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Abstract

Antimitotic agents, a class of cancer chemotherapies, target the tubulin protein in
microtubules to suppress microtubule dynamics and affect the segregation of chromo-
somes during cell division. A variety of antimitotic agents are known, which range
in status from clinically-approved agents to those in preclinical studies. For example,
three clinically-approved taxanes are in use, while laulimalide has experienced many
issues in preclinical studies. Regardless of the status of a compound, in many in-
stances there is limited information regarding the ligand—tubulin interactions in the
binding site, as well as the global effects on tubulin that result from the binding of
the compound. Atomic-resolution models of ligand—tubulin interactions are necessary
to develop an enhanced understanding of how these agents work. Using molecular
modeling, methods derived from classical mechanics and quantum mechanics are used
to investigate ligand—tubulin interactions on a local and global scale.

The binding of laulimalide and laulimalide analogues to tubulin is examined us-
ing an expanded computational model and molecular mechanics, which provided
the first atomistic model of laulimalide in a microtubule-like environment. Spe-
cific laulimalide—residue interactions were identified, indicating the importance of an
intramolecular hydrogen bond, direct and water-mediated ligand-tubulin hydrogen
bonds, and ligand—tubulin 7—7 interactions. A correlation was noted between cytotox-
icity and select ligand—protein interactions, establishing a laulimalide pharmacophore
that may be used in the design of novel laulimalide compounds. The importance of a
specific macrocycle conformation was also established. Using the information gained

from this computational model of the laulimalides, novel laulimalide-like compounds
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were also considered and their efficacy predicted, illustrating the utility of such a
computational model.

Despite the clinical success of the taxanes, the mechanism of action of this class
of drugs remains elusive, making rational design of related compounds difficult. A
classical model revealed that the taxanes adopt different conformations in the binding
site, but bring about a similar allosteric effect on tubulin. For the first time, this
allosteric effect was traced from the drug binding site, across the tubulin protein.
This establishes a metric by which the efficacy of other taxane-domain binders may
be ranked in future rational drug design studies using computational models.

Quantum-mechanical descriptions of ligand—protein complexes are also obtained
in this Thesis. The effects of electron correlation and implicit solvent are examined,
and it is found that electron correlation plays a larger role in ranking taxane binding
than the implicit solvent. The quantum-mechanical treatment also reveals that some
ligand-residue interactions are destabilizing, a result that cannot be obtained through
classical descriptions.

The work in this Thesis provides significant insights into the binding of different
microtubule-targeting agents to tubulin. Atomic-resolution models allow for enhanced
examination of ligand—tubulin complexes. The results obtained in this Thesis will be
useful in guiding future drug design strategies for novel compounds with enhanced

activity.
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Chapter 1

Introduction®

1.1 Scope

Microtubules, which segregate chromosomes during cell division, are targets for some
of the most successful anticancer therapies in clinical use. A variety of antimitotic
agents are known to bind to the tubulin protein within microtubules to alter the
dynamicity of these structures. It is important to understand how these drugs inter-
act with the protein and the mechanism by which they affect microtubule function.
This will allow for the development of novel compounds with enhanced antimitotic
properties.

A variety of microtubule-targeting compounds are in clinical and preclinical de-
velopment. However, it is unknown how some of these agents interact in the binding
sites on tubulin on a local scale, as well as how these agents affect tubulin on a global
scale through allosteric effects. The work presented in this Thesis uses computational
modeling to determine how antimitotic agents work and and what makes these agents
successful. Specifically, molecular mechanics combined with molecular dynamics is
used to study the structure and explore the dynamic behaviour of ligand—tubulin
complexes. In addition, noncovalent interactions that govern ligand—tubulin binding

are studied using a fully-quantum mechanical model.

*Portions of this Chapter have been published in:

Chemical Biology and Drug Design, 2015, 86, 190-199.!

The Journal of Biomolecular Structure and Dynamics, 2015, DOI:  10.1080/
07391102.2015.1078115.2

Chemical Biology and Drug Design, 2015, DOI: 10.1111/cbdd.12595.3

Chemical Physics Letters, 2012, 554, 185-189.4



1.2 Microtubules as a target for cancer
chemotherapies

1.2.1 Microtubule structure, function, and dynamics

1.2.1.1 Function

A microtubule (MT) is a key component of the cytoskeleton, which plays important
roles in cell structure, cell motility, cell signalling and transport, and the separation
of chromosomes during cell division. For example, MTs form cilia and flagella, which
are responsible for cell motility. They also bind with MT-associated proteins like
the motor proteins kinesin and dynein, which are responsible for the intracellular
transport of organelles and protein complexes.®*°

It is the role MTs play in cell division that makes these structures a target for

12,13 chromatin condenses into

cancer chemotherapies.! At the beginning of mitosis,
chromosomes and MTs, which originate from centrosomes, begin to organize for
cell division. In the metaphase step of mitosis, chromosomes are aligned along the
metaphase plate with MTs attached to the kinetochores on each chromosome (Fig-
ure 1.1). Subsequently, in anaphase the chromosomes are broken apart and the MTs
move each sister chromatid to their respective centrosome at the poles of the cell. In
order for the separation of chromosomes to occur, a cell cycle checkpoint known as
the M-checkpoint must be met between metaphase and anaphase, which ensures all
chromosomes are aligned on the metaphase plate and the MTs are attached to each
kinetochore.'* If this checkpoint is not met, the cell will enter a state of prolonged
mitotic arrest.'® From here, cell death may occur or the cell may enter a polyploid
state. Antimitotic agents bind to MTs and alter the ability of MTs to grow and
shrink, thereby influencing MT attachment to kinetochores and separation of chro-
mosomes during mitosis. The goal of anticancer agents is to target M'Ts in cancerous
cells and inhibit their ability to separate chromosomes during cell division, causing

cancer cell death. 16719



metaphase anaphase

Figure 1.1: An illustration of metaphase and anaphase in mitosis. In maitosis, the
chromosomes (purple) are aligned along the metaphase plate and their kinetochores
(blue) are attached to MTs (grey), which are anchored to centrosomes (black) at the
poles of the cell. In anaphase, the chromosomes separate and MTs shrink to pull each
of the sister chromatids towards its respective centrosome.

1.2.1.2 Structure

MTs are hollow cylinders comprised of the tubulin protein, specifically a- and (-
tubulin units that exist as an aS-tubulin heterodimer in the cell (Figure 1.2(a)).?* %2
The interior of the MT is known as the lumen. Within the MT, the heterodimers are
arranged linearly in a head-to-tail fashion known as a protofilament (Figure 1.2(b)).
These protofilaments are aligned in a parallel arrangement, resulting in a polar MT
with an a-tubulin-capped end and a [-tubulin-capped end (Figure 1.2(c,d)). Com-
monly, 13 protofilaments comprise the circumference of a MT,?* which has an exterior
diameter of 25 nm, an interior diameter of 15 nm, and can grow up to 10 um long in the
cell. 16 The arrangement of o3-tubulin heterodimers in the MT wall primarily adopts a
B lattice formation (Figure 1.2(c)), where lateral contacts occur between homologous
tubulin monomers.?* However, when the 1% protofilament meets the 13'" protofil-
ament, a seam is present where the af-tubulin heterodimers are arranged in an A
lattice configuration characterized by heterologous lateral contacts (Figure 1.2(d)).?*
The three-dimensional structures of MTs and tubulin have been obtained using

25,26 a5 well as electron and X-

methods such as cryo-electron microscopy (cryo-EM),
ray crystallography.?” Atom coordinates are commonly deposited in the Protein Data

Base (PDB) and given a unique identification code, making these structures easily



Figure 1.2: An illustration of the structure and components of a MT, including
(a) an af-tubulin heterodimer, (b) a tubulin protofilament, and (c,d) a MT. Tubulin
within a MT is primarily arranged in (c) a B lattice configuration, where tubulin
monomers engage in homologous lateral contacts. A 90 ° clockwise rotation of the
MT in (c) results in image (d), showing the seam where the 1 protofilament meets the
13" protofilament and the A lattice configuration is present, involving heterologous
lateral contacts.

accessible. Cryo-EM has been used to obtain the structures of MTs with resolutions
between 30 A and 5 A.2428-31 This method is beginning to surpass the quality pro-
vided by X-ray crystallography, where ligand—protein coordinates have recently been
obtained at near atomic resolution (2.2 A) by cryo-EM. 333 Higher-resolution models
of MTs have also been obtained by combining cryo-EM data for a MT and dock-
ing a high-resolution structure of tubulin obtained from crystallography.?4293! High-
resolution crystallographic structures of tubulin have been challenging to obtain since
tubulin forms MTs rather than crystals. However, two approaches have been used to
obtain structural information about tubulin (Figure 1.3). The first uses zinc ions to
induce the formation of two-dimensional tubulin sheets. This results in heterodimers
that have a straight conformation, as observed in MTs, but the protofilaments in the
zinc-induced sheets are arranged in an antiparallel direction, unlike found in MTs
(Figure 1.3(a)). The second approach employs the stathmin-like domain of the RB3
protein to bind to tubulin heterodimers and promote crystallization, which results in
a curved heterodimer conformation (Figure 1.3(b)). To further complicate the struc-

tural determination of tubulin, MT-stabilizing agents are commonly used to promote

4



(b)

stathmin-like domain

Figure 1.3: Tubulin structures obtained by (a) electron diffraction of antiparallel
zinc-induced sheets and (b) X-ray diffraction of a complex containing af-tubulin het-
erodimers bound to the stathmin-like domain of the RB3 protein in the 1SAQO crystal
structure.** Nucleotide cofactors are shown in space-filling mode.

polymerization of sheets and MTs. Therefore, there is little experimental data re-
garding the structure of a5-tubulin heterodimers in the apo (ligand- or drug-free) or
stathmin-free form.

Although structural information about the af-tubulin heterodimer was obtained
in conjunction with information about drug—a-tubulin heterodimer complexes, most
notably the taxanes in crystal structures 1TUB* and 1JFF?® (Table 1.1), valuable
information about the structure of af-tubulin has been obtained. The first crystal-
lographic studies obtained low resolution structures of tubulin that were unable to

differentiate the a- and B-tubulin units3™® given the 40 % sequence identity between

bt



the two proteins.3® Higher resolution structures (3.7 A for 1TUB,?® 3.5 A for 1JFF, 3
Table 1.1) definitively distinguished between the tubulin monomers, and identified
the secondary (2°) structures of the proteins. Specifically, helices (denoted with an
H), sheets (denoted with an S), and loops (defined as the protein backbone compo-
nents between helices and sheets) were identified. The 10-24 residue C-terminal tail
of the tubulin monomers, which is polyanionic and highly disordered, could not be
resolved.3>3% This tail features many post-translational modifications and is directed
away from the surface of MTs, playing a role in MT assembly and interactions with
MT-associated proteins.??#5 In 1JFF36 residues in the a-tubulin loop between H1
and S2 (denoted a:H1-S2) could not be resolved. Each tubulin monomer is divided
into an N-terminal domain (the N-terminus to S6), an intermediate domain (H6 up
to H11), and a C-terminal domain (H11 to the C-terminus). Each monomer also has
a core helix, H7. Docking a high-resolution crystal structure® to a cryo-EM MT
structure?* identified the lateral contacts within a MT are primarily formed between
S7-H9 in one monomer, and H1-S2 and H3 in the adjacent monomer. One important
distinction between a- and S-tubulin is the presence of eight additional residues in
a:59-S10 occupying a region that corresponds to a ligand binding site (specifically
the taxane binding site) on S-tubulin. An important secondary structure is also de-
fined: (:S7-H9 is named the M-loop, or microtubule loop, and it is proposed to be
the secondary structure responsible for determining the interprotofilament angle and

therefore the number of protofilaments in a MT.3¢
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Each tubulin subunit within the heterodimer contains a nucleotide binding site

that binds guanosine nucleotides (Figure 1.3(b)). The locations of these sites were

35,36 53-55

identified by crystal structure data, photocrosslinking studies, and muta-
tional studies.’® On the a-tubulin subunit, this site is located at the interdimer
interface and is non-exchangeable. Therefore the nucleotide exists only in an un-
hydrolyzed form as guanosine triphosphate (GTP). In contrast, the nucleotide site on
B-tubulin is located at the longitudinal interface on the exterior of the protein and
is exchangeable. Before polymerization, the free tubulin heterodimers contain GTP
bound to S-tubulin. However, polymerization into MT's results in this site being lo-
cated at the longitudinal interdimer interface contacting a-tubulin, where GTP may
be hydrolyzed to guanosine diphosphate (GDP). This hydrolysis is responsible for
the change between growing and shrinking MTs, which allows MTs to generate force
and carry out their required functions, such as separating chromosomes during cell

division.
1.2.1.3 Dynamic instability

The propensity of a MT to stochastically switch between periods of dramatic growth
and shrinkage is known as dynamic instability,?” and is necessary for the functioning
of MTs. This is related to GTP hydrolysis. MT lattices with heterodimers containing
GTP-pB-tubulin are stable, while heterodimers containing GDP-S-tubulin are desta-
bilized. During polymerization, heterodimers containing a GTP—g-tubulin unit are
added to the MT. Subsequently, GTP hydrolysis occurs, resulting in a heterodimer
containing a GDP-A3-tubulin unit.?® Heterodimers containing GDP-3-tubulin favour
dissociation and depolymerization. Whether a MT is in a state of growth (rescue) or
shrinkage (catastrophe) depends on a delicate balance between polymerization and
hydrolysis.

As discussed in Section 1.2.1.2, MT structures have a polarity where the a-tubulin
end is known as the (—) end and the solvent-exposed [-tubulin end is known as the
(+) end (Figure 1.2). There are greater changes in length at the (4) end than the
(-) end, !¢ since the (-) end is anchored to centrosomes during mitosis.

During polymerization, a8-tubulin containing GTP—g-tubulin binds to the (+) end
of the MT, where the exchangeable nucleotide site located on the longitudinal inter-
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dimer interface is initially solvent exposed (Figure 1.4(a)). Upon the addition of
more «f-tubulin heterodimers, the GTP unit bound to S-tubulin comes into contact
with residues from the longitudinal surface of the a-tubulin unit, which complete the
binding pocket and provide the residues necessary to hydrolyze GTP to GDP,?* re-
leasing 52 kJ mol~!.4% This hydrolysis is associated with a conformational change in
aB-tubulin,®' which can either be constrained by the surrounding MT lattice to allow
for polymerization to continue, or destabilize the lattice to cause depolymerization.
The path taken depends on whether a GTP cap (a series of heterodimers containing
GTP-{-tubulin) is present on the (+) end.?® In the presence of the stabilizing GTP
cap, the conformational change that results upon the hydrolysis of GTP to GDP
will be constrained by the MT lattice, storing energy within the MT and allowing
polymerization to continue (Figure 1.4(b)). This occurs when the rate of polymer-
ization is greater than the rate of GTP hydrolysis. Experiments suggests that a (+)
end cap of one to three layers of heterodimers containing GTP—g-tubulin will stabi-
lize MTs.% Alternatively, the absence of a GTP cap exposes the unstable MT core
of heterodimers containing GDP-/-tubulin,®® which destabilizes the MT lattice and
leads to depolymerization (Figure 1.4(c)). This occurs when the rate of hydrolysis
is greater than the rate of polymerization. During depolymerization, lateral contacts

760 as protofilaments

break and dissociation occurs with characteristic “ram horns
twist and curl outwards(Figure 1.4(c)).%' Tt is important to note that GTP hydroly-
sis is not required for MT polymerization, but is required for dynamic instability. As
evidence for this, the use of unhydrolyzable GTP analogues such as GMPCPP allow

MTs to polymerize, but no dynamic instability is observed.5?

1.2.2 Antimitotic agents targeting microtubules

Antimitotic agents are one of the most successful classes of cancer chemotherapies
available, suggesting MTs are an excellent cancer target.'® Interestingly, many MT
targeting agents are naturally derived, or based on the structure of naturally-derived
compounds (Figure 1.5). These compounds bind to the S-tubulin subunits, and there
are six distinct binding sites currently known (Figure 1.6). MT targeting agents may
be categorized into MT destabilizing agents, which inhibit M'T polymerization at

high concentrations, and MT stabilizing agents, which promote MT polymerization
9



( ) GDP-bound (] ) GTP-bound

(b)
polymerizing
microtubule

(c)
depolymerizing
microtubule

catastrophe

rescue

Figure 1.4: An illustration of the dynamic instability of MTs related to the hydrolysis
of GTP-B-tubulin (purple) to GDP-S-tubulin (cyan). (a) The addition of an of-
tubulin heterodimer containing GTP-f-tubulin may lead to (b) polymerization if the
rate of heterodimer addition is greater than the rate of GTP hydrolysis, resulting in

GTP cap, or (c) depolymerization if the rate of hydrolysis is greater than the rate of
heterodimer addition.
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at high concentrations. At clinically-relevant drug concentrations, all compounds have
the same effect in which they exert their cytotoxic effects by altering the dynamic

instability of MTs. !6:63

1.2.2.1 Microtubule destabilizing agents

Several classes of drugs are known to destabilize MTs at high concentrations, which
include the Vinca alkaloids and colchicine. The Vinca alkaloids were first isolated
in the 1950s from leaves of periwinkle, Vinca rosea,®* and their antitumour activity
established.% In 1968, it was determined that the Vinca alkaloids targeted tubulin
as an antimitotic agent.%%7 Vinblastine (Figure 1.5) is cytotoxic in nanomolar con-
centrations (Table 1.2)% and may bind to the S-tubulin unit within soluble dimers
of af-tubulin, or to MTs. The Vinca alkaloids bind with high affinity to the (+) end
of MTs, but may also bind with lower affinity to the lattice.%®™ The Vinca alkaloid
binding domain is located at the longitudinal interdimer interface (Figure 1.6); when
bound to the MT (+) end the Vinca alkaloids block polymerization (Figure 1.7(a)),
whereas binding to the MT lattice creates a wedge between aS-tubulin heterodimers
to induce a curved protofilament conformation. The Vinca alkaloids also disrupt tu-
mor vasculature.!” Crystal structures are available for vinblastine-tubulin complexes
(1Z2B*¢ and 4EB6," Table 1.1). Other agents like ustiloxins also bind to the Vinca
alkaloid domain, and a crystal structure is available (3UT5, Table 1.1).47

Four Vinca alkaloids have been approved for clinical use in Canada. Vinblastine
and vincristine were approved for use in the 1960s, while vindesine and vinorelbine
were approved for use in the 1990s. These agents are used to treat a variety of cancers,
including cancers of the breast, uterus, cervix, and testicles, as well as melanoma and
leukemia. ™

Colchicine (Figure 1.5) is isolated from the saffron plant, Colchicum autumnale.™
Colchicine binds to free af-tubulin heterodimers, which may then be incorporated
into MTs.™ The 1SAO crystal structure of colchicine bound to a8-tubulin (Table 1.1)
revealed that colchicine binds at the intradimer interface (Figures 1.6 and 1.7(b)) and
displaces 3:H7-HS8.3* This induces a curved MT conformation,®* unlike the straight
conformation that af-tubulin adopts within the MT lattice.

Colchicine is cytotoxic in low nanomolar concentrations, but less effective than

11
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paclitaxel O docetaxel 0 ©

(TXL) (DXL) (CAB)

O OH O
epothilone A

(-)-laulimalide HO peloruside A
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N

(-)-zampanolide (-)-cyclostreptin taccalonolide A
(tacca A)

Figure 1.5: The structure and numbering of MT-targeting agents, which bind to
B-tubulin.
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Vinca alkaloid site
Colchicine site
Maytansine/rhizoxin F site
Luminal taxane site
Laulimalide/Peloruside A site
Taccalonolide/Type | pore site

Figure 1.6: An illustration of (a) two adjacent tubulin protofilaments and (b) (-
tubulin illustrating the binding sites of different ligands and nucleotide cofactors,
viewed from the MT lumen (interior). Guanosine nucleotides are indicated in space-
filling mode. In (a) the MT protofilament, the type I pore is indicated with a light
grey square and type II pores are indicated with a dark grey square. Colchicine (yel-
low) binds to the colchicine domain located at the longitudinal intradimer interface.
Vinblastine (pink) binds to the Vinca alkaloid domain at the longitudinal interdimer
interface. Rhizozin F (red) binds to a recently-identified site also at the longitudinal
interdimer interface. Paclitazel (purple) binds to the luminal taxane binding site.
Laulimalide (green) binds to the laulimalide/peloruside A binding site at the lateral
interdimer interface between protofilaments. Taccalonolide AF (orange) covalently
bonds to B-tubulin at a site in the type I pore.
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Figure 1.7: An illustration of the binding sites of MT-destabilizing agents (a) vin-
blastine (Vinca alkaloid domain), (b) colchicine (colchicine domain), and (¢) rhizoxin
F (a newly-reported domain).

vinblastine (Table 1.2). Colchicine was used for many years to treat gout, and was
clinically approved in the US for this treatment in 2009, but has not been successful
in the treatment of cancer due to its small therapeutic window. However, the ability
of this compound to target tumour angiogenesis and vasculature, while also evading
common resistance mechanisms, has motivated researchers to derivatize this com-
pound. ™ Related compounds are currently being examined in preclinical and clinical
trails, ™ and crystal structures of some compounds bound to the colchicine domain of
afB-tubulin have been obtained. 37576

Recently, a new tubulin binding site was discovered with the crystallization of MT-
destabilizing agents maytansine (4TV8), PM060184 (4TV9), and rhizoxin F (4TUY,
Table 1.1, Figure 1.5).%? Although these compounds interfere with vinblastine binding,
this site is in a structurally-distinct location.*® These agents bind at the longitudinal

interdimer interface, but away from the Vinca alkaloid domain and adjacent to the

exchangeable nucleotide site (Figures 1.6 and 1.7(c))
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1.2.2.2 The taxanes and taxane-domain binders

The taxanes are the most well-known and best understood class of MT-targeting
agents.®?8 They are also the most successful class of MT-targeting agents, with
three taxanes, paclitaxel (TXL), docetaxel (DXL), and cabazitaxel (CAB), currently
in clinical use. The taxanes feature a common tetracyclic baccatin core with a side
chain at C13, but differ in functional group modifications at three sites (Figure 1.5).
The C3' position of TXL contains a benzyl amide moiety, while C7 and C10 feature
hydroxyl and acetyloxy groups, respectively. DXL features a C3'-t-butyl carbamide
ester, and a hydroxyl group at C10. CAB features the same C13 side chain as DXL,
but is substituted with methoxy groups at the C7 and C10 positions.

The first taxane studied in the literature, TXL (Figure 1.5), is derived from the
Pacific yew tree (Tazus genus). Its structure and cytotoxic activity against tumours
was identified in 1971.%* In 1979, the biological target of TXL was identified when it
was determined that TXL worked by promoting the assembly of MTs,® and resulted
in MT bundles and abnormal mitotic spindles in cells.®¢ Initially, a lack of availability
slowed the progress of TXL in preclinical studies.® TXL was isolated from the bark of
the yew tree, which only yielded small quantities while also killing the tree.® Eventu-
ally, a semisynthetic process was developed from the baccatin species, which could be
harvested in large quantities from the needles of the yew tree.®” Phase I clinical trials
began in 1984, and TXL was approved for clinical use in 1992 in Canada and the US
for the treatment of ovarian cancer.®® Currently, paclitaxel (Taxol) is administered
to treat ovarian, breast, non-small cell lung cancer, as well as Kaposi’s sarcoma.®?
Paclitaxel is also approved to be administered in an albumin-stabilized nanoparticle
formulation, which circumvents the poor solubility of TXL and decrease systemic
side effects.®® Nanoparticulate drug delivery also provides a means of preferentially
targeting tumour cells. 8990

TXL, like many cancer chemotherapies, is prone to resistance. Semisynthetic
taxanes have been developed to provide an alternative to TXL and are in clinical
use. Docetaxel (Taxotere), approved in 2006 in Canada and the US, is used to
treat non-small cell lung cancer, as well as breast, prostate, stomach, head, and neck

cancers.'” Most recently, cabazitaxel (Jevtana) was approved in the US (2010) and
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Canada (2011) to treat metastatic hormone-refractory prostate cancer. CAB has low
affinity for the P-glycoprotein eflux pump that is implicated in drug resistance and is
administered once treatments with DXL are ineffective. 82! The taxanes are cytotoxic
in low and sub-nanomolar concentrations (Table 1.2). In some drug-sensitive cell
lines such as A2780 (human ovarian cancer) and MCF-7 (human breast cancer),
TXL has been reported to be more potent than DXL,?? while other cell lines such
as 1A9 (human ovarian cancer) and HeLa (human cervical cancer) indicate DXL is
superior, ™ and CAB is superior to DXL in the sensitive P388 (mouse leukemia)
cell line (Table 1.2).™ However, in resistant cell lines, DXL is superior to TXL%
while CAB is superior to DXL, ™ particularly in P-glycoprotein expressing cell lines.
DXL also has greater solubility than TXL.%? In addition to antimitotic activity, the
taxanes are angiogenic. 1

The location of the taxane binding site on af-tubulin heterodimers has been the
subject of many studies. Photoaffinity labelling studies were the first to indicate the
residues involved in the binding of taxanes to S-tubulin.®* ™ Subsequently, a series
of electron crystallography studies by the Nogales group?® definitively identified
the taxane binding site (Figures 1.6 and 1.8). Zinc-induced sheets in an antiparallel
protofilament arrangement were crystallized with TXL and resolved to 6.5 A,37 and
then to 4 A.38 Although electron density corresponding to the taxane was visible near
interprotofilament contacts, the inability to differentiate between the a- and S-tubulin
units meant the receptor could not be identified. However, this did support previ-
ous studies, which determined that TXL binds to a/3-tubulin stoichiometrically.?® A
structure with a resolution of 3.7 A was obtained with the 1TUB?® crystal structure
containing DXL and further improved in the 1JFF36 crystal structure resolved at
3.5 A with TXL in the taxane binding site (Table 1.1). The taxane binding site was
located on the S-tubulin unit, in contact with secondary structures g:H1, 5:H6-H7,
B:HT7, 3:S7, the M-loop, and 5:59-S10 (Figure 1.8(b)). Although the baccatin core of
TXL was well defined, the C2-, C3’, and N’-phenyl groups (Figure 1.5) were poorly
resolved. By docking 1TUB to cryo-EM MT data, it was determined that the taxane
binding site was located in the MT lumen (Figure 1.8(a,b)).

