits expand, enlarging the binding pocket. In the case
of the NADH/GLU/GTP/GDH complex, this allows for the nicotinamide/ribose moiety of
NADH to penetrate further into the subunit interface. Interestingly, this could explain the
binding synergy between GTP and NADH 2. Our previous structural analysis showed that
the triphosphate binding site for GTP only opens up when the catalytic site is closed. Here,
it seems that NADH would also prefer the closed conformation by virtue of the enlarged
binding pocket. Therefore, it seems likely that the positive binding cooperativity between
these two ligands 2 is due to this selection of the closed conformation. As the catalytic site
opens, this binding cavity compresses and the pivot helix rotates back towards it. This
places R459 directly above it and makes a smaller binding pocket that is better suited to
the ADP structure. An overly simplistic interpretation of this effect in relationship to ADP
activation is that the binding of ADP helps to compress this allosteric site that in turn makes
it easier to open the catalytic cleft and release the product. However, the ECG complex

appears to argue against this simple model. ECG was found to bind to the open
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conformation in spite of the addition of NADPH to the crystallization mixture. Therefore,
ligands that prefer the smaller pocket found in the open conformation are not necessarily

all activators.
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Figure 3.8: Surface details of the NADH/ADP/ECG binding site. In the closed mouth
conformation, the subunits (green and blue) spread apart by 2.5A, making
more room for the bound NADH in the top figure. In contrast, the subunits
compress by 2.5A in the open mouth conformation, making for better
interactions with the smaller allosteric ligands.
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DiscussION AND CONCLUSIONS

The original published sequence of bovine GDH has been used for a large number
of studies 2 810 1215 pyt unfortunately contained a few mistakes including that at residue
387 8, Those studies included 18 x-ray diffraction and cryo-electron microscopy structures
2,810,115 | ysine is the correct amino acid identity of residue 387 in the allosteric NADH
binding site, not asparagine. The thermodynamic impact of this mistake is shown to be +5
kcal/mol per NADH binding site which would disrupt most modeling and virtual screening
studies for allosteric compounds. In addition to residue 387, four other residues were
corrected in the bovine GDH sequence, specifically G47S, A248V, V2711 and A272T.
However, unlike N387K, these residues were located far from allosteric and catalytic
binding sites and are unlikely to require significant changes in interpretations.

The adjusted structures were re-refined with particular attention being paid to the
ligands bound to this allosteric site. Notably, the quality of the density for NADH, ADP,
and ECG all improved with N387K adjustment. However, as before, the density for the
outermost regions of the NAD binding domain were very poor in the open conformation
compared to that of the closed structure (GTP/NADH/GLU/GDH) even when the positions
of all 12 NAD binding domains were refined individually. This strongly suggests that the
NAD binding domain has marked flexibility when not clamped down upon substrate.

Together, these results suggest a modification of our previous model for GDH
allostery 1°. Whereas emphasis was placed on the rotation of the pivot helix and the
interactions between R459 and the B-phosphate of ADP, it now seems more likely that
allostery at this site depends upon the expansion and contraction between subunits within
the trimer as the catalytic site closes and opens, respectively. Since this motion involves a
wide area of the enzyme, including the entire antenna, there are numerous sites where

allosteric ligands and mutations could affect catalysis. Further, it becomes less of a paradox
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as to how different ligands can bind to the same location and cause opposite effects since
this expansion/compression process is such a large system of conformational changes.
Previous biochemical data on the H454Y mutant also suggests that allosteric
regulation of GDH is more complex than just ligands binding to their corresponding sites
18, The Ki for GTP in wild type human GDH is ~40nM and this increases by ~400-fold
(16uM) with the H454Y mutation. Interestingly, when the GDH from lymphoblasts was
examined from patients with the H454Y lesion, the inhibition pattern was monophasic with
a Ki for GTP of ~250nM. The monophasic nature of the inhibition curve suggests that the
GDH in the patients is a chimeric mix of the two types of subunits. If both types of subunits
are approximately equally expressed in the patients, then it follows that the effects of the
H454Y mutant are greatly dampened by having even a fraction of wild type subunits. This
would be consistent with the implications outlined above where subunit communication
plays a major role in the effects of allosteric regulators. In this case, the apparent
cooperativity among the wild type subunits is sufficient to overcome the lack of GTP
binding to the H454Y subunits. Importantly, this is in agreement with our previous finding
that eliminating the antenna, that does not bind any of the allosteric effectors, eliminates
ADP, GTP, and ECG regulation ?°. Clearly, further studies are necessary to fully
understand the structural details of the structural changes that occur in the hexamer after

allosteric ligand binding.
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ABSTRACT

Glutamate dehydrogenase (GDH) is a target for treating insulin related disorders,
such as hyperinsulinism hyperammonemia syndrome (HHS). Modeling native ligand
binding at the NADH/ADP binding site has shown promise in designing GDH inhibitors
and activators. Our computational investigation of the NADH/ADP site presented in this
paper provides insight into the opposite allosteric effects of binding inhibitor NADH
versus activator ADP to GDH. The computed binding free energy difference between
NADH and ADP using thermodynamic integration is -0.3 kcal/mol, which is within the -
0.275 and -1.7 kcal/mol experimental binding free energy difference range. Our
simulations show a model of ADP inducing the open conformation of GDH (activation)
and NADH promoting the closed conformation of GDH (inactivation), which supports
previous experimental observations and provides more detail for hypotheses. The
structural analysis of the important residues in the NADH/ADP binding site presented in

this paper may provide potential targets for mutation studies for allosteric drug design.
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INTRODUCTION

