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Abstract

B-methylmalyl-CoA lyase (MCL) is a bacterial metabolic enzyme with activity in acetyl-CoA
assimilation pathways. Bifunctional MCL is found in the ethylmalonyl pathway where it
reversibly converts (S)-malyl-CoA into acetyl-CoA and glyoxylate and combines propionyl-
CoA with glyoxylate into B-methylmalyl-CoA. Interestingly, MCL has demonstrated activity
with (S)-citramalyl-CoA in vitro, a reaction attributed to distantly related citrate lyase.
Despite having different tertiary structures and diverged amino acid sequences, the
participating residues of the active site of this family of enzymes are well conserved. The
non-reversible mechanism of citrate lyase has been characterised both experimentally and
computationally, but there is still much to learn about the mechanism of MCL, to address
key questions such as how the reversible reaction is able to proceed. Two crystal structures
of MCL from R.sphaeroids are available. In this work, molecular dynamics (MD) simulations
have been performed on one of these structures with a single active site occupied by
propionyl-CoA and glyoxylate. No reliable parameters were available for glyoxylate in the
CHARMM forcefield, thus, they have been optimised following the protocol set out for
CGenFF. Molecular docking has been used to predict the conformations of the bonded
substrates, followed by MD simulations to assess the stability of these complexes. To better
describe the active site, the enzyme was then modelled using hybrid quantum
mechanics/molecular mechanics (QM/MM) methods. This will facilitate the prediction of the
intermediate states adopted over the course of the reaction.
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Abbreviations

CETCH : Crotonyl-CoA/Ethylmalonyl-CoA/Hydroxybutyryl-CoA
CHARMM : Chemistry at HARvard Macromolecular Mechanics
CGO : Chemical Gaussian Overlay
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MD : Molecular Dynamics

ML : Machine Learning

MM : Molecular Mechanics
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QM/MM : Quantum Mechanics Molecular Mechanics

RCD : Redistributed Charge and Dipole method

RMSD : Root Mean Square Deviation

RMSF : Root Mean Square Fluctuations

TIP3P : Transferable Intermolecular Potential 3P

VMD : Visual Molecular Dynamics
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Introduction

Carbon Fixation

Carbon fixation is the process by which organisms use atmospheric CO; to synthesise the
many different carbon-based molecules required for growth. The Calvin Cycle is the most
prevalent of the six natural fixation pathways and utilises the most abundant enzyme on
Earth: RuBisCO. RuBisCO is well documented to have slow activity and is further sabotaged
by the side reaction with O; resulting in the release of up to 50% of the previously fixed
carbon.! While attempts have been made to improve the activity of this carboxylase, none
have been particularly fruitful resulting in the speculation that RuBisCO has reached the end
of its natural evolutionary progress ? although recent theoretical research disputes this
hypothesis.> Some scientists, therefore, have turned to other members of the carboxylase
family beyond those found in autotrophic organisms and pathways.

The CETCH Cycle

Schwander et al. # chose enoyl-CoA carboxylase/reductases (ECRs) as their carbon fixator: a
recently discovered family of carboxylases that catalyse reactions between CO, and CoA
derivatives in bacterial metabolisms. These promiscuous enzymes are oxygen-insensitive and
require less energy for catalysis than any autotrophic carboxylases. Their work spawned the
CETCH cycle (figure 1.1). 17 enzymes from nine different organisms make up the first
synthetic carbon fixation cycle exhibiting improved energy efficiency and a faster CO,
turnover than the six natural predecessors, fixing two CO, molecules per turn. In the original
paper, three of the enzymes had been engineered to improve reaction rates or modify
specificity to better suit the reaction at that point.* Major challenges include the amount of
ATP and NADPH required by the system, expensive when not generated in situ, and the
output molecule, glyoxylate, has not been reported in many natural metabolic pathways
suggesting accumulation issues if incorporated into living cells.! To solve the energy
requirements, the most recent work from their lab has combined a thylakoid membrane with
the CETCH cycle to demonstrate how coupling with solar energy can power the cycle
cheaply.> Scope to convert glyoxylate into useful compounds is already apparent in this new
cycle and further enzyme engineering will contribute to the realisation this goal.



Page |8

0 o]

H,0 /\)l\scm /\Hgs““
)#’7' GOIIHGEA.  imelami ok 'ooc\ic
. 0 00’
HO\/\)J\scoA. -OOC/YKSCOA malate

4-hydroxybutyryl-CoA 2H,0
ADP + P, methylsuccinyl-CoA
Oz
(G @
ATP #6
& Y S @\n,

CoA NADP!
)
'ooc/\) NADPH ‘00" Ny sCoA

4-hydroxybutyrate mesaconyl-CoA

( NADPj#s @ 13(:0 2 @ #111/ H0 ik

NADPH

? NADPH oH o
‘ooc/\) quh -OOC)W)LSCM #3|(mas) w14
succinic semialdehyde NADP* #2
methylmalyl-CoA o

(=) (cer) P
(NADF” ¢ - @ acewﬁg: CoA
NADPH

‘00C SCoA \)LSCM

succinyl- CoA propionyl-CoA
#1 [o] OH O
C)
‘( kat 'ooc) 'ooc)\)l\scm
@ oA 2H,0 glyoxylate malyl-CoA
co0’ acrylyl CoA H ,0,

methylmalonyl-CoA
Figure 1.1: The CETCH 5.4 cycle, the first synthetic carbon fixation cycle, taken from Schwander et al.*

1.3. Enzyme Engineering

While there are enzymes available for the synthesis or degradation of nearly every natural
product, engineering allows a scientist to improve and tweak reactions necessary for the
current visions of a fully sustainable bioeconomy.® Enzymes offer the ability to conduct highly
specific reactions in mild conditions. Engineering can be a delicate process as only a handful
of modifications will produce a stable enzyme and only a fraction of these will yield the
intended result.” If done entirely experimentally this process can be slow and laborious with
intensive use of resources and power; computational methods provide likely candidates
before embarking on the heavy experimental work. Rational enzyme engineering has already
shown promise in recent years and the best results have originated from collaborations
between experimental and computational efforts.” A systematic workflow to characterise
enzymes and glean insights into their mechanisms will help produce educated mutations and
would be a novel contribution to the computational side of rational enzyme design. This
project aims to develop such a workflow by experimenting with enzymes from the CETCH
cycle with a view to contribute to the field of synthetic carbon fixation.
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1.4. B-methylmalyl lyase

The enzyme to be tested is f-methylmalyl lyase (MCL). In the CETCH 5.4 cycle, an MCL from
R.sphaeroids is employed to perform the two reactions it does endogenously as part of the
ethylmalonyl-CoA pathway (figure 1.2). Several crystal structures of MCL can be found in the
literature from three different species: M.extorquens 8, C.aurantiacus and R.sphaeroids °.
M.extorquens and R.sphaeroids are the most closely related with a sequence similarity of
57% but all structures have the same residues conserved within their active sites and the C-
terminal hinge. They also all require a bivalent metal ion for functionality: magnesium or
manganese. R.sphaeroids uses a magnesium ion.

i ci
C°A\ )‘k + ku/o e CoA
S
[e]

acetyl-CoA glyoxylate (S)-malyl-CoA

o o
CoA T o
\S)H H‘/
o

propionyl-CoA glyoxylate B-methylmalyl-CoA

o

Figure 1.2: The two reversible reactions MCL is able to perform are depicted here.

Versions of the MCL enzyme, malyl lyase, can be found in different organisms performing
reactions in acetyl-CoA assimilation pathways. It is a member of the CitE-like superfamily, a
B-subunit of an ATP-independent citrate lyase which take acyl-thioesters as substrates and
require Mg? or Mn? for catalysis. In the early days, MCL1 activity combined with MCL2
activity was mistaken as the work of a single malate synthase. Malate synthases perform
similar reactions on CoA thioesters; however, they are non-reversible as the final step of
their reaction is the hydrolysis of CoA. While there is low overall amino acid sequence
similarity between the malate synthases and the malyl lyases, the active site residues
between them are highly conserved.