Once the taxane binding site was identified in the MT lumen, researchers wondered

how the taxanes gained access to this site. Interestingly, taxanes have negligible
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Figure 1.8: An illustration of (a,b) the luminal taxane binding site as viewed from
the MT lumen and (c) the intermediate binding region in the type I pore as viewed
from the MT exterior. TXL (purple) binds near the indicated secondary structures in
the lumen.

affinity for free aS-tubulin heterodimers,?” preferring to bind to a3-tubulin within
MTs or zinc-induced sheets, suggesting an important structural difference between
these systems that is important for taxane binding. It was initially suggested that
TXL could gain access to the lumen by entering at the ends of the MT.? However,
it is now accepted that TXL enters the lumen through the MT wall, as determined

by studies using fluorescently-labeled taxanes,?®

as well as supported by the result
that taxane binding could be blocked by the binding of agents to the type I pore
(cyclostreptin, Section 1.2.2.4).'% The binding of taxanes was determined to involve a
two-step process: '°! First, the taxanes bind to an intermediate binding site in the M'T
wall and in the second step they bind to the luminal site. The intermediate binding

102,103 511

site was identified by molecular modeling studies using docking calculations
molecular dynamics simulations. 9219 Although its exact location differed slightly
between the different studies, the intermediate binding site region was found to be
located in the the type I pore and forms upon the rearrangement of 5:H6-H7, which
is accessible to the bulk solution (Figure 1.8(c)). Interestingly, the intermediate and
luminal binding sites are separated by the M-loop, and computational exploration
of the transition from the intermediate to luminal binding site found the M-loop
102,103

conformation changes to facilitate the movement of TXL into the luminal site.

Since taxane binding to af-tubulin is stoichiometric,”® binding at the luminal and
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intermediate sites is mutually exclusive.

The mechanism by which TXL stabilizes MTs has been the subject of several
studies. TXL can promote MT formation from heterodimers containing GDP—j-
tubulin.”® It is known that upon binding TXL displaces residues in the M-loop and
it was proposed that this moves the M-loop towards the adjacent tubulin unit to
stabilize MTs by enhancing lateral contacts, particularly with g:H1-S2, 5:H3, and
[3:H2-83.243%:105 TX], is now believed to impart MT stability by allosterically re-
versing the conformational changes to af-tubulin that occur upon the hydrolysis
of GTP to GDP in B-tubulin.?"1% Therefore, it is expected that conformations of
GTP-bound tubulin and TXL-bound tubulin are similar. The conformation of the
apo af-tubulin heterodimer, with either GTP or GDP bound to S-tubulin, has been

76:80,106-111 with comparatively fewer studies considering the effects of tax-

examined,
anes. 35195112 Tyhylin heterodimer curvature is not greatly affected by GTP hydrolysis
or taxane binding, where GTP-tubulin, GDP-tubulin, and TXL-bound tubulin are
intrinsically curved and display flexibility that allows them to occupy a continuum
of conformations ranging from bent to straight.08%19 Tocal and global structural
changes that occur within af-tubulin upon TXL binding to MTs have been iden-
tified.31112 Hydrogen-deuterium exchange (HDX) mass spectrometry (MS) detected
structural changes in both the a- and S-tubulin units. 2 In HDX MS, acidic protons
in the solute exchange with deuterium in the solvent, where solvent-exposed regions
of the protein receptor will have higher deuterium incorporation than unexposed re-
gions. By comparing a protein in its holo (ligand-bound) and apo forms, a ligand
binding site can be identified, as well as other structural changes, based on the de-
creased deuterium incorporation in certain regions. Most recently, high-resolution
MT structures have indicated that lateral contacts play a passive role in MT stability
and are not substantially affected by TXL binding, which instead stabilizes M'T by
increasing longitudinal contacts and easing conformational strain.3! HDX MS experi-
ments also found that DXL has an effect on longitudinal, rather than lateral, tubulin
interactions. '3

Some structural analogues of the taxanes, and their effects on tubulin and MTs,
have been studied using in vitro, in vivo, and in silico methods in order to understand

the role of functional group modifications on the effectiveness of the taxanes.%?!14
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Although TXL has been the subject of an overwhelming number of studies and DXL
to a much lesser extent, there has been little work examining the interaction between
CAB and tubulin. Among the three clinically approved taxanes, there are some known
differences in the effects of these drugs on MTs. DXL binds to tubulin with up to
three times the affinity (K,) of TXL and it has a greater effect on MT assembly than
TXL.'"? CAB and DXL perform similarly in MT stabilization and tubulin assembly
experiments, ™ indicating these are better MT stabilizing agents than TXL. While
natural MTs typically have 13 protofilaments, TXL binding decreases this number
to 12, while DXL binding results in MTs with 13 or 14 protofilaments. 117 Early
studies proposed that the M-loop acts as a hinge that determines the number of
protofilaments in a MT.?* More recently, computational modeling also implicated
the M-loop in determining protofilament number, which was related to the degree to
which the C7- and C10-substituents displaced the M-loop from the taxane binding
site and changed the interprotofilament angle.9%17

Despite what is known about the binding of taxanes to MTs, particularly TXL,
it is still unclear how the taxanes stabilize MTs. Though their structures differ, the
three clinically-approved taxanes (TXL, DXL, and CAB) are known to stabilize MTs
and are effective in clinical use. Of particular interest is how the binding of the
taxanes to f-tubulin results in an allosteric effect in the af-tubulin heterodimer to
stabilize MTs. Chapter 5 applies computational methods using classical force fields
and molecular dynamics simulations to determine the effects of these three taxanes on
tubulin and insight is gained into the origin of the allosteric effects of taxane binding to
tubulin. These taxane—tubulin complexes are also studied using quantum mechanics
in Chapter 7, to gain additional information about taxane-tubulin interactions that
is not available from computational methods based on classical mechanics.

Other agents are also known to bind to the taxane binding site.'® The epothilones
(for example epothilone A, Figure 1.5) were originally isolated from the myxobac-
terium Sorangium cellulosum and were found to stabilize MTs. 15118 Competitive
binding studies initially indicated that taxanes and epothilones bind to the same
site,!* and this was illustrated by zinc-induced tubulin sheets in the 1TVK crystal
structure in 2004 (Table 1.1).%° The epothilones, particularly epothilone B, can be

d!'?® and have greater solubility than TXL in water.'?! Furthermore,
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epothilones were shown to be more effective than TXL in multidrug resistant cell
lines, 119122 though less effective in sensitive cell lines (Table 1.2).7" Semisynthetic
epothilone analogues are showing particular promise as cancer chemotherapies. Iz-
abepilone (Ixempra), which began clinical development in 1999, was approved for
the treatment of taxane-resistant breast cancer in 2007 in the US,!?® and other ana-
logues are currently in clinical trials. Discodermolide, isolated from the marine sponge
Discodermia dissoluta, also binds to the taxane binding site to stabilize MTs, but in-
terestingly this compound works synergistically with TXL.'24 This is because TXL
binds closer to the M-loop while discodermolide binds closer to £:H1-S2.12% Despite
its ability to promote MT assembly more effectively than TXL120 and its efficacy in
resistant cell lines, 27 this compound was unsuccessful in clinical trials.!” Other com-
pounds such as cyclostreptin, dactylolide, and zampanolide can bind in the taxane

binding site through a covalent bond, and will be discussed in Section 1.2.2.4.18

1.2.2.3 Laulimalide and peloruside A

Laulimalide (LLM) is a macrolactone derived from the marine sponge Cacospongia
mycofijiensis,?® 139 while peloruside A (Pel A) is a macrolactone isolated from the

131 Both compounds have cytotoxic

marine sponge Mycale hentscheli (Figure 1.5).
activity in the nanomolar range (Table 1.2).7132 These compounds are antimitotic
agents currently undergoing preclinical development.

LLM and Pel A stabilize MTs in a fashion similar to TXL, promoting the as-
sembly of aB-tubulin heterodimers into MTs. 1878133134 However, Pel A has been
shown to be less potent in promoting MT assembly than LLM and TXL.!34136 Ex-
posure of cells to LLM was found to cause mitotic arrest in breast carcinoma and
the onset of apoptosis.”™ Similarly, Pel A was found to induced mitotic arrest in
lung cancer cell lines.'®” Although TXL was found to have lower ICs, values than
LLM and Pel A in drug-sensitive cell lines, 35 LLM and Pel A are superior in
TXL-resistant cell lines'3313% and multidrug-resistant cell lines that overexpress the
P-glycoprotein. 78133135 Furthermore, synergetic effects were observed in tubulin as-
sembly with the co-administration of taxanes, as well as other taxol-domain binding
agents and LLM. 134136138139 Thig synergy and ability to overcome resistances is in-

dicative of the potential of LLM and Pel A as chemotherapeutic agents.
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The information about LLM and Pel A binding was initially elucidated from
competitive binding assays of drugs with known binding sites. It was determined
that LLM does not inhibit TXL binding, and that LLM and TXL could bind to «af-
tubulin heterodimers in stoichiometric quantities simultaneously,!*? indicating that
LLM does not occupy the taxane binding site. Further work also indicated that both
Pel A and LLM did not compete with TXL binding, but did compete with each
other, 13>136 indicating that LLM and Pel A bind to the same or an overlapping site.
Further identification of the LLM and Pel A binding sites proved challenging, and
it was reported that it was not possible to create zinc-induced tubulin sheets with
LLM. 10

In 2006, based on the results of blind docking calculations using NMR-determined
solution structures of Pel A, it was proposed that the binding site of Pel A was located
on a-tubulin, contacting a:H7.'! However, this was incorrect. Ultimately, a collab-
orative effort using HDX MS, blind docking, and molecular dynamics calculations
correctly identified the LLM/Pel A binding site.!**!2 In 2008, HDX MS and blind
docking calculations identified the Pel A binding site on S-tubulin near 5:H9-HY',
B:HY, 3:HY-S8, 3:S8, 3:H10, and B3:H10-S9,'% and in 2010 the LLM binding site
was confirmed to be in the same location (Figure 1.9(a—c)).14? This site is removed
from the taxane site and located near the lateral interface between heterodimers in
protofilaments, and therefore LLM and Pel A are in contact with two adjacent (-
tubulin units within the MT lattice (Figure 1.6 and 1.9(a,b)). Interestingly, HDX MS
studies also identified a region of decreased solvent exposure corresponding to S:H3
and $:H3-S4 in the adjacent S-tubulin unit (Figure 1.9(b)), which indicates these
structures also form part of the LLM/Pel A binding site, though this was not dis-
cussed in the text.'#? Molecular dynamics simulations of Pel A-af3-tubulin'!® and
LLM-a8-tubulin*? complexes (Figure 1.9(c)) identified key residues involved in drug
binding. Nguyen et al.'*® also computationally examined LLM and Pel A binding
to f—tubulin, and identified a binding mode unique from that reported by Huzil et
al.''3 and Bennett et al.,'*? which differs in the bound drug conformation and specific
interactions with residues.

The above studies were instrumental in identifying the previously-unknown LLM

and Pel A binding sites.'®!42? The associated computational work provided atomic-
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resolution structures that could be used to better understand binding at this new
site, and applied in the development of LLM and Pel A analogues. However, the
LLM/Pel A site on S-tubulin is somewhat unique since, unlike the colchicine and
taxane domains, it is in contact with multiple protein heterodimers within the MT.
Furthermore, the HDX MS results suggest there may be important binding contribu-
tions from the adjacent S-tubulin unit via 3:H3 and 3:H3-S4.'*2 The above compu-
tational models were limited to a single aS-tubulin heterodimer!*? or B-tubulin. 43
To obtain dynamical, atomic-resolution insight into this binding site in a MT envi-
ronment, it is necessary to utilize an extended computational model. The Tuszynski
group has been particularly interested in LLM, and therefore as part of my PhD work
I examined LLM binding to MTs using an extended protein model consisting of two
adjacent a/3-tubulin heterodimers. These results were published! and are detailed in
Chapter 2.

As the research presented in Chapter 2 was completed, a crystal structure be-
came available for Pel A (404J) and LLM (404H, Table 1.1) bound to tubulin (Fig-
ure 1.9(d,e)).5? These complexes show the compounds form contacts with 5:H9, 5:H9—
HY', 8:H10, and B:H10-S9, highlighting the same pocket previously identified.!3:142
The LLM pose present in the crystal structure®® differs from that determined by
MD simulations reported by Bennett et al.'*? using a single a3-tubulin heterodimer
(Figure 1.9(c) vs. (e)), and also the pose identified in Chapter 2 using two adja-
cent af-tubulin heterodimers. The crystal structures were obtained with the com-
pounds bound to the S-tubulin unit within an afS-tubulin heterodimer that forms a
complex with the stathmin-like protein RB3 and tubulin tyrosine ligase (similar to
Figure 1.3(b)). However, the adjacent aS-tubulin heterodimer that would be present
within the MT lattice is absent. Recognizing the importance of considering this LLM
pose in the context of the MT lattice, the researchers who obtained the crystal struc-
ture®? also performed a fit of this LLM-bound «afS-tubulin heterodimer to cryo-EM
reconstructions of a MT.?430 Although this representation did not allow for the relax-
ation of protein—protein or additional drug—protein interactions, information about
the proximity of LLM to the adjacent tubulin unit was obtained. Specifically, lateral

142

interactions with $:H3 were proposed, as suggested by the HDX MS results ** and

also reported in Chapter 2. However, it is important to consider LLM in a MT-
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Figure 1.9: (a) An illustration of the laulimalide /peloruside A binding site. (b) The
lateral interdimer interface indicating the residues (in green) affected by laulimalide
and peloruside A binding, as determined by HDX MS.1%142 (c) The laulimalide bind-
ing pose as determined computationally by Bennett et al..’#* (d) The peloruside A
binding pose in the 404J crystal structure.”® (e) The laulimalide binding pose in the
4O4H crystal structure.’® Panels (b—e) are viewed from the MT exterior.

like environment that includes structural relaxation and dynamics. Therefore, using
the LLM pose provided in the crystal structure, LLM binding between «a/3-tubulin
heterodimers was reexamined with classical mechanics and molecular dynamics, the
results of which are detailed in Chapters 3 and 4.

Despite the ability of LLM to work synergistically with taxane-domain binders, 134

78,133,144,145 6

its potency in drug-resistant cell lines, and anti-angiogenic properties, 14
in vivo experiments found both relatively small inhibition of tumour growth, as well
as toxic effects by LLM. ** Furthermore, LLM is prone to acid-catalyzed degradation
into isolaulimalide, which is less potent by over two orders of magnitude (Table 1.2).7
Therefore, it became a priority to find LLM analogues with improved efficacy and
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stability, decreased toxicity, and that can be easily synthesized. This has proven
challenging since all studies published to date regarding the efficacy of LLM analogues,
which have been modified at the C2-C3, C15, C16-C17, C20, and C23 positions
(Figure 1.5), show these novel analogues to be less potent than LLM, 5147152 and
it is unknown how structural modifications alter the LLM binding mode to tubulin,
making the rational design of LLM analogues challenging.

Substantial work has been conducted by a variety of groups to develop, synthe-
size, and evaluate structural analogues of LLM. Of notable interest is the work by
the Mooberry group and their collaborators. 145:159:152.153 Some of these analogues are
computationally-examined in Chapter 3 and have been published.? Gallagher and
coworkers have synthesized a variety of LLM analogues, and evaluated their cytotoxi-
cities. ! Compounds related to LLM have also been proposed by Prof. Dennis Hall at
the University of Alberta, which are structurally unique from other derivations based
on the LLM framework. These compounds from the Gallagher and Hall groups are
examined computationally in Chapter 4. By computationally examining LLM and
LLM analogues in a MT model, characteristics of the effective LLM analogues can
be identified. This will allow for the development of a LLM-tubulin pharmacophore,
which is described by TUPAC as “the ensemble of steric and electronic features that
is necessary to ensure the optimal supramolecular interactions with a specific biolog-
ical target structure and to trigger (or to block) its biological response”. ! Tt is also
a goal for this information to be used in the future to computationally predict the
efficacy of newly-proposed LLM analogues, aiding in the rational drug design process

and accelerating preclinical investigations of LLM.

1.2.2.4 Compounds that covalently bond to tubulin

In 2000, cyclostreptin (Figure 1.5) was isolated from the actinobacteria Streptomyces
genus, and determined to have nanomolar antitumor activity (Table 1.2)7" via an
antimitotic mechanism. %1% Cyclostreptin was noted to behave uniquely compared
to other MT-stabilizing agents, such as TXL. Cyclostreptin only weakly promoted
tubulin assembly, but also bound strongly to MTs and competitively inhibited TXL
binding.'®” Cyclostreptin-containing MTs also disassemble more slowly than TXL-
stabilized MTs at low temperatures.'®” Although TXL was more effective than cy-
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clostreptin in sensitive cell lines, cyclostreptin is very effective in resistant cell-lines. 157

This unique behaviour was explained when it was discovered that cyclostreptin
irreversibly binds to tubulin.”" % Cyclostreptin was the first MT targeting agent
found to form a covalent bond to tubulin, and the first taxane-domain binder found
to bind to dimeric tubulin (a dimer of heterodimers).!® Cyclostreptin binds to tubu-
lin stoichiometrically, and high performance liquid chromatography (HPLC) coupled
to tandem MS (MS/MS) was used to determine that cyclostreptin covalently bonds
to £:Thr220 (5:H6-HT7) or B:Asn228 (8:H7) in MTs in vitro and in vivo, and these
residues are located in the type I pore and luminal taxane site, respectively (Fig-
ure 1.10).1%° When cyclostreptin bonds to dimeric or oligomeric tubulin, it is less
common and only at 3:Thr220.1% No crystal structure is currently available for the
cyclostreptin—tubulin complex and MS/MS did not identify the connectivity of the
ligand—protein crosslink, though the lactone and strained C2-C17-olefin (Figure 1.5)
sites have been proposed.%%1% The covalent bonding of this ligand explained several
important observations about cyclostreptin-stabilized MT's, such as their cold stabil-
ity and the higher temperatures required for cyclostreptin to induce MT assembly. 109
Furthermore, covalent bonding of cyclostreptin to MTs decreases intracellular drug
concentrations, thereby reducing the efflux of this compound by the P-glycoprotein
pump (Pgp). %9 It was also found that S-tubulin is the primary target of cyclostreptin,
indicating the reduced tendency of this compound to engage in off-target interac-
tions. 179

The antimitotic activity of the taccalonolides is also due to covalent bonding to
tubulin. The taccalonolides, a class of hexacyclic compounds naturally isolated from

plants in the Tacca genus (Figure 1.5),160°166

are a relatively new class of agents
that have been under preclinical investigation as cancer chemotherapies, though total
synthesis of these compounds is not available.'6” While not all taccalonolides have
shown cytotoxic activity, some have antiproliferative activity at subnanomolar con-
centrations (Table 1.2)%880:168 and stabilize MTs. 169

Preclinical studies by Mooberry and coworkers have shown that the taccalonolides

are particularly promising antimitotic agents, 6%:80,167-178

addressing many of the issues
associated with taxane resistance. The taccalonolides are effective in cells that over-

express Pgp and in cells having single point mutations in the luminal taxane site. %
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They have also shown enhanced efficacy in cells expressing the SIII-tubulin isotype, %
which is associated with resistance in cancerous cells (see Section 1.2.3.1).179180 Al
though the taccalonolides have lower potencies than taxanes in vitro, they were more
potent than the taxanes during in vivo antitumor trials. %17

Much work has been done to determine how the taccalonolides interact with MT’s.
The taccalonolides have been found to work synergistically with the laulimalides, in-
dicating these compounds interact at non-overlapping sites.!”® Taccalonolides were
found to inhibit the binding of taxanes, but taxanes do not affect taccalonolide bind-
ing.!"® Further experiments revealed that once taccalonolides were bound to MTs,
they could not be removed under denaturing conditions, ' indicating covalent bond-
ing was present. This was confirmed when MS/MS indicated that the taccalonolides
covalently bond to S-tubulin in a segment of residues containing 3:214-232, which in-
volves 3:H6-H7 and B:H7 in the type I pore and luminal site.'® This is also the range
of residues that cyclostreptin (see above) and zampanolide (3:Asn228 and :His229 in
the luminal site) 8! are known to covalently bond to (Figure 1.10). MS/MS could
not identify the residues to which the ligand—protein crosslink occurs or the connec-
tivity,'™® and no crystal structure is available for taccalonolide-tubulin complexes.
However, reactivity is associated with the lactone, since removal of this functionality

1% HDX MS experiments probed the allosteric effects

stopped taccalonolide activity.
of taccalonolide binding to determine that taccalonolides stabilize lateral interprotofil-
ament contacts, largely in a-tubulin.!™

In addition to the above-mentioned drug candidates, zampanolide and its enan-
tiomer dactylolide are known to bond to residues in the luminal taxane site.'® There
is a crystal structure available for zampanolide bound to a stathmin-stabilized «f-

tubulin heterodimer (414T, Table 1.1).°! T138067 is a destabilizing agent known to

bond in the colchicine site. ™

1.2.3 Resistance

Anticancer drugs may become less effective due to the tendency of cells to develop
resistance mechanisms that combat the effect of the drug. Common mechanisms of

resistance pertaining to antimitotic compounds are discussed below. 182183
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Figure 1.10: The luminal taxane site (purple) and the pore site (orange) at which
cyclostreptin is known to covalently bond to MTs. The residues 3:214-232, to which

the taccalonolides are known to covalently bond to, are indicated in pink. Viewed from
the MT lumen.
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1.2.3.1 Tubulin isotype expression

Proteins such as tubulin exist in multiple forms encoded by different genes, known as
isotypes.3? As a result, there may be amino acid substitutions in the protein, which do
not affect the ability of the protein to perform its normal function. In humans, there
are six main a-tubulin isotypes and ten main -tubulin isotypes (51, flla, S1Ib, SIII,
BIVa, BIVb, BV, BVI, BVII, and SVIII).1¥ 80-95 % sequence identity is observed
among tubulin isotypes and the greatest variation is in the C-terminal tail. 44184185 3]
is the most common isotype in both normal and cancerous cells. '8¢ Using homology
modeling, structures have been obtained for the human S-tubulin isotypes. 184185
MT assembly was found to be affected by the tubulin isotypes present.®” It is be-
lieved that cells may respond to changes in M'T dynamics by altering tubulin isotype
expression. 39184188 Alterations in cellular isotype expression have also been associated
with resistant cell lines. #8189 For example, increased levels of AlI-tubulin were found
in TXL-resistant cell lines and tumours. ™% BIII expression has also been asso-

91 Drugs that preferentially bind

ciated with resistance to tubulin-targeting agents.
to BII and SIII isotypes may increase the target specificity of antimitotic agents,
preferentially affecting cancerous tissue over normal tissue.

Some residue alterations were identified between the isotypes in the known drug
binding sites. ¥ Within the luminal taxane site, six residues varied among the isotypes
though this site was very similar in all isotypes. A Ser275Ala (M-loop) substitution
was present in SIII, and an Arg359Trp (/5:59-S10) substitution was observed in SVII,
while five substitutions were observed for SVI.'® The colchicine binding site contains
seven residues that show variation among the isotypes, with five isotypes containing

184 The Vinca alkaloid domain involves four residues substitutions in

substitutions.
three B-tubulin isotypes. %4

The greatest variation in these three binding sites occurs for the SVI, SVII and
BVIII isotypes, and no variations occur in the taxane, colchicine or Vinca alkaloid
binding sites for A1, SII and SIV.!8* This makes it difficult to target the increased B11
and SIII expression in cancerous tissues. However, the BIII Ser275Ala substitution

located in the M-loop is also in contact with taxanes at the intermediate binding

site. Therefore, taxane analogues have been designed to enhance interactions with
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B:Ala275 in order to preferentially target the SIII-tubulin that is expressed in cancer-

102,192 Tpterestingly, vinblastine most strongly affects SII-tubulin, !*3 though

ous tissue.
there are no residue substitutions found in the Vinca alkaloid domain of BII.'8* This
points to the importance of investigating allosteric effects in drug—tubulin interac-
tions and MT formation, rather than solely considering interactions within the drug
binding site, which has been discussed in the literature.® Comparing the isotype se-
quences '8! to the computationally-determined LLM binding pose (Chapters 3 and 4)
shows three substitutions in the LLM binding sites of S1I- and SIII-tubulin. Of these,
the conservative SII Ala298Ser substitution may be important since [3:Ala296 forms

a water-mediated hydrogen bond with LLM.

1.2.3.2 Tubulin point mutations

Point mutations in af-tubulin heterodimers have been implicated in the resistance
of cells lines to MT-targeting agents. However the role of point mutations in the

194 gince it is difficult to

development of resistances in the clinic is less understood,
differentiate between residue changes that results from gene expression or point mu-
tations.

Point mutations are commonly found in the SI-tubulin present in cells resistant
to MT-stabilizing agents.'® Known mutations are detailed extensively in the liter-
ature. 180:188,195-202 For example, B:Thr2741le, B:Arg282Gln, and 3:GIn292Glu muta-
tions have been associated with TXL and epothilone resistances, where the first two
mutations are located in the luminal taxane site and the site of the third mutation
facilitates lateral interdimer interactions.195-197:199.200 Tpy the absence of MT-targeting
agents, these mutations decrease MT stability. Computational examinations of these
mutations indicate varying effects on tubulin, which include changes localized to the
taxane binding site such as changes in pocket volume, weakening of ligand binding,
and changes in M-loop conformation, and well as more delocalized changes such as
alterations in tubulin structure and increased tubulin flexibility. 2% Alternatively, cells
resistant to an epothilone analogue showed mutations like 5:Ala231Thr affect MT sta-
bility, but not drug binding.!®® Modifications to a-tubulin have also been associated
with TXL resistance. 198202

Tubulin sequences have been obtained for the yew tree, the natural source of
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TXL.2%* MTs formed from yew tree tubulin must be resistant to the effects of TXL,
and may provide clues as to how TXL-resistant tubulin, involving either changes in
isotype expression or point mutations, affects TXL efficacy. Yew tree tubulin and
human tubulin share 80 % sequence identity, and 65 % of the differences between
[-tubulin sequences are found on the surface of the protein, with most occurring
in the lumen.?** 18 residue substitutions are located in the luminal taxane binding
site and eight residue substitutions were found in the type I pore, which is greater

204 Computations showed that each

than the variation found among human isotypes.
of the luminal site substitutions decreased TXL affinity.?’* A correlation was also
found between the location of residue substitutions and regions that had been previ-
ously reported as having a change in mobility upon TXL binding, %> which includes

structures both near to and removed from the taxane binding site.