The role of glutamate dehydrogenase (GDH) in disease has been extensively
studied and shown to be involved in some forms of the hyperinsulinism
hyperammonemia syndrome (HHS) 2. Point mutations in a number of residues in and
around the binding site of the major GDH inhibitor, guanosine triphosphate (GTP)*”’
leads to uncontrolled catabolism of glutamate. There are also a number of HHS mutations
located outside the GTP binding site, particularly in the antenna region, that also affect
allosteric regulation of GDH.2 This increased activity of mutant GDH leads to excess
insulin secretion and accumulation of ammonium in HHS patients® °.

GDH catalyzes the reversible oxidative deamination of glutamate to 2-
oxoglutarate in the presence of coenzyme nicotinamide adenine dinucleotide (NAD(H))
or nicotinamide adenine dinucleotide phosphate (NADP(H)). In HHS, the increased
production of 2-oxoglutarate feeds into the Krebs cycle, stimulating adenosine
triphosphate (ATP) production, and increasing insulin secretion from B-cells in the islets
of Langerhans of the pancreas® °. Thus, dysregulated GDH activity leads to excess insulin
secretion and hypoglycemia in HHS patients. In addition, HHS depletes glutamate that is
necessary to produce the important urea cycle intermediate N-acetylglutamate, resulting
in the accumulation of ammonium & °. Mammalian GDH is allosterically regulated by
several metabolites that are indicative of cellular energy levels including adenosine
diphosphate (ADP), NADH and GTP": 1912, Therefore, under normal physiological
conditions in mammals, GDH functions as an energy sensor of the pancreatic cell and
correspondingly increases or decreases insulin secretion & %13 14,

The major allosteric inhibitor of GDH is GTP that binds to an allosteric site above
the catalytic mouth at the base of the antenna of mammalian GDH" . GTP binding

stabilizes closing of the catalytic mouth and prevents product release (the rate limiting
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step)” 1. In contrast to GTP, ADP allosterically activates GDH by binding to the
NADH/ADP binding site, abrogating GTP binding'® *’. The NADH/ADP binding site is
beneath the pivot helix, behind the catalytic cleft *>7. ADP binding facilitates the
opening of the catalytic mouth, as seen in X-ray crystal structures'8, thereby promoting
product release as observed in binding and kinetic studies'® *°. In addition to the active
site, coenzyme NADH can bind to a secondary site, the NADH/ADP binding site, and
enhances GTP inhibition of GDH activity by slowing product release®” %,

GDH can function as a soft-polymer of hexamers or as individual hexameric units
in the mitochondrial matrix?%. The GDH hexamer is a dimer of homotrimers with
approximately 500 amino acids per monomer'®>'7-22-%5 GDH structures show that each
monomer has a GTP binding site as well as an NADH/ADP binding site, thus, each GDH
hexamer can bind six GTP molecules, six ADP molecules, and six NADH molecules at
their respective allosteric binding sites. GDH functionality has been associated
experimentally with the hexameric form?®, but for computational expedience, the GDH

trimer was utilized in our previous®’” and current studies. Figure 4.1 shows the structure of

the GDH trimer and with NADH bound to the NADH/ADP binding site.
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Figure 4.1: Structure of GDH in the trimeric form bound to three NADH molecules at
the NADH/ADP binding site. Top view is on the right and side view is on
the left. Each monomer is colored magenta, green or yellow. NADH
molecules are colored in black and highlighted in light blue.

While the role of GDH in several diseases have been elucidated, developing
agonists and antagonists to target GDH remains a challenge because of its complex
regulation & 7. There are several models and theories discussing the mechanism of GDH
activation and inhibition, but they have yet to be validated experimentally?’. The X-ray
structures of wild type GDH in the open conformation and closed conformation as well as
GDH mutant structures have been determined 172225 In addition, many of the
structures that initially were determined using the incorrect protein sequence have been
updated with the correct sequence and showed improved electron density of the
NADH/ADP/ECG binding site!”. This allosteric site is of particular importance since it

binds both activators (ADP® and presumably the synthetic activator 75-E107) and
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inhibitors (NADH?® and the green tea polyphenol, EGCG/ECG™). It is not at all clear how
these different ligands can cause opposite effects by binding to the same site.

To better understand this complex regulatory site, the computational free energy
technique thermodynamic integration (T1)?" was used to compute the relative binding free
energy difference of NADH versus ADP binding to GDH. The free energies presented in
this article were calculated using T1. Free energies calculated using free energy
perturbation (FEP)? are included in the supplemental information section. The
conformational changes and free energy difference going from the GDH inhibited state

(NADH bound) to the GDH activated state (ADP bound) were modelled.
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METHODS

Software

Nanoscale Molecular Dynamics (NAMD) version 2.10%° was used for running
molecular dynamics simulations and Visual Molecular Dynamics (VMD) *° version 1.9.3
was employed for analysis of the trajectories. PROPKA 3.1%! in PlayMolecule®? was used
to determine the protonation state of GDH at pH = 7 and the psfgen, solvate and

autoionize plugins in VMD were used for further preparation of the systems.