Structure

There are two crystal structures available for MCL from R.sphaeroids are PDB:4L9Y and
PDB:4L9Z with resolutions of 2.1 A and 2.01 A respectively.® 4L9Y was crystallised without
substrates and has an incomplete C-termini with three of the six chains lacking the electron
density to complete the lid. Of the three that were intact, two were in the closed
conformation and these were modelled with glyoxylate and magnesium in the active sites
thought to come from the E.coli they were expressed in. Mg?* was fitted into the four
remaining sites with four water molecules in coordination instead of glyoxylate. The crystals
were then soaked in propionyl-CoA leading to 4L9Y with one out of six active sites filled with
glyoxylate and propionyl-CoA. 4L9Z is derived from crystals grown in the presence of
propionyl-CoA, oxalate and Mg?*. The C-terminal lid domains were completely resolved in
the closed conformation with each site occupied with Mg?*, oxalate and free CoA.

Meister et al.l° found MCL in various Rhoderbacter species and isolated it as a band at 35
kDa on an SDS-PAGE, a mass consistent with a single monomer. Using chromatography, they
found a protein of around 195 kDa which corresponds to a hexamer. Erb et al.}! found the
same banding pattern for MCL in R.sphaeroids specifically. This evidence supports the
existence of MCL as a hexamer with six active sites as has been resolved for the crystal
structure grown in the physiological environment.® The monomer comprises an unordered
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N-terminal domain of around 15 residues before turning into the first B-strand of the TIM-
barrel. After the sixth strand of the TIM-barrel, there is an insertion loop of around 30
residues. Finally, the C-terminal lid is made up of two a-helices and a B-hairpin.

The hexameric protein is arranged as a dimer of trimers with a central cavity between the
two trimers (figure 1.3). The trimeric structure appears to be necessary for catalysis as the
C-terminal lid domain stretches over the neighbouring monomer to complete the active site
when the substrate is bound. This is termed the closed conformation. Malate synthases A
and G function as monomers but other members of the CitE-like superfamily exist as trimers.
Tang et al*? observed three distinct conformations of the C-terminal lid in molecular
dynamics (MD) simulations using an MCL from Roseiflexus xastenholzii. Conformations were
based on the presence of substrate in the active site: closed showed a 30° rotation to cover
oxalate/glyoxylate occupied active site in adjacent monomer which returned to open when
only Mg?* is present and then half-closed when occupied by Mg?* and CI". The rotation of the
lid occurs through Thr264 and Pro265 which, together, act as a hinge and these residues
conserved. Closed active sites may influence substrate binding: propionyl-CoA was only
found in one of two closed sites of the crystal structure®, the other containing a glyoxylate
molecule. Hersh et al.® determined that the glyoxylate must bind the enzyme prior to acetyl-
CoA for the reaction to proceed; indeed the crystal structure was soaked in propionyl-CoA
after crystallisation with glyoxylate.

CH, OYAsngs
9
0., . o Aspgp
P
‘H-NH O
@ —NH
—————— H—NH Al'g76
~O—H-_ o
\ \ 0%
H-O H <
H Aspys
O
G|U44

Figure 1.3: Panel A shows the structure of MCL with the phosphate group depicted as sticks where the active site
is situated in the cyan monomer and the a-helix of the C-terminal lid is shown in green. The cleft between the
trimeric structure can be seen in the centre. Panel B is a diagram of the conserved residues in the active site with
propionyl-CoA and glyoxylate present.

The active site is situated at the bottom of tunnel with the CoA adhering to a cleft on the
outside of the TIM-barrel. The adenosine moiety is fixed in a largely hydrophobic pocket on
the surface of the TIM-barrel with one or two hydrogen bonds between the adenine ring and
the carbonyl oxygen atoms of protein backbone. The bent conformation of CoA supports H-
bond between the adenosine ring and the hydroxyl of the pantheteine. The phosphate
groups coordinated by arginine, lysine or histidine residues and the pantheteine tail is
inserted into the narrow tunnel leading to the active site cavity. In the active site itself, Mg?*
is octahedrally coordinated by Glul41 and Asp168, two oxygen atoms from glyoxylate and
two water molecules (figure 1.3). In an empty active site, the glyoxylate is replaced by two
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more water molecules, similar to arrangements seen in malate synthases.* The glyoxylate
coordinates with the Mg?* and Alal67 and Arg76. Asp299 also sits above the active site,
donated by the C-terminal lid from the adjacent chain. Asp299 and Arg76 are conserved
across the entire CitE-like superfamily and the malate synthases. Glu141 and Asp168 are also
conserved for Mg* coordination. Other conserved residues include Asp42, which forms
hydrogen bonds with Arg76 and is thought to orientate Arg76 into the correct position for
reactive interactions with the CoA moieties. Asp45 and Glu44 which are located at the
bottom of the active site tunnel where both form hydrogen bonds with the water molecules
that coordinate the Mg?*

Mechanism

Zarzycki and Kerfeld® propose a mechanism based on experimental work done for malate
synthase from E.coli.*> This group of enzymes perform similar reactions with a CoA moiety
and glyoxylate resulting in (S)-malate but this reaction ends with the hydrolysis of the
thioester so cleaving the CoA. Quantum mechanics/molecular mechanics (QM/MM) studies
of citrate synthase indicate a similar reaction and concludes with a similar mechanism.®
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Figure 1.3: The proposed mechanism of MCL with glyoxylate and propionyl as substrates and 8-methylmalyl-CoA
as a product. Steps one to two is the enolization of the CoA substrate, a rotation occurs to step three where upon
the C-C bond is formed between the glyoxylate and the propionyl-CoA as depicted in step for. Finally, a proton is
abstracted from Arg76 leading to the formation of 8-methylmalyl-CoA. For MCL, all steps are reversible.

For a reaction between propionyl-CoA and glyoxylate to proceed in the context of MCL, the
enolization of the propionyl-CoA must occur. It is triggered by the deprotonated Asp299 from
the adjacent protein chain, abstracting a hydrogen from the propionyl-CoA leading to the
formation of an enol. To stabilise the enol, a hydrogen-bond forms between itself and the
correctly orientated and protonated Arg76. Next, the enol rotates so that nucleophilic attack
on the carbonyl bond of the glyoxylate is possible. The resulting oxyanion is stabilised by the
again by Arg76 but also the Mg?*

The final step is unclear for both malyl lyases and malate synthases. Water leaving the active
site has been deemed energetically unfavourable in E.coli. So instead there is some
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discussion around whether Arg76 could be a proton donor despite an unusually high pKa
value.'” The hydrogen from the hydroxyl group of glyoxylate points away from the Mg?*
towards the conserved Arg76 seemingly forming a hydrogen bond and making it a likely
candidate. For the reversible reaction to be considered, it has been proposed that Arg76
abstracts the proton from the hydroxyl group when B-methylmalyl-CoA or S-malyl-CoA is in
the binding site meaning the arginine residue is required in its deprotonated form.° After C-
C bond cleavage, the enolate will be neutralized by proton donation by Asp299 from the
neighbouring monomer (figure 1.4). Once completed, it can be assumed that the C-terminal
lid will revolve away, releasing the product.

The work presented below considers the proposed reaction of MCL from R.sphaeroids first
through MD simulations and then moving forward to interrogate the mechanism using
QM/MM methods.
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2. Theory

2.1. Molecular Dynamics
Forcefield
A forcefield assumes a certain chemical bonding pattern providing all the assumed preferred
bond lengths and angles so that the formula takes distortions from these preferred
parameters into account. A general forcefield is one that applies a generic set of rules to a
molecular mechanics (MM) energy expression to a general class of models which includes
energy terms and the parameter values to be used in those energy terms (2.1).

Vtotal = Vbond + Vangle + Vdihedral + Vimproper + Vvan der Waals + Vcoulomb
(2.1)
The full equation for the CHARMM forcefield is described in equation 2.2.