1.2.3.3 Multidrug resistance via the P-glycoprotein pump

Multidrug resistance (MDR) is a problem that plagues the efficacy of anticancer
agents, including MT-targeting agents. One of the biggest contributors to MDR
involves the Pgp, also known as multidrug resistance protein 1 (MDR1), which is an
eflux pump that removes foreign substances from cells. Resistances associated with
high levels of the Pgp are found in both clinical use and cell studies, as well as in
tumours with intrinsic (untreated cells) and acquired (after treatment) resistances,
and in tissues that undergo relapse.?%

Many naturally-occuring and synthetic M'T-targeting agents are substrates for and
effluxed by Pgp. To address the problem of drug efflux by Pgp efflux, Pgp inhibitors
have been developed to be coadministered with the drug.?% Alternatively, studies
have began to search for new anticancer agents with reduced affinity for the Pgp.
Epothilones are not substrates for the Pgp,'®? and drugs like CAB and LLM have
been shown to be more effective in multidrug resistant cell lines than TXL due to
reduced affinity for the Pgp.7133150 Covalently-bonding agents also have reduced

eflux by the Pgp due to low intracellular drug concentrations.'®”

31



1.3 Computational methods

When applying computational chemistry to tackle a problem, a balance between
accuracy and efficiency must be considered. Efficient methods based on classical me-
chanics are well-suited to study the structure of a variety of large biological systems,
as well as their dynamics. However, these methods are unable to account for quantum
phenomena that may be necessary to understand the system of interest. The appli-
cation of more accurate quantum chemical methods to biological macromolecules has
traditionally been prohibitively expensive. Fortunately, recent advances in quantum
methods now make it possible to apply quantum mechanics to larger systems. Meth-
ods based on classical mechanics have been applied in Chapters 2-5, while methods
based on quantum mechanics have been applied in Chapters 6 and 7.

Examining the behaviour of a system as it evolves in time provides important
information about biological systems. Molecular dynamics (MD) simulations allow
for the motion of atoms to be taken into account under different conditions (pH or
temperature, for example) to calculate the time-averaged values of certain properties
(energy, for example). In this Thesis, MD is combined with classical mechanics to
examine ligand—protein binding (Chapters 2-5).

The methods listed above are appropriate for studying the structure and electronic
properties of ligand—protein complexes. However, pharmacokinetic effects (how the
body affects the drug) and toxicity are also important factors in understanding a drug
and in the future design of novel agents. Therefore, calculations have been employed
to predict the absorption, distribution, metabolism, excretion and toxicity (ADMET)
properties of agents that are in preclinical development (Chapters 3 and 4).

The following sections will summarize the computational approaches applied in

this Thesis.

1.3.1 Classical mechanics and molecular mechanics

(Classical mechanics is the study of motion according to Newton’s Laws of Motion.
Within classical mechanics, a particle has a defined trajectory with a known position
and momentum at any given time. The application of classical mechanics to study

molecular systems, known as molecular mechanics (MM), is appealing due to the sig-
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nificantly reduced computational cost of classical descriptions of molecules. However,
since these microscopic systems are inherently quantum in nature and this governs
the properties of the system, parameterization of molecular mechanics methods is
required.

In molecular mechanics, the potential energy of a given system is described clas-

sically according to a force field. A simple atomistic force field may be described

as:
bonds angles dihedrals atoms atoms
VMM = E ‘/bond + E szngle + E Vdihedral + E ‘/z'j,vdW + E sz'j,ele(: (11)
1<j 1<J

The potential (Viy/) is calculated as a sum of potentials between atoms, which in-
cludes both bonded (internal) and non-bonded terms. The bonded terms are con-
tributions from bonds (Viend), angles (Vangie), and dihedral angles (Viinedarar) between
atoms. The non-bonded terms are pairwise contributions between atoms ¢ and 7, and
include van der Waals (V,qw ) and electrostatic (Vg.) forces.

A variety of force fields are available, which differ in the functional form of each
potential term in Equation 1.1 and in the parameterization. The Amber (assisted
model building with energy refinement) series of force fields, designed for biological
systems, is an atomistic force field that depends on the coordinates of the N atoms

of a system and takes the following form:

bonds angles dihedrals
Vimber = Z Ky(b—by)? + Z Ky(a — ag)? + Z Kylcos(ng + ¢o) + 1]
N N 1.2
+Z(Aij B Bij)+ 4i4; (12
L tpl2 6 i ATregT;
i<j Y v 1<j

These terms correspond to those in Equation 1.1. The potential arising from bonded
atoms is modeled harmonically and calculated using the variable b, which is the
distance between bonded atoms, as well as the parameters K, related to the force
constant, and by, related to the equilibrium bond length. The contributions from
angles are also modeled harmonically, with a dependence on the variable «, the angle

between bonded atoms, and the parameters K, and ag representing force constants
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and equilibrium angles, respectively. The contribution arising from dihedral angles is
modeled as a continuous cosine function depending on the variable dihedral angle (¢),
as well as the parameters relating to the rotation barrier (K), equilibrium dihedral
angle (¢o), and phase (n). The nonbonded terms are summed over all distinct pairs of
atoms, giving 1 N(N —1) terms. The van der Waals (vdW) contribution is dependent
on the variable r;;, which is the distance between atoms 7 and j in the system, and
parameters A;; and B;;, which are related to sizes of atoms ¢ and j. The electrostatic
contribution also depends on the variable 7;;, as well as the charges on atoms ¢ and
J (¢; and g;, respectively) and the permittivity of free space (¢y). Parameters may be
based on data from experiment or quantum calculations. Since the nonbonded terms
in Equation 1.2 are calculated in a pairwise fashion, the Amber force fields formally
scale as N2,

The Amber force field has been parameterized to describe biological systems,
including proteins. The original version of the Amber force field, denoted ff94,206
was developed in 1994. Since then, multiple reparameterizations of this force field
have been developed to improve the accuracy of the potential energy function.?°” The
ff99SB reparameterization improved the description of the protein backbone dihedral
angles and secondary structures.?®® The ff12SB force field enhanced the description
of protein backbone and side chain dihedral angles relative to ff99SB. During the
course of this PhD research, the ff14SB force field was also released, which minimized
the dependence of the protein side chain conformation on the backbone. The general
Amber force field (GAFF) has also been developed to describe organic molecules,?%

such as ligands or drugs, and is compatible with the Amber force fields.

1.3.2 Quantum mechanics

The microscopic properties of systems are described by quantum mechanics (QM).
QM-based methods, known as ab initio methods, are highly accurate and can be
applied to study properties of systems that lie outside of CM, such as chemical reac-
tions, excited states, and charge transfer. Unlike CM, a quantum particle does not
have a well-defined position and momentum, and only the probability of finding a
particle at a given position and momentum can be obtained. This probability may

be determined from the wavefunction.
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The first postulate of QM states that a quantum system is described by a wave-
function. By solving the Schrodinger equation, shown in Equation 1.3 in its time-

independent nonrelativistic form, the wavefunction may be obtained.

A

H(I‘l, ry,...I'y, RA, RB, RN)\II(Cla CQ, Cn, RA, RB, RN> =
E\D(Cla C27 Cna RA7 R37 RN)

(1.3)

A

In this eigenvalue equation, the Hamiltonian operator (H) is applied to the wavefunc-
tion (V) to obtain the energy () and wavefunction. The wavefunction depends on
the spatial (r,, = 2, Yn, 2,) and spin (o,) coordinates of n electrons (¢, = r,,0,),
and the spatial coordinates of N nuclei (Ry = Xy, Yy, Zy) contained in the system
of interest.

The Hamiltonian operator is the sum of potential (V) and kinetic (7') energy
operators of electrons (el) and nuclei (nuc), and is defined in atomic units as:

~

H = Tel + 7Aﬁnuc + ‘A/nuc—el + Vnuc—nuc + ‘7el—el (14)

n

H= _ilw - ilM v — iiz“‘ + iZAZB + Zi (1.5)
- 2 i 72 e T4 A jop TAB i<y | U .

Indices 7 and j run over n electrons while indices A and B run over N nuclei. This
equation includes the nuclear mass (M 4), nuclear charge (Z,), interparticle distances
(7ia, TaB, and 1), and Laplacian operator (VZ = 88—3; + ;—% + %).

Within a molecular system, the time scale of nuclear motion is much larger than
the time scale of electronic motion, and therefore the nuclei are essentially stationary
relative to the electrons. With this information, the Born-Oppenheimer approxi-
mation may be applied to simplify Equations 1.4 and 1.5 and obtain the electronic

~

Hamiltonian (H,;) and electronic wavefunction (¥.;):

T g 3 DA it 16)
" 24 A A " |

i<j 9
(]‘jel + Voue)Yer (€1, Cay - Cn; Ra, R, . Ry) = EqVe(C1, o, -..Cos Ra, R, ... Ry)

(1.7)
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in which the nuclear kinetic energy (7,,) is zero, and the internuclear potential energy
is a constant (V. = Aé::}g%). Therefore, the electronic wavefunction (W) de-
pends explicitly on the electronic coordinates (), and parametrically on the nuclear
coordinates (Ry). As a simplification, an n-electron wavefunction is expressed as a
Hartree-Fock product of n one-electron wavefunctions, or spin orbitals ¢({,). A spin
orbital is expressed as a product of a spatial orbital (¢(r,)) and a Pauli spin func-
tion (designated a(o,,) or (0,)). The n-electron wavefunction is written as a Slater

determinant to enforce the antisymmetry requirement of the electronic wavefunction:

\Ilel(Ch C27 Cn) = [n|]1/2 . . ' . (18)

The application of the electronic Schrodinger equation to a multi-electron sys-
tem is nontrivial. This arises due to the electron-electron repulsion term, Xn:%, in
Equation 1.6, which depends on the simultaneous pairwise interactions betlxjv]een all
electrons. In the simplest ab initio method, the Hartree-Fock (HF) method, electron
repulsion is calculated as the interaction between one electron and the average field of
all other electrons. Since the electron repulsion experienced by electron ¢ depends on
the positions of the other n — 1 electrons, the Hartree-Fock equations must be solved
self consistently. A set of trial spin orbitals {1, } is provided, and the HF equations
are solved to obtain a new set of {¢,}. This continues until the spin orbitals are
self-consistent with the field they generate. This process is known as a self-consistent
field (SCF) method.

In order to apply the above equations to molecules, the molecular orbitals (¢,(r;))

must be expanded as a linear combination of K basis functions (x,(r;)):

K

Op(ri) = Z CupXp(Ti) (1.9)

pn=1
The coefficients, c,;, are variational parameters that are varied until the SCF proce-
dure has converged. In practice the basis functions, x,(r;), are expressed as linear
combinations of Gaussian functions (o 60”2). These collections of atom-centered

Gaussian functions comprise a basis set.
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Since the HF theory only includes electron-electron repulsion in an average way,
the motion of electrons is not correlated. Physically, this neglects the fact that elec-
trons inherently avoid each other. As a result, the energy of a system predicted by
the HF theory is too repulsive. Correlated methods like the n**-order Mgller-Plesset
(MPn) perturbation theory, configuration interaction (CI) and coupled-cluster (CC)
theory improve upon the HF method by reducing the repulsion in the HF wavefunc-
tion. The MPn methods rely on perturbation theory to include electron correlation,
while CI and CC methods express the electronic wavefunction (¥, Equation 1.8)
as a linear combination of Slater determinants. However, the inclusion of electron
correlation makes these methods more computationally expensive. While HF scales
formally as K*, where K is the number of basis functions, MP2 methods scale as K°,

and the gold-standard correlated method CCSD(T) scales at K.

1.3.2.1 The Fragment Molecular Orbital method

For macromolecular systems comprised of thousands of atoms, and many basis func-
tions on each atom, the scaling of ab initio methods is prohibitively expensive. How-
ever, fragmentation methods provide a means of applying ab initio methods to large
systems with near-linear scaling.?!%2!! These methods partition a large molecular sys-
tem into fragments, and perform a QM calculation on each fragment to obtain the
wavefunction and properties of the fragments, which are then combined to obtain the
properties of the macromolecule.?'%213 The computational speed of these methods
is further enhanced due to their ability to be massively parallelized. In this Thesis,
the Fragment Molecular Orbital (FMO) method has been used to apply quantum-
chemical calculations to different systems, including macromolecular taxane—tubulin
complexes.

The FMO method partitions a system into fragments, calculating the energy of a
system as a sum of polarized fragment energies and many-body interaction energies.
The polarized monomers are calculated self-consistently in a Coulomb field generated
by the surrounding fragments to create a converged electrostatic potential, such that
each fragment is polarized by its environment.?** This is known as the monomer SCF.
Subsequently, many-body contributions are calculated and added to the polarized
monomer energies to obtain the total energy of the system, EfMY. The many-body
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contribution, summed over all M fragments, is commonly truncated after the dimer
term to obtain the two-body FMO (FMO2) energy of the system (EFMO2) 215 a9

shown in Equation 1.10.

M M M
BNt =3 Ei+ ) (By— Ei— B+ > Tr(ADYVY)  (110)
i=1 i<j i<j

E; is the energy of a polarized monomer and Ej; is the energy of a polarized dimer.
Tr(ADYVY ) is the interaction of the relaxed density change with the embedding
electrostatic potential, where AD% is the difference in the density matrix between
a dimer 7j and monomers i and j, and V¥ is the environmental potential from the

surrounding fragments acting on the dimer 75.2'6 Using EF9? the interaction energy

of an M-body system, where M > 2, may be obtained:

M
AE/FMO2 _ pFMO2 _ ZE’: (1.11)
i=1

From a two-body FMO calculation, the pair interaction energies between fragments

i and j (AE]FMO?) are also easily obtained:

1FMO2 FMO?2 / /

B (1.12)

=(E;; — E; — E}) + Tr(AD“V")

The FMO2 method formally scales as M? for HF.?! Improved scaling to M may
be obtained?!" 2! by using additional approximations that are applied by default
in the FMO? code in the GAMESS package.??° For fragments that are spatially
separated, terms describing the electrostatic potential of the environment may be
described using Mulliken atomic orbital populations and Mulliken charges, and dimer
interactions may be approximated with an electrostatic interaction.?'® In the study
of small systems, the FMO method scales poorer than general ab initio calculations,

though the FMO method is faster for a HF calculation with M > 10.27

Trimer interactions may also be included in the many-body expansion of FMQ:2!?

M
EFMO3 _ pFMO2 | Z [AE], + AED,] (1.13)

i<j<k
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AER, = Tr(AD"*V*) — Tr(ADYVY) — Tr(AD*V*) — Tr(AD*V7*)  (1.15)

As in Equation 1.11, EFM9 may be used to calculate the interaction energy within a
system. For a system containing M fragments, where M > 3, the interaction energy

is calculated as:

AERFMO3 — pFMOs _ XM:EQ (1.16)

i=1
Using FMO2, the pair interaction energy between fragments ¢ and j in Equa-
tion 1.12 may be analyzed via the pair interaction energy decomposition analy-
sis (PIEDA) scheme, into electrostatic (AE[®), exchange (AESX) and dispersion
(AEZ»IJ?I ) contributions, with the remaining contributions being attributed to charge

transfer (CT) and mixed interactions (AE[" ) 221

AEIMO? = AEPS + AEFX + AEPT + AESTH™ (1.17)

The FMO method may also include implicit solvent using the Polarizable Con-
tinuum Model (PCM). The pairwise desolvation free energy (AG{) may be in-

cluded using PCM to obtain the pairwise quantum-mechanical free energy of binding,

PCM . 222

AGM = AGEOM = AEFMO? + NG (1.18)

PCM solvation may be included in any QM calculation.??3 230 In this method, a
cavity is made around the solute. The solute induces a potential on the cavity result-
ing in an apparent surface charge (ASC) that is calculated from the electron density
of the solute. Since there is solute-solvent polarization, the ASCs are obtained self
consistently. There is a unique aspect about applying PCM solvation to FMO calcu-
lations, due to the FMO many-body expansions,?! where different (monomer, dimer,
etc) solute densities may be used to calculate the cavity ASCs. The combination of

the FMO method and PCM solvent is denoted as FMOn/PCM|m], where an n-body
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expansion is used to obtain the total energy and an m-body density is used in the
calculation of the ASCs in the cavity surrounding the solute, where n > m.?3!

The simplest implementation is the one in which an FMO2 calculation is per-
formed and ASCs are calculated using monomer densities (FMO2/PCM][1]). Here,
PCM solvent is included in the monomer SCF calculation. Subsequently, dimer cal-
culations are performed using the ASCs induced by the monomer densities. The
use of dimer densities to calculate ASCs is more complicated and time consuming
than PCMJ[1]. Most commonly, the FMO2/PCM[1(2)] method is employed: Fol-
lowing an FMO2/PCM][1] calculation, the ASCs are recomputed according to the
two-body densities. Subsequently, the FMO2 calculation is repeated in a second it-
eration using the new ASCs in the monomer SCF and dimer calculations. In order
to obtain full two-body effects in PCM, FMO2/PCM]|2| continues this process until
the ASCs induced by the two-body densities are self-consistent, which generally takes
7-9 interactions.?*! Since PCM[1(2)] offers the best compromise between accuracy
and efficiency, this method is employed in the Thesis.

The FMO method has been used in this Thesis, with the FMO?'* code in the
GAMESS package.??® This method was first applied to examine benzene-containing
systems in order to understand monomer polarization as calculated by the FMO
method, which is detailed in Chapter 6 and also published.? Subsequently, the FMO
method was used to obtain a fully quantum-mechanical examination of taxane—

tubulin interactions, detailed in Chapter 7.

1.3.3 Molecular dynamics

Molecular dynamics (MD) simulations calculate the motion of atoms and molecules
as a system evolves in time. To follow the motion of a classical system in which the
potential is described by molecular mechanics (Section 1.3.1), Newton’s second law
may be used. For each particle, i, this law relates the force on the particle (F;),
which is the negative of the gradient of the potential (—V;V), to its mass (m;) and

acceleration (¢;):
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Each particle evolves through time according to these forces. In systems contain-
ing many atoms, the equations are solved numerically at discrete time intervals known
as time steps (At). In order to resolve the motions of atoms, particularly high fre-
quency motions such as bond vibrations, small femtosecond time steps are required.
Simulations are carried out for millions of time steps. As the system evolves, the posi-
tion and momentum of each atom is collected at every time step to create a trajectory

spanning nanoseconds to milliseconds, which may be subsequently analyzed.

1.3.3.1 The computational details of MD simulations

The application of classical MD simulations to a ligand-protein complex containing
thousands of atoms involves many details. The procedure used in this Thesis is
summarized below.

209 and parameters

Drug molecules were described using the GAFF force field,
were derived with the ANTECHAMBER module of AmberTools. Nucleotide param-
eters for GDP and GTP were obtained from the literature®? to supplement the
Amber force field. Protein components were described with the Amber ff12SB or
ff14SB force field, refinements of the ff99SB force field,?%® the details of which are
included in the AmberTools Reference Manual. Explicit solvent was added using the
transferable intermolecular potential 3 point (TIP3P) water model.?*3 Specifically,
the complex was solvated in a truncated octahedral box of pre-equilibrated TIP3P
solvent extending 21 A from the solute. Sodium and chloride ions were added to neu-
tralize the system and obtain a physiologically-relevant ion concentration of 0.1 M.
Ion parameters (compatible with TIP3P water) were taken from the work of Joung
and Cheatham.?3%23% For computational efficiency, non-bonded terms were calculated
within a 10 A cutoff, while long-range electrostatics were calculated with the particle-
mesh Ewald method. 236238 For further efficiency, the SHAKE algorithm was utilized
during simulations,?*® which restrains bonds involving hydrogen atoms to facilitate
the use of a larger time step.

Using Amber 1224° or Amber 142*! GPU-enhanced code,?*?724 simulations were
performed using periodic boundary conditions and Langevin dynamics. Each system
studied underwent minimizations, followed by heating from 0 K to 300 K with the
canonical ensemble (constant NVT (number of particles, volume, temperature)) and
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density equilibration with the isothermal-isobaric ensemble (constant NPT (number of
particles, pressure, temperature)). Subsequently, production data was collected. The
minimizations, heating, and density equilibration steps differ for each system studied
and are therefore specified in the Appendix (Appendices A-D) for the corresponding
Chapter (Chapters 2-5). To verify the quality of each simulation, energy conservation
was confirmed. The mass-weighted root mean square deviation (RMSD, calculated
with respect to the structure at 0 ns) of ligand and protein atoms were calculated
to determine the point at which the simulation was structurally equilibrated, and

properties of the equilibrated system were calculated.

1.3.3.2 Calculating binding with the MM /GBSA method

To calculate the binding energy between two subsystems within a complex, the Molec-
ular Mechanics/Generalized Born Surface Area (MM/GBSA) method was used. 245246
In this approach, ligand-receptor coordinates are obtained from the explicitly-solvated
trajectory (single-trajectory approach), but explicit solvent and ions are replaced with
implicit generalized-Born solvation for computational efficiency. The MM/GBSA-

GMM/GBSAY g defined as the difference in

GMM/GBSA)

receptor

calculated Gibbs binding free energy (A
GMM/GBSA

complex

Gibbs free energy between the complex ( ), and the receptor (

and ligand (GﬂgaMnéGBSA):

complex receptor ligand

For each of these species, the Gibbs energy is calculated using the force field energy

(Varar), a solvation component (Gg,), the temperature (T), and the entropy (.5):

GMM/GBSA =Vum +Gsq — TS (1.21)

where Vj;,r is the force field potential obtained from Equation 1.1 and G, is the
solvation contribution defined as G, = Ggp + Gga, which is a sum of electrostatic
contributions (derived from the generalized Born model) and non-electrostatic con-
tributions (derived from the surface area), respectively.

To further analyze ligand-receptor interactions classically, pairwise contributions
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may be obtained and decomposed into contributing forces:
AGEM = AGIMEPSA = ABI 4 ABMY £ ABSC + AGSE + AGS (1.22)

The first three terms are obtained from the force field potential (Equation 1.1),
where the internal (int) term includes bond, angle, and dihedral terms. The last
two terms are obtained from the solvent contributions. These pairwise contribu-
tions are not additive, and therefore the sum of the pairwise contributions in Equa-
tion 1.22 is not equal to the total classical binding free energy in Equation 1.20
> AG?]/-[M/ GBSA £ AGMM/GBSAY  Nevertheless, pairwise decomposition provides
significant insight into ligand-residue contributions to ligand—protein binding.

The mmpbsa.py 4" protocols in AmberTools were utilized to perform MM/GBSA

6 was im-

calculations, analyzing 100 frames per nanosecond. The GBn formulation?*
plemented along with newly-developed parameters?*® and mbondi3 radii, which when
combined with ff12SB was recommended by the Amber developers to give the best
results for proteins. The entropic contribution to binding was not included due to
the computational demand associated with calculating this quantity for large sys-
tems. Therefore, the binding energies reported include only the Vi, and Gy terms.
However, since the Vy s and G, terms can be decomposed into pairwise ligand—
residue contributions, these contributions are most important when identifying the
relative importance of protein residues in ligand binding. Therefore, these results are
not directly comparable to experimentally-determined binding affinities. However,
MM /GBSA calculations using a single-trajectory approach have been shown to suc-

cessfully rank the binding affinities of different ligands, which is more important in

drug-design studies and this Thesis than the prediction of absolute affinities.?4?

1.3.4 ADMET properties

The computational methods discussed above are useful in studying the structure,
energy, and dynamics of ligand—protein complexes. However, these methods neglect
the processes by which the drug comes to meet its target (pharmacokinetics), as well
as adverse effects (toxicity), which are important elements of clinical drug use.?° In
the drug discovery process, there are high rates of attrition in the late stages due

to the difficulty in predicting these problems in earlier preclinical development.?23!
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Therefore, it is important to know the absorption, distribution, metabolism, excretion
and toxicity (ADMET) properties of drug candidates in preclinical development. In
silico models have been developed for the prediction of ADMET properties.

In order to assess potential pharmacokinetic factors and toxicity issues, the AD-
MET Predictor™ program?? was used to evaluate the ADMET properties in Chap-
ters 3 and 4. The 3D coordinates of select compounds were used as input since
properties based on 3D descriptors are superior to lower-dimensional descriptors. 253
The following physiochemical and biopharmaceutical properties are reported: native
water solubility (S+Sy ), human jejunal effective permeability (S+Peg), the likelihood
of crossing the blood-brain barrier (S+BBB_Filter), the likelihood of P-glycoprotein
efflux (S+Pgp_Substr) and the likelihood of P-glycoprotein inhibition (S+Pgp_Inh).
To gauge toxicity, hERG potassium channel inhibition (TOX_hERG_Filter) related
to cardiotoxicity, the likelihood of causing elevation in SGOT enzymes and adverse
liver effects (TOX_SGOT) and the likelihood of causing elevation in SGPT enzymes
and adverse liver effects (TOX_SGPT) are also considered. An overall descriptor
of the ADMET properties is also included (ADMET _Risk), taking into account all

descriptors calculated for a given molecule.

1.4 Thesis Overview

This Thesis uses molecular modeling, based on classical and quantum mechanics, to
examine the binding of antimitotic agents to tubulin. Many agents are currently
in preclinical development. However, in some instances there is limited information
available regarding the interaction of these agents with the tubulin target, making
the design of novel compounds with enhanced efficacy very challenging. Despite
the clinical success of other antimitotic agents, the mechanism by which these agents
exert their effects on tubulin is unknown. This Thesis presents the results of extensive
studies of laulimalide and laulimalide analogues that are in preclinical development, as
well as the clinically-approved taxanes, in order to better understand how antimitotic
agents affect tubulin. This information may be used in the development of novel
agents with enhanced antimitotic effects.

Using classical mechanics, the binding of laulimalide to tubulin is studied in a
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MT-like environment (Chapter 2) based on the results of a previous computational
study of this compound. Next, laulimalide is reexamined in a MT-like environment
based on the newly-available crystal structure (Chapter 3), along with laulimalide
analogues from the Mooberry group (Chapter 3), Gallagher group (Chapter 4), and
Hall group (Chapter 4). From this work, variations in the activity of the laulimalide
analogues are explained based on the binding pose of the compound and the ligand—
tubulin interactions. A pharmacophore is identified for laulimalide, and is used to
predict the activity of newly-proposed compounds.

The three clinically-approved taxanes are also investigated using classical me-
chanics and molecular dynamics (Chapter 5). Despite the many studies that have
considered TXL, few studies have considered the other taxanes in clinical use, DXL
and CAB. It is well-established that the taxanes exert their effect on MTs via an
allosteric mechanism. For the first time, the work detailed in Chapter 5 explains how
the local effect of binding to S-tubulin produces an allosteric effect in the tubulin
heterodimer. This provides a metric for future drug design studies to predict the
efficacy of taxane-domain binders.

Quantum mechanical methods, specifically the Fragment Molecular Orbital method,
were applied to study non-covalent interactions related to ligand—protein binding.
First, the FMO method was applied to study 7—= interactions in benzene-containing
systems and other small systems of biological interest (Chapter 6). This provided
insight into the effect of monomer polarization in binding. The FMO method was
also applied to study taxane-tubulin interactions (Chapter 7), which indicated that
different information may be obtained from the use of quantum mechanical methods

to study ligand—protein interactions than when using classical mechanics.
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Chapter 2

The unique binding mode of
laulimalide to two tubulin
protofilaments”

2.1 Introduction

Laulimalide (LLM, Figure 2.1) is a MT stabilizing agent in preclinical development
and discussed in Section 1.2.2.3. Experimental and computational studies were in-
strumental in the identification of the LLM binding site (Section 1.2.2.3),113:142,143
which is located on [-tubulin between protofilaments. Therefore, LLM is in contact
with two adjacent S-tubulin subunits within a MT. This Chapter presents the results
of a computational model in which LLM is located between two adjacent aS-tubulin
heterodimers, and is the first study to consider LLM in this MT-like environment.
The work detailed below begins from a previous computationally-determined LLM

binding pose.