Ligand System (AGs Computation)

For the solute in solution leg of the cycle one NADH molecule was transformed
into one ADP molecule using the dual topology paradigm?® **. This aqueous system
consisted of the solute molecule (PDB ID: 6DHD) placed in a 39A x 39A x 39A cubic
water box with 0.1 M NaCl. An NPT ensemble using a Langevin barostat and Langevin
thermostat was employed. The integration time step was 2fs. Minimization of the system
involved three stages utilizing the conjugant gradient method: 1) fixing the ligands and
minimizing the solvent for 40,000 steps, 2) fixing the solvent and minimizing the ligand
for 2,200 steps, and 3) minimizing the entire system for 40,000 steps. This process is
used before equilibration of the system. Each of the 16 lambda intermediates was
minimized (without fixing atoms) for 2,000 steps, equilibrated for 2 ns and run for 18 ns
per intermediate. A total of 288 ns was run for the entire free energy path. Simulations

were run in a NPT ensemble at 300K and 1 atm with TIP3P explicit solvent model.*®

Protein-Ligand Complex System (AG1 Computation)

Using PROPKA 3.1 on PlayMolecule, GDH was protonated for a solution pH of
7. The GDH homotrimer was complexed with three ligand molecules: one ligand per
NADH/ADP binding site. The system was placed in a 121A x 121A x 121A cubic water
box with 0.1M NaCl. The starting structure used was the GDH-NADH bound complex
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(PDB ID: 6DHD) because the x-ray structure was determined to higher resolution. The
simulation began with NADH and ended with ADP. Thus, the simulation involved the
gradual transformation of NADH to ADP at the NADH/ADP binding sites. The sampling
methods used for the small system was also used for the large system, except that each
lambda intermediate was equilibrated for ~5 ns and run for 23 ns instead of 18 ns to
achieve better convergence. Thus, the total set of trajectories was 368 ns. Simulations

were run in a NPT ensemble at 300K and 1 atm with TIP3P explicit solvent model.*®

Free Energy Calculations

Free energies were calculated using thermodynamic integration (T1). The
Hummer et al. correction® was added for the finite size effects of changing the charge of
the ligand (-2 to -3) using Particle Mesh Ewald (PME) for the long-range electrostatic
calculations. Equations 1 and 2 show the formulas for calculating T1 and Hummer et al.
correction, respectively. Free energies computed using T1 were integrated using the 3/8
Simpson’s method. Also, it is important to note that the lengths used to compute the
Hummer et al. correction (L=39A and L=121A) are approximate average lengths and that

the length of the simulation fluctuated in the NPT system.

i+1 [OU(A
AG= [ <%> dA M)
AGcorrection = '% CEwald (Q12'CI02) X 332 (2)
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RESULTS AND DISCUSSION

Binding Free Energy Calculation

Free energy changes presented in this paper were computed using TI (see
supplemental information for computations calculated using FEP). The binding free
energy AGa is equal to -50.90 kcal/mol (AG1 per binding site is -16.97 kcal/mol) and is
comparable to ~-20 kcal/mol association free energy of ADP-protein binding studies.®’
The alchemical free energy change AGs is equal to -14.64 kcal/mol and is comparable to
the reported -12 kcal/mol®® and -16.3 kcal/mol®® solvation free energies of adenine. The
binding free energy difference computed (AAGT = -0.3+1.882 kcal/mol; see Table 4.1
and Figure 4.3) was within to the experimental binding free energy difference range
(AAG = -0.28 to -1.7 kcal/mol; see Table 4.1).23° Figure 4.2 shows the free energies at
each intermediate for AG1 and AGs.

The errors were calculated using the block standard error (BSE) method* with a
block size of 1000. The maximum errors for AG1 and AGz were +0.317 and £0.471
kcal/mol respectively. The standard square root of the sum of each window’s variance for
AG1 and AGs were £0.963 and * 1.882 kcal/mol respectively. A more conservative

propagation of errors taken as the sum of the 16 window errors is shown in Table 4.2.

. - Experiment
Experimental Binding Constants (kgal /mol) T1 (kcal/mol)
Ko NADH Kp ADP AAGexp AAGT|
57 x 10°M @ 3x10°M? -1.7 0.3
57 x10°Mm?@ 35x10°MP -0.275 s

Table 4.1:  Computed binding free energy differences compared to experimental
binding free energy differences.  Koberstein, R. and Sund, H., 1973%. °
Frieden, C. 19594
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A window AG1()\) (kcal/mol) | AGsz(A) (keal/mol)
total 0.963 1.882
0 to 0.0625 0.317 0.471
0.0625 10 0.125 0.153 0.214
0.125 t0 0.1875 0.142 0.121
0.1875 t0 0.25 0.127 0.175
0.2510 0.3125 0.110 0.121
0.3125t0 0.375 0.102 0.127
0.375 t0 0.4375 0.093 0.138
0.4375t00.5 0.063 0.107
0.5 t0 0.5625 0.142 0.167
0.5625 t0 0.625 0.189 0.217
0.625 to 0.6875 0.200 0.267
0.6875 10 0.75 0.240 0.181
0.75 t0 0.8125 0.183 0.219
0.8125 t0 0.875 0.213 0.254
0.875 to0 0.9375 0.197 0.344
0.9375t0 1 0.311 0.418