V =%ky(b —bo)? + Xke (8 — 00)* + Tk (1 + cos(ng — 8)) + Tk (¢ — bo)?
+ Xk (u — o)

12 6
+ Yde;, (&) _(ﬂ) 4y
) Tij Tij 47T€0Tij

(2.2)

The first parameter for each term represents the force constant for that term: a constant
value that tries to describe the potential energy changes for the term as well as possible. xo
is the reference value for each term and corresponds to the equilibrium structure of that
particular construct of atoms.

The first four terms define the bonded interactions (figure 2.1). Bonds and angles are
described by Hooke’s law which is used as an approximation of the Morse potential. The
Morse potential represents bonds and angles as an elastic spring which eventually breaks;
Hooke’s law does not allow bonds to break and is therefore simpler to calculate.

Figure 2.1: The bonded interactions that make up a forcefield where r is the bond length, © the bond angle, @ is
the dihedral angle and ¢ is the improper angle.

The final two terms represent the non-bonded interactions between atoms accounting for
weak van der Waals forces and stronger electrostatic forces. These occur between every
non-bonded pair of atoms in a system. So, the potentials are truncated, and a switching
function is applied to smooth the truncation before it is applied.
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Vbona = Xkp(b — bO)Z
(2.3)

All bonds in a molecule are accounted for using equation 2.3, where kj, is the constant to
describe the potential energy changes for bond stretching and by is the reference value for
stretch which equates to the equilibrium structure. The result is a harmonic potential (figure
2.2).

A @ 0—O0

energy

o0

bg

bond length

Figure 2.2: A harmonic potential is used to describe both bond and angles in the CHARMM forcefield.

The base of the parabola represents the bond length at equilibrium. In reality, the bond
would break as the atoms move apart but, due to the use of Hooke’s law, in MM this does
not happen and instead the energy goes to infinity. k;, defines the breadth and steepness of
the parabola relating to the stiffness of the spring model for bond stretching.

Vangle = Yko(60 — 90)2
(2.4)

All angles in a molecule are accounted for using equation 2.4, where kg is the constant to
describe the potential energy changes for bond bending and 8, is the reference value for
bend which equates to the equilibrium structure. As with bonds, the result is a harmonic
potential. Again, the force constant is related to the stiffness of the angle, the larger the
value of kg, the more energy required to deform the angle from equilibrium.

Vainearar = quo(l + cos(ng — 6))
(2.5)

The dihedral term describes the torsional movement of the dihedral angle between three
covalent bonds (2.5). k(p describes the stiffness of system about the central bond, n is the
multiplicity of the torsional term and & represents the phase shift. The force constant is
related to the amplitude of the curve, if you double k, you get the value of the peak. §
controls how far up the axis the potential is shifts do if § = 0 then the minimum is at 0. n
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controls the periodicity of the curve, how many stationary points there are around the 360°.
If n =1 then there is one minimum, if n = 2 then 2 minima and so on (figure 2.3).

=~
AS

energy

o9
v

dihedral angle

Figure 2.3: A graphical depiction of the dihedral angle model for the CHARMM forcefield.

Vimproper = qub(d) - ¢0)2
(2.6)

Improper angles are a special type of dihedral but are treated differently to torsion angles in
the CHARMM forcefield. Like bond lengths and angles, they are treated by a harmonic
potential where the force constant controls the stiffness of the angle and ¢ is the reference
value relating to the equilibrium for those atom types (2.6).

12 6
Oij Oij

[’vanderWaals - Z4£ij ( ) < )
rij rij

The Lennard-Jones 6-12 potential is used to approximate the weak van der Waals forces

(2.7)

between distant atoms. This includes a repulsive force coming from the electron clouds from
the two atoms overlapping due to the Pauli Principle. There is also an attractive force
between non-bonded atoms due to London dispersion effects. Their addition makes up the
Lennard-Jones potential (2.7). ¢;; describes the strength of the interaction between atoms /
and j and equates to the well depth where the distance between atoms is optimal. g;; is the
distance between two atoms where the energy is zero; 1;; is the distance between atoms i
andj.

qiq;
Veoutomb = X% ﬁo]ﬂ]
(2.8)

Coulomb’s law is used to describe the electrostatics in a system between ions and polar
molecules (2.8). g represents the partial charge of an atom. g; is the permittivity of vacuum
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and r;; is the distance between atoms j and j. Permittivity is a measure of the electric
polarizability of a dielectric. This is an approximation as in reality the partial charges of atoms
changes with the environment surrounding them plus a 3D dynamic electron cloud is not
properly represented by a single number.

Energy Minimisation

A minimum is a type of stationary point where the first derivative of the potential energy
surface is equal to zero and the second derivatives are all positive. Minimisation is the
process of finding the conformation with the lowest possible energy on the potential energy
surface. This could be a local or global minima. At the minimum point, all the atoms in the
molecule are in the lowest energy state where any movement of any atom requires an input
of energy. Various algorithms are used to compute this state.

The steepest descent method is one of the simplest for minimization. It moves the
coordinates in the opposite direction to the energy gradient. It is generally used for the first
few steps to eliminate bad van der Waals contacts as it cannot converge on local minima.
The second derivative is assumed to be a constant so the gradients at each point need to be
calculated but the second derivative does not. This approximation allows for a quick
calculation at each step; however, more steps are required to find the minimum. The
direction in which the geometry is first minimized is opposite to the direction where the
gradient is largest. Once a minimum is reached in that direction, the algorithm then moves
to the next direction and this process is repeated until a minimum has been reached in all
directions within a tolerance.

A slightly more complex algorithm is the conjugate gradient method. This method searches
for the minimum in multiple directions to eliminate minimization along the same direction.
First it minimizes in the direction opposite to where the gradient is largest, in a similar fashion
to Steepest Descent. When it reaches the minimum in that direction, instead of simply
repeating the process, a little of the previous direction is added to the search thereby
reaching the minimum more rapidly.

Classical Molecular Dynamics

In order to simulate the movement of atoms within a given complex, the parameters of a
forcefield must be combined with Newton’s equations of motion. In this way, interactions
between atoms are accounted for by the forcefield while Newton’s equations are integrated
to propagate movement. NAMD uses the Verlet integration method to achieve this. * The
force acting on a particle is related to the mass and acceleration of said particle. Further, the
acceleration can be determined from the potential energy of the particle. The integration of
the equation of motion is used to find the positions of the atoms which can, in turn, be
derived to find first the acceleration and second the velocity. Hence, the position and velocity
at the current time can be used to find the position and velocity at a new time point. The
timestep is limited by the highest frequency of motion within the step and cannot exceed
this. To constrain hydrogen bonds, the SHAKE algorithm can be applied thus 2 fs is an
appropriate timestep.

In addition, an ensemble is applied to a system acting as a probability distribution of the
structures under a given set of macroscopic states such as temperature, pressure, and
volume. These simulations use the Canonical (NVT) and Isobaric-Isothermal (NPT) ensembles
where NVT maintains the volume, temperature, and number of particles and NPT keeps a
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constant pressure, temperature, and number of particles. These ensembles are suitable for
modelling enzymatic systems where these attributes are likely to remain constant.

2.2. Docking
Molecular docking of proteins is the process of fitting a ligand into the protein complex. The
ligand could be a drug, the natural ligand, DNA or RNA or even another protein. The
prediction of the how the ligand orientates itself in the active site is generally based on likely
interactions between the enzyme and the ligand. Most programs use a static model of the
enzyme however others are capable of combining docking with MD to simulate an induced
fit. 1°

Usually, the protein is prepared by giving the program the rough region where the ligand is
thought to bind based on experimental evidence or an existing ligand. The ligand is prepared
by simulating flexibility in the form of multiple conformers. Various scoring methods can then
be used to assess which conformer and orientation fits in the protein best.