*A version of this Chapter was published in Chemical Biology and Drug Design, 2015, 86, 190-199.
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Figure 2.1: Chemical structure and atomic numbering of (-)-laulimalide (LLM).

2.2 Computational Details

The model utilized in this study contains two adjacent tubulin heterodimers with
LLM bound between (Figure 2.2). The B-lattice configuration of these units was
obtained from a high-resolution MT model by Fourniol et al. (PDB ID: 2XRP),*
which combined cryo-EM data for a MT (resolved at 8 A) with a high-resolution
structure. The protein components utilized in this study were based on the 1JFF36
crystal structure, where missing residues a:35-60 were overlayed from the 1TUB?®
crystal structure. This is essential since preliminary calculations found the omission
of residues, though spatially removed from the binding site, can affect ligand—protein
interactions. In the drug—protein model, apo aS-tubulin (denoted a4 5;-tubulin, Fig-
ure 2.2) was overlayed onto 2XRP, and the LLM-bound a/-tubulin (denoted asfs-
tubulin, Figure 2.2), which was obtained from Bennett et al.,'*? was overlayed into
the adjacent heterodimer. Since the model used in the present work takes tubulin
heterodimers from 1JFF that are arranged in antiparallel protofilaments, and inserts
them into a MT model with parallel protofilaments, substantial equilibration of the
interdimer contacts is required (see Section 2.3, Results and Discussion).

All residues are discussed with respect to numbering in bovine a-tubulin isoform
I-C (UniProt P81948) and S-tubulin isoform II-B (UniProt Q6B856), to maintain
consistency with the report of Bennett et al..'*?> Hydrogen atoms were added using
the tleap module of AmberTools, with all ionizable residues in a standard protonation
state corresponding to a pH of 7.0. The four bound nucleotides, GTPs bound to the

a-tubulins and GDPs bound to the -tubulins, were also included.
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Figure 2.2: Components of the LLM-tubulin model, including the ligand LLM
(green), a-tubulin units (grey) and B-tubulin units (teal). Model was constructed from
LLM bound to asfs-tubulin (dark), adjacent to oy fr-tubulin (light) in a B-lattice con-
figuration. Viewed from the exterior of the MT.
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MD simulations were performed using GPU-enhanced?*? 2** Amber 12.24° Gen-
eral details of the MD simulations performed in this Thesis may be found in Sec-
tion 1.3.3.1 and details specific to this simulation may be found in Appendix A. The
mass-weighted RMSD, calculated with respect to the structure at 0 ns, of the protein
backbone atoms (Figure Al(a) in Appendix A), the binding site (Figure Al(b)), and
the lateral contacts (Figure Al(c-f)), shows the system is structurally equilibrated
after 45 ns. Therefore, the trajectory of the LLM—tubulin complex was analyzed over
the final 90 ns. The seam between tubulin protofilaments is solvated, and therefore ex-
plicit solvent interactions play a role mediating LLM—tubulin and interprotofilament
interactions, particularly hydrogen bonds (discussed below). Therefore, the twenty
water molecules closest to LLM in every frame were retained for analysis. Crys-
tallographic waters are also visible in 404H mediating LLM-tubulin interactions,

emphasizing the importance of water in LLM binding.??

2.3 Results and Discussion

To obtain representative structures over the course of the 90 ns simulation, cluster-
ing analysis was performed with the hierarchical agglomerative algorithm,?** where
frames were clustered according to binding site similarity. Specifically, this similarity
was measured based on the mass-weighted RMSD of the binding site atoms, which
includes LLM, the 20 nearby water molecules and residues having atoms within 8 A of
LLM. The ideal number of clusters was selected based on a minimum in the Daves-
Boulin Index and convergence of the ratio of the sum-of-squares regression to the
sum-of-squares ratio.?* Using these indices, the trajectory frames were partitioned
into three clusters (Clusters A to C, Figure 2.3), and the representative structure
(centroid) for each cluster was extracted (denoted as C-A to C-C). Clustering of
the binding site without waters also identified the same three clusters, indicating the
clustering to be solvent-independent. In an attempt to rank the importance of each
cluster, simulations were continued to 180 ns (Figure A2). From 130-180 ns, Clus-
ter C was adopted, which indicates Cluster C is dominant. Although results for all
three Clusters are presented and discussed, emphasis is placed on Cluster C since it is

most dominant over the course of 180 ns and also persists at the end of the simulation.

49



Cluster B - 45.5%

“ o°

Cluster A - 34.8% Cluster C - 19.7%

RMSD (A)

o 10 20 30 4 50 60 70 8 90 100 110 120 130
Time (ns)

Figure 2.3: Mass-weighted RMSD (A) of the binding site atoms, coloured according

to cluster, with occupancy indicated. FEquilibration is shown in black. The binding

site includes LLM, 20 water molecules and residues having atoms within 8 A of LLM.
Figure A2 identifies the same clusters over 180 ns.

2.3.1 The laulimalide binding pose

The conformation of LLM was analyzed throughout the simulation, where it was
determined that the LLM conformations in Clusters A and B are similar, while Clus-
ter C offers a unique conformation of LLM (Figure A3). LLM in Cluster C differs
most substantially from the rest of the simulation in the pseudorotations within the
macrolactone ring (Figure A3). This conformational change in LLM is also evidenced
by the change in the RMSD of its atoms (Figure A4), which coincides with the change
in state from Cluster B to Cluster C at approximately 115 ns. Changes in binding
that result from this conformational change are discussed below. The conformations
of LLM determined in this study differ from those reported by Bennett et al.'*? which
was used as a starting structure in the present work, from those determined by Thep-
chatri and coworkers in DMSO (Figure A3, Confl-Conf21),% and that reported in
the crystal structure (Figure A3, 404H).%? Similarly, an RMSD comparison of the
LLM conformation identified by Bennett et al.'4? also did not reveal a preference for

1.143 identified yet another

any of the solution-state DMSO structures. Nguyen et a
unique conformation of tubulin-bound LLM than observed by Bennett et al.,'*? Thep-
chatri et al.,'*° Prota et al.,?® or in this study, which features close contacts between

the dihydropyran rings and an intramolecular hydrogen bond between the oxygen of
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the dihydropyran side chain and the C15-hydroxyl group of the macrolactone ring.
Hydrogen bond analysis of this simulation (discussed in detail below) identified no
such intramolecular hydrogen bond.

Throughout the simulation, LLM maintained its position in contact with [F5:H9
and fo:H10 (Figures 2.4, A5, and A6), as previously reported, though is not in close
proximity to 35:H9 (greater than 9 A). Contacts are also observed with f;:H1-S2,
B1:H3, and p1:H3-S4 from the adjacent tubulin unit. This is supported by mass
shift perturbation data that found a negative mass shift corresponding to residues
in 51:H3 and f;:H3-S4.142 Although Prota et al.,?? using their LLM-tubulin model
fit to cryo-EM reconstruction of a MT, predicted LLM to be in close proximity to
H3,%? the interactions with 3;:H1’-S2 and 3,:H3-S4 were not observed in that model.
The dynamic model in the present work shows that the LLM side chain is directed
towards [1:H3 and the exterior of the MT, while the Cl-carbonyl group is directed
towards [;:H1'-S2 and the MT lumen. LLM interacts most closely with the [
unit, where the oxygen of the dihydropyran side chain, as well as the macrolactone
C15-hydroxyl, C16-C17-epoxide and Cl13-methylene, are tightly bound to f5. In
contrast, the remainder of LLM is solvated, suggesting interactions with LLM are of

a polar nature.

2.3.2 Hydrogen bond interactions

The hydrogen bonds between LLM and tubulin residues were analyzed from 45-135 ns
(Table 2.1), and contacts between LLM and protein components investigated (Fig-
ures 2.4 and A5). As mentioned above, many contacts were water mediated. There-
fore, hydrogen bonds were analyzed while including the 20 water molecules closest
to LLM in every frame. Since the binding arrangements, including hydrogen bonds,
changed over the course of the simulation as the complex transitions between different
clusters, hydrogen bonds were analyzed for each cluster (Table 2.1).

Within LLM, an intramolecular hydrogen bond is present between the C20-hydroxyl
and the Cl-carbonyl (occupancy > 53 %) throughout Clusters A and B (45-107.5 ns),
where both these substituents are also solvent exposed. This intramolecular hydro-
gen bond was also observed by Bennett et al..'*? During this time, the C20-hydroxyl

group may also occupy a hydrogen bond with £5:GIn291 either directly (< 8 %) or
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Figure 2.4: A representative illustration of LLM (green) binding to [y-tubulin
(light cyan) and Po-tubulin (teal) in Cluster C, as viewed from the MT lu-
men. Residues [1:Glud3, B1:Gly56, B1:Lys122, B1:Glul25, [1:Ser126, (i:Aspl28,
Bo:Pro287, By:Glu288, Pa:GIn291, By:GIn329, and [s:Lys336 are shown in stick mode.
Twenty binding-site waters are shown in line mode. Illustrations for the remaining
clusters are included in Figure A5. Corresponding videos of the LLM binding site
for each cluster are available online in the Supporting Information for the published
version® of this Chapter (Videos S1-S3).
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Table 2.1: Hydrogen bond occupancy (in percent) of various hydrogen bonds through-
out the course of the simulation.

Hydrogen Bond® Cluster A Cluster B Cluster C  Average
C20-hydroxyl
Cl-carbonyl 55.7 53.2 0.1 43.6
[b2:GIn291 7.5 4.0 - 4.4
*B5:GIn291 19. 7.8 1.6 10.5
*3,:Glu288, B,:GIn291 1.8 0.1 - 0.7
[1:Glub3 1.4 6.1 64.2 15.9
*51:Glub3 11.0 23.1 17.0 17.7
Cl-carbonyl
C20-hydroxyl 55.7 53.2 0.1 43.6
*By:Glu288 19.9 9.5 32.4 17.6
*B1:Gly56 5.2 2.0 - 2.7
*3,:Gly56, By:Glu28s 5.2 1.5 31.4 8.7
C15-hydroxyl
C16-C17-epoxide 2.0 3.0 1.3 2.3
[2:GIn329 21.5 11.6 45.0 21.6

“Indicates a solvent-mediated hydrogen bond. The code in AmberTools identifies
single bridging water molecules, and will not include instances where multiple water
molecules bridge an interaction.; ) Hydrogen bond defined as having heavy atoms
within 3.0 A and 135° < Z(donor-H- - -acceptor) < 180°.

mediated by water (> 19 %), or in a water-mediated interaction with (:GIn291 and
Po:Glu288 (> 2 %). From 117.5-135 ns, (Cluster C), the intramolecular hydrogen
bond is broken and the C20-hydroxyl instead forms a hydrogen bond with £;:Glu53
of the adjacent tubulin unit, which may (17 %) or may not (64 %) be water mediated
(Table 2.1).

The Cl-carbonyl forms hydrogen bonds to the protein in a water-mediated fashion.
As mentioned above, this carbonyl is engaged in an intramolecular hydrogen bond
from 45 ns to 107.5 ns, while also interacting with [5:Glu288 and £;:Gly56. When
this intramolecular interaction breaks in Cluster C, the carbonyl acts as an acceptor
in a water-mediated interaction with £;:Gly56 and [5:Glu288.

The conformational change undergone by LLM when moving from Cluster B to
Cluster C is also accompanied by a change in binding, with LLM moving closer to the
[1 unit. Specifically, the macrolactone dihydropyran moves away from [5:Asn332 in
[B2:H10 and towards (;:H3 and §1:H3-S4. There is also a movement of the dihydropy-

ran side chain away from [5:H9 and towards ;:H3. The remaining substituents only
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undergo a slight shift in positions relative to the protein. This explains why, upon
changing state from Cluster B to Cluster C, LLM forms hydrogen bonds with 3;, and
the side chain C20-hydroxyl group interacts with 3;:Glub3.

The C15-hydroxyl engages in hydrogen bonds throughout the simulation. An
intramolecular interaction is occasionally observed between this hydroxyl and the
C16—C17-epoxide. Otherwise, this polar group acts as a hydrogen bond donor to
B2:GIn329, located on B:H10. From 45-107.5 ns, the hydroxyl interacts with the side
chain of £5:GIn329 (occupancy < 21 %, Table 2.1), while the conformational change
in LLM in Cluster C results in the hydroxyl group interacting with the backbone
of 5:GIn329 (occupancy = 45 %, Table 2.1). It is important to note that, unlike
what was previously reported in MD simulations, 42 this group does not hydrogen
bond to f5:Asn337, which is buried further into the protein than [5:GIn329. This
previous study also observed that [5:Asn337 resided at the entrance to a cavity in
tubulin that housed the dihydropyran side chain of LLM.? Residues 3,:Phe294,
Po:Arg306, [52:Asn337 and Po:Tyr340 (Figure A6) were proposed to reorganize upon
LLM binding to form this cavity. It was also reported that a polar contact between
B2:Arg306 and the dihydropyran moiety of the side chain was present.'*? However, in
the present simulations, the large average distances between the dihydropyran side
chain and (35:Arg306 (19.6 A), as well as the C15-hydroxyl and (:Asn337 (11.4 A)
indicate the LLM side chain is not in close enough proximity to occupy such a cavity
(Figure A6). The addition of the adjacent 8;-tubulin in this model causes LLM not to
bind as deep into fs-tubulin. Therefore, rather than occupy a position recessed in a
cavity, the dihydropyran side chain prefers a position in close proximity to (;-tubulin,
particularly 81:H3, and interacts with solvent. Such information cannot be obtained
using unrelaxed drug-protein models.??

No significant hydrogen bonds to the protein were observed for the oxygens of the
dihydropyran moieties, the macrolactone ring-bound O1, or the C16-C17-epoxide
moiety. However, numerous hydrogen bonds to solvent are observed for the macro-
lactone dihydropyran. The oxygen of the side chain dihydropyran also forms hydrogen
bonds with water, though to a lesser extent, while the methyl group is in close proxim-
ity to a salt bridge formed between (:Glul25 and f:Lys336. The C16-C17-epoxide

moiety is oriented towards (5 between H9 and H10, and is not exposed to solvent,
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though does not engage in hydrogen bonds. The ring-bound O1 of the enolate is

directed to the interior of the macrolactone ring and is also inaccessible to solvent.

2.3.3 Analysis of the binding free energy

To quantify the interaction between LLM and (aS-tubulin),, binding was evaluated
with the MM /GBSA method according to Equations 1.20 and 1.21, neglecting en-
tropy (Table Al). Pairwise ligand-residue contributions were also obtained accord-
ing to Equation 1.22 (Figure 2.5, Table Al). Binding was analyzed for each of the
clusters, as well as the entire 90 ns simulation. The largest binding contributions
come from the fs subunit, where summing the (nonadditive) pairwise contributions
involving the B, unit indicates its large contribution (-146.4 kJ mol™') to the to-
tal binding (-127.1 kJ mol™'). The strongest interactions occur with [;:GIn329
(-23.7 kJ mol™!), which interacts with the macrolactone C15-hydroxyl via hydro-
gen bonds, and 35:GIn291 (-19.0 kJ mol™!), which interacts with the C20-hydroxyl
via hydrogen bonds. In addition, large contributions are observed from [5:Pro287
(-15.2 kJ mol™!), :Asn332 (-17.3 kJ mol™'), 35:Val333 (-15.1 kJ mol™!), and
B2:Lys336 (-15.6 kJ mol™') (Figure A5). These strong-binding residues also have
the largest correlations in motion with LLM throughout the simulation. The re-
ported binding energies also support the structural arguments above that no cavity
is formed to hold the LLM side chain (Figure A6). The less-recessed position of the
drug results in some interaction of LLM, primarily the side chain, with $5:Phe294 and
B2:Asn337 (Figure A6), having a notable strength (-3.8 to -7.3 kJ mol~! and -3.3 to
-5.6 kJ mol™!, respectively), whereas 3:Arg306 (up to -0.5 kJ mol™!) and 5:Tyr340
(up to -0.8 kJ mol™!) have minimal contributions to binding (Figure 2.5, Table A1).

In addition to the calculated binding to (33, contributions from 3; (-33.4 kJ mol™!,
Table Al) were found. The primary stabilization from [; comes from [;:Glu53
(-11.7 kJ mol™!), which forms hydrogen bonds to the C20-hydroxyl in Cluster C
(-28.0 kJ mol™'). Notable energetic contributions also arise from S;:H1'-S2, 3;:H3,
and (;:H3-S4 (Table Al).
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B1:Glus3

B1:Gly56 20
By:Lys122
B1:Glu125 4.0
B1:Ser126
B1:Asp128 -6.0
aos:Arg221
B,:Val286 8.0
Bo:Pro287
B2:Glu28s 100
B2:Thr290 E’
Bo:GIN291 1203
Bo:Phe294 14.0 g
Bo:Asp295 =
Bo:Arg306 16.0 (2

c

B2:Glu3d25 S
B-:Glu328 -18.0 @
Bo:GIN329
Bo:Met330 -20.0
Bo:Leu331
B,:Asn332 -22.0
B,:Val333
B:Asn335 -24.0
Bo:Lys336
B2:Asn337 260
B2:Tyr340 28.0

Figure 2.5: MM/GBSA pairwise binding free energy (kJ mol™') between select
binding-site residues and LLM. Calculated according to Equation 1.22, neglecting the
entropy component. Data included in Table Al.
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2.3.4 Microtubule stabilization

Overall, the strongest binding of LLM occurs in Cluster B (-136.4 kJ mol™*, Ta-
ble A1). This is due to increased interactions between LLM and 3; (-38.8 kJ mol™!,
Table A1), particularly from 8;:H1'-S2 (-12.9 kJ mol™!), 8;:H3 (-5.0 kJ mol™!), and
B1:H3-S4 (-20.3 kJ mol™!), involving 3;:Glub3, f;:Lys122, 8:Glul25, 3;:Ser126, and
B1:Aspl128 (Figure 2.5). Binding interactions in Cluster C strengthen for (5:Glu53
and (5:GIn291, but weaken for residues in H10 (Table Al). The binding of LLM to
tubulin varies by a maximum of 28.4 kJ mol™! throughout the clusters (Table A1),
indicating all three of the reported binding modes are accessible to LLM. However,
given the strong binding observed for Cluster B, and the dominance of Cluster C
up to 180 ns, these clusters are likely to be the most important for describing LLM
binding.

2.3.5 A crystal structure comparison

The binding mode of LLM reported here differs from the crystal structure 404H
(Figure 2.6).5% The crystal structure finds LLM, particularly the side chain, binds
deeply in a pocket involving residues from 5:H9, 5:H9-HY', 5:HY', 5:HY-H10, 5:H10,
[:H10-S9. Prota et al.5? report the C20-hydroxyl group forms hydrogen bonds with
Asp295 and Ser296 in H9 (Asp297 and Ser298 in Prota et al.®?). However, the compu-
tations find this group breaks hydrogen bonds with 55:S7-H9 and S5:H9 (Clusters A
and B) and instead forms a hydrogen bond with f;:Glub3 of the adjacent S-tubulin
subunit (Cluster C). Although no hydrogen bond to the Cl-carbonyl group is ob-
served in the crystal structure, simulations show a hydrogen bond with [;:Gly56.
These specific interactions with ;-tubulin emphasize the structural effect of the ad-
jacent tubulin unit on LLM-protein contacts, and the importance of its explicit in-
clusion when studying LLM-MT interactions. In contrast with the crystal structure,
no hydrogen bonds to the dihydropyran oxygens are observed. In the simulations,
the addition of an adjacent [;-tubulin unit resulted in LLM not binding as deep into
[Bo-tubulin, and observed a migration of LLM towards the adjacent unit to increase
contacts with ;-tubulin. It is hypothesized that the addition of an adjacent protein

unit to this crystal structure complex to better mimic the MT will have an effect on
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Figure 2.6: An overlay of protein backbone atoms to compare the binding modes
obtained by simulations in this Chapter and the 4O4H crystal structure. The LLM-
Bo-tubulin complex from the representative structure of Cluster C is indicated in
teal/green, with LLM between $:H10 (top) and 5:H9 (bottom). The LLM-3-tubulin
complex from 4O4H is indicated in grey/black.

the crystal structure pose and should be considered in future MD studies.

LLM is known to stabilize MT's. In the absence of LLM, lateral contacts between
adjacent tubulin protofilaments in a B-lattice involve 5:H9 and $:H10 in one subunit
with 8:H3 and $:H4 in the adjacent unit.3® Results show that LLM interacts strongly
with £1:H3, £2:H9 and (5:H10. LLM binding also causes the M-loop to expandc
towards the adjacent -tubulin unit, relative to LLM-free tubulin in the 1JFF crys-
tal structure (Figure A7). LLM binding also stabilizes (;:H1'-S2, which reorganizes
its secondary structure to form [-sheets (Figure A7), thereby enhancing noncovalent
interactions. The LLM-tubulin crystal structure also reveals structural differences

in the M-loop, which becomes more helical and increases hydrogen bonding inter-
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actions.® Structural changes to the M-loop have also been reported for drugs like
taxanes. %117 The specific interactions and structural reorganization reported here
may be related to the stabilizing effect LLM has on MTs, therefore explaining the

mode of action of the drug.

2.4 Conclusions

MD methods provide a useful approach to acquire new, detailed information about
the interactions between LLM and tubulin within a MT. An improved model of LLM
binding is presented, which consists of LLM bound to S-tubulin located between two
adjacent af-heterodimers. The explicit inclusion of an additional heterodimer bet-
ter mimics the binding of LLM to MTs, where the LLM binding site lies between
tubulin protofilaments. This model presents a unique binding mode for LLM, iden-
tifying different LLM-residue interactions than reported previously. This indicates
the importance of using an explicit extended model when studying drugs located in
MT pores, or interdimer interfaces. This is evidenced by the large structural changes
observed in the LLM—tubulin binding mode upon the addition of an additional het-
erodimer.

As previously found,'*? LLM still binds near 3:H9 and £5:H10, which is in agree-
ment with the available crystal structure. In addition to this, contacts between LLM
and (1:H1'-S2, §;:H3, and (;:H3-S4 from the adjacent heterodimer are identified,
which is supported by mass shift perturbation experiments and unavailable in the
crystal structure. The presence of the additional heterodimer has a major structural
effect, causing LLM not to bind so deeply to S-tubulin, which results in the side chain
of LLM lying closer to [;-tubulin rather than residing in a cavity on [o-tubulin as
previously reported. Simulations also show that LLM is solvent exposed and engages
in many water-mediated interactions with tubulin.

LLM participates in substantial hydrogen bonds with tubulin, as well as solvent.
In addition to the hydrogen bonds that LLM forms with the S-tubulin to which
it is bound (£:GIn291, B:GIn288, 5:GIn329), key residues from the adjacent unit
also engage in hydrogen bonds with the drug (5:Glu53, £:Gly56). Although the
majority of the binding free energy is attributed to the fo-tubulin unit (particularly
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B:GIn329, £:Glen291, B:Asn332, f:Lys336, 4:GIn291 and £:Val333), an important en-
ergetic contribution does arise from the adjacent unit (particularly 5:Glub3, 5:Lys122,
B:Glul25, 5:Ser126 and $:Aspl128). The identification of these new contacts provides
an enhanced understanding of LLM binding. These contacts, including the important
solvent-mediated interactions identified here, must be accounted for in future deriva-
tizations and optimizations of this drug. Chapters 3 and 4 consider LLM analogues
in this extended protein model, while also taking into account the newly-available
crystal structure pose.

Structural changes are observed upon the binding of LLM that may explain its
role in stabilizing MTs. The MD simulations show the M-loop adopts an expanded
conformation closer to the adjacent tubulin heterodimer when LLM binds. In ad-
dition, LLM binding causes $:H1'-S2 to reorganize its secondary structure to form

B-sheets, which is a more energetically-favourable arrangement than loops.
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Chapter 3

Analysis of the binding mode of
laulimalide to microtubules:
Establishing a laulimalide—tubulin
pharmacophore®

3.1 Introduction

Experimental studies have synthesized and tested a variety of structural analogues
of LLM in an attempt to improve the efficacy of this compound and avoid the degreda-
tion of LLM to isolaulimalide (isoLLM, Figure 3.1), discussed in
Section 1.2.2.3.145:147152 However, this has proven challenging since all these com-
pounds are less effective than LLM itself.

LLM analogues that avoid degradation to isoLLM have been synthesized and
studied by the Mooberry group and their collaborators.4%:159:152,153 N\[odifications
were made at the C16-C17-epoxide and C20-hydroxyl to remove the reactive groups,
as well as to the C2-C3-alkene that resulted in a change in the macrocycle confor-
mation to alter orbital alignment between the reactive C16-C7-epoxide and C20-
hydroxyl, thereby preventing isoLLM formation.'®® Five LLM analogues, C16-C17-
des-epoxy laulimalide (LA1), C20-methoxy laulimalide (LA2), C2-C3-alkynoate lauli-
malide (LA3), C16-C17-des-epoxy, C20-methoxy laulimalide (LA4), C2-C3-alkyn-
oate, C16-C17-des-epoxy laulimalide (LA5, Figure 3.1),1%%152 have been synthesized
and studied. Results show that LA1 and LA2 are more stable than and have simi-

*A version of this Chapter was published as The Journal of Biomolecular Structure and Dynamics,
2015, DOI: 10.1080/07391102.2015.1078115.
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lar cellular effects to LLM, while having decreased cytotoxicity relative to LLM but
greater toxicity than isoLLM (Table 3.1).15%1%3 Furthermore, LA1 and LA2 work
more synergistically with TXL than LLM does.® LA4 is less cytotoxic than, but
has similar cellular effects to LLM, LA1, and LA2, retaining activity in resistant cell
lines, *? while LA3 and LA5 have markedly-reduced cytotoxicity than LLM and affect
the cell differently than other MT stabilizers. %2

Following the completion of the work presented in Chapter 2, a crystal struc-
ture (404H,5? Table 1.1) was released with LLM bound to tubulin. This structure
contained an LLM-a/f-tubulin complex bound to the stathmine-like domain of the
RB3 protein and tubulin tyrosine ligase. Although this provided valuable informa-
tion about the binding mode of LLM, it is not representative of the MT environment
since the LLM binding site is located between protofilaments contacting two S-tubulin
units. Using the newly-available crystallographic data and MD simulations with ex-
tended MT models, the binding of LLM, isoLLM, and these five LLM analogues to
tubulin were studied. With this information, an understanding may be gained as to
how structural modifications affect LLM binding to tubulin, and these properties may
be related to the experimentally-observed toxicity. This will aid in the development

of strategies for derivatizing LLM in future studies.
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Figure 3.1: The chemical structure and numbering of (=)-laulimalide (LLM), its
degradation product isolaulimalide (isoLLM), and analogues LA1 to LA5.1%%1%% Frag-
ments in red indicate modifications.
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3.2 Computational Details

LLM binding was examined using the crystal structure pose in 404H, with LLM
located between two adjacent af-tubulin heterodimers (Figure 3.2). Protein and
nucleotide coordinates were taken from the end of a 135 ns simulation reported in
Chapter 2 and the LLM pose was taken from the 404H crystal structure, following
the addition of hydrogen atoms and optimization with PM6 in Gaussian 09.2°5 The
pre-equlibrated protein model was used, rather than develop a new model based
on the higher-resolution 404H coordinates, since substantial structural equilibration
(45 ns) is necessary to stabilize the lateral contacts between tubulin heterodimers.
The coordinates of isoLLLM and the LLM analogues (LA1 to LA5) were also optimized
with PM6 using constraints to retain a conformation similar to the crystal structure
pose, and then inserted into the heterodimer model in the same position as LLM.
The heterodimers were also simulated in the apo form by removing LLM.