Table 4.2:  Total error and errors per lambda window for AG: and AGgs calculated using
the block standard error method.
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Figure 4.2: Free energy calculations using thermodynamic integration (TI) per A
intermediate for AG: (top) and AGs (bottom).
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AG,
GDH Trimer ® 3 NADH » GDH Trimer ® 3 ADP

AG, |  AAGy e =-03+ 1.8 keal/mol | AG,

GDH Trimer + 3 NADH » GDH Trimer + 3 ADP
AG;

Figure 4.3: Computed relative binding free energy difference, AAG, of the alchemical
conversion of NADH to ADP bound and unbound to GDH using Tl is equal
to -0.3 kcal/mol. Note that AAG = AG1 - AGs = AG2 — AGa.

Structural Analysis of Conformational Changes

Figure 4.4 shows the catalytic motion of GDH, specifically in its trimeric form.
The catalytic mouth in the closed position is shown in light blue while the open position
is shown in orange. The mouth rotates approximately 18° between the open and closed
state. The core region is colored in red and is typically bound to a core region of a second
trimer (the GDH hexameric form is a dimer of trimers). However, the GDH trimer used is
solvent exposed and lacks some protein-protein interactions found in the hexameric form.

The root-mean-squared-deviation (RMSD) of the open conformation
(PDB ID: 6DHK) versus closed conformation (PDB ID: 6DHD) was compared to the
GDH-Ligands trajectories and the crystallographic structures® 8. Opening of the catalytic
mouth was observed in the GDH trimer/3ADP complex at the end state (A=1; see Table
3). The conformation of the end GDH state diverges from the closed conformation by
~3A and approaches the open conformation by ~1.5A.To further investigate the
conformational changes of GDH, the RMSD was determined for the regions of the

protein that have been identified as catalytically important and specified in Table 3.
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Table 4.3 shows the RMSD of the crystallographic open conformation as well as
the conformations from the simulations relative to the closed conformation. The regions
that deviate greater than 3A are the catalytic mouth (residues 250 to 350) and the antenna
region (residues 440 to 448), specifically the flexible loop (residues 418 to 425) and pig
tail regions (425-448). As expected, the core region has increased flexibility due to
increased protein-solvent interactions that are typically restricted by protein-protein
interactions in the hexameric form. In addition, the catalytic mouth opens significantly,
but rarely completely based on the 3.5A resolution X-ray structure (PDB ID: 6DHK)?*.

This is an exciting result since it appears to agree with the proposed models for
GDH activation and inhibition. During each catalytic cycle, the NAD binding domain of
the catalytic mouth closes down upon the substrate and coenzyme. After catalysis, this
domain opens to release the products and begin the catalytic cycle again. Therefore,
activators such as ADP cannot ‘lock’ the enzyme into a particular conformational state
but rather facilitates the slowest step of the reaction, NAD domain movement and product
release. The corollary is that inhibitors, such as GTP and NADH, act in the opposite
manner and make the NAD binding domain more difficult to move. These simulations
show suggest that ADP facilitates the opening of the catalytic cleft while the NADH

bound complex favors the closed state.
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Antenna Region
Flexible
Loop

Core Catalytic Mouth ~ Antenna Pig Tail  Pivot Helix

Residues

RMSD (A)
Crystals

Average
RMSD (A)
Trajectory

Maximum
RMSD (A)
Trajectory

Table 4.3:

50 - 175 250 - 350 400-418  418-425 425 -448 448 - 475

2.04 6.70 1.90 4.72 341 1.70
1.84 4.06 0.986 2.28 1.98 1.47
3.63 6.82 1.77 4.66 2.90 2.187

RMSD comparison of crystallographic GDH open conformation (pdb
6DHK) and simulation relative to GDH closed conformation (pdb 6DHD) at
different regions of GDH. RMSD crystals refers to the difference between
the open and closed crystal forms® 1°. Average refers to the difference
between the experimental ADP structure and that averaged over the A=1
trajectory. Maximum refers to the difference between the experimental ADP
structure and that of the maximum deviation over the A=1 trajectory.

Antenna

Catalytic
Mouth
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Figure 4.4:  RMSD comparison of crystallographic GDH open (orange) conformation
(PDB ID: 6DHK) relative to GDH closed (cyan) conformation
(PDB ID: 6DHD). In purple is the GDH trimer in the closed conformation
and in red is the core region in the open conformation, which is solvent
exposed in our simulations.

ADP BINDING AT THE NADH/ADP SITE

Our simulations agree with crystallographic studies®’ in that residues K387,
R396, H209, R459, R491, D119, V120, R86 and H85 are involved in ADP binding.
However, the interaction of these residues varied at each site, with the exception of V120
and H85 that always interacted with the adenine purine ring. At one ADP site, R491
interacts with the o and  phosphate groups while D119 interacts with the 2’ hydroxyl
group of the ribose and R86 interacts with the ribose ether oxygen. This is different from
previously suggested contacts in which R491 appeared to interact with the ribose
hydroxyl groups, D119 appeared to interact with the y phosphate and R86 was appeared
to interact with 2’ hydroxyl group. The second NADH/ADP site in the trimer shows a
different ADP-GDH interaction, one that better resembles the suggested interactions.
Residues R396, R459, K387 and H209 interact with the B phosphate and R86 interacts
with the ribose ether oxygen. R459 moves toward the 3 phosphate as the catalytic mouth
opens, thereby possibly stabilizing the open conformation. The 2’ hydroxyl group on the
ribose interacts with D119 for 14ns then moves to interact with R491. The third
NADH/ADP site shows the same 3 phosphate interactions with residues H209, R459,
K387, and R396; however, D119 and R491 both interact with the 2’ hydroxyl group on
the ribose. It is important to note that both crystal observations and our molecular
dynamics models show each monomer varying in NADH/ADP binding site conformation
as well as varying in the degree the catalytic mouth opens. Figure 4.5 shows each ADP