OMEGA ?° js the tool used to generate conformers in the OpenEye toolkit by random
coordinate embedding and refinement followed by torsion driving resulting in a conformer
ensemble. First the ligand is fragmented and matched to a fragment library embedded in
OMEGA. The library is derived from commercial compounds whose atoms have been
randomly placed in cartesian space and optimized to fill distance bounds and matrix and
volume constraints. The MMFF94 forcefield with the non-bonded terms omitted is then used
to refine the structures. The fragments of the ligand are compared to this which may result
in one or a handful of starting conformers.

Atorsion library is also predefined with each torsion definition associated with a list of angles
that should be sampled for each torsion. All rotatable bonds in the fragments are compared
to the torsion dictionary then all angles are generated leading to a large ensemble of
conformers. An MMFF94 scoring system is used to score the conformers and eliminate
internal clashes. Further filtering is applied using root mean square deviation (RMSD) to get
structurally unique conformers within an energy threshold. 2°

HYBRID and FRED are two of the docking algorithms provided by OpenEye Toolkit. 2 FRED
docks a ligand based solely on active site structure and interactions, whereas HYBRID takes
the position of an existing ligand into account when docking the compound.

Inputs for both algorithms are the conformer library generated by OMEGA and the protein
receptor. First, an exhaustive search is performed where each rigid conformer is translated
and rotated around the active site generating a pose library. If a pose clashes with the protein
or extends to far from the proposed active site then that pose is rejected. The surviving poses
are scored by a scoring function which differs between algorithms: HYBRID uses Chemical
Gaussian Overlay (CGO) and FRED uses ChemGauss3. 2> The top 100 poses are then optimized
by a local exhaustive search. The same rotation and translation occurs but at half the
resolution of the previous step and the best pose is retained for each of the 100 poses. Final
scoring is done using ChemGauss4 then the ligands are ranked with the top scoring pose
being the one that fits in the active site best according to these parameters. 2

ChemGauss3 uses Gaussian smoothed potentials to measure how well a pose complements
the active site. It does this by looking at the shape, hydrogen-bond interactions with residues
in the active site as well as implicit solvent and metal-chelator interactions. CGO takes the
existing ligand into account by measuring how well a pose overlays with the original ligand.
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This means the scoring takes the overall shape into account as well as any hydrogen-bond
interactions and metal chelating groups. ChemGauss4 is an improvement of ChemGauss3
where hydrogen-bond geometry and bond networks recognition are improved.

2.3. Quantum Mechanics/Molecular Mechanics
In a QM/MM simulation all non-bonded and bonded atoms in the QM region are treated by
the QM program and the level of theory of choice. All MM atoms are treated by the MM
forcefield of choice. The interface, including any covalent bonds, between the MM and the
QM can be handled in various different ways and can dramatically affect the outcome.

Non-bonded interactions between QM and MM atoms can be manipulated to suit the
purpose. Van der Waals interactions can be calculated with the default parameters but there
are options to change the well depth and radii per element type if over-polarization of the
QM atoms needs to be compensated for. The electrostatic interactions between the QM and
MM atoms can also be modified: mechanical embedding or electrostatic embedding can be
used. Mechanical embedding only considers the influence of the van der Waals forces from
the MM region on the QM region and vice versa as only the element and atom position of
atoms in the QM region is passed to the QM software. For electrostatic embedding, the
partial charges of the atoms in the MM region surrounding the QM region are considered so
that an approximate electrostatic environment can be applied. A smoothing function can be
applied to avoid an abrupt decay of the electrostatic charge. The classical point charge
utilization can be further modified so that the MM region can be represented by the total
charge, rounded to a whole charge or to a charge complementary to that of the QM region.

To maintain the effect of a bond between the QM and MM regions, link atoms are placed
along the bond. This can be any element but is usually a hydrogen atom and usually placed
closer to the MM atom meaning the point charge from the MM atom can have profound
effects on the link atom. If using the electrostatic embedding scheme, the surrounding partial
charges need special treatment.”® There are 5 widely used methods for embedding
implemented in NAMD QM/MM software to handle the point charges surrounding the QM
region. None of these methods involve passing the partial charge of the MM atom
participating in the QM/MM covalent bond to the QM software. If it were passed on, there
would be excessive repulsion or attraction applied to the link atom. This is the “z1” method.
“z2” and “z3” are similar but with a wider circle of MM atoms not contributing their partial
charges to the set passed to the QM software.

The Redistributed Charge and Dipole (RCD) method avoids obliterating the charges of the
nearest MM atoms. It manages the charges by rearranging those of the MM1 and MM?2
atoms where MML1 is the atom nearest the link atom and MM2 is bonded directly to MM1.
Redistribution of charges means the partial charges assigned to these atoms still contribute
to the overall charge. Virtual point charges are generated along the MM1-MM2 bond which
are passed to the QM software with the charge coordinates. The result is that no point charge
is assigned to the position that the MM1 atom was but is instead redistributed along the
bond. The Charge Shifting (CS) method is similar with the MM1 partial charges equally
distributed across the MM2 atoms. Virtual partial charges are placed close to the MM2
atoms thus keeping the total charge of the region the same while preserving the local dipoles
formed by the MM1-MM2 bonds.
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Methodology

Molecular Dynamics Simulations
MCL (PDB: 4L9Y °) is made up of six peptide chains where glyoxylate and propionyl-CoA are
present in the active site of chain B, a second glyoxylate molecule is located in the active site
of chain D and the remaining active sites contain only Cl-ions. All monomers contain Mg#
coordinated by four water molecules or with two water molecules plus a glyoxylate
molecule.

The simulations were run maintaining all crystallographic water molecules and ions. PROPKA
was used to assess the protonation states of the amino acids in the active site *2° and to
confirm the predicted states based on the postulated mechanism. For the left-hand side of
the reaction, Glul41, Asp168 and Asp299 are deprotonated and Arg76 is protonated and for
the right-hand side: Glu141, Asp168 and Arg76 are deprotonated and Asp299 is protonated.
Neutral histidine is used throughout with the hydrogen placed on the nitrogen atom furthest
from the backbone.

Using CHARMM GUI 2%, a truncated octahedral periodic boundary cell was fitted with edge
distances of 12 A comprising around 42,000 TIP3P water molecules?’ (1VU: 42000; ACO:
42001; BMM: 41994, MML: 42006) and 43 neutralising potassium ions to give a net charge
of zero. Protein and metal parameters are from the C36 CHARMM forcefield. Parameters for
Mg** were developed by Beglov and Roux 2 and are commonly used in biomolecular
dynamics. CoA parameters were adapted from Aleksandrov and Field ?° to be compatible
with CHARMM36 parameters for proteins and ADP. The CoA structure is made up of
phosphorylate ADP, pantothenic acid and a cysteine group. CGenFF 3 was used to generate
an initial set of parameters for glyoxylate which were then optimized following the protocol
set out by Vanommeslaeghe et al.>° where required. This is discussed further below.

The NAMD software was used for all MD simulations. ¥ The systems were minimised using
the conjugate gradient and line search algorithms for 2000 or 3000 steps until the potential
energy of the system stabilised. Next, the systems were heated up to 303 K to reflect the
conditions of the CETCH cycle. # This was done in increments of 5 K per 1 ps. Each system was
equilibrated for 100 ps under the NVT ensemble. The final equilibration step involved
running the systems under the NPT ensemble until the RMSD levelled off; this usually took
around 5 ns. Production dynamics were done using the NPT ensemble for 10 ns with five
replicates for each system giving a total of 50 ns of simulation per system. Temperature and
pressure controlled using the Langevin dynamics parameters. 3! The cut-off distance for van
der Waals pairs was 12 A and a switching distance of 10 A was applied. Particle Mesh Ewald
method was used for the electrostatics calculations. 32 Energies and trajectories were
sampled every 40 ps where each time step was of 2 fs.