MD simulations were performed using GPU-enhanced 24?24+ Amber 14.24! General
details of the MD simulations performed in this Thesis may be found in Section 1.3.3.1
and details specific to this simulation may be found in Appendix B. Production data
was collected for 90 ns. The mass-weighted RMSD of the protein components, cal-
culated with respect to the structure at 0 ns, showed each system was structurally
equilibrated after 20 ns (Figure B1). Therefore, the final 70 ns portion of the sim-
ulation was analyzed, and the data reported below. All residues are discussed with
respect to the numbering in bovine a-tubulin isoform I-C (UniProt P81948) and
B-tubulin isoform II-B (UniProt Q6B856), as was reported in Chapter 2.

Binding within the LLM—(af-tubulin); complex was evaluated using a single-
trajectory approach with the MM /GBSA method. The binding within the complexes
was evaluated two different ways: (1) ligand—tubulin binding, where the ligand was
defined as one unit, and the protein—nucleotide complex was treated as the second
unit; and (2) interdimer binding, where the a;;-tubulin and associated nucleotides
were treated as one unit, and the ligand—asfs-tubulin complex and associated nu-

cleotides were treated as the second unit.
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Figure 3.2: Components of the LLM-tubulin model, including LLM (red), c-tubulin
units (grey) and B-tubulin units (teal). Model was constructed from LLM bound
to aufy-tubulin (dark), adjacent to oy P;-tubulin (light) in a B-lattice configuration.
Viewed from the exterior of the MT.

3.3 Results and Discussion

3.3.1 Laulimalide binding in a LLM—(«af-tubulin), model
3.3.1.1 Local effects

During the simulations of the LLM—(a-tubulin)s complex, LLM retained a conforma-
tion similar to that found in the crystal structure (Figure 3.3(a, b)), which is stabilized
by an intramolecular hydrogen bond between the Cl-carbonyl and C15-hydroxyl (Ta-
ble 3.2). This is in contrast to the intramolecular hydrogen bond observed between
the Cl-carbonyl and C20-hydroxyl in previous LLM poses!*? and Chapter 2. The
presence of the a f;-tubulin heterodimer adjacent to the LLM binding pocket causes
LLM to rotate slightly and bind more deeply into fo-tubulin than what was observed
for the crystal structure (Figure 3.3(c, d)), so that the LLM side chain is directed into
Po-tubulin. Low root-mean squared fluctuation (RMSF) values for LLM atoms (less
than 0.66 A) indicate the drug is rigid within the binding site (Figure B2). The pose
identified in this Chapter is different from the poses identified by previous MD sim-
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ulations using a LLM—(aS-tubulin)*? model and the LLM—(aS-tubulin), model in
Chapter 2 (Figure B3) since the C23-dihydropyran is further from f5:H9 and £5:H10
and closer to [o:H9-HY', 55:HY', $5:S8 and F5:H10-S9’ in this Chapter.

- \“' "'<

::14*©1-‘%1H‘;- v n' Jl smuiarien l':k

Figure 3.3: A comparison of the conformations of LLM obtained from the 4O4/H
crystal structure (black)®® and the simulation (red) viewed from different angles: panel
(b) shows the system on panel (a) viewed from the bottom. The LLM binding site is
shown both (c) in the crystal structure and (d) from the simulation, with LLM located
between [o:H9 (bottom heliz) and By:H10 (top heliz) in panels (¢, d).

A comparison to the apo model shows the binding of LLM widens the separation
between f5:H9 and £5:H10, and pushes 8;:H3 away from f,-tubulin (Figure 3.4(a, h)).
LLM also displaces residues in the binding pocket up to 5.5 A, namely [5:GIn291,
B2:Phe294, [5:Asp295 and (5:GIn329, as well as [1:Glul25 from the adjacent het-
erodimer (Figure B4(a,b)). In the pocket, the macrolactone binds closely to helices
B2:H9 and F5:H10, with the C5-C9-dihydropyran near 55:H9 and the C15-hydroxyl
near f5:H10 (Figure 3.3(d)). The C13-methylene and C16-C17-epoxide are directed
towards [51:H3, which LLM interacts with in a water-mediated fashion, evidenced by
the solvation of the epoxide (Table 3.2, 43 %). The Cll-methyl is directed towards
[1:H3-54 and the MT type II pore that contains solvent. While the Cl-carbonyl and
C15-hydroxyl engage in an intramolecular hydrogen bond, the Cl-carbonyl simul-
taneously engages in a direct hydrogen bond with the S2:Asn337 side chain (35 %,
Table 3.2), while the C15-hydroxyl does not interact with the protein. Neither the

C1 site nor the C15 site of LLM are solvated (Table 3.2).
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The C23-dihydropyran is near [(5:H9-H9', 85:H9Y', (5,:S8, and [5:H10-S9’, with
solvent also located in this region. The oxygen of the C23-dihydropyran is slightly
solvated (Table 3.2, 33 %) while hydrogen bonds between the C20-hydroxyl and
solvent are prominent (Table 3.2, up to 75 %). Both these solvated species interact
with [o-tubulin through water-mediated hydrogen bonds. The C23-dihydropyran
and the C20-hydroxyl interact with the backbone carbonyl of S5:Phe294 (Table 3.3,
56 %), and the C20-hydroxyl may alternatively interact with the 85:Asp304 side chain
(Table 3.3, 21 %).

The [5:Asn337 Nso—H;- - -LLM Cl-carbonyl and the (5:Phe294 O- - -water- - -LLM
C20-hydroxyl hydrogen bonds are the only specific and directional interactions that
take place between LLM and tubulin. As observed in Chapter 2,! and indicated by
crystallographic water molecules,?? the solvent plays an important role in the binding
of LLM between tubulin protofilaments. Non-directional interactions also have im-
portant contributions to LLM binding. The olefin present in the C23-dihydropyran is
important for drug activity, and it has been suggested this may be due to a C-H-7 in-
teraction between this moiety and binding-site residues. *> The simulations performed
in this work show 7—7 interactions are present between the C25-C26 olefin and dif-
ferent aromatic residues in the binding site, where S5:Phe294, [5:Tyr310, £o:Tyr340,
B2:Phe341 and [35:Phe367 engage in a m—m motif (Figure B5). The C25-C26-olefin
maintains close contacts with the aromatic rings of By:Tyr310 (4.1 A) and y:Phe367
(5.7 A), and the vdW component of the interaction between these aromatic residues
and LLM provides an estimation that these 77 interactions contribute ~31 kJ mol~*
to the binding of LLM. It is interesting that m—n interactions provide such stability
to LLM binding since the modification of the C23-dihydropyran to an aryl group
reduced potency (analogue LA16 from Mooberry et al.'%5) despite the fact that this
would maximize the strength of the 7—m interactions. However, it is possible that this
decreased toxicity could be explained by the restricted flexibility in the side chain, and
therefore poorer binding to MTs, due to the conjugation between the C21-C22-olefin
and an aromatic group at C23.

MM/GBSA calculations using a single-trajectory approach have been shown to
successfully rank the binding affinities of different ligands.?*? Calculations indicate

that LLM binds to (af-tubulin), with a strength of -196.6 + 12.7 kJ mol™! (Ta-
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ble 3.4), which is stronger than the binding mode previously found for LLM in

Chapter 2 (-127.1 4+ 17.3 kJ mol™). The affinity calculated in the present work

is comparable in strength to the binding of taxanes to tubulin in Chapter 5. Through

per-residue decomposition of this binding energy, the sources of stabilization in LLM—

(a-tubulin), binding have been calculated (Figure 3.5, Table B1). The most signifi-

cant stabilization comes from 35:GIn291 (-21.6 kJ mol™!), B5:Phe294 (-25.6 kJ mol™1),

B2:Lys336 (-18.4 kJ mol™'), and B5:Asn337(-26.6 kJ mol™!). B5:Phe294 engages in a

water-mediated hydrogen bond and 7—7 interactions with LLM, while S5:Asn337 di-

rectly hydrogen bonds to LLM. Interactions between LLM and 2:GIn291 or 35:Lys336

are less direct. [5:GIn291 is near the C5—-C9-dihydropyran, while the cationic B5:Lys336
side chain spans closely along LLM from the Cl1-methyl to the C16-C17-epoxide.

Smaller stabilizing contributions are also provided by ;:Lys122, 8;:Glul25, 85:Thr290,
Po:Tyr310 (m—7), B2:GIn329, and f(5:Val333 (Figure B4, Table B1). LLM interacts

stronger with the Bo-tubulin subunit than the B;-tubulin unit (-203.7 kJ mol™! vs.

-40.1 kJ mol™!, Table B1), with 85:H9 (-66.6 kJ mol™!), 85:H10 (-50.6 kJ mol~!), and

B2:H10-S9 (-40.0 kJ mol™!) providing greater stability than $;:H3 (-19.1 kJ mol™!)

and (:H3-S4 (-19.6 kJ mol™!).
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Figure 3.4: The LLM poses within the binding site located between By -tubulin (light
cyan) and Po-tubulin (teal). Viewed along the lateral interface from the (+) end of
the MT.
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Table 3.4: MM/GBSA-calculated binding free energy (kJ mol™!).()

LLM isoLLM LA1 LA2 LA3 LA4 LA5 apo

Ligand-tubulin -196.6 -160.3 -187.9 -180.2 -194.7 -192.7 -205.3 -
binding +12.7  +194 +£154 =£149 =£159 +£16.9 =£20.0

Relative
ligand—tubulin 0.0 36.3 8.6 16.4 1.8 3.9 -8.7 -
binding®

Interdimer -183.8  -158.1 -192.3 -117.1 -173.0 -168.1 -114.5 -223.8
binding +30.1 +46.4 +344 4£33.3 £38.8 £40.4 +£34.0 +43.4
Relative

interdimer 0.0 25.7 -8.5 66.7 10.8 15.7 69.3  -40.0
binding®

@) AGMM/GBSA Equations 1.20 and 1.21, neglecting entropy.;  (®) Binding energy relative to LLM.

3.3.1.2 Global effects

The binding of LLM to a tubulin heterodimer significantly weakens the lateral inter-
dimer interactions (-183.8 kJ mol™* for LLM, -223.8 kJ mol~! for apo, Table 3.4).
Although these calculated values are larger than the latest experimental measure-
ments of the free energy of dissociation of lateral interactions in MTs,?*® they pro-
vide a semiquantitative comparison for this model. The calculation indicates that
the stabilization of MTs by LLM does not occur in the lateral interdimer contacts,
and also that the stabilization induced by LLM binding must be significant enough
to overcome this weakening of lateral contacts. The weakening of lateral contacts
upon LLM binding agrees with experimental HDX MS evidence that Pel A, which
binds to the same site as LLM, weakens lateral contacts at $:H1-S2 and to a lesser
extent, in the M-loop.!''® These effects of LLM and Pel A on MTs differ from that of
TXL, which recent experimentally-determined MT structures show exerts a stabiliz-
ing effect on MT's by increasing longitudinal interdimer contacts, with little effect on
lateral interactions.3!

Pairwise decomposition of the lateral interdimer interaction energies (Tables 3.5
and B2, Figure B6) indicates interdimer contacts are generally weakened in the pres-

ence of LLM. A major contributor to this is the elimination of contacts between
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B4:Asn52
B1 :Ala54
B4:Arg121
By:Lys122
B1:Glu125
B1:Ser126
Bo:Pro287
Bo:Thr290
B:GIN291
Bo:Met293
Bo:Phe294
Bo:Asp295
Bo:Ala296
Bo:Met299
Bo:Met300
B2o:Ala301
° Bo:Pro305
Bo:Arg306
Bo:Tyr310
Bo:Val3di3
B:GIn329
B2:Asn332
Bo:Val333
Bo:Lys336
B2:Asn337
Bo:Tyr340
Bo:Phe341
2|B2:Phe367

H1°-S2

H3

H3-S4
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H9-H9"

S8

H10
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Figure 3.5: MM/GBSA pairwise binding free energy (kJ mol™') between select

binding-site residues and the laulimalides.

Calculated according to Equation 1.22,

neglecting the entropy component. Data included in Table B1.
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[B1:Asp88 and fa-tubulin. The salt bridges (;:Lys122- - -£5:Glu288 and f;:Lys122---
[B2:GIn291 are largely eliminated upon LLM binding and reduce stability by
41.2 kJ mol™!, and these residues instead interact favourably with LLM by
-32.1 kJ mol™! (Table 3.5). Many of these weakened lateral contacts correspond
to residues in the M-loop (residues 270-286), but not 5:H1-S2 (residues 12-67)
as reported for Pel A.''3 Although the model in the present work does not find a
weakening of contacts in [1:H1-S2, it is possible that LLM affects lateral contacts
through residues in [5:H1-S2 via an allosteric mechanism that cannot be captured
by this model. LLM strengthens the [;:Glul25---35:Lys336 interaction as LLM
binding alters the direction of the (5:Lys336 side chain to enhance its interaction
with (1:Glul25. These two residues also have a strong interaction with LLM. In-
terestingly, LLM binding also has an effect on lateral contacts between a-tubulin
subunits (Table B2). Most notably, a;:GIn35---ay:Tyr282, a;:Glubb- - -an:Lys338,
and aq:Glu90- - -a:Arg215 interactions are weakened while a;:Lys60- - -ao:Glu284 is
strengthened (Table 3.5).
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The M-loop is an important secondary structure in MTs that is involved in lateral
tubulin contacts. The crystal structure of LLM bound to a tubulin heterodimer??
showed an increase in the ordering and stabilization of the M-loop and C-terminus of
£:H9. However, the simulations presented here show that the M-loop in [o-tubulin
remains disordered. The C-terminal portion of the M-loop also becomes more flexible
upon LLM binding (Figure B7), which is consistent with the experimentally-observed
increase in M-loop solvation and weakening of lateral contacts in MTs observed upon
Pel A binding.''® In the model used in the present work, the incorporation of an
adjacent (3;-tubulin unit results in g;:H1'-S2, £1:H2'-H2"”, and £;:H2" interacting with
the M-loop. LLM binding also causes the M-loop to extend further from [s-tubulin
(Figure 3.6(a)), as also observed in Chapter 2. Since the M-loop acts as a hinge to
determine the number of protofilaments in a MT,?* where expansion of the M-loop
leads to fewer protofilaments in a M'T, LLM binding may alter this property.

Upon LLM binding, ;:H1’-S2 near the binding site adopts greater sheet character

than in apo tubulin (calculated on the basis of backbone atom positions27)

, as was
observed in Chapter 2.! This is accompanied by a slight decrease in the RMSD of
these residues relative to apo tubulin (Figure B7). Greater sheet character is also
observed in residues removed from the binding site (3;:55-H5, 51:S6-H6, and the
C-terminus of (31:59-S10), while increased helical character is found in £;-tubulin
(H1-H1’, H2-H2', H2’-H2"”, and the N-terminus of H6-H7). In [y-tubulin near the
LLM binding site, f2:H9, 55:H9" and f2:H10 become more helical.

LLM binding causes the f-tubulin units to move apart while the a-tubulin units
come closer together (Figure 3.6(b,c)). Although this may be related to the de-
creasing strength of interdimer interactions upon LLM binding, there is no direct
correlation between the degree to which interdimer binding is weakened (Table 3.4)
and the magnitude of the shift (Figure 3.6(b,c)). With the greater separation of the
S-tubulin units, the intradimer interface at the MT pore comes closer, as evidenced
by the decreased distance between f2:H10 and as:H6 (Figure 3.6(d)). Within a MT,
it is likely that lattice constraints will dampen these shifts. It is possible that these
shifts manifest in such a way that LLM binding returns af-tubulin to a GTP-like
state, as recently observed for cryo-EM structures of TXL bound to MTs.?' Longi-

tudinal expansions are also observed, relative to the apo model, for a:H10 in both
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heterodimers and £:55-H5 in fe-tubulin (Figure 3.6(e-g)).

3.3.2 Characteristics of the laulimalide analogues

LLM is the most effective drug considered in this work, with IC5y values in the low
nanomolar range (5.7 nM for MDA-MB-435 cells, Table 3.1), while decomposition
to isoLLM decreases effectiveness by nearly three orders of magnitude to give low
micromolar toxicity (Table 3.1). Analogues LA1 and LA2 have intermediate toxicity,
with 1C59 values between 100 nM and 240 nM in drug-sensitive cell lines, which
offers a substantial improvement in potency over isoLLM.'®? Although LA4 is less
cytotoxic than LA1, LA2, and isoLLM, the analogues LA1l, LA2, and LA4 have
similar biological effects to LLM and retain their activity against drug-resistant cell-
lines. %2 In contrast, LA3 and LA5 are much less potent and have different cellular
effects than LLM and other MT stabilizers; it was proposed that these differences

152 While cytotoxicity data

may be due to the reactive alkynoate in these compounds.
indicate the most potent analogues, the potency is not necessarily an indicator of the
magnitude of drug—protein interactions or the MT-stabilizing ability of compounds.
Therefore, ADMET properties are considered, and correlations between LLM-tubulin
interactions and cytotoxicity are carefully noted below, though measurements of MT
assembly would be a preferred metric to compare to computational models of drug—

tubulin interactions.
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Figure 3.6: A probability distribution of distances (fi ) between important structural
elements in (af-tubulin)y. Distances are calculated with respect to the centres of mass
(COM) of the indicated structures over the last 70 ns of the simulations. The central
heliz, H7, was selected as reference point. The colour legend is indicated in the figure
and the data for LLM is shown with a bold line.
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3.3.2.1 ADMET properties

ADMET properties were calculated for the LLM series, as well as the clinically-
approved drug, TXL (Table 3.6). The laulimalides studied in the present work show
low solubility and intestinal permeability (S+S,, and S+P.g, respectively, Table 3.6),
but neither of these properties correlate with cytotoxicity (Table 3.1). Calculations
predict that both TXL and laulimalides are likely to be effluxed by (S+Pgp_Substr)
and inhibit (S+Pgp_Inh) the P-glycoprotein pump (Pgp) associated with multidrug
resistance. However, LLM was shown to be more effective than TXL in multi-drug
resistant cell-lines, 33 due to the ability of LLM to evade eflux by Pgp,™ and the
laulimalide analogues are not substrates for Pgp. %" Therefore, the predicted ADMET
properties for the laulimalides regarding Pgp are not experimentally validated and
caution is urged to researchers examining this ADMET property. Predicted values
for solubility, intestinal permeability, and drug interactions with Pgp indicate low
bioavailability for the laulimalides through oral administration, similar to what has
been established for TXL.?*® ADMET calculations predict that all the laulimalides
are likely to penetrate the blood-brain barrier (S+BBB_Filter) making neurotoxic-
ity a concern, as is hepatotoxicity (high levels of SGOT (TOX_SGOT) and SGPT
(TOX_SGPT) enzymes), but not cardiotoxicity (TOX_hERG Filter, related to inhi-
bition of potassium channels). All laulimalide compounds are predicted to have high
risk (ADMET _Risk, Table 3.6), where 10 % of drugs in the World Drug Index have
ADMET Risk > 6.5.252 However, TXL has a greater risk than all laulimalides, which
indicates that the laulimalides may still be successful drug candidates if they attain an
acceptable efficacy-to-toxicity ratio. There is little variability in the results presented
in Table 3.6 for LLM and its analogues, and therefore ADMET properties cannot
explain the relative cytotoxic effects observed for these compounds (Table 3.1). The

binding of these agents to (af-tubulin), is considered next.

3.3.2.2 Cytotoxicity and binding affinity are not correlated

There is no correlation between the strength of drug binding and cytotoxicity (Ta-
bles 3.1 and 3.4), with the strongest binding occurring for LA5. The strong binding
observed for LA3 and LA5 results from substantial interactions with $5:H9, largely
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from [3y:Phe294. (Table 3.1). Experimental studies of tubulin targeting agents,””
along witj the study of the taxanes presented in Chapter 5,% indicate a similar lack
of correlation between cytotoxicity and binding affinity. Tubulin-targeting agents act
allosterically on tubulin, and therefore binding affinity is not an appropriate metric of
efficacy. Additionally, no correlation is found between the strength of lateral contacts
and cytotoxicity, with all LLM analogues weakening the lateral interdimer interaction

(Tables 3.1, 3.4 and S4).

3.3.2.3 A unique conformation of isolaulimalide

The acid-catalyzed degradation of LLM to isoLLM results in a substantial decrease
in potency. Structurally, this decomposition causes a large conformational change in
the ligand (Figure B8), in both the macrocycle and the side chain: the macrocycle
moves away from [9:H10 and towards [5:H9, while the side chain binds deeper into
Po-tubulin (Figure 3.4(b)). As a result, the C15-hydroxyl breaks the intramolecular
hydrogen bond with the Cl-carbonyl and moves away from £5:H10 to form a hydrogen
bond with the (5:Asp295 side chain in [5:H9-H9', while the Cl-carbonyl forms a
hydrogen bond with the £5:Asn337 side chain in fy:H10-S9 (Figure 3.5, Tables 3.2
and 3.3). The isoLLM tetrahydrofuran ring and C16-hydroxyl are heavily solvated,
along with the C15-hydroxyl and the C23-dihydropyran that are in close proximity
(Figure B4(b)).

3.3.2.4 Modification of the C2—C3-alkene

The goal in the design of LA3 and LA5 was to change the conformation of LLM so
that the C16-C17-epoxide and C20-hydroxyl could not react to form isoLLM. %% This
conformational change substantially affects the binding of these two analogues to the
LLM binding site ((Figures 3.4(e, g) and B4). The C5-C9-dihydropyran is oriented
towards [5:H10 and the C20-hydroxyl of both LA3 and LA5 forms a direct hydro-
gen bond to the backbone carbonyl of 55:Phe294 (Table 3.2), resulting in substantial
stabilization (Figure 3.5). In contrast, for LLM, LA1, LA2, and LA4, the C20 site
engages with the backbone of 82:Phe294 in a water-mediated fashion (Table 3.3) and
the C5-C9-dihydropyran is directed towards (55:H9. Although there is a m-containing
bond present at C2—C3 in all the compounds considered here, only the C2-C3-alkyne
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in LA3 and LA5 moves towards the 7-ring of f5:Phe294 to engage in a m— interac-
tion and cause LA3 and LAb to bind deep into (B»-tubulin, while the C2-C3-alkene
in LLM, LA1, LA2, and LA4 does not participate in specific interactions with the
protein. These differences reveal two important insights into LLM binding. First, the
importance of the enolate is in providing an active macrocycle conformation rather
than as part of the pharmacophore, a question that has been posed in previous lit-
erature.'® In fact, the presence of an alkyne at C2-C3 results in the addition of
a pharmacophore element. Second, the deep binding of LA3 and LAS5, associated
with a C2-C3-: - - 55:Phe294 interaction, is accompanied by weaker interactions with
p1-tubulin (Figure 3.5, Table B1), while the more effective analogues have increased
contact with f;-tubulin (Figure 3.5, Tables 3.2, 3.3, and B1). Similar to LA3 and
LA5, isoLLM binds deep into the binding pocket and forms a direct hydrogen bond
between the Cl-carbonyl and the £5:Asn337 side chain, as well as C15-hydroxyl and
the B2:Asp295 side chain (Tables 3.2). Interestingly, this deep binding mode does not
decrease the extent of the separation of the S-tubulin units (Figure 3.6(b)), since LA3
and LA5 have intermediate separations of the S-tubulin units relative to the other

compounds.

3.3.2.5 Modification of the C16—C17-epoxide

The C16-C17-epoxide moiety was replaced with an alkene (LA1) to remove a re-
active group, preventing the formation of isoLLM.° However, the presence of the
C16-C17-epoxide is correlated with the excellent cytotoxicity of the parent molecule
since LA1 exhibits decreased potency (Table 3.1) relative to LLM. LA1 adopts a dif-
ferent macrocycle conformation from LLM that breaks the intramolecular hydrogen
bond between the Cl-carbonyl and C15-hydroxyl (Figure B8). As a result the C15
site moves away from [5:H10 and towards §;:H3 and (51:H3-S4 (Figure 3.4 and S4).
In the LLM species, the epoxide does not engage in specific interactions with the
protein and is heavily solvated (43-55 %, Table 3.2). Since it appears the epoxide
doesn’t have a large contribution to binding, it likely contributes to a macrocycle

conformation that is important for LLM activity.
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3.3.2.6 Modification of the side chain

In all instances, the C20 site is solvated, though only weakly solvated for isoLLM
and LA3. Replacing the C20-hydroxyl (LLM) with a C20-methoxy (LA2) does not
substantially change the macrolactone conformation (Figures 3.4, S4, and S8), but
causes a change in the water-mediated hydrogen-bond pattern. Instead of interacting
with (2:Phe294 and £5:Asp304, the methoxy group in LA4 interacts with £5:Phe294
and (2:Ala296 with lower frequencies (Table 3.3). Other modifications to the C20

site have also been studied.!®!

While replacing the C20-hydroxyl with a methoxy
or acetyloxy group decreases activity, substitution of the C20 site with a bulky tert-
butyldimethylsilyl ether makes the analogue inactive.®' It was proposed that perhaps

151 however the simula-

bulky substituents could not be accommodated at this site,
tions show that the C20 position is highly solvated (Table 3.2) in the seam between
the protofilament. Since the C20-hydroxyl in LLM switches between forming water-
mediated hydrogen bonds with (35:Phe294 and [(5:Asp304, it is possible that a bulky
group is unable to allow for the presence of multiple hydrogen bond partners at the
C20 site. It may also be required that a hydrogen bond-donor be present at this site.

Replacing the C20-hydroxyl with a C20-methoxy group in LA2 results in a simi-
lar reduction in potency as replacing the C23-dihydropyran with a C23-cyclohexene
(LA18 of Mooberry et al.'*®). This indicates that the ability for S2:Phe294 to interact
with both these groups in LLM is important to activity. Therefore, future design of
analogues should ensure that a hydrogen-bond donor is present at C20, and that any
modifications to the C23-site in the side chain involve a mw-containing system (though

)15 and an atom capable of forming

not an aryl group, as discussed in Section 3.3.1.1
a hydrogen bond. It is unknown whether the hydrogen-bond acceptor in the C23-
dihydropyran is a necessary pharmacophore, or if a hydrogen bond donor could also
form water-mediated hydrogen bonds to (5:Phe294 at this site. The importance of

[B2:Phe294 to LLM binding may be verified by mutational experiments.