binding site with their respecting ligand-protein interactions.
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Figure 4.5: ADP interactions at each NADH/ADP binding site.

NADH BINDING AT NADH/ADP SITE

We can analyze the first and last windows of the thermodynamic integrations as
unconstrained molecular dynamics of the respective systems. The residues involved in
NADH binding include K387, H209, D119, R86, H85, V120, H195, 1192, H391, T87,
N388, and Y382 (all make contact with NADH except for Y382). The residues that
interact with the nicotinamide group are H195, 1192, H195, H391 and N388. The delta
amine on H195 interacts with the ribose hydroxyl; this interaction lasts for 20 ns. The
carbonyl oxygens on 1192 and T87 interact with the nicotinamide amine group. The
hydroxyl group on T87 also interacts with the nicotinamide amine. During the last 3ns of
the simulation, the amine on the nicotinamide moves to interact with the delta amine on
H391. The amine on N388 interacts with 02’ hydroxyl group (2-3A distance) and O3’
hydroxyl group (3-4A distance) for ~20ns. Although Y382 does not directly interact with
NADH, it appears that the Y382 hydroxyl stabilizes the position of H391 by interacting
with the H391 carbonyl for the entire 23ns trajectory. See Figure 4.6 below for the
residue contacts with NADH at the NADH/ADRP site.
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Figure 4.6: NADH binding at the NADH/ADP site.

The residues that contact the adenosine moiety of NADH include K387, H209,
D119, R86, H85 and VV120. Residue D119 carboxyl side chain maintains a close
interaction (1-2A) with O2’ hydroxyl group throughout the trajectory while H85 and
V120 maintain contact with the adenine group similar to ADP binding. K387 moves 2A
to maintain a close contact with the nicotinamide phosphates for the entire trajectory. In
contrast, H209 remains distant for ~20 ns then moves to interact with NADH phosphates
for the last 3ns. R86 begins by making contact and interacting with the NADH
phosphates for ~9ns then moves ~7-9A away. Residues R459, R491, and R396 remain
distant from NADH, which contrasts with ADP binding. It appears that the increase in
charge from -2 on NADH to -3 on ADP allows for increased duration and number of
interactions of the phosphate moiety with GDH, specifically with residues R459, R491,
H209, and R396.

Contrary to previous interpretations of the X-ray crystal structures!’, S393 does
not appear to favor ADP interactions in our simulations. Instead, it appears that the S393

hydroxyl group interacts with the E445 carboxyl group. This phenomenon is observed for
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both ligands in both of our NADH-GDH and ADP-GDH simulations. E445 is located on
the pivot helix, connecting the pivot helix to the pigtail region and S393 is located on a
disordered region directly connected to the end of the antenna. The interaction between
E445 and S393 limits the flexibility of the disordered region where S393 is located and is
present in both the closed and open conformation. Thus, this interaction may be
important for both the closed and open conformation possibly explaining why an S393I
mutation results in loss of both GTP and ADP regulation. The position of E445 in close
proximity to S393 is preserved by the ionic interaction between the carboxyl group on

E445 and the amine group on K387.

CONCLUSION

Our computational analyses show comparable results to the crystallographic
results with regard to the open and closed conformations in the presence of ADP and
NADH, respectively, as well as reproduction of the binding free energy difference. The
AAG produced by TI of -0.3 kcal/mol is close to the experimental AAG of -0.275 to -1.7
kcal/mol while AG1 and AGs values were comparable to previous adenine binding and
solvation free energies. These results are encouraging and the detailed analysis of the
conformational changes leads to insight into the cooperative motions of GDH upon
ligand binding. Future directions will include computing AAG utilizing a potential of
mean force to guide the conformation from the inhibited state (NADH bound) to the

activated state (ADP bound).
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SUMMARY AND FUTURE DIRECTIONS

As previously mentioned in the introduction, modeling ligand-GDH interactions
can provide insight in therapeutic development to treat insulin related disorders, such
HHS. The work presented in this dissertation discusses important interactions between
GDH with activator ADP and inhibitor NADH at the NADH/ADP binding site. Chapter 3
discusses the importance of residue 387, which was previously mistakenly identified as
asparagine instead of lysine. The free energy penalty for the mistake of having asparagine
instead of lysine at residue 387 would be +5 kcal/mol per binding site which would
prevent the structures from being useful for computational drug design methods. The
importance of having K387 is reinforced by our GDH-NADH and GDH-ADP models
presented in Chapter 4. With the improved electron density of NADH and ADP at the
NADH/ADP binding site after correcting residue 387 identity to lysine, we
computationally modeled the binding of NADH and ADP to GDH. While small but
important contributions were made to the field, there is always more to be done.