Parameter Optimization
Glyoxylate parameters were optimized following the procedure outlined by
Vanommeslaeghe et al.®° Initial parameters for glyoxylate were determined using the
CGenFF web-based tool. Such parameters derived by analogy come with an associated
penalty score where a score over 50, as was seen for glyoxylate, is likely to require extensive
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optimization. Only the dihedral angle 02-C2-C1-HO1 gave a penalty score above 50. So only
the parameters for this angle required optimisation.

Target data for torsion angle parameter optimization were generated using a developmental
version of QChem software. 3 Complexes were built to mimic ideal hydrogen bonds using
TIP3P water molecules ¥ and an MP2/6-31G(d) optimized glyoxylate molecule. Interaction
distances were optimized using HF/6-31G(d) and interaction energies were calculated from
the resulting complexes. These QM data were compared to interaction distances and
energies calculated with the CHARMM forcefield then partial charge values were modified
from the initial values guessed by CGenFF to reproduce interaction distances to within 0.1 A
and 0.2 kcal mol™? of the target data.

The dihedral angle potential energy surface (PES) was calculated from single point energies
at MP2/6-31G* optimization by scanning along the dihedral angle coordinate over a 360°
rotation in steps of 5°. Relaxed scans of the dihedral angle were similarly performed in
CHARMM with the force constant, K¢, the multiplicity, n, and the phase, §, set to zero. Monte
Carlo simulated annealing protocol 3* was not used to minimise the root mean square error
between the QM and MM energies. The MacKerell group recommend that, for small
molecules, the dihedral parameters should be fitted manually. These parameters were
optimized to match the QM target data to the data derived from the CHARMM scans (figure
3.1).
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Figure 3.1: Dihedral scan around the 02-C2-C1-HO1 angle with the MP2/6-31(d) surface in blue, the CGENFF
surface in orange and the optimized CHARMM surface in green.

Partial charges were then verified following the same protocol but using the optimized
dihedral parameters and the MM minimised structures rather than the QM target data. The
resultant parameters were used for the MD simulations of MCL where necessary.

3.3. Docking

To model the enzyme with acetyl-CoA in the active site, the propionyl-CoA in the original
structure was simply cropped by a methyl group. (S)-malyl-CoA and B-methylmalyl-CoA were
docked into the active site using the Openeye docking toolkit. The X-ray crystal structure was
used for docking and the propionyl-CoA and glyoxylate present were designated as ligands.
Their coordinates were used to define a box of 23.3 A x 31.0 A x 18.7 A around the binding
site with a total receptor volume of 8027 A3. A single constraint was applied ensuring a metal
chelate interaction between Mg?* and the (S)-malyl-CoA or B-methylmalyl-CoA.
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The ligands were protonated giving a net charge of -5 arising predominantly from the
phosphate groups. They were then prepared using OMEGA 2°, generating a maximum of
10000 conformers with an energy window of 10 kcal mol™?. Furthermore, any conformers
within 0.5 A RMSD were discarded as duplicates. Conformers were generated using
MMFF94s forcefield. Docking was performed using OpenEye HYBRID 2! where scoring of
conformers is done using the Chemical Gaussian Overlay function which assesses how well a
conformer matches the chemistry and shape of the original ligand. The top 10 scoring poses
were inspected and the conformation with the most similar orientation to the template
ligands was used for MD simulations. Once simulations had been analysed, it became clear
that the complex containing B-methylmalyl-CoA was not stable and did not maintain the
expected interactions after equilibration. Instead, the complex bound with (S)-malyl-CoA
was modified by the addition of a methyl group to create the B-methylmalyl-CoA complex.
The equilibrated structure maintained all expected interactions with residues from the active
site.

3.4. Quantum Mechanics/Molecular Mechanics Simulations

Protein structures were derived from the MD simulations of all four substrate sets from
PDB:4L9Y. Atomic positions from the final equilibration frame were used as the initial
coordinates. For each complex, two simulations were run including a minimal set of atoms
and a more extensive set of atoms in the QM region. The smaller atom set contains the
portion of the CoA moiety after the cysteine group, glyoxylate, Mg?*, coordinated water
molecules and the residues implicated in the predicted mechanism: Arg76 and Asp299
(figure 1.4). The larger group of atoms also includes residues conserved across this enzyme
family: Asp42, Glul41 and Asp168 (figure 3.2). Both regions have an overall charge of -1. The
numbers of atoms in each complex changes where complexes including propionyl-CoA and
B-methylmalyl-CoA contained either 72 or 138 atoms in the smaller and larger regions
respectively. For acetyl-CoA and (S)-malyl-CoA containing complexes, the number of atoms
was 69 or 135.
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Figure 3.2: The enzyme is depicted using a ribbon representation while the atomic model represents those atoms
included in the QM region of the QM/MM model.

All QM/MM simulations were conducted using NAMD. The MM system was described using
the CHARMM forcefield, afore mentioned optimized parameters for glyoxylate and
parameters from Aleksandrov and Field % for the CoA substrates. The NPT ensemble was
used to maintain the temperature at 303 K and the pressure at 1.0 bar. The QM region was
modelled using MOPAC2016 * using the semiempirical method AM1 to describe these
atoms. More accurate methods can be used but in the interest of computational time, AM1
was deemed acceptable. To model the interface between the QM and MM regions, the
electrostatic embedding procedure was used using a shift function to smooth the
electrostatic forces between the QM and MM regions. The total charge from the surrounding
point charges was rounded to the nearest whole charge. Hydrogen link atoms were
implemented applying the Redistributed Charge and Dipole (RCD) method. Five replicate
simulations were performed with time steps of 0.5 fs to a total of 50 ps per simulation.

Visualisation of the trajectories was done using VMD. 3¢ All distances and RMSD calculations
were computed using the python package MDTraj. ¥
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Results & Discussion

Molecular Dynamics Simulations
MD simulations were done on the four complexes of the MCL crystal structure to investigate
both the reversible reactions it is able to perform. Complexes were set up containing acetyl-
CoA with glyoxylate, (S)-malyl-CoA, propionyl-CoA with glyoxylate and B-methylmalyl-CoA in
a single active site of the six available to the enzyme.

The crystal structure, PDB:4L9Y, was chosen because the structure was refined with
propionyl-CoA and glyoxylate in one of the active sites. The coordination sphere of the Mg?
was observed to include two residues from the protein: Asp168 and Glul4l, two water
molecules and two oxygen atoms from the glyoxylate. 3 The glyoxylate, in turn, forms
hydrogen bonds with Alal67 and protonated Arg76. The relevant portion of the propionyl-
CoA is largely free to move within the active site but exhibits some transient interaction
between its carbonyl group and Arg76. This fits with the initial structure described by the
proposed mechanism.

The terminal methyl group was clipped from propionyl-CoA within the crystal structure to
produce a complex containing acetyl-CoA and glyoxylate thus providing the starting structure
for the second reaction of MCL. Complexes containing the products were generated using
docking techniques as described in the methods with structures chosen based on the
interactions seen in the active site thus the starting and equilibrated structures containing
(S)-malyl-CoA and B-methylmalyl-CoA interact with the Mg?* by two oxygen atoms reflecting
the glyoxylate molecule orientation in the original crystal and the hydroxyl groups are stable
to within 2 A of the deprotonated Arg76. *

Propionyl-CoA

Within the active site, three water molecules maintain their position throughout the
simulations. First, are the two water molecules (510, 724) that coordinate with the Mg?* and
secondly, a single molecule (572) which interacts with Asp299 from chain A, the neighbouring
monomer, and the conserved Asp45 residue. The coordination sphere around the Mg*" is
maintained throughout all simulations (table 4.1). It is made up of two water molecules, two
oxygen atoms from glyoxylate and two oxygen atoms from Glu141 and Asp168 from chain B
of the protein.