3.3.2.7 Other structural effects

Previous experimental work found that LLA4 had slightly different cellular effects than
LLM, LA1, and LA2 for interphase MTs, and it was proposed that these differences
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could be due to changes in the number of protofilaments. 2 The calculations of the M-
loop expansion from [So-tubulin show that the M-loop in LA4-(«fS-tubulin), is more
extended than in apo tubulin, can occupy a broad range of states (Figure 3.6(a)),
and is highly flexible (Figure B7). However it is not significantly different from the
behaviour of the M-loop when LLM, LA1, and LA2 are bound (Figure 3.6(a)), and
therefore this does not account for the different cellular effects observed experimen-
tally. Therefore, it is unlikely the number of protofilaments is responsible for the
alternative cellular effects observed for LA4. Evidence to support this can also be
found with other MT stabilizing agents, where the binding of different taxanes results

U617 without causing different cellular

in different numbers of protofilaments in MTs,
effects.

The LLM analogues have similar effects on the global tubulin structure as observed
for LLM (Figures 3.6), with the exception of the M-loop conformation (Figures 3.6(a)
and S7), ag:H10 expansion (Figure 3.6(f)), and (55:55-H5 expansion (Figure 3.6(g)).
These last two metrics have recently been implicated with the longitudinal expansion
of the interdimer interface upon taxane binding.3' However, LLM has some effects
on tubulin that differ from the taxanes. Nearly all the LLM analogues increase the
separation between the tubulin heterodimers (Figure 3.6(b,c)), with the exception of
the effects of LA1 and LA5 on the a-tubulin units. All the laulimalides considered
here also decrease the distance between [(2:H10 and ay:H6 (Figure 3.6(d)), and in-

crease the expansion of the a1:H10 (Figure 3.6(e)).

3.3.2.8 The importance of the intramolecular hydrogen bond

None of the analogues have significant retention of the intramolecular hydrogen bond
that was present in LLM. Interestingly, LA2, the only analogue that is not mod-
ified at the C16-C17-epoxide or C2-C3-alkene and therefore retains a macrocycle
conformation similar to LLM (Figure BS), slightly retains the intramolecular hydro-
gen bond (11 %, Table 3.2). In the absence of an intramolecular hydrogen bond,
the Cl-carbonyl in LA1, LA2, and LA4 interacts with the [5:Asn337 side chain,
while the C15-hydroxyl can engage in direct and water-mediated hydrogen-bonds,
predominantly in [;-tubulin (Tables 3.2 and 3.3). Unlike LLM, the Cl-carbonyl
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and C15-hydroxyl have some solvent exposure in the analogues. Interestingly, the
more effective LA1, LA2, and LA4 analogues are less solvated at these sites than
the less effective isoLLM, LA3, and LA5 compounds (Table 3.2). The intramolecu-
lar Cl-carbonyl- - -C15-hydroxyl hydrogen bond is likely important for activity, while

solvent-exposure of these sites is correlated with reduced activity.

3.4 Conclusions

An improved model of the binding of LLM to MTs has been presented. 77 interac-
tions are important contributors to LLM binding, where the C23-dihydropyran forms
stabilizing contacts with $:Phe294, 8:Tyr310, 5:Tyr340, 5:Phe341, and [:Phe367.
Within the binding site, LLM forms an intramolecular hydrogen bond between the
Cl-carbonyl and the C15-hydroxyl. The Cl-carbonyl also forms a direct hydrogen
bond with £:Asn337, and the side chain groups form water-mediated hydrogen bonds
with £:Phe294 and f:Asp304. Otherwise, the drug is highly solvated. Interestingly,
LLM binding weakens the interdimer interactions, indicating LLM affects MTs dif-
ferently than the taxanes.

The binding modes of the less-potent LLM analogues were identified to deter-
mine the binding features responsible for the success of the parent drug candidate.
No correlations were found between the experimentally-observed cytotoxicity and
the ligand—tubulin binding energy, interdimer binding energy, or ADMET proper-
ties. Several important structural correlations were determined. Retention of the
LLM macrocycle conformation appears important for LLM activity, where both the
C16-C17-epoxide and the C2-C3-alkene, as well as the intramolecular hydrogen bond
between the Cl-carbonyl and C15-hydroxyl contribute to the conformation. Reten-
tion of this hydrogen bond is correlated with high activity (LLM), while breaking
the intramolecular interaction results in intermediate activity (LA1, LA2, LA4) and
heavy solvation of these two sites provides poor activity (isoLLM, LA3, LA5). The
less-potent analogues were found to bind more deeply into the binding pocket, form-
ing a direct, strong hydrogen bond at the C20-hydroxyl with the 3:Phe294 backbone
carbonyl and minimizing interactions with the adjacent S-tubulin unit. In contrast,

the more potent LLM analogues had larger binding contributions from the adjacent
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B-tubulin unit. Within the side chain, several important pharmacophores were iden-
tified. It is important to have a m-containing system at C23 so that it may engage
with the m-containing residues in the binding site. Furthermore, a hydrogen bond
donor at C20 is important for participating in water-mediated hydrogen bonds with
the 5:Phe294 backbone, and to a lesser extent with [5:Asp304. It may be impor-
tant for this group to be small rather than bulky so that it can exchange between
interacting with these two nearby residues. Similarly, a group capable of forming
water-mediated hydrogen bonds to S:Phe294 is also important in the C23 position,
although this work does not determine if an acceptor is required at this site, as was
present in all LLM analogues considered in this study, or if a hydrogen-bond donor
may also suffice.

The direction of the Cl1-methyl into the MT pore provides a potential site for
future modifications to be made that may enhance the interaction between LLM and
tubulin. Side chains from £:Asn52 and §:Asp128 in the adjacent S-tubulin unit, and
from (:GIn291 in the LLM binding site are near C11 (6-8 A) Only one study has
considered a modification at the Cll1-site in which the methyl group was replaced
with a hydrogen, decreasing LLM activity by an order of magnitude.'®® It is possible
that larger groups may be tolerated at this site and enhance the interaction with the
adjacent S-tubulin unit, while being far enough away from the C1 and C15 sites that
modifications will not interrupt the intramolecular hydrogen bond.

Additional data regarding the ability of each of these drug candidates to induce
MT polymerization (the critical concentration of tubulin required for MT assembly
in the presence of each drug) will allow for further conclusions to be drawn about

how this class of agents promotes MT formation and stability.
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Chapter 4

Understanding and predicting
laulimalide analogue efficacy

4.1 Introduction

Gallagher and coworkers synthesized a variety of LLM analogues, which are cyto-
toxic at concentrations ranging from the low nanomolar concentrations of the origi-
nal LLM (2.3 £0.2 nM), to micromolar concentrations. Inversion of the stereocenter
at C15 leads to poorer potency (176 4 15 nM; compound 35 in Gallagher et al.;'*
denoted LLM-15R in Figure 4.1). The most promising analogue, (15R)-acetyloxy-
(-)-laulimalide (compound 29 in Gallagher et al.;'®* denoted LLM29 in Figure 4.1),
was potent in the low nanomolar range (23 £+ 2 nM). In contrast, several compounds
were found to be ineffective, for example (15R)-methoxy-(—)-laulimalide (compound
32 in Gallagher et al.;'*' denoted LLM32 in Figure 4.1).

In addition to the analogues synthesized and evaluated by Gallagher, the group
of Prof. Dennis Hall at the University of Alberta has designed several new LLM
analogues (Figure 4.1, SVH1 and SVH4). These compounds feature changes to the
(C23-dihydropyran and simplifications of the macrolactone ring. This addresses degra-
dation by eliminating the problematic epoxide moiety that causes isoLLM formation.

The work presented in Chapter 3 is expanded upon by examining the analogues
of Gallagher and coworkers,®! which contains the most potent analogue (LLM29)
next to LLM, as well as the analogues proposed by Hall and coworkers. From this
information, characteristics of the effective LLM analogues will be identified, with a

focus on the newly-developed pharmacophore presented in Chapter 3, and use this
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" LLM29
23 +2nM

17 OH 17 OH
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Figure 4.1: The chemical structure, numbering and stereochemistry of the naturally-
derived (-)-laulimalide (LLM), its diastereomer (15R)-(-)-laulimalide (LLM-15R),
as well as analogues (15R)-acetyloxy-(-)-laulimalide (LLM29), (15R)-methozy-(-)-
laulimalide (LLM32), SVH1, and SVH/. Cell growth inhibition (IC5y) is indicated
for the drug-sensitive MD-MB-435 human melanoma cell line when available.?>! Frag-
ments in red indicate modifications.

" LLM-15R (LLM35)
176 +15 nM

>1000 nM

information to predict the potency of the proposed LLM analogues.

4.2 Computational Details

Using the model and procedures described in Chapter 3, LLM analogues from the
Gallagher and Hall groups were examined (Figure 4.2). MD simulations were per-
formed using GPU-enhanced?#? 24 Amber 14.24" General details of the MD simula-
tions performed in this Thesis may be found in Section 1.3.3.1 and details specific to
this simulation may be found in Appendix C. For each simulation, the mass-weighted
RMSD of the protein components was calculated, with respect to the structure at 0 ns,
to ensure the system was structurally equilibrated (Figure C1). For LLM, LLM-15R,
SVHI1, and SHV4, the system was equilibrated after 20 ns, and production data was
collected from 20 ns to 90 ns. For LLM29 and LLM32, conformation changes required
the simulations be extended. For LLM29, a conformational change occurred around
70 ns (Figure Cl(c)), and analysis was performed on the structures from 76 ns to
155 ns, for a total of 79 ns. In the case of LLM32, 40 ns of structural equilibration
was required due to a shift in the lateral contacts (Figure C1(d)), and production

data was collected from 34 ns to 110 ns for a total of 76 ns. All residues are discussed
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Figure 4.2: The computational model combining protein and nucleotide coordinates
from a previous study’ and the LLM pose from 4O4H.** LLM (red) is bound to the
g B -tubulin heterodimer, and adjacent to the oy By -tubulin heterodimer. Image shown
s as viewed from the MT exterior.

with respect to the numbering in bovine a-tubulin isoform I-C (UniProt P81948) and
S-tubulin isoform II-B (UniProt Q6B856), as reported in Chapters 2 and 3.

4.3 Results and Discussion

4.3.1 Binding of laulimalide analogues to a (aS-tubulin); model

Structural changes to the LLM analogues result in different conformations and bind-
ing poses than those found for LLM (Figure 4.3). For LLM29 and LLM32, modifi-
cations at C15 eliminate the potential for an intramolecular hydrogen bond between
the C15-hydroxyl and Cl-carbonyl in LLM (Table 4.1). Inversion of the stereochem-
istry at C15 (LLM-15R) also breaks this intramolecular hydrogen bond and decreases
potency. Elimination of the intramolecular hydrogen bond alters the binding pose
of the compound, where the LLM analogues undergo a conformational change in
the macrocycle that moves C15 away from £5:H10 and towards £;:H3 while also sol-

vating this site (17.2-54.4 %, Table 4.1) in the seam between the protofilaments.
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For LLM-15R and LLM32, the macrolactone dihydropyran moves away from [5:H10
(Figure 4.3(b,d)). In contrast, the Cl-ester to the C5-C9-macrolactone of LLM29
are in positions similar to that observed for LLM (Figure 4.3(c)), which is corre-
lated with the increased cytotoxicity of LLM29 observed experimentally. However,
it is worth noting that LLM and LLM29 adopt similar binding motifs to LA1 and
LA2 in Chapter 3,2 but LA1 and LA2 have cytotoxicities'%%!52 that are an order of
magnitude greater than that of LLM29. In order to further understand the effect of
these compounds on MTs, and to fully exploit the power of computational models
of ligand—protein complexes in the design of LLM analogues, it will be necessary to
obtain MT-assembly data for LLM and its analogues. Such experiments are more
relevant to the study of drug—tubulin binding than relative cytotoxicities. For LLM-
15R, LLM29, and LLM32 there are variations in the position of the side chain relative
to LLM as the C23-dihydropyran binds less deeply into the binding pocket, moving
away from [(5:S8 and f2:510, and towards S:H10-S9 (Figures 4.3 and C2). This is
evident from the increase in separation between the C23-dihydropyran, and f5:Tyr310
(B2:58) or [52:Phe367 (£2:510) as the analogues move towards [,:Tyr340 (S2:H10-S9)
at the seam between protofilaments (Figure 4.4).

The SVH1 and SVH4 analogues are greatly modified with respect to the natural
LLM compound (Figure 4.1). To first ensure that the modifications to these com-
pounds do not affect their preference for the LLM binding site, docking calculations
were performed with the MOE program.?®® Both blind docking to S-tubulin, and
targeted docking to the LLM binding site indicated the most populated and highest-
affinity poses occurred in the LLM binding site for both compounds. Furthermore,
the best docking poses also resembled the conformations obtained by MD simulations.
MD simulations indicated SVH1 and SVH4 exhibit changes in the binding pose rela-
tive to LLM (Figure 4.3(e,f)). Surprisingly, the binding mode of SVH1 resembles that
of LLM29; while C11 to C17 are directed towards f5:H3 and solvated (Table 4.1),
the Cl-ester to the C5—-C9-macrolactone retain a position between (55:H9 and [5:H10
(Figure 4.3(e)). In contrast, removing the ester functionality when going from SVH1
to SVH4 significantly alters the binding of the compound. SVH4 adopts a collapsed
conformation with the dihydropyran moieties in close proximity (Figure 4.3(f)). In

this pose, the macrocycle is away from (5:H9 and f5:H10, and is instead positioned
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Figure 4.3: An illustration of the LLM poses in the binding pocket located at the
seam between [y-tubulin (cyan) and By-tubulin (teal). The compounds are in contact
with helices B1:H3, B2:HY, and Py:H10. 30 binding site water molecules are shown in
stick mode.

in the seam between the protofilaments, which displaces £,:H3 away from fo-tubulin.
The C23-dihydropyran is still located in the binding site, but is slightly displaced
towards [:H10-S9 as observed for all the modified compounds.
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{1 LLM
02 | 1LLMm29 i
] | LLM32 ]

1 SVHA1
045 1 SVH4 ]
01 ] i
0.05 ] i
07“‘w‘“w“‘w“‘w“‘w“‘ R B B B B B

4 5 6 7 8 9 10 5 6 7 8 9 10 11 3 4 5 6 7 8 9
C23-dihydropyran-B,:Tyr310 (&)  C23-dihydropyran--B,:Phe367 (A) C23-dihydropyran--Bs:Tyr340 (A)

Figure 4.4: A probability distribution of the distances (/i ) between the side chain
dihydropyran and residues in the LLM binding site, illustrating the deep binding of
LLM near By:Tyr310 and Po:Phe367, and the shallow binding of the analogues near
Ba:Tyr340. An illustration of these residues is shown in Figure 4.6.
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Alterations in binding poses affect hydrogen bond contacts with the LLM ana-
logues (Tables 4.1 and 4.2, Figure C2). In addition to an intramolecular hydrogen
bond between the Cl-carbonyl and C15-hydroxyl, LLM simultaneously forms a hy-
drogen bond between the Cl-carbonyl and the £5:Asn337 side chain. Water-mediated
interactions also occur between the LLM side chain, and (5:Phe294 and (5:Asp304,
where the C20-hydroxyl is highly solvated, and the C16-C17-epoxide and the C23-
dihydropyran are lightly solvated.

The unique conformation adopted by SVH4 results in different ligand—tubulin con-
tacts (Tables 4.1 and 4.2) and different sources of stabilization (Figures 4.5 and C2,
Table C1) compared to the other LLM analogues. This compound is largely sol-
vated in the LLM binding pocket and forms no direct hydrogen bonds to tubulin
(Table 4.1). Only one notable hydrogen bond is present in a water-mediated fashion
between residues [:Asp295 and f5:Ala296, and the side chain (18 %, Table 4.2).
Compared to the other compounds studied, SVH4 has the weakest binding to «af(-
tubulin (Table 4.3). This involves the smallest contribution from fSe-tubulin to stabil-
ity, but one of the largest contributions from (;-tubulin (Table C1). This is primarily
due to favourable interactions with £;:H3, specifically ionic £5;:Asp118 and (;:Argl21
(Figure 4.5), when the collapsed macrocycle displaces 51:H3.

Greater similarities in binding poses are found between the remaining analogues
and LLM. None of the analogues are stabilized by an intramolecular hydrogen bond,
and instead the Cl-carbonyl and Cl15-substituent are solvated (Table 4.1). This
was also observed with other LLM analogues in Chapter 3 and this intramolecular
hydrogen bond was proposed to be an important contributor to activity.? As the
C15 side of the macrolactone ring opens up away from S5:H10 and towards (;:H3,
interactions with residues in f9:H10, such as the cationic f5:Lys336, decrease (Fig-
ure 4.5). The Cl-carbonyl in LLM-15R, LLM29, LLM32, and SVHI retains some
interaction with F5:Asn337 in [5:H10-S9, that is either direct or water-mediated
(Tables 4.1 and 4.2). The absence of the Cl-carbonyl in SVH1 eliminates interac-
tions with [5:Asn337, leading to the collapsed structure. Therefore, it appears the
Cl-carbonyl- - - f3:Asn337 interaction is important for stabilizing the ligand. The
interactions between LLM-15R, LLM29, LLM32, and SVH1 and tubulin can be fur-

ther subdivided based on the common poses adopted by LLM-15R and LLM32, and
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LLM29 and SVH1, as evident in both ligand-tubulin contacts (Tables 4.1 and 4.2)
and sources of stabilization (Figure 4.5 and Table C1). For example, both LLM29 and
SVH1 engage in direct interactions with f5:Asn337, while the less-cytotoxic LLM-15R
and LLM32 form water-mediated interactions with this residue. The less cytotoxic
LLM-15R and LLM32 analogues also form a stabilizing direct hydrogen bond between
the C15-site and B2:GIn291 (Table 4.1). This occurs as the macrolactone of LLM-15R
and LLLM32 binds less deeply into fSo-tubulin and moves away from fo-tubulin, causing
interactions with [5:Thr290 and (5:GIn329 to decrease (Figure 4.5).

The side chain in the LLM analogues adopts a slightly different position in the
binding pocket than the one observed for LLM (Figure 4.3), but is solvated for all
compounds studied (Table 4.1). As the C23-dihydropyran moiety moves away from
[£2:58 and (35:510, and towards £2:H10-S9 for the analogues, the C20-hydroxyl moves
closer to [2:H9-H9'. This increases the number of direct and water-mediated hy-
drogen bonds between the side chain of the LLM analogues and residues [5:Phe294,
Po:Asp295, and [9:Ala296 (Tables 4.1 and 4.2). This also increases the relative con-
tribution of these residues to binding compared to that for LLM (Figure 4.3).

In addition to hydrogen bonds between the ligand and surrounding protein and/or
solvent, the olefin in the C23-dihydropyran ring engages in m—m-interactions with the
protein (Figure 4.6). The side chain in all analogues adopts a range of positions
within the binding site that differ from those found for LLM (Figure 4.6(a)). For all
the analogues, there is a decreases in the distance between the side chain heterocycle
and the aromatic ring of [5:Tyr340 that is located at the edge of the binding pocket
(Figure 4.6(b—f)), while also increasing the affinity of the drug for £,:Tyr340 (Fig-
ure 4.5). This movement is accompanied by an increase in the distance between the
side chain dihydropyran in the analogues and residues [5:Tyr310 and [5:Phe367 that
are located deep in the binding pocket (Figure 4.4(a,b)), as well as a lower affinity of
the ligand for these residues (Figure 4.5). This shows the side chain dihydropyran in
the analogues binds less deeply into fo-tubulin. For LLM29, the side chain occupies
a broad range of states (Figure 4.4), while the side chain of SVH4 has different in-
teractions with the w-containing residues that are a result of its unique conformation
(Figure 4.6).

The only side chain modification considered in this study involves the alteration
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of the C23-dihydropyran in SVH1 and SVH4 (Figure 4.1). Although SVH1 and SVH4
still contain a C23-dihydropyran moiety, it is without a methyl group and involves a
different location of the double bond (Figure 4.1). While SVH4 adopts a very different
conformation from LLM and the other analogues, SVH1 is very similar to LLM29, and
the SVH1 side chain engages in similar interactions with the m-containing residues
as the LLM-15R, LLM29, and LLM32 analogues (Figures 4.4 and 4.6). Therefore, it
appears that this side chain modification does not significantly affect LLM analogue
binding. This modification retains all the essential side chain pharmacophore elements
proposed in Chapter 3,2 which include a hydrogen bond donor (C15), an additional
hydrogen-bond participant (in the C23-ring) and a 7-containing system (in the C23
ring). Most importantly, this alteration shows that variability in the location of the
m-system is tolerated, which is not surprising given the nonspecific nature of 7—mu-
interactions and the abundance of m-containing residues in this binding pocket.

In Chapter 3, it was found that the least potent (micromolar) analogues had
deeply-bound side chains, resulting in high affinities for fo-tubulin and low affinities
for fi-tubulin. In contrast, all the analogues with submicromolar potency examined
in this Chapter and Chapter 3 bind less deeply to [s-tubulin, have lower affinities for
Po-tubulin, but variable affinities for §;-tubulin relative to LLM (Table C1). LLM
lies in an intermediate position between these two extremes with a balanced affinity
for both ;- and B>-tubulin, and it is possible that such an intermediate conformation
leads to ligands with high activity. Although the nonspecific 7-7 interactions that
occur between the C23-side chain and the fs-tubulin binding site may facilitate a
variety of binding motifs, the intermediate pose associated with the natural LLM
appears to be the most effective.

The ligand—protein MM /GBSA binding energy calculations indicate that LLM
binds strongest to the tubulin heterodimers (-197 kJ mol™!), illustrating the balance of
interactions between (3;- and fs-tubulin discussed above. Binding strength decreases
as LLM > LLM29 > SVHI ~ LLM-15R > LLM32 >> SVH4 (Table 4.3). Although
this trend correlates with the known cytotoxicities for the synthesized compounds
(Figure 4.1), Chapter 3 showed that relative ligand-tubulin binding strength is not
an indicator of cytotoxicity.? LLM and all the analogues considered in this Chapter

and Chapter 3 cause the distance between a-tubulin to decreases and the distance

98



0.0

B1:Asn52

B1 :Ala54

B1:Asp118
B4:Arg121
By:Lys122
B1:Glu125
B1:Ser126
Bo:Pro287
Bo:Thr290
Bo:GIn291
Bo:Met293
Bo:Phe294
Bo:Asp295
Bo:Ala296
Bo:Lys297
Bo:Met299
Bo:Met300
Bo:Ala301

Bo:Pro305
Bo:Arg306
Bo:Tyr310
Bo:Val313
B,:GIn329
Bo:Asn332
Bo:Val333
Bo:Lys336
B2:Asn337
Bo:Tyr340
Bo:Phe341
2| Bo:Phe367

H1'-82

H3

H3-S4

-10.0

H9

-15.0

-20.0

H9-H9"

-25.0

Ho'
Binding Contribution (kJ mol™)

-30.0

S8

-35.0

H10

-40.0

H10-S9

-45.0

Figure 4.5: Residue contributions to the ligand—tubulin MM/GBSA binding energy
(kJ mol™t). Data included in Table C1.

between [-tubulin to increase.

The lateral interdimer interactions are destabilized, with SVH4 having the largest
destabilizing effect and LLM-15R having the smallest effect (Table 4.3). Interestingly,
the similar binding poses observed for LLM, LLM29, and SVH1 result in a comparable
energetic effect on the lateral contacts. Pel A, which binds to the same site as LLM,
destabilizes lateral contacts.''® This is unique from the effects of the taxanes on MTs,

which enhance longitudinal contacts but have little effect on lateral contacts.3!
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Table 4.3: MM/GBSA-calculated binding free energy (kJ mol™!).()

LLM LLM-15R LLM29 LLM32 SVH1 SVH4 apo
Ligand-tubulin -196.6  -171.4 -178.8  -148.5 -174.3 -123.7 -

binding +12.7 +21.0 +174  £179 £153 £174 -
Relative

ligand—tubulin 0.0 25.1 17.8 48.1 22.2 72.9 -
binding®

Interdimer -183.8 -215.2 -182.9  -151.8 -184.6 -141.3 -233.8
binding +30.1 +43.6 +16.9 +£33.9 £39.7 £35.0 +£434
Relative

interdimer 0.0 -31.4 0.9 32.0 -0.8 425  -40.0
binding®

@) AGMM/GBSA  Equations 1.20 and 1.21, neglecting entropy.; (") Binding energy relative to
LLM.
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Figure 4.6: An illustration of the w—mw-interactions present in the LLM binding
pocket, located at the seam between (y-tubulin (cyan) and Po-tubulin (teal).
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4.3.2 Distinguishing the laulimalide analogues

4.3.2.1 ADMET properties

The ADMET properties were evaluated for TXL, LLM, and the LLM analogues (Ta-
ble 4.4). All compounds considered have low solubility (S+S,,), though the proposed
SVH1 compound shows improved solubility. Intestinal permeability (S+Peg) is also
problematic. Although the ADMET properties considered here examine the likeli-
hood of the compounds to be effluxed by (S+Pgp_Substr) and inhibit (S+Pgp_Inh)
the Pgp, LLM has been shown to evade Pgp efflux™ and therefore it is likely these
reported values are inaccurate. However, the lower value of S+Pgp_Inh predicted for
SVH4 may indicate this compound is less likely to evade Pgp eflux. The compounds
considered in this Chapter are likely to be neurotoxic, as evidenced by their pre-
dicted ability to cross the blood-brain barrier (BBB, S+BBB_Filter). They are also
predicted to be hepatotoxic based on high levels of SGOT and SGPT (TOX_SGOT
and TOX_SGPT, respectively), but should have low cardiotoxicity (based on the in-
hibition of potassium channels, TOX_hERG Filter). The ADMET Risk property is
calculated to determine overall toxicity, where 10 % of drugs in the World Drug In-
dex have ADMET _Risk values greater than 6.5.2°2 While TXL has the greatest risk,
LLM and its isomer LLM-15R have intermediate risks. The most potent analogue,
LLM29 has a greater risk than LLM, which may be detrimental for this agent if it
is further pursued as a therapeutic agent. The LLM32 analogue has similar toxicity
to LLM29. Interestingly, the proposed SVH1 and SVH4 analogues have the lowest
predicted toxicity of all the compounds considered in this Chapter and Chapter 3.2
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4.3.2.2 Binding properties

The intramolecular hydrogen bond between the Cl-carbonyl and the C15-hydroxyl in
LLM is not retained by any of the analogues. A modification as simple as the inver-
sion of the stereocenter at C15 breaks this hydrogen bond and results in substantially
lower potency. The important intramolecular hydrogen bond creates a specific macro-
cycle conformation that is likely a major contributor to the superior potency of the
parent compound. Elimination of this hydrogen bond results in increased solvation
of the LLM analogues, and a movement of the C15-site and C16-C17-epoxide away
from (5:H10 and towards f1:H3. The hydrogen bond between the Cl-carbonyl and
[2:Asn337 also appears to be important, where direct hydrogen bonds are correlated
with increased potency (LLM, LL.M29), and water-mediated hydrogen bonds are cor-
related with decreased potency (LLM-15R, LLM32).