Additional studies to model native ligand binding to glutamate dehydrogenase
include simulating S3931 mutation to understand ADP and GTP binding as well as
modeling GTP binding in wild type GDH and HHS mutant H454Y GDH. In our
computational model of NADH and ADP binding to GDH, it was found that S393 was
not involved in ADP binding even though experimental mutagenesis studies show that
S393I results in loss of ADP and GTP regulation. While our computational studies do not
show S393 interacting with ADP, we have yet to model GTP binding to GDH and
observe potential interactions of S393 when GTP is bound. Modeling and comparing
GTP versus ADP binding in the presence of S3931 mutation can provide insight in
conformational changes that occur or potential change in contacts with ligands such as

GTP and ADP. Figure 5.1 shows the thermodynamic cycles we can use to model S3931
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in the presence of GTP and ADP to understand loss of ligand binding due to the S393I

mutation.
AG,
S393 GDH e Ligand » 1393 GDH e Ligand
AG, AAG =2 AG,
S393 GDH + Ligand » [393 GDH + Ligand
AG;

Figure 5.1: Thermodynamic cycle to compute free energy penalty of S3931 mutation in
the presence of a native ligand, such as ADP or GTP.

Figure 5.2 shows the thermodynamic cycles we can use to calculate the additional
binding free energy values of ligand-GDH complexes. These cycles can be used to isolate
and determine the favorable GTP binding conformations that agrees with the binding free
energy values showing an increase affinity of GDH for substrate and cofactor binding.
This is important to distinguish GTP binding and GTP inactivation. H454YGDH is
mutant GDH found in HHS patients, K387GDH is wild-type GDH with the correct
bovine GDH sequence (pdb 6DHD), and ApoGDH is the unbound GDH structure (pdb
1L1F). N387GDH is the original bovine GDH crystal structure that contains the wrong
sequence and was previously discussed in Chapter 3. The reason it is important to
observe ligand-GDH interactions in the presence or absence of NADHc (cofactor) and
substrate (glutamate) is because the GTP mechanism of inhibition involves the increased
affinity of the GDH enzyme for the cofactor and substrate binding induced upon GTP
binding. Calculating the binding free energy of H454Y mutant interacting with GTP in

the presence or absence of cofactor (NADHc) will demonstrate if the affinity for the
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cofactor (NADHCc) is decreased when GTP is bound. H454Y GDH mutant interacting

with phosphate or GTP in the absence of NADHc and glutamate does not show if the

binding affinity of mutant GDH for the cofactor (NADHc) and glutamate has changed.

Thus, GDH interacting with regulatory ligands in the absence of cofactor and substrate

only elucidates GTP binding and not GTP inactivation of GDH.

» H454YGDH + GTP
AGan l
> » H454YGDH:NADH + GTP
AGap l
K387GDH:NADH + GTP
AGs l
—* K387GDH:Glu:NADHc:NADH + GTP
AGaa l
AGap1
» H454YGDH:Glu:NADHc:NADH + GTP
AGss l
AGsc P .
L——» ApoGDH:Glu:NADHc:NADH + GTP
AGse l
AGses » ApoGDH:NADH + GTP
86y |
ApoGDH + GTP
AGss l
AGah1

» K387GDH + GTP

BB L 454YGDH:GTP <
l AGun

AGip

—— H454YGDH:NADH:GTP + <
l AGap

AG;

— K387GDH:NADH:GTP

l AGs
AGia
——>  K387GDH:Glu:NADHc:NADH:GTP ]

l AGaa

AGza AGup1
— H454YGDH:GIu:NADHc:NADH:GTP =
l AGap
AG2s AGac
—  ApoGDH:Glu:NADHc:NADH:GTP 4#—+—
l AGue
AG AGug+
— ApoGDH:NADH:GTP
l AGsr
AGor
— ApoGDH:GTP
l AGasc
AGsc AGany
e K387GDH:GTP =

Figure 5.2:  Thermodynamic Cycles Used to Calculate Binding Free Energy Differences

(AAG).

The crystal structure of H454Y mutant GDH provided by Dr. Thomas J. Smith,

(see Chapter 3) only contains phosphates and water molecules as floating ligands in the

crystal structure: both the cofactor (NADHCc) and substrate (glutamate) are not in the

crystal structure. There are no available crystal structures of GDH containing a HHS

mutation bound to the cofactor (NADHCc) and substrate (glutamate) to our knowledge.

Thus, H454Y may actually be in a conformational state that keeps the NAD binding

domain open and does not favor the binding of cofactor (NADHCc) and substrate
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(glutamate). If the H454Y mutant GDH crystal is reflective of the disease HHS, then the
activity of the enzyme should be increased and the affinity for the cofactor (NADHc) and
substrate/product should decrease in order to increase product release. However, it is
unclear whether the H454Y interaction with GTP decreases without a change of affinity
for the cofactor and substrate. For example, computing the binding free energy difference
of AG1 and AGza in Figure 5.2 can show the discrepancy between GTP binding and GTP

inactivation.
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APPENDICIES

Appendix A

APPENDIX Al : BLOCK STANDARD ERROR ANALYSIS OF BINDING FREE ENERGY
CALCUATIONS (N =1000) FOR AG1 CALCULATION IN CHAPTER 3