Other distances look at those of potential importance for the mechanism. None of these
distances become short enough to be described as an interaction. However, the glyoxylate
is fairly close to Arg76 and the propionyl-CoA ligand also moves towards the same residue
and the glyoxylate as would be expected based on the mechanism. Nevertheless, the
propionyl-CoA is too far away from Asp299 for a proton to be abstracted and for the reaction
to be initiated. The propionyl portion of the propionyl-CoA is free and flexible and does not
interact with any of the residues in the active site tunnel for long.
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Table 4.1: The average distance and standard deviation was calculated for all 50 ns of simulation of the MCL
complexed with propionyl-CoA and glyoxylate. Mg represents the magnesium ion in the active site, TIP is the
oxygen atom of a TIP3P water molecule, GLV is glyoxylate and 1VU is propionyl-CoA.

Interaction Average distance (A)
Mg —TIP510 2.02 +0.07
Mg —TIP724 1.99 +£0.07
Mg -GLV (01) 2.11+0.11
Mg — GLV (02) 1.98 +0.08
Mg — Glu141 (OE1) 1.82 +0.04
Mg — Asp168 (OD2) 1.82+0.04
GLV (O1) — Arg76 (NH1) 3.49+0.24
GLV (01) - Arg76 (NH2) 4.83+0.25
1VU (0) - Arg76 (NH1) 6.17 +1.17
1VU (O) — Arg76 (NH2) 5.24+1.03
1VU (O) — Asp299 (OD1) 6.95 + 0.84
1VU (O) — Asp299 (OD2) 5.74+0.78
1VU (C1) - GLV (C1) 4.71+0.75

B-methylmalyl-CoA

To get a reasonable starting structure, the complex containing (S)-malyl-CoA was modified
by adding a methyl group so the substrate. Coordination around the magnesium was
maintained for all interactions except the hydroxyl oxygen of the B-methylmalyl-CoA (table
4.2).

Table 4.2: The average distance and standard deviation was calculated for all 50 ns of simulation of the MCL
complexed with 8-methylmalyl-CoA. Mg represents the magnesium ion in the active site, TIP is the oxygen atom
of a TIP3P water molecule, and BMM is B-methylmalyl-CoA.

Interaction Average distance (A)
Mg —-TIP510 2.10x0.12
Mg —-TIP724 2.03+0.10

Mg —-BMM (041) 1.82+0.04
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Mg - BMM (049) 2.83+1.21
Mg — Glu141 (OE1) 1.84 +0.05
Mg — Asp168 (OD2) 1.85 + 0.05
TIP510 — GLU44 (OE2) 4.14+2.13
TIP724 - GLU44 (OE1) 3.72+1.85
BMM C25 — ASP299 (OD2) 4.78 £0.45
BMM 042 — ARG76 (NH2) 5.13 +0.68
BMM 049 — ARG76 (NH1) 438+1.13

Out of five simulations, three demonstrated that the hydroxyl group on the B-methylmalyl-
CoA moves away from the Mg? while the water molecules rearranged themselves. At the
same time, Glu44 also rotates away from the active site seen at 4, 6 and 9 ns (figure 4.1).
Also at these times, the B-methylmalyl-CoA is observed to move closer to Asp299 donated
by chain A and further from Arg76. This could either suggest movement to begin the reverse
reaction or the beginning of the release mechanism.
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Figure 4.1: The distance between atoms as the moving average with a window size of 40 ps for all 5 replicate
simulations. Panel A: is the distance between the Mg2+ and the hydroxyl oxygen of 8-methylmalyl-CoA; panel B:
is the distance between a coordinating water molecule and Glu44; panel C: 8-methylmalyl-CoA hydroxyl oxygen

and Arg76; panel D: the carboxyl carbon of the 8-methylmalyl-CoA and Asp299.
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Acetyl-CoA

Within the active site four water molecules are found to remain for the majority of the
simulation. First, the two water molecules (510, 724) that coordinate with the Mg?*, then a
third molecule (641) that maintains its interactions with Asp299 and Arg76. Finally, a fourth
molecule (572) interacts with Asp45 and Asp168 but soon escapes in all but one of the
simulations. The coordination sphere surrounding Mg?* is maintained throughout the
simulations (table 4.3). As expected, the system with the acetyl-CoA ligand behaves similarly
to the system with propionyl-CoA.

Table 4.3: The average distance and standard deviation was calculated for all 50 ns of simulation of the MCL

complexed with acetyl-CoA and glyoxylate. Mg represents the magnesium ion in the active site, TIP is the oxygen
atom of a TIP3P water molecule, GLV is glyoxylate and ACO is acetyl-CoA.

Interaction Average distance (A)
Mg —TIP510 1.98 £ 0.06
Mg —TIP724 1.98 £ 0.06
Mg -GLV (01) 2.09+0.10
Mg — GLV (02) 1.99 + 0.08
Mg — Glu141 (OE1) 1.82+0.04
Mg — Asp168 (OD2) 1.83+0.04
GLV (01) - Arg76 (NH1) 3.33+0.28
GLV (01) — Arg76 (NH2) 5.19£0.33
ACO (O) — Arg76 (NH1) 5.58 £0.96
ACO (O) — Arg76 (NH2) 5.62 £0.79
ACO (0) - Asp299 (OD1) 5.62 +0.66
ACO (0) — Asp299 (OD2) 4.30+£0.53
ACO (C1) - GLV (C1) 6.16 £ 0.93

(S)-Malyl-CoA

Out of the top 10 poses derived from the docking, the third top scoring conformation of (S)-
malyl-CoA appeared to be closest to the expected coordination based on the complex
containing glyoxylate and acetyl-CoA. In four of the simulations, distances between atoms
remain relatively static however for the final simulation changes can be seen at around 6 ns
(figure 4.2).
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Table 4.4: The average distance and standard deviation was calculated for all 50 ns of simulation of the MCL
complexed with (S)-malyl-CoA. Mg represents the magnesium ion in the active site, TIP is the oxygen atom of a
TIP3P water molecule and MML is (S)-malyl-CoA.

Interaction Average distance (A)
Mg —TIP510 2.11+0.12
Mg —TIP724 2.01+0.08
Mg — MML (033) 1.83 +0.05
Mg - MML (048) 2.33+0.44
Mg — Glul141 (OE1) 1.84 +0.05
Mg — Asp168 (OD2) 1.85+0.05
TIP510 — GLU44 (OE1) 4.44+1.10
TIP724 - GLU44 (OE1) 3.21+1.58
MML C17 — ASP299 (OD2) 4.50 +0.46
MML 048 — ARG76 (NH1) 2.95+0.36

For all but one of the simulations, the coordination sphere around the Mg?* is maintained
(table 4.4). During this simulation, the hydroxyl group on the (S)-malyl-CoA loses its
interaction with the Mg?* and moves away from Arg76 and the water molecules rearrange
as their interaction with Glu44 is broken at around 6 ns (figure 4.2). At the same time, the
(S)-malyl-CoA carbon atom thought to be deprotonated by Asp299 moves towards this
residue and away from Arg76.
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Figure 4.2: The distance between atoms are plotted as the moving average with a window size of 40 ps for all 5
replicate simulations. A: is the distance between the Mg?* and the hydroxyl oxygen of (S)-malyl-CoA; B: is the
distance between a coordinating water molecule and Glu44; C: (S)-malyl-CoA hydroxyl oxygen and Arg76; D: the
carboxyl carbon of the (S)-malyl-CoA and Asp299.

C-terminal Lids

This crystal structure of MCL contains three near complete C-terminal domains which are
known to act as a lid for the active site required for completion as it donates the aspartate
residue necessary to trigger the reaction.!> RMSD plots of these domains demonstrate this
flexibility as the RMSD is higher in the C-terminal domain that is not associated with an active
site containing substrates. The C-terminal domain of chain A covers the filled active site,
chain Cis associated with an empty active site and chain F links with a partial filled active site
where only glyoxylate is present (figure 4.3). Chloride ions are present in the empty active
sites so it is possible that more movement would be seen from chain C if they were omitted
from the structure as these are known to induce the half closed conformation.*?