A large stabilization results from the 7-7-interactions between the LLM side chains
and fs-tubulin. Based on the similarities in the poses of LLM, LLM29, and SVH1, it
is concluded that modifications of the side chain as observed in the SVH1 and SVH4
analogues have little structural or energetic effect on LLM analogue binding, and
modification of the location of the m-containing system in the C23-ring appears to be
well tolerated. A variety of poses are observed in the side chains of the LLM analogues
that range from deeply bound (LA3 and LA5 in Chapter 3) to shallow binding with
[Bo-tubulin. This is likely due to the nonspecific nature of 7—r interactions and the
abundance of 7-containing residues in the binding site. The parent LLM compound
adopts an intermediate location between deep and shallow binding modes resulting
in significant interactions with both ;- and fs-tubulin, which may be important to
the mechanism of action of this compound.

The binding of the newly-proposed analogues SVH1 and SVH4 indicates that
SVH1 shows promise as a MT-targeting agent similar to LLM and its analogues.
Despite the structural similarity of SVH1 and SVH4, SVH1 adopts LLM-like poses
while SVH4 adopts a collapsed conformation, engaging in few direct interactions with
and having low affinity for (aS8-tubulin),. Furthermore, SVH4 may have a decreased
ability to evade Pgp efflux. Together, this suggests that SVH4 will not behave sim-
ilarly to natural LLM in its effects on MTs. In contrast, the conformation of SHV1
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resembles that of the most potent LLM analogue, LLM29, while also engaging in di-
rect interactions with £5:Asn337. SVH1 is predicted to have decreased adverse effects
as indicated by ADMET toxicity calculations. Therefore, SVH1 merits experimental

synthesis and evaluation as an alternative to LLM.

4.4 Conclusions

The binding of several LLM analogues to tubulin has been computationally examined
within a MT-like environment. Both experimentally-examined and newly-proposed
analogues were considered to build upon the LLM pharmacophore model previously
developed in Chapter 3, as well as evaluate the predictive ability of the model used.

A specific macrocycle conformation is present for the parent LLM compound,
which is governed by an intramolecular hydrogen bond between the Cl-carbonyl and
the C15-hydroxyl. None of the analogues studied retain this intramolecular hydrogen
bond or macrocycle conformation, which may account for the reduced potency of the
analogues that have been observed experimentally. An abundance of nonspecific -7
interactions in the binding site near the dihydropyran side chain allow for a variety of
ligand poses to be adopted by the compounds, which results in variations in how deep
or shallow these ligands interact within the binding site. The parent compound was
found to occupy an intermediate position between the S-tubulin heterodimers, which
results in highly stabilizing contributions from both g-tubulin units that may be key
to the superior potency of this compound. Despite the structural differences between
the compounds, and the differences in their binding modes, all the compounds studied
here weaken the lateral interdimer interface, which is distinct from the mechanism of
action of the taxanes.

Computational models provide a means of efficiently screening compounds in ra-
tional drug design, while providing information about ligand—protein complexes at
an atomistic level. Novel LLM analogues have been evaluated to determine if their
interactions with tubulin mimic the binding of LLM. These compounds feature sig-
nificant modifications to the macrocycle and additional changes to the side chain.
This computational model of LLM binding to tubulin finds the SVH1 analogue to
be particularly promising. SVH1 is LLM-like in its binding mode and behaves simi-
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larly to the most potent LLM analogue, LLM29, which is only an order of magnitude
less potent than LLM. The side chain modifications present in these new compounds
contain the elements of the pharmacophore previously proposed in Chapter 3 for the
LLM side chain, and the calculated binding mode indicates that side chain modifi-
cations are tolerated. In contrast, the related compound, SVH4, adopts a collapsed
conformation within the ligand binding site that is unique from the other analogues
studied, and the model presented here predicts that this compound will not behave

similarly to LLM.
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Chapter 5

Elucidating the mechanism of
action of the clinically-approved
taxanes: A comprehensive

comparison of local and allosteric
effects™

5.1 Introduction

The most well-studied MT targeting agent is paclitaxel (TXL), a naturally-derived
taxane. This compound is currently in clinical use, along with the taxanes docetaxel
(DXL) and cabazitaxel (CAB, Figure 5.1). As discussed in Section 1.2.2.2, the
taxanes stabilize MTs by binding to S-tubulin at a site contacting S:H1, g:H6-H7,
B:H7, B:S7, the M-loop, and 3:S9-H10 located in the lumen of the MT.3%3% The
mechanism by which the taxanes stabilize MTs has been the subject of many studies.
The most recent experimental work indicates that TXL allosterically reverses the
conformational changes to aS-tubulin that occur upon the hydrolysis of GTP to GDP
in B-tubulin®% through increasing longitudinal contacts and easing conformational
strain, rather than through lateral contacts with the M-loop.3!

Despite the ability of TXL, DXL, and CAB to similarly stabilize MTs, there are
known differences in the effects of these compounds on MTs. DXL has a greater

affinity for tubulin and greater effect on MT assembly than TXL,!® while CAB and

*A version of this Chapter was published in Chemical Biology and Drug Design, 2015, DOI:
10.1111/¢bdd.12595.
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paclitaxel 0< O docetaxel o< O cabazitaxel 0< 0
(TXL) /Z > (DXL) /2 > (CAB) é >

Figure 5.1: The chemical structure and numbering of (a) paclitazel, (b) docetaxel,
and (c¢) cabazitaxel highlighting functional group modifications to the tazane frame-
work.

DXL perform similarly in MT stabilization and tubulin assembly experiments. ™ TXL
binding decreases the number of MT protofilaments from 13 to 12, while DXL bind-
ing results in MTs with 13 or 14 protofilaments. 61" This change in protofilament
number has been attributed to changes in the M-loop, which acts as a hinge to de-
termine the number of protofilaments in a MT,?* which has recently been proposed
to be affected by the C7- and C10-substituents of the taxane. %117

This Chapter examines the effects of the three clinically-approved taxanes on
af-tubulin by using molecular mechanics and MD simulations to compare the binding
of TXL, DXL, and CAB. Usually when designing drugs, emphasis is placed on the
strength of drug—protein binding to predict drug efficiency with studies correlating
binding or inhibition constants to ICsy values.?®® However, certain tubulin-binding
agents only show a weak correlation between ICsy cytotoxicity and the free energy
of binding.” In addition to such correlations neglecting pharmacokinetics, in the
case of tubulin-binding agents that allosterically affect the protein, binding affinity
alone cannot fully account for the effect of the drug on the protein. Therefore, more
appropriate metrics of taxane efficacy are established in this study. The effects of
taxane binding to tubulin on both a local (binding site) and global (allosteric) scale
are considered. Similarities between these drugs may hint at a common mechanism

of the taxanes.
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5.2 Computational Details

Atomistic MD simulations were performed to identify differences in binding between
TXL, DXL, and CAB. The TXL—-afg-tubulin complex is based on the 1JFF crys-
tal structure® involving TXL bound to an aS-tubulin heterodimer in zinc-induced
sheets, where missing residues a:35-60 were overlaid from the 1TUB crystal struc-
ture.?> Hydrogen atoms were added to the protein using the tleap module of Amber-
Tools, where the protonation states of ionizable residues at a pH of 7 were determined
by PROPKA.?! In addition to the protein and drug, the GTP and Mg?* bound to
the a-tubulin, as well as the GDP bound to the g-tubulin, were included. To obtain
the analogous DXL—tubulin and CAB—tubulin complex, modifications to TXL were
made at the C7, C10, and C3’ sites, and the coordinates were optimized using PM6 in
Gaussian 09.2% Simulations of apo tubulin were carried out by removing the taxane.

MD simulations were performed using GPU-enhanced 242724 Amber 12.24° General
details of the MD simulations performed in this Thesis may be found in Section 1.3.3.1
and details specific to this Chapter may be found in Appendix D. Analysis of the mass-
weighted RMSD of the protein C,, atoms (Figures D1-D3) showed the ligand—protein
complexes were structurally equilibrated after 10 ns. Therefore, the final 37.5 ns of
the simulation were analyzed, and the results of this analysis are discussed below.
In the discussion of results, the residues are referenced using the numbering and
secondary structures as reported in the 1JFF crystal structure®® In this structure,
there are discontinuities in the numbering of the S-tubulin unit, compared to the a-
tubulin unit, and therefore this numbering is slightly different from the numbering in
bovine a-tubulin isoform I-C (UniProt P81948) and S-tubulin isoform II-B (UniProt
Q6B856) used in Chapters 2—4.

5.3 Results and Discussion

5.3.1 Local effects of taxane binding

First, the local effects of the binding of TXL, DXL, and CAB to g-tubulin are consid-
ered by examining the binding site. Throughout the simulations, the taxanes adopt

similar, rigid conformations of the baccatin core, the C2-phenyl, the C7, and C10
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substituents (Figure 5.2). This is reflected by the low RMSF of the drug atoms
(Figure D4) in these groups. However, the taxanes differ in the C13 side chain rigid-
ity. The C3'-phenyl and N’-benzyl amide of TXL are rigid throughout the simulation
(RMSF less than 1.09 A), with the N'-substituent directed towards :H1 and the lu-
men, and the C2' directed into the binding pocket towards 8:H7, resembling the bio-
active T-Taxol geometry previously reported.2%? Corresponding RMSFs for DXL show
larger fluctuations (up to 2.80 A) DXL adopts two distinct conformations through-
out the simulation that differ in the C13 side chain conformation, particularly the
Z(N'-C3/-C2'-C1’) dihedral (Figure D5). The first conformer (DXL-C1) exists in the
time intervals from 10-23.8 ns and 37.3-47.5 ns (Figure D5), involves the close proxim-
ity of the C2-phenyl and C3'-t-butyl carbamide ester (£(N'-C3'-C2'-C1’) ~ 70°), and
resembles the conformation of TXL. Alternatively, the second conformer (DXL-C2) is
occupied from 23.8-37.3 ns with close contacts between the C2-phenyl and C3’-phenyl
(Z(N'-C3-C2'-C1’) ~ 110-160°). DXL—-C1 is in agreement with the NMR-determined
pre-release conformation of DXL bound to tubulin, while DXL—-C2 is similar to con-
formations previously found to exhibit low affinity for the luminal binding site in
docking studies. 1% Therefore, it is likely that DXL-C1 is the biologically-active con-
formation of DXL, which is present during 64 % of the simulation and also persists
for up to at least 67.5 ns in extended simulations (Figure D5). The C13 side chain of
CAB is highly mobile (RMSF up to 3.26 A) with the C3’' and N’ substituents occu-
pying a range of positions in the binding site. In general, the N’ side chain of CAB
is closer to the protein towards 5:H1, rather than towards the lumen as observed for
TXL and DXL. The conformation of CAB switches between two states: CAB-C1
(£(N'-C3'-C2'-C1") =~ 60-100°) has the C2-phenyl and N’-t-butyl carbamide ester in
close proximity (similar to TXL and DXL-C1), while CAB-C2 (£(N'-C3'-C2'-CY’)
~ 160-200°) has the C2-phenyl and C3'-phenyl in close proximity. CAB-C2 is dis-
tinct from DXL—-C2 (Figure 5.2) and resembles the “hydrophobic collapse” of TXL
and DXL observed in solution,?03 with the C3’-phenyl group oriented in a direction
similar to that of the N’ substituents of TXL and DXL—-C1 within the binding site.
Extension of the simulations of CAB by an additional 20 ns (Figure D5) shows the
drug primarily occupies the conformation found in CAB-C2, and this structure will

be discussed in the present work. Although DXL and CAB have the same C13 side
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Figure 5.2: A comparison of the conformations of (a) TXL, (b) DXL, and (c)
CAB taken from snapshots during the simulations, where atom coordinates have been
overlaid.

chain, DXL does not collapse, which points to an important role that the C7 and C10
substituents play in maintaining a hydrophilic conformation of the drug.

The rigidity of TXL binding coincides with an abundance of 7—7 interactions
(Figure D6). The three phenyl rings of TXL interact with §:His229 (5:H7) and
B:Phe272 (M-loop). Although generally weaker in strength than hydrogen bonds, 7
interactions provide structural support for TXL binding. Previous work proposed the
insertion of $:His229 between the C2- and C3’-phenyl of TXL prevents collapse of the
drug.?%? The present study shows 3:His229, located near the exterior of the binding
pocket, is close to the C2-phenyl of TXL and equidistant to the N’- and C3’-phenyl
groups (Figure D7(a—)). In the interior of the binding pocket, 5:Phe272 is close
to the C3’-phenyl but further from the N’- and C2-phenyl groups (Figure D7(d-f)).
Therefore, both [:His229 and [:Phe272 play an important role in stabilizing the
conformation of TXL. Mutations to 3:Phe272!% are known to confer TXL resistance
and support this finding. Also in support of the importance of 3:His229 and 5:Phe272
is the experimental finding that yeast tubulin, which is normally resistant to the
effects of TXL, may be susceptible to the effects of TXL by introducing several point
mutations that include the introduction of 3:His229 and [:Phe272.2% Despite the
missing aromatic ring at N, DXL-C1 maintains contacts with §:His229, but slight
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variations are observed for DXL-C2 (24-37 ns). Alternatively CAB-C2 interactions
with (:His229 differ at the C3’-phenyl, much like DXL-C2. Interactions between
5:Phe272 and either DXL or CAB are different from those observed when TXL is
bound, indicating that these clinically-approved taxanes have similar effects on g:H7
(B:His229) but variable effects on the M-loop via $:Phe272.

Hydrogen bonds play an important role stabilizing the taxanes in the luminal bind-
ing site. Both conformers of DXL engage in significantly more hydrogen bonds with
the protein than TXL and CAB (Figure 5.3 and Table D1). Some of this increase is
due to the hydrogen-bond donor abilities at the C7 and C10 positions of DXL relative
to TXL or CAB. Interestingly, hydrogen bonds to DXL also increase at unmodified
sites: the Cl-hydroxyl, the oxetane oxygen, the C9-carbonyl, the C1’-carbonyl, the
N’-H, and N’-carbonyl. These observed changes in drug-protein interactions indicate
that in the case of TXL, 77 interactions are important in stabilizing the conforma-
tion of the drug, while for DXL, hydrogen bonds stabilizes the drug in the binding site.

Since both these interactions are weaker for CAB, it adopts a collapsed structure.
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An intramolecular hydrogen bond occurs between the C1-hydroxyl and C2-carbonyl,
more prominent for CAB (when CAB-C2 is present, a hydrogen bond exists 49 %
of the time) and TXL (25 %) than DXL (DXL-C1, 17 %). The most dominant hy-
drogen bond occurs between the C2'-hydroxyl of TXL and the backbone oxygen of
B:Arg369 (83 %). For DXL (specifically, DXL—-C1), the 8:Arg369 backbone carbonyl
shifts to interact with the C10-hydroxyl (18 %), resulting in the C1’-carbonyl being
in close proximity to the 5:Arg369 side chain. This makes the C2'-hydroxyl of DXL
available to form a hydrogen bond with the 5:Asp26 side chain (up to 52 %), which
is also in position to interact with the N'=H of DXL (up to 49 %). There is no hydro-
gen bond between 5:Asp26 and TXL. Neither 8:Arg369 nor 5:Asp26 form significant
hydrogen bonds with CAB (Table D1), which are displaced by the N’ side chain of
CAB when it is directed towards :H1. Since the C2- and C3'-phenyl groups of CAB
adopt a collapsed state, this alters the position of the C13 side chain in such a way
that the C3'-t-butyl moiety is wedged between the C2'-hydroxyl and N'-H of CAB,
and [:Asp26 and [:Arg369. Although 5:Asp26 engages in water-mediated hydrogen
bonds with CAB (9 %), it does so to a much lesser extent than with TXL (up to
22 %) and DXL (up to 18 %).

Additional notable hydrogen bonds between 5:Thr276 and DXL occur, both direct
(to the oxetane oxygen (16 %) or C7-hydroxyl (19 %) and water mediated (25 %). In-
terestingly, while 3:Thr276 is evolutionarily conserved in all known human g-tubulin
isotypes!® and mutations to 3:Thr276 are known to confer resistance to TXL, there
are very few hydrogen bonds (direct or water-mediated) observed between (:Thr276
and TXL. This supports the views that §5:Thr276 instead plays an important role
in taxane binding to the intermediate binding site, % or by modifying (opening) the
M-loop conformation.?*® In addition to its important role in 77 stacking interactions,
[:His229 also forms hydrogen bonds with DXL (directly via N'-carbonyl, 49 %; water
mediated, 10 %) and TXL (directly via N’-carbonyl, 5 %; water mediated, 16 %),
but not with CAB-C2. :GIn282 forms direct hydrogen bonds with the C9-carbonyl
of DXL-C1 (up to 12 %) and CAB-C2 (up to 15 %), as well as the C7-methoxy
of CAB-C2 (up to 12 %), but engages primarily in water-mediated hydrogen bonds
with TXL (38 %). Several residues (f:Arg320, £:Arg329,5:Gly370, and [:Ser374)

engage with the taxanes exclusively through water-mediated hydrogen bonds, which
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are more common for DXL than TXL or CAB (Table D2).

Hydrogen bonds with £:Arg284 are only observed at the C9-carbonyl of the short-
lived DXL—C2 species. This is in contrast to previous work that found :Arg284 forms
hydrogen bonds with the C10-methoxy of TXL, though these bonds were not found
with DXL.% Given the transient nature of DXL-C2, hydrogen bonds with B:Arg284
are likely insignificant and do not play a direct role in the mechanism of taxane-
induced stabilization of MTs considering that §:Arg284 interdimer hydrogen bonds

are important in MT stability 25

and the taxane- - -3:Arg284 hydrogen bonds would
destabilize the MT lattice. It is worth pointing out that 5:Arg284 is conserved across
human 3-tubulin isotopes!®® and mutations to this residue decrease MT stability. %

TXL and DXL (both DXL-C1 and DXL-C2) engage in many hydrogen bonds,
both with polar residues and solvent (Tables D1-D3). Conversely, CAB does not
engage in many intermolecular hydrogen bonds. Not only are solvent interactions
greater for the N’-, C7- and C10-substituents of TXL and DXL compared to CAB,
but greater solvation also occurs for TXL and DXL at unmodified positions like
the C9-carbonyl, C1’-carbonyl, C2'-hydroxy and the N’-carbonyl (Table D3). This
provides further support for the “hydrophobic collapse” of CAB.

The increased number of hydrogen bonds to DXL is reflected in the calculated
binding free energy of interaction (Table D4), which is the strongest for DXL (for
DXL-C1, -198.4 kJ mol™!, Table D4). TXL also binds to tubulin strongly
(-182.5 kJ mol™!), while binding of CAB is much weaker (for CAB-C2,
-151.6 kJ mol™!). This is in qualitative agreement with DXL and TXL binding affini-
ties reported in the literature.® Both DXL and CAB have similar ability to induce
MT formation, ™ which is greater than the ability of TXL. In vivo cytotoxicity exper-
iments find TXL superior in drug-sensitive cell lines while DXL and CAB are more
effective in resistant cell lines, possibly due to differences in drug interactions with
the P-glycoprotein efflux pump. Therefore, there is no correlation between binding
affinity, and taxane-induced MT assembly or ICy, values.

Although these binding free energies neglect entropy, they allow for the binding
to be decomposed into pairwise per-residue contributions (Figure 5.4, Table D4).

[B:Asp26 and [:Arg369 have the largest contributions to DXL-C1 and TXL binding,

respectively (up to -47 kJ mol™!), while the strongest pairwise residue- - -CAB-C2
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Figure 5.4: MM/GBSA pairwise binding free energy (kJ mol™') between select
binding-site residues and the tazanes. Calculated according to Equation 1.22, ne-

glecting the entropy component. Data included in Table D4.

I

interactions contribute to binding by -22 kJ mol™!. It is worth noting that the
conformers of DXL and CAB that dominate the simulation (DXL-C1 and CAB-C2)
provide the most stable binding with aS-tubulin (Table D4).

The binding of TXL and CAB to S-tubulin decreases flexibility of the M-loop, as
evidenced by the smaller standard deviation in C, RMSD (Figure 5.5), while DXL
binding maintains the M-loop flexibility observed in apo tubulin. Coarse-grained
studies of vibrational modes also found TXL reduced M-loop flexibility.?%¢ No sig-
nificant changes in the helical character of the M-loop were observed upon taxane
binding. Residues in the C-terminal portion of the M-loop (8:Tyr283 to [3:Val288)
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are closest to CAB, followed by DXL and then TXL. For CAB binding, the M-loop
excludes solvent to directly contact the C7 and C10 substituents. The direction of
the N’ side chain of CAB towards (5:H1 moves the baccatin ring closer to the M-loop
than what is observed for TXL (Figure 5.6 (a)), and pushes the M-loop out from
tubulin. Conversely, the baccatin region of TXL and DXL—CI1 is not as enveloped by
the M-loop and is further from the baccatin ring of these drugs (Figure 5.6 (a, c)).
This is supported by the hydrogen bond data (Tables D1-D3), where interactions
between the baccatin ring and the M-loop are more direct for CAB than DXL and
TXL (see £:GIn282, for example). Similar results regarding solvation have been ob-
served for taxane analogues in the MT pore, where polar substituents at C7 and C10
interact with solvent and non-polar substituents interact with the protein.''” Inter-
estingly, the structure of DXL-C2 also has close contacts between the C7 and C10
substituents, and the M-loop.

Prior to taxane binding, the M-loop is in a contracted conformation at the taxane
binding site. In this form, the M-loop does not have a significant energetic (hydrogen
bond) contribution to the lateral contacts in a MT.?%° Upon binding, the M-loop side
chains are displaced out from S-tubulin and towards the adjacent subunit to adopt
a more expanded conformation (Figure 5.6 (b, ¢)). Given that these three taxanes
affect the M-loop to varying degrees, this indicates that the common mechanism of
action of the taxanes is not exerted through the M-loop, but rather through other
factors. This finding support recent work suggesting lateral contacts play a passive
role in MT stability and the energy contribution of lateral contact is constant in the
presence and absence of TXL binding, whereas TXL binding increases longitudinal
contacts and eases conformational strain.3!

Although the above discussion and an experimentally-obtained TXL-MT struc-
ture3! propose that the mechanism of action of the taxanes is not exerted through the
M-loop stabilizing lateral contacts, the taxanes still have a structural effect on MTs
through the M-loop. Lateral contacts in the MTs hold dimers apart. 352" While nat-
ural MTs contain 13 protofilaments, TXL binding decreases this number to 12, and
DXL binding results in MTs with 13 or 14 protofilaments.'!® This has been related to
the compression or expansion of the M-loop, where an expanded M-loop conformation

results in a larger angle between protofilaments and fewer protofilaments in a MT.
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Calculations show the largest M-loop expansion for TXL and a smaller expansion
for CAB, while the M-loop in DXL-bound and apo tubulin have similar expansions
(Figure 5.6 (b, ¢)). This supports the experimentally-observed decrease in protofila-
ments in TXL-MTs compared to DXL-MTs, and a similar number of protofilaments
in DXL-MTs and apo MTs. 16 Previous studies considering many taxane analogues
have implicated the size of C7 and C10 substituents in determining the M-loop ex-
pansion. 92117 A correlation is found between the C10 substituent size and the M-loop
expansion. However, the present work also implicates hydrophobicity as a factor,
since this determines the proximity of the baccatin ring to the M-loop, where a move-
ment of the CAB N’-substituent towards 5:H1 (at the opposite end of the taxane
from the M-loop) pushes CAB towards the M-loop and the loop away from tubulin.

5.3.2 Global effects of taxane binding

TXL has an allosteric effect on the af-tubulin heterodimers, and changes in both
the a- and -tubulin units have been identified upon TXL binding. ''? A recent cryo-
EM structure of TXL bound to MTs has shown a change in longitudinal contacts
and easing of strain relative to drug-free MTs.3! Specifically, a translation of the
a-tubulin intermediate domain (a:H6-H7 to the end of «:S10, residues 216-381)
towards the (—) end of the MT lattice and away from the lumen is observed, as well
as an expansion at the longitudinal interdimer contacts that reverses the compaction
observed in MTs upon the hydrolysis of GTP to GDP. The computational heterodimer

model sufficiently captures some of these effects, as discussed below.

5.3.2.1 Global changes to g-tubulin

In the p-tubulin subunit, changes in structure outside the taxane binding site can be
isolated between the holo and apo forms of tubulin (Figures 5.5 and 5.7). Near the
taxane binding site, 5:H6-H7 and 5:S9-H10 move towards the drug, while the M-loop
and N-terminal end of §:H1 are displaced by taxane binding (Figure 1.8). Further
from the binding site, there is a movement of the middle portion of 5:H1-H1" and
[:H6 towards the drug. The flexibility of 5:H1-H1’ decreases upon taxane binding
(residues 27—46 in Figure 5.5, residues 2748 in 1JFF numbering) and adopts greater
helical character, with a larger effect for DXL and CAB than for TXL. Taxane binding
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Figure 5.5: The average mass-weighted RMSD of the C, atoms for each [-tubulin
residue, with the standard deviation shaded to indicate flexibility. (a) Superposition of
all systems is shown, followed by (b) TXL-tubulin (purple), (¢) DXL—tubulin (green),
and (d) CAB-tubulin (blue) complezes, as well as (e) apo (grey) tubulin. Important
secondary structures are indicated. The residues for the B-tubulin model are numbered
consecutively. Therefore, residues 1-42 in the figure correspond to residues 1—42 in
1JFF, residues 43-358 in the figure correspond to residues 45-360 in 1JFF, and
residues 359-427 in the figure correspond to residues 369-437 in 1JFF. Results for
the different conformers are shown in Figure DS.
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Figure 5.6: The conformation of the M-loop for TXL- (purple), DXL-C1- (green),
CAB-C2- (blue) and apo (grey) tubulin showing the distance between the M-loop, and
(a) the baccatin ring and (b) 5:H7, as well as (c¢) an illustration of the binding site
with the M-loop highlighted. Distances are calculated with respect to the centres of
mass (COM) of the indicated structures over the last 10 ns of the simulations.

decreases flexibility in 5:H3', f:H3'-H3, 8:H3 (residues 103-124 in Figure 5.5, residues
105-126 in 1JFF numbering), where DXL- and CAB-bound heterodimers have greater
helical character than observed for TXL-bound and apo tubulin. In general, taxane
binding induces greater helical character in many secondary structures of tubulin,

including S:H7 and S:H10.