AGj Errors (kcal/mol) (n=1000)

AQG; electrostatics AG1 van der Waals

Maximum Error +0.086 +0.043
A=0tor=1/16 +0.029 +0.025
A=1/16to A=2/16 +0.035 +0.027
A=2/16to A=13/16 +0.025 +0.021
A=3/16to A=4/16 +0.050 +0.022
A=4/16to A=5/16 +0.067 +0.020
A=5/16to A=6/16 +0.064 +0.019
A=6/16to A=7/16 + 0.086 +0.020
A=7/16to A=28/16 +0.061 +0.017
A=8/16to A=9/16 +0.055 +0.014
A=9/16to A=10/16 +0.058 +0.017
A=10/16 toA=11/16 +0.039 +0.023
A=11/16 toA=12/16 +0.053 +0.015
A=12/16 to A =13/16 +0.048 +0.011
A=13/16 to A= 14/16 +0.032 +0.022
A=14/16 to A =15/16 +0.039 +0.019
A=15/16tor=1 +0.033 +0.043
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APPENDIX A2 : BLOCK STANDARD ERROR ANALYSIS OF BINDING FREE ENERGY
CALCULATIONS (N =1000) FOR AG3 CALCULATION IN CHAPTER 3

AG3 Errors (kcal/mol) (n=1000)

AG3 electrostatics AG3 van der Waals

Maximum Error + 0.047 + 0.046
A=0tor=1/16 +0.031 +0.029
A=1/16to A=2/16 +0.035 +0.023
A=2/16to A=3/16 +0.020 +0.027
A=3/16to A=4/16 +0.047 +0.025
A=4/16to A=5/16 +0.025 +0.024
A=5/16to A=06/16 +0.034 +0.022
A=6/16to A="T7/16 +0.027 +0.046
A=7/16to A=28/16 +0.047 + 0.036
A=8/16to A=9/16 +0.042 +0.025
A=9/16to A=10/16 +0.032 +0.020
A=10/16 toA=11/16 +0.032 +0.013
A=11/16 toA=12/16 +0.026 +0.018
A=12/16 to A =13/16 +0.030 +0.026
A=13/16 to L= 14/16 +0.029 +0.029
A=14/16 to L= 15/16 + 0.036 +0.020
A=15/16toA=1 +0.028 0.039
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APPENDIX A3 : BLOCK STANDARD ERROR ANALYSIS OF BINDING FREE ENERGY
CALCULATIONS (N =10000) FOR AG1 CALCULATION IN CHAPTER 3

AG1 Errors (kcal/mol) (n=10000)

AQG electrostatics AG1 van der Waals

Maximum Error +0.26 +0.13

A=0toA=1/16 +0.059 +0.058
A=1/16to A=2/16 +0.097 +0.067
A=2/16to A=3/16 +0.054 +0.051
A=3/16to A=4/16 +0.14 + 0.050
A=4/16to A=5/16 +0.20 +0.043
L=5/16to A=06/16 +0.19 +0.036
A=6/16to A=7/16 +0.26 +0.040
A=7/16to A=8/16 +0.15 +0.038
A=8/16to A=9/16 +0.14 +0.029
A=9/16to A=10/16 +0.15 +0.044
A=10/16toA=11/16 +0.073 +0.067
A=11/16 toA=12/16 +0.14 +0.037
A=12/16 to A =13/16 +0.14 +0.020
A=13/16to A = 14/16 +0.079 +0.061
A=14/16 to A= 15/16 +0.072 +0.039
A=15/16tor=1 +0.063 +0.130
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APPENDIX A4 : BLOCK STANDARD ERROR ANALYSIS OF BINDING FREE ENERGY
CALCULATIONS (N =10000) FOR AG3 CALCULATION IN CHAPTER 3

AGs Errors (kcal/mol) (n=10000)

AGs electrostatics AGs3 van der Waals

Maximum Error +0.13 +0.12

A=0tor=1/16 +0.064 +0.059
A=1/16to A=2/16 +0.082 +0.051
A=2/16to A=13/16 +0.040 + 0.069
A=3/16to A=4/16 +0.13 +0.049
A=4/16to A=5/16 +0.050 +0.051
A=5/16to A=6/16 +0.092 +0.055
A=6/16to A=7/16 +0.056 +0.12

A=7/16to A=28/16 +0.13 +0.081
A=8/16to A=9/16 +0.095 +0.047
A=9/16to A=10/16 +0.068 +0.047
A=10/16 toA=11/16 +0.064 +0.028
A=11/16 toA=12/16 +0.057 +0.050
A=12/16 to A =13/16 +0.069 +0.072
A=13/16 to A =14/16 +0.068 +0.076
A=14/16 to A =15/16 +0.087 +0.044
A=15/16tor=1 +0.062 +0.10
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Appendix B

APPENDIX B1: TABLES OF FREE ENERGY VALUES FOR AG1 CALCULATION IN CHAPTER
4 USING T1.