This observation is backed up by root mean squared fluctuation (RMSF) plots where the most
movement per amino acid corresponds to the C-terminal domains (figure 4.3). The spikes in
the RMSF plot correspond to those amino acids at the end of each chain.
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Figure 4.3: Panel A: RMSD of the C-terminal domains in the crystal structure. The dashed line represents chain A
covering the active site containing propionyl-CoA and glyoxylate. The black line is the C-terminal from chain C is
associated with the empty active site. The grey line is the RMSD of chain F covering the active site containing only
glyoxylate. Panel B: RMSF per residue where the spikes correspond to the C-terminal domain amino acids.

Clustering

For each complex, all five trajectories were combined resulting in 50 ns of simulation per
complex for each cluster analysis equating to 1250 frames. The analysis was performed by
including every fifth frame in the calculation yielding approximately 20 clusters per
simulation. For all complexes, the cluster with the most frames included was a structure
similar to or the same as the initial coordinates given to the production dynamics after
equilibration. As such, the fully equilibrated structure was used as the initial structure for the
QM/MM simulations.

4.2. QM/MM Simulations

Modelling the atoms within the active site with a semi-empirical method will give the
coordinates of atoms a more accurate level of theory while maintaining a reasonable
calculation time. Similar characterisation of the active site was seen in both the larger and
smaller QM regions modelled. No unusual behaviour was noted in any of the simulations
suggesting that AM1 is a suitable model for the active site of MCL. Alternatively, longer
simulation times may result in similar behaviour to some of the MD simulations. All distances
quoted are from the models containing the larger number of atoms included in the QM
regions however they are reflected in the models with the smaller QM regions.

Propionyl-CoA

Using the AM1 semi-empirical method, the magnesium coordination sphere was maintained
between the Mg?* and the oxygen atoms donated by the glyoxylate substrate, water
molecules in the active site and Alu141 and Asp168 (table 4.5). The overall position of the
propionyl-CoA does not vary. However, the simulation only lasts 250 ps overall, which is
significantly shorter (by necessity) than the MD simulations.
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Table 4.5: The average distance and standard deviation was calculated for all 250 ps of simulation of the MCL
complexed with propionyl-CoA and glyoxylate. Mg represents the magnesium ion in the active site, TIP is the
oxygen atom of a TIP3P water molecule, GLV is glyoxylate and 1VU is propionyl-CoA. All distances measured are
within the QM region of the model.

Interaction Average distance (A)
Mg —TIP510 2.07 £0.07
Mg —TIP724 2.05+0.07
Mg -GLV (01) 2.21+0.09
Mg — GLV (02) 2.04 +0.07
Mg — Glu141 (OE1) 2.04 +0.09
Mg — Asp168 (OD2) 1.93+0.06
GLV (O1) — Arg76 (NH1) 3.45+0.26
GLV (01) - Arg76 (NH2) 4.84+0.33
1VU (0) - Arg76 (NH1) 6.68 + 0.41
1VU (O) — Arg76 (NH2) 5.03+0.42
1VU (O) — Asp299 (OD1) 6.090.51
1VU (O) — Asp299 (OD2) 4.58 +0.52
1VU (C1) - GLV (C1) 5.05+ 0.55

B8-methylmalyl-CoA

In the enzyme complex containing B-methylmalyl-CoA, the magnesium coordination sphere
is maintained as expected. Unlike in the MD simulation, none of the production runs display
any disruption of the forces between the metal ion and the substrate (table 4.6). This could
either be a lack of sufficient sampling or the QM methods model the region in such a way
that the magnesium is more likely to maintain interactions with B-methylmalyl-CoA.

Table 4.6: The average distance and standard deviation was calculated for all 250 ps of simulation of the MCL
complexed with 8-methylmalyl-CoA and glyoxylate. Mg represents the magnesium ion in the active site, TIP is the
oxygen atom of a TIP3P water molecule, GLV is glyoxylate and BMM is 8-methylmalyl-CoA. All distances measured
are within the QM region of the model.

Interaction Average distance (A)
Mg —-TIP510 2.06 £0.07
Mg —-TIP724 2.12+0.08

Mg — BMM (041) 2.01+0.06



Mg - BMM (049)

Mg — Glu141 (OE1)

Mg — Asp168 (OD2)

TIP510 — GLU44 (OE2)

TIP724 - GLU44 (OE1)

BMM C25 — ASP299 (OD2)

BMM 042 — ARG76 (NH2)

BMM 049 — ARG76 (NH1)
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2.16 £0.09
2.01+0.10
1.94 +0.06
3.76+0.34
3.09+0.48
5.02 £0.44
5.61+0.55

3.14+0.20

Acetyl-CoA

The magnesium coordination sphere is maintained throughout the simulation, reflecting the

results of the MD simulation. As expected, there is some flexibility in the acetyl-CoA
substrate, while it is an unexciting distance from the reactive residues the standard deviation

is also relatively high (table 4.7). The mobile nature of the substrate is possibly necessary for

the mechanism to proceed as expected.

Table 4.7: The average distance and standard deviation was calculated for all 250 ps of simulation of the MCL
complexed with acetyl-CoA and glyoxylate. Mg represents the magnesium ion in the active site, TIP is the oxygen
atom of a TIP3P water molecule, GLV is glyoxylate and ACO is acetyl-CoA. All distances measured are within the

QM region of the model.

Interaction Average distance (A)
Mg —-TIP510 2.09+0.12
Mg —TIP724 2.11+0.08
Mg -GLV (01) 2.66 +0.85
Mg — GLV (02) 2.05+0.07
Mg — Glul141 (OE1) 2.37+0.09
Mg — Asp168 (OD2) 1.94 +0.06
GLV (01) - Arg76 (NH1) 3.85+0.85
GLV (O1) — Arg76 (NH2) 5.52+0.72
ACO (0) — Arg76 (NH1) 6.42+0.83
ACO (0) — Arg76 (NH2) 6.11 +0.90
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ACO (0) — Asp299 (OD1) 4.36 +0.60
ACO (0) — Asp299 (0D2) 4.09 +0.57
ACO (C1) - GLV (C1) 6.80 + 0.88

(S)-malyl-CoA

The complex containing (S)-malyl-CoA in the active site of MCL exhibits similar behaviour to
the other simulations that have been described. The coordination sphere is kept intact
throughout the entire 250 ps of run time and the water molecules involved maintain their
interactions with the residues around the active site (table 4.8). There is little flexibility in the
moiety but the reactive residues are positioned in the way expected from the proposed
mechanism.

Table 4.8: The average distance and standard deviation was calculated for all 250 ps of simulation of the MCL
complexed with (S)-malyl-CoA and glyoxylate. Mg represents the magnesium ion in the active site, TIP is the
oxygen atom of a TIP3P water molecule, GLV is glyoxylate and MML is (S)-malyl-CoA. All distances measured are
within the QM region of the model.

Interaction Average distance (A)
Mg —TIP510 2.08 +0.07
Mg —-TIP724 2.08 +0.07
Mg — MML (033) 2.00 £ 0.06
Mg - MML (048) 2.17+0.09
Mg — Glul141 (OE1) 1.96 £ 0.06
Mg — Asp168 (OD2) 1.95+0.06
TIP510 — GLU44 (OE1) 2.81+0.19
TIP724 - GLU44 (OE1) 2.97+0.24
MML C17 — ASP299 (OD2) 5.60 +0.49
MML 048 — ARG76 (NH1) 3.39+0.25

The QM/MM results have demonstrated that using the CHARMM forcefield with NAMD to
model the MM portion of the structure and AM1 to model the QM region of the model gives
and acceptable simulation that can be calculated on a reasonable timescale. The stability of
the structures provides a good starting point with which to perform experiments to
investigate the proposed mechanism and the likelihood that the expected transition states
are correct.
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Conclusions

Summary

B-methylmalyl lyase is an interesting enzyme to study with implications in the CETCH cycle
for synthetic carbon fixation and in its own endogenous pathways as it has important roles
in bacterial metabolism in both the 3-hydrocypropionate cycle *° and the ethylmalonyl-CoA
pathway. * Mechanisms for family members have been studied and the primary steps well
characterised. However, characterisation studies of the reversible reactions performed by
malyl lyases while using the same active site residues as malate and citrate synthases which
hydrolyse the CoA from the product irreversibly will result in an interesting investigation. The
MD simulations performed in this work demonstrate that the enzyme is able to remain as a
stable complex with all substrates. Subsequent QM/MM models and simulations along the
reaction coordinates may yet elucidate the details of this mechanism and may also help to
explain where the differences lie between the enzymes in this family.