5.3.2.2 Global changes to a-tubulin and intermediate domain translation

Changes in a-tubulin occur upon taxane binding. Interestingly, previous computa-
tional work determined that conformational changes to a-tubulin upon GTP hydrol-
ysis could not be found in a heterodimer model, but required an expanded model. '1°
However, the present work shows that heterodimer models capture some of the al-
losteric changes that occur upon taxane binding to [-tubulin, and this may also
be the case for the binding of other drugs to S-tubulin. Overall, larger fluctuations
from the starting simulation structure are observed for a-tubulin than -tubulin (Fig-
ure D2). Similar to S-tubulin, greater helical character is observed in the « subunit
for a:H1-S2, a:H2, o:H5, o:HS, as well as for a:H3, a:H3-H3’, and «:H3', which
are oriented longitudinally along the « subunit to form a single large helix. The
induction of greater helical character to both the a- and S-tubulin units may be

31,267,268

related to the increasing experimental evidence supporting the stiffening of

protofilaments upon taxane binding. The extension of a:H1-S2 from a-tubulin is
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also affected, where both TXL and CAB binding result in a more extended confor-
mation, while DXL binding has the opposite effect (Figures 5.7(a) and 5.8). This
loop is particularly extended and flexible when TXL binds, which coincides with the
loop being disordered and unresolved in the 1JFF crystal structure of TXL-tubulin
zinc-induced antiparallel sheets.?® The increased flexibility of o:H1-S2 upon TXL
binding was verified as significant (rather than an artefact of the simulations or start-
ing structure used) by running two additional simulations for TXL: (1) beginning the
TXL-af-tubulin simulation from a different random seed, and (2) using the protein
conformation generated at the end of the CAB—af-tubulin simulation and inserting
TXL. Similar increases in flexibility of a:H1-S2 have been reported elsewhere for
TXL-266 and GTP-bound tubulin.''® The extention of a:H1-S2 does not correlate
with MT assembly, and therefore is not implicated in the mechanism of actions of the
taxanes. This extension does, however, correlate with the extension of the M-loop,
indicating that a:H1-S2 may also affect the interprotofilament angle and play a role
in determining the number of protofilaments in a MT.

A translation of the a-tubulin intermediate domain is observed (Figure 5.9), sim-

1 and rotation!'? of a-tubulin previously reported. The most

ilar to the translation®
significant shifts occur for a:H6, a:H7, and a:H8 as these structures move away from
the lumen, with a greater shift observed for DXL, followed closely by CAB, and then
TXL. The relative magnitudes of these shifts correlate with the increase in MT poly-
merization that occurs in the presence of these drugs and is supported by differences
in solvation of a:H8, a:H8-S7, and «:S7 in MTs upon TXL binding as determined by
HDX MS. 12 A less significant translation is visible for a:H10. In the same direction
as this translation, a:H2 moves towards [-tubulin to decrease the distance between
this secondary structure and 5:H1-H1’ (Figure 5.7 (b)), which indicates there is also
an expansion at the intradimer interface upon taxane binding. The translation of
the a-tubulin intermediate domain and movement of secondary structures at the in-
tradimer interface may also be interpreted as a bend in the aS-tubulin heterodimers.
However, it is believed bending motions would be dampened by the confines of the

MT lattice, and instead manifest as translations.3!

121



20 H1-S2 H3 H3-H3,H3  S5-H5 He H6-H7, H7  S7-H9 $9-510 H11

N
S |

9

Ca RMSD (A)
=

—_
o
| | | | | | | | | |

(© DXL-C1

@cABCS

20 - (e) apo

o r
50 100 150 200 250 300 350 400

a-tubulin Residue Number

Figure 5.8: The average mass-weighted RMSD of the C, atoms for each a-tubulin
residue, with the standard deviation shaded to indicate flexibility. (a) Superposition of
all systems is shown, followed by (b) TXL-tubulin (purple), (¢) DXL—tubulin (green),
and (d) CAB-tubulin (blue) complezes, as well as (e) apo (grey) tubulin. Important
secondary structures are indicated. Results for the different conformers are shown in
Figure D9.
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Figure 5.9: The translation of the intermediate domain of a-tubulin, compared to apo
(grey) af-tubulin, when af-tubulin is bound to (a) TXL (purple), (b) DXL (green)
and (¢) CAB (blue). A superposition of the [-tubulin unit (bottom) atoms of all
four systems is shown in (d). The a-tubulin intermediate domain and [S:H7 are
highlighted. Structures taken from the end of the 47.5 ns simulations. The M-loop is
directed outside of the plane of the page, with the taxane binding site and MT lumen
on the left.

5.3.2.3 Longitudinal expansion

Longitudinal expansions have been found to be more readily observed in heterodimer
models, rather than extended protofilament models. ' The small translation of a:H10
discussed above results in a movement of this helix away from a-tubulin (Figure 5.7 (¢)),
and corresponds to an expansion of the protein at the interdimer interface within a
MT. An expansion of 5:S5-H5 (B:T5) is also observed (Figure 5.7 (d)), in agreement
with other studies,3"!% though no expansion is observed for 5:S3-H3' (3:T3; Fig-
ure 5.7 (e)) as was reported by Alushin et al.' Interestingly, within a MT, 3:S5-H5
forms longitudinal contacts with a:H10, a:H10-S9, and a:S9, which have the most
substantial decrease in solvent exposure in MTs upon TXL binding.'!? The observed
shifts in protein secondary structure provide further support for the importance of
these secondary structures in enhancing MT stability upon taxane binding. Taxane

binding also moves 3:H11, 3:H11’, and 3:H12, as previously reported.?!
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5.3.2.4 The allosteric effect on af-tubulin heterodimers

With MT binding agents, allosteric effects are known to play a role in altering the
stability of MTs. However, it is unclear how the binding of a taxane to S-tubulin
results in allosteric changes to a-tubulin. The results of these MD simulations allow
for the effect of taxane binding to be traced across the tubulin heterodimer. Two
distinct pathways are observed (Figure 5.10).

In the first pathway, taxane binding results in a movement of 5:S9-S10 towards
the taxane. This loop interacts with portions of the C13 side chain, and is also
in close proximity to the C7 and C10 positions, making its conformation sensitive
to modifications at each of these positions. Decreases in 3:59-S10 flexibility upon
TXL binding have been reported.?6® Changes in $:59-S10 disrupt 3:S8-H10 (near
a:H6 and a:H7), 5:H9, and $:H10 (near a:H6, a:H6-H7, and «:H7). Further, the
N-terminal end of #:H10 moves towards the intradimer interface to disrupt the a-
tubulin intermediate domain, and also becomes more helical. As a result, a:H6 and
a:H7 and other secondary structures in a-tubulin are moved away from the lumen and
B:H10 (Figure 5.7 (f, g)) to create an overall translation of the a-tubulin intermediate
domain. Interestingly, the movements of 5:H9 and S:H10 towards the intradimer
interface coincide with the greatest change (decrease) in solvent exposure in MT's upon
TXL binding, as observed in HDX MS studies. 2 It is important to note that the site
that binds LLM and Pel A is in contact with 5:H9 and 3:H10,'%2142 indicating that
both taxanes and LLM/Pel A may stabilize MT through these secondary structures.
In support of this, the results in Chapter 3 showed LLM binding displaces $:H10
towards a-tubulin.

The second pathway begins with the C13 side chain interacting with the C-terminal
region of 5:H1. Residues of 5:H1 are displaced towards the intradimer interface by the
C13 side chain of the taxane. The degree of this displacement varies depending on the
nature of the side chain and the conformation of the drug. For DXL, 5:Asp26 forms
a hydrogen bond with the C2'-hydroxyl and N'-H to displace these residues. When
CAB binds, the collapsed structure causes the C13 side chain to bend away from the
lumen and towards 5:H1. Alternatively, TXL binding causes the N’-phenyl group
to displace residues on $:H1. The importance of 5:H1 is supported by mutations to
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a:H10

Figure 5.10: An overlay of the coordinates of holo (TXL (purple), DXL (green),
CAB (blue)) and apo (grey) tubulin, highlighting various structures proposed to be
responsible for the allosteric changes in a-tubulin.

B:Asp26 in yew tree tubulin.?%4

Regardless of the mechanism of 5:H1 displacement,
the central portion of 5:H1-H1’ moves towards the taxane, where decreases in flexi-
bility of this structure have been reported for TXL binding,?%¢ while the C-terminal
end of S:H1-H1' moves towards the intradimer interface and a-tubulin. This results
in a decreased distance between this structure and a:H2 (Figure 5.7 (b)), coinciding
with the movement of the a-tubulin subunit away from the lumen as observed for the

translation described above.

5.4 Conclusions

Using MD simulations, atomic-level insight was gained into the effect of the three

clinically-approved taxanes, paclitaxel, docetaxel and cabazitaxel, on the af-tubulin
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heterodimer. Both paclitaxel and docetaxel were found to adopt a conformation
similar to the T-Taxol conformation previously reported, while cabazitaxel adopts
a collapsed structure, despite docetaxel and cabazitaxel having the same C13 side
chain. Both paclitaxel and docetaxel interact with the protein via hydrogen bonds,
while cabazitaxel does not. Both [:Asp26 and [:Arg369 engage in significant hy-
drogen bonds with paclitaxel and docetaxel, and have significant contributions to
their binding. Although docetaxel and cabazitaxel exhibit tubulin assembly effects
superior to paclitaxel, cabazitaxel has substantially weaker binding to tubulin. These
taxanes also have variable effects on the M-loop and lateral interactions. Therefore,
in the case of the taxanes, binding affinity and the enhancement of lateral contacts do
not correlate with assembly power or ICsq. Despite these differences, all three agents:
(1) effectively stabilize MTs to alter MT dynamics and (2) are clinically approved.

The MD simulations detailed in this Chapter have shown that taxane binding not
only affects S-tubulin where the binding site resides, but also a-tubulin. The results of
Alushin et al. have been confirmed,3! where the simulations have shown translations
of the a-tubulin intermediate domain and expansions of the interdimer interface upon
taxane binding to increase longitudinal interactions. In addition, an increase in helical
character in both a- and (-tubulin was observed that is related to a stiffening of
protofilaments upon taxane binding. Structural changes in the intradimer interface
that occur upon taxane binding were also identified. It is proposed that g:H1-H1’,
B:H9, and B:H10 are of particular importance in transferring the effect of taxane
binding in S-tubulin to an allosteric effect in a-tubulin. Both §:H9 andf:H10 are
also directly involved in binding at the LLM/Pel A binding site. Therefore, future
studies examining novel taxane analogues should consider the effect that the drug
candidate has on 8:H9 and $:H10 as a predictive indicator for the ability of the drug
to promote MT formation.

Alushin et al. concluded that the mechanisms of MT-stabilizing agents should be
examined in a MT-like environment. ' However, even using the relatively small model
reported in this paper, important effects were observed in the tubulin heterodimer that
correlate with those observed experimentally in the MT lattice.?' This indicates that
models consisting of a single heterodimer may be capable of capturing important local

and allosteric effects of taxane binding, and that computationally-efficient preliminary
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studies examining drug candidates binding to the taxane binding site may still utilize

this limited-size model, which may serve as a basis for future large-model studies.
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Chapter 6

The Fragment Molecular Orbital
method and understanding
monomer polarization”

6.1 Introduction

The Fragment Molecular Orbital (FMO) method facilitates the application of quan-
tum methods to large systems. However, before applying the FMO method to study
ligand—protein interaction, it is important to develop an understanding of how this
method works on small systems. Of particular interest is understanding the polar-
ization of fragments by their surroundings through the monomer SCF, and how the
FMO method for evaluating interaction energies differs from other approaches.
Noncovalent interactions are important contributors to the structure and stabil-
ity of molecular complexes, such as ligand—protein assemblies. However, accurate
determination of these interactions within large assemblies presents a computational
challenge, particularly with ab initio methods.???™ Approaches such as the FMO
method have been developed to perform accurate computations on macromolecules
by structurally decomposing large assemblies into computationally-manageable frag-

214

ments,“** and is discussed in Section 1.3.2.1. This method has been successfully

217270 jpcluding the investigation of protein muta-

applied to a variety of problems,
tions in a system containing over 36 000 atoms.?"! Given its promise and applications
in the literature, it is important to understand how the FMO method varies from

other approaches of quantifying noncovalent interactions, before applying the FMO

*A version of this Chapter was published in Chemical Physics Letters, 2012, 55/, 185—189.
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method to study noncovalent interactions in large molecular systems.
The supermolecular approach is the most popular for examining the strength of
noncovalent interactions in small systems, where the interaction energy is calculated

272 This approach

as the difference in energy between the complex and its constituents.
may even be extended to calculate many-body interactions. For example, in a simple
tetramer not only can the total interaction energy be calculated, but also two-, three-
and four-body contributions, allowing additivity to be investigated. However, with
such an approach, effects like monomer polarization are implicitly included in the
interaction energy, rather than explicitly calculated.?'”

The FMO method has two advantageous features in regard to noncovalent interac-
tions: (1) the ability to study noncovalent interactions in large molecular systems; and
(2) the explicit calculation of monomer polarization. Therefore, the goal of this study
is to understand the role monomer polarization plays in noncovalent interactions and
how FMO results differ from those obtained using a supermolecular approach. This
will allow the FMO method to be applied with confidence in studies that examine
noncovalent interactions in ligand—protein systems, or other macromolecules.

This Chapter applies the FMO method to quantify 7—7 interactions in benzene
systems. The benzene geometries of interest have been previously studied in the

literature. 27327

In addition, these molecular clusters are noncovalently bound and
therefore do not require the fragmentation of bonds, which will allow the interactions
to also be evaluated using a supermolecular approach. Furthermore, it is expected
that the benzene monomers will experience little polarization from the surrounding
benzene molecules since the electrostatic component of these interactions is small. 276
Results from these test systems provide a measure of the minimum polarization one
may expect in noncovalently-bound systems. Ultimately, the present work will offer

insight into the effect of monomer polarization within larger systems, as well as an

enhanced understanding of the FMO method.

6.2 Computational Details

Structures of the benzene-containing dimers, trimers, and tetramers were obtained

from the literature.?>2™ For brevity, the dimer geometries in this work have been
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Figure 6.1: Geometry and naming of the benzene (a) dimers, (b) trimers, and (c)
tetramers, where fragments are numbered from top to bottom.
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1.27 according to the following: 2S = dimer S;

renamed from those of Sinnokrot et a
2PD = dimer PD; 2T = dimer T. Similarly, the trimer and tetramer geometries in
this work have been renamed from Tauer et al.:>™* 3A = trimer S; 3B = trimer D;
3C = trimer T2; 3D = trimer T1; 3E = trimer C; 4A = tetramer S; 4B = tetramer
PD; 4C = tetramer T.

Binding energies were first evaluated at MP2/6-31G(d,p) using a supermolecular

approach for an M-body system (AE®"P):

AE*? = B(M) — i E (6.1)

i=1
where E(M) is the energy of the M-body system and F; is the energy of an isolated
monomer.

Interaction energies were also evaluated with the FMO method at the
MP2/6-31G(d,p) level of theory, designated FMO-MP2/6-31G(d,p). This compar-
ative study examines the ability of FMO-MP2 to reproduce MP2 energies with the
same basis set. Although it is well known that MP2/6-31G(d,p) is not the most
accurate approach for calculating 77 interaction energies,?%° this method was cho-
sen with the ultimate goal of studying ligand—protein interactions, where a balance
between computational efficiency and accuracy will be necessary.

As discussed in Section 1.3.2.1, the FMO method calculates fragment energies
self-consistently in a Coulomb field generated by surrounding fragments to create a
converged electrostatic potential, such that each fragment is polarized by its envi-
ronment. 2! The polarization is the sum of both destabilizing (due to mutual po-
larization) and stabilizing (due to electrostatic interactions between polarized charge
distributions) components. However, in molecular clusters, the stabilizing component
is equal to the negative of two times the destabilizing component, resulting in the
total polarization being related to the negative of the destabilization component.?!?
Therefore, polarization discussed in the present work refers to only the destabilization
component. Subsequently, interfragment interactions are calculated and added to the
polarized monomer energies to obtain the total energy of the M-body system, EFO.

In this Chapter, FMO2 (EfM92) and FMO3 (ETMO3) energies are evaluated.

Interaction energies were evaluated from the FMO-calculated energy of the system
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in two ways, which differ subtly in their interpretation. In one case, binding was

evaluated with respect to the isolated monomers in their free states: 2?2

M
AE™MO = EFMO N "F, (6.2)
=1

This energy represents the change in stability of the isolated monomers upon complex
formation and is similar to the supermolecular approach in Equation 6.1. Alterna-

tively, interaction energies were evaluated with respect to the polarized monomers:

M
=1

This represents the interaction between monomers within their current environment,
and it is this quantity that is reported by the FMO method in the GAMESS package.
Equation 6.3 is analogous to Equations 1.11 and 1.16.

The FMO2 results were further probed by examining the various contributions
to the interaction energies using the Pair Interaction Energy Decomposition Analysis
(PIEDA) scheme, which decomposes AEZ™MO2 for monomers i and j (also Equa-

j
tion 1.17):

AEMO? = AEPS + AEPY + AEP + AESTT™® (6.4)

The default implementation of FMO employs approximations for calculating in-
terfragment interaction energies. 24217219 For fragments that are spatially separated,
terms describing the electrostatic potential of the environment may be described
using Mulliken atomic orbital populations and Mulliken charges, and dimer interac-
tions may be approximated with an electrostatic interaction. The FMO calculations
in this Chapter are performed both with (AEFNO - AFEFMO) and without (AEL©,
AE}};%O) these approximations. Specifically, approximations corresponding to the
RESPPC, RESDIM and RCORSD keywords were disabled, as well as RITRIM for
FMO3 calculations. ' All calculations were performed using the FMO code?' in the
GAMESS-US (Version October 2010 R1) program.?? The program Facio was used

to prepare input files and analyze output. 272"
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Table 6.1: MP2/6-31G(d,p) benzene dimer interaction energies (kJ mol™t).

Dimer®
2S 2PD 2T
A Jsup(b) 9.8 -14.3 -13.7
AE;;%%? (c,d) -9.8 -14.3 -13.7
AE(/IIZIJ)\f(g? (c.e) -8.4 -14.5 -15.1
AE%}{OQ (d,f) 98 -14.3 -13.7
AE;}Z%OQ (e,f) -8.4 -14.5 -15.1
(2) Geometries shown in Figure 6.1.; () Calculated according to Equation 6.1.;

(©) FMO results with default approximations.;

() Calculated with respect to isolated monomers according to Equation 6.2.;
(¢) Calculated with respect to polarized monomers according to Equation 6.3.;
() FMO results obtained without approximations.

6.3 Results and Discussion

6.3.1 Benzene dimers

Initially, benzene-containing dimers were considered. FMO2 will provide exact results
for dimer systems since pairwise interactions are the only many-body interactions that
exist in dimers. The interactions energies are calculated with the supermolecular ap-

proach and FMO2 (with and without approximations) in Table 6.1 (AE** AEEMO2

approx

and AEf}9%). The small interfragment distances in the benzene dimers are within
the cutoffs for the FMO method, and therefore the interaction is explicitly evaluated
and the implementation of approximations has no effect for these systems. Table 6.1
shows identical results from the supermolecular approach and FMO, indicating FMO2
provides exact MP2/6-31G(d,p) energies for these systems.

The FMO treatment of the benzene dimers reveals small polarization of the

monomers (< 1 kJ mol™', Table E1). Therefore, the binding energies calculated

with respect to the polarized monomers (AE'FMO2 anq AE}{:%”) differ slightly

approx

compared to that calculated with respect to the isolated monomers (AESMO2 and

AEf}9%). This originates from whether monomer polarization is included in the
reported binding energy. For example, calculations for dimer 2T show AEFMO2—
-13.7 kJ mol™! and AEFMO2— _151 kJ mol~! with a difference of -1.4 kJ mol~".
However, Fragment 1 is polarized (destabilized) by 0.55 kJ mol~! while Fragment 2
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is polarized (destabilized) by 0.92 kJ mol~! (Table E1), for a total monomer desta-
bilization of 1.47 kJ mol~!. Therefore, binding energies calculated with respect to
isolated monomers (AE*"? and AEFMO2) inherently include the energy difference re-
sulting from monomer polarization, whereas binding energies calculated with respect

E'"™MO2) do not. These results for dimers clearly show

to the polarized monomers (A
the relationship between binding energies calculated with respect to isolated (A FE*“?
and AETMO2) and polarized (AE'FM92) monomers. It should be noted that it is

AE'FMO? that is reported in the output for FMO calculations in GAMESS.

6.3.2 Benzene trimers

Next, benzene trimers were considered (Table 6.2). For such systems, FMO3 provides
exact energies since it includes three-body interactions. This is illustrated in the
binding results for FMO3 with respect to isolated monomers (AE2 Y93 and AE[ /%)
and the supermolecular approach (A E*“?), where minor discrepancies (< 1 kJ mol™)
may be attributed to tighter convergence in FMO than in ab initio calculations. Small
differences exist between the FMO2 energies and the MP2/6-31G(d,p) energies (up
to 0.6 kJ mol™'), where the use of approximations further increases these deviations
(up to 1.1 kJ mol™!). Unlike the dimers systems, the distances between non-nearest
neighbour fragments (Fragments 1 and 3) in trimers 3A to 3D (Figure 6.1) fall outside
the implemented cutoffs. The use of approximations leads to minimal deviations
between AET5¢ and AELNO | which are slightly larger for FMO2 than FMO3 (0.6
kJ mol™! and 0.2 kJ mol™!, respectively).

Within the benzene trimers, monomer polarization is as large as 2 kJ mol™! in
magnitude, which is greater than that observed for fragments within the dimers (Ta-
ble E1). Larger polarization is observed for the middle fragment (Fragment 2, Ta-
ble E1) in structures 3A-3D, which is engaged in two nearest-neighbour interactions.
The largest polarizations are observed for 3E (Table E1), which is the only true three-
body system (i.e. each monomer has two nearest-neighbour contacts). These results
illustrate that the number of nearest-neighbour monomers influences the magnitude
of the calculated monomer polarization.

1FMO FMO

Because polarization is present, differences arise between AFEY 7' and AE};“.

For example, results for 3E show a difference in binding energy of 6.2 kJ mol~! depend-
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Table 6.2: MP2/6-31G(d,p) benzene trimer interaction energies (kJ mol™').

Trimers®

3A 3B 3C 3D 3E
AR (®) -19.7 -29.4 -27.5 -26.9 -43.5
AELMO2 (ed) -19.3 -28.3 -26.9 -26.9 -43.2
ABIEMO2 () -16.4 -28.8 -29.6 -29.2 -49.2
AELMO? @D -19.6 -28.8 27.1 -26.9 -43.2
AB/EMO? (o) -16.7 -29.4 -29.8 -29.2 -49.2
AELMO3 (c.d) -19.6 -29.3 -27.5 -27.0 -43.4
ABEMO3 () -16.7 -30.0 -30.2 -29.3 -494
AEFNO08 (45 -19.8 -29.3 -27.5 -27.0 -43.4
AEF}0% @D -16.9 -30.0 -30.2 -29.3 -49.4

(@) Geometries shown in Figure 6.1.;
(©) FMO results obtained with default approximations.;

(4) Calculated with respect to isolated monomers according to Equation 6.2.;
(¢) Calculated with respect to polarized monomers according to Equation 6.3.;
() FMO results obtained without approximations.

(b) Calculated according to Equation 6.1.;
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ing on which monomer energies are used (AEFM93 = _43.2 kJ mol~! vs. AETMO3 —
-49.4 kJ mol~!, Table 6.2). This difference can be explained by the fragment polar-
ization, which has a destabilizing effect of 2.0 kJ mol™" for each monomer (Table E1).
This indicates that the discrepancy between binding energies calculated with respect

to isolated and polarized monomers increases with system size.

6.3.3 Benzene tetramers

In benzene tetramers, neither FMO2 nor FMO3 fully include the many-body inter-
actions in these systems (Table 6.3). Comparing the FMO results calculated with
respect to the isolated monomers (AE?M%W and AE%}{O?’) to the supermolecular
binding energies (AE**?) shows that the FMO2 results deviate (up to 0.5 kJ mol™)
and can be improved by FMO3 (deviations up to 0.1 kJ mol™'). The use of ap-
proximations tends to worsen results, with greater disagreement between AEJFU%O
and AEFMO being observed for FMO2 (deviations up to 2.3 kJ mol™') than FMO3
(deviations up to 0.3 kJ mol™1).

The results for the benzene tetramers again illustrate that fragment polarization
increases with system size. As observed for the trimers, the middle fragments (Frag-
ments 2 and 3, Table E1) experience greater polarization, while the outer fragments
are less affected. However, a comparison of monomer polarization between trimers
and tetramers reveals a given fragment is most affected by the presence of a near-
est neighbour, and less affected by next-nearest-neighbour fragments. For example,
identical intermonomer geometries exist within trimer 3A and tetramer 4A. Within
3A, Fragment 2 is polarized by -1.4 kJ mol™! from two nearest-neighbour fragments
(Fragments 1 and 3). In comparison, within 4A, Fragment 2 is also polarized by
-1.4 kJ mol™!, but in the presence of two nearest-neighbour fragments (Fragments
1 and 3) and a next-nearest-neighbour fragment (Fragment 4). Therefore, a next-
nearest-neighbour monomer has little influence on monomer polarization within these
systems.

The tetramer binding energies differ depending on whether they are calculated
with respect to isolated or polarized monomer energies. The differences reach

4.4 kJ mol™!, reflecting the increased polarization of fragments within a tetramer.

This discrepancy between binding energies calculated with respect to isolated and
136



Table 6.3: MP2/6-31G(d,p) benzene tetramer interaction energies (kJ mol™").

Tetramer(®
4A 4B 40
NG 29,6 4.6 -409
AEFM0? (c,d) -28.7 -42.3 -40.2
A E&ngooxz (c,e) -24.3 -43.2 -43.8
ABFMO2 (d,f) 299 4 -43.5 -40.4
A E}JZ%OQ (e,f) -95.0 -44 .4 -44.1
A Eﬁ,{?j’ (c.d) -29.3 -44.4 -40.9
A E;%‘fgf’ (c,e) -24.9 -45.4 -44.5
AEFMO3 (d,f) 997 -44.5 -40.9
A E}P;%O?’ (ef) -25.3 -45.4 -44.5
(2) Geometries shown in Figure 6.1.; () Calculated according to Equation 6.1.;

(©) FMO results obtained with default approximations.;

(4) Calculated with respect to isolated monomers according to Equation 6.2.;
(¢) Calculated with respect to polarized monomers according to Equation 6.3.;
() FMO results obtained without approximations.
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Figure 6.2: A selection from the S66 database containing m—m interactions, including