Thermodynamic Integration

A AGy AG per binding site
total -50.90 -16.97
0 13.75 4.58
0.0625 11.92 3.97
0.1250 9.36 3.12
0.1875 8.02 2.67
0.2500 6.85 2.28
0.3125 5.45 1.82
0.3750 4.00 1.33
0.4375 2.59 0.86
0.5000 0.58 0.19
0.5625 -1.80 -0.60
0.6250 -4.52 -1.51
0.6875 -1.47 -2.49
0.7500 -10.06 -3.35
0.8125 -12.53 -4.18
0.9333 -15.01 5.00
0.9375 -17.53 -5.84
1 -18.81 -6.27
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APPENDIX B2: TABLES OF FREE ENERGY VALUES FOR AG1 CALCULATION IN CHAPTER
4 USING FEP.

Free Energy Perturbation

A window AG AG1 per binding site
total -644.66 -214.89
0 to 0.0625 178.75 59.58
0.0625 to 0.125 147.17 49.06
0.125 to 0.1875 125.77 41.92
0.1875t0 0.25 107.36 35.79
0.251t0 0.3125 89.22 29.74
0.3125t0 0.375 62.86 20.95
0.375 to 0.4375 43.56 14.52
0.4375t0 0.5 20.87 6.96
0.5 to 0.5625 -25.88 -8.63
0.5625 to 0.625 -65.56 -21.85
0.625 to 0.6875 -118.26 -39.42
0.6875 to0 0.75 -162.51 -54.17
0.75 t0 0.8125 -199.91 -66.64
0.8125 to 0.875 -240.33 -80.11
0.875 to 0.9375 -282.85 -94.28
0.9375to0 1 -324.91 -108.30

85



APPENDIX B3: TABLES OF FREE ENERGY VALUES FOR AG3 CALCULATION IN CHAPTER
4 USING T1 (LEFT) AND FEP (RIGHT).

Thermodynamic Integration Free Energy Perturbation

A AG3 A window AG3
total -14.64 total -218.96
0 3.33 0 t0 0.0625 41.73
0.0625 2.94 0.0625 to 0.125 34.99
0.1250 2.40 0.125t0 0.1875 31.93
0.1875 2.15 0.1875t0 0.25 28.00
0.2500 1.89 0.25 t0 0.3125 23.61
0.3125 1.60 0.3125t0 0.375 18.91
0.3750 1.27 0.37510 0.4375 12.70
0.4375 0.85 0.4375t0 0.5 5.85
0.5000 0.30 0.5 t0 0.5625 -6.61
0.5625 -0.46 0.5625 to 0.625 -22.20
0.6250 -1.39 0.625 to 0.6875 -37.73
0.6875 -2.23 0.6875t0 0.75 -48.51
0.7500 -2.90 0.75 t0 0.8125 -59.46
0.8125 -3.50 0.8125 t0 0.875 -68.90
0.9333 -4.09 0.875 t0 0.9375 -80.62
0.9375 -4.69 0.9375t01 -92.62
1 -4.98
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APPENDIX B4: TABLES OF FREE ENERGY VALUES FOR AG4, AG2, AG1 AND AG3

(CHAPTER 4).
Expermental BINGING - AG experimental (keal/mol)  AG Tl (keal/mol) AG FEP (keal/mol)
onstants

Kb AGy AG2

NADH Kp ADP NADH ADP AAG AGt  AGz AAG AG AG3 AAG
6
X 3xioeml B8 75 L7 756 754 03 2732 2194 620
35 x 10° M2 -6.075  -0.275

APPENDIX B5: COMPUTATION OF HUMMER ET AL. CALCULATION FOR AG1 AND AG3
(CHAPTER 4).

Hummer et al Correction Calculation

Equation: (1/2)(-2.837)(332)(q1%-q0%)/L
AGI correction -175 L=121 g1 =-3x3 Jo=-2X3
AG3 correction -60.4 L=39 gy =-3 Qo =-2

1 Koberstein, R. and Sund, H., 1973. Studies of Glutamate Dehydrogenase: The Influence of ADP, GTP,
and L-Glutamate on the Binding of the Reduced Coenzyme to Beef-Liver Glutamate Dehydrogenase.
European Journal of Biochemistry, 36(2), pp 545-552.

2 Koberstein, R. and Sund, H., 1973. Studies of Glutamate Dehydrogenase: The Influence of ADP, GTP,
and L-Glutamate on the Binding of the Reduced Coenzyme to Beef-Liver Glutamate Dehydrogenase.
European Journal of Biochemistry, 36(2), pp 545-552.

87



APPENDIX B6: FREE ENERGY CALCULATIONS USING FREE ENERGY PERTURBATION
(FEP) PER A INTERMEDIATE FOR AG1 (TOP) AND AG3 (BOTTOM) FOR
CHAPTER 4.
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The binding free energy difference obtained using FEP (AAGrep = +6.20
kcal/mol) deviated greatly from the experimental binding free energy difference. Because
the free energy perturbation technique weighs rare conformations more heavily than
thermodynamic integration, the free energy computed deviates greatly than free energies
computed using the more common conformations. Free energies computed using
thermodynamic integration reached convergence sooner than those computed using free
energy perturbation. Thus, it may be possible that free energies computed using FEP
could converge to TI results if simulations were left to run for longer and more potential
energies were sampled.

The range in free energies is significantly different. FEP computed free energies
ranged from -325 to 178 kcal/mol for AG1 and -92 to 42 kcal/mol for AGs. Tl computed
free energies has smaller ranges with -18.81 to 13.75 kcal/mol for AG: and -4.98 to 3.33
kcal/mol for AGs.
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