Future Work
The immediate next steps of this project are to continue with the QM/MM studies with some
further, directed simulations. The intention is to run umbrella sampling along the reaction
coordinates of each step of the mechanism to calculate the free energy potential. Reaction
coordinates have been derived from the predicted mechanism based on malate synthase *
15 and previous QM/MM studies on citrate synthase. *? Three coordinates have been defined:

r= d(cpropionyI—CoAH) - d(OAsnggH)
r;= d(CpropionyI—CoACegoxyIate)
rs= d(NAfg75H) - d(oglyoxylateH)

r1 describes the enolization step, r; the condensation step of the mechanism and rs;the final
proton transfer to the substrate. These will be simulated in both the forward and backward
directions to simulate the reversible properties of this enzyme. This will give an indication of
the feasibility of proposed mechanism in vivo.

Further ahead, machine learning (ML) could be applied to B-methylmalyl-lyase and potential
mutations suggested by this study can then be assessed using similar QM/MM and MD
methods. ML is a tool that has regained popularity in recent years due to increased
computational power allowing the manipulation of big data sets and the improved
accessibility of ML algorithms. The direction for this study is to apply these algorithms to
enzyme itself by generating relevant descriptors from the active site of the enzyme. The
implementation of ML should produce novel candidate models.*

Grillo et al.**

describe a QM/MM method which defines reactivity descriptors to illustrate
enzyme activity. Various theoretical properties can be derived from the electronic structure
of a molecule using DFT and those related to reactivity are particularly useful when
calculated from time-step conformations of enzymes as a reaction progresses. These
descriptors use the concept of electronic chemical potentials to map the movement of
electrons over time by quantifying the hardness and softness of the system. These can be
combined with Fukui functions to define the electron density of the system to indicate where

the reaction takes place and in what orientation. %
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The QM/MM model will provide the necessary information about the active site so the
descriptors can be calculated for each frame of the simulation. This should provide a dynamic
map of the electrons as the reaction occurs showing the atom movements. Using these
reactivity descriptors, models can be built to predict changes in the enzyme structure to
improve or change the reactivity of the active site. The mutations the algorithm suggests will
need to be assessed for stability and whether they are able to improve the activity of the
enzyme.

The conclusion of this workflow would be to test these mutations through the MD and
QM/MM simulations described above. Viable candidates could then be passed on for
verification in experiment. A systematic workflow such as this will be a novel contribution to
the field of rational design and could be applied to any enzymatic system.
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6. Appendices

6.1. MD

All the figures below are representative of all four enzyme complexes and all repeated
simulations. Minimisation was done for 2000 or 3000 steps until the energy of the system
decreased no further to ensure a truly minimised protein structure (figure 6.1).

Potential Energy
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> —450000 A
&
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c
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-550000 -
0 500 1000 1500 2000 2500 3000

Steps

Figure 6.1: The potential energy of the system showing that 3000 steps of minimisation is enough for the energy
to plateaux and thus the system is minimised

Equilibration of the MD simulation was monitored in order to produce a reliable system.
After 0.1 ns of equilibration under the NVT ensemble, a further 4.9 ns were simulated using
the NPT ensemble. RMSD was calculated for all atoms except hydrogen atoms over that time
to assess the amount of movement between timesteps (figure 6.2). If RMSD were to rise
above 2 A there would be cause for concern as it may indicate that the protein is beginning
to fall apart and denature.
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Figure 6.2: The RMSD of the system during equilibration using the NPT ensemble. The system seems to stabilise
after 2 ns.

The final coordinates for each structure were selected after the system had stabilised as seen
by the calculated RMSD. These structures were used as the starting point for both the MD
and the QM/MM simulations.

6.2. QM/MM

Two QM regions were set up for simulation. One including just the amino acids involved in
the mechanism (table 6.1) and a second including all amino acids known to be conserved in
the wider family CitE enzyme family that are present in the active site (table 6.2).

Table 6.1: A list of the atoms included in the smaller QM region for the complex containing propionyl-CoA. 1VU

represents propionyl-CoA, GLV is glyoxylate, TIP3 corresponds to the water molecules, MG the magnesium atom,
VAL —valine, ASP — aspartic acid, and ARG — arginine.

Atom Residue

Number Segment Number Residue Atom
1 PROA 298 VAL C

2 PROA 298 VAL (0]

3 PROA 299 ASP N

4 PROA 299 ASP HN
5 PROA 299 ASP CA
6 PROA 299 ASP HA
7 PROA 299 ASP CB
8 PROA 299 ASP HB1
9 PROA 299 ASP HB2
10 PROA 299 ASP CG
11 PROA 299 ASP 0oD1
12 PROA 299 ASP 0OD2
13 PROB 75 VAL C

14 PROB 75 VAL (0]
15 PROB 76 ARG N

16 PROB 76 ARG HN
17 PROB 76 ARG CA
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66 HETE 403 MG MG
67 WATB 510 TIP3 OH2
68 WATB 510 TIP3 H1
69 WATB 510 TIP3 H2
70 WATB 724 TIP3 OH2
71 WATB 724 TIP3 H1
72 WATB 724 TIP3 H2

Table 6.2: A list of the atoms included in the smaller QM region for the complex containing propionyl-CoA. 1VU
represents propionyl-CoA, GLV is glyoxylate, TIP3 corresponds to the water molecules, MG the magnesium atom,
VAL —valine, ASP — aspartic acid, LEU - leucine, GLU — glutamic acid, ARG — arginine, and ILE - isoleucine.

Atom Residue

Number Segment Number Residue Atom
1 PROA 298 VAL C

2 PROA 298 VAL 0]

3 PROA 299 ASP N

4 PROA 299 ASP HN
5 PROA 299 ASP CA
6 PROA 299 ASP HA
7 PROA 299 ASP CB
8 PROA 299 ASP HB1
9 PROA 299 ASP HB2
10 PROA 299 ASP CG
11 PROA 299 ASP oD1
12 PROA 299 ASP 0oD2
13 PROB 41 LEU C
14 PROB 41 LEU (0]
15 PROB 42 ASP N
16 PROB 42 ASP HN
17 PROB 42 ASP CA
18 PROB 42 ASP HA
19 PROB 42 ASP CB
20 PROB 42 ASP HB1
21 PROB 42 ASP HB2
22 PROB 42 ASP CG
23 PROB 42 ASP oD1
24 PROB 42 ASP 0oD2
25 PROB 43 LEU C
26 PROB 43 LEU (0]
27 PROB 44 GLU N
28 PROB 44 GLU HN
29 PROB 44 GLU CA
30 PROB 44 GLU HA
31 PROB 44 GLU CB
32 PROB 44 GLU HB1
33 PROB 44 GLU HB2
34 PROB 44 GLU CG
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The RMSD was calculated for the QM/MM simulations and all the figures below are
representative of all four enzyme complexes and all five repeated simulations (figures 6.3 &
6.4).
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Figure 6.3: RMSD of the MM partition of the QM/MM simulation; the complex stabilises early in the simulations
at around 10 ps.
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Figure 6.4: RMSD of the atoms only modelled by QM semiempirical method.

The energy in the system is also a good indicator of the stability of the system and large
transgressions from the norm can indicate abnormal behaviour (figure 6.5).
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Figure 6.5: The energy in the QM region of the QM/MM model remains steady throughout all the simulations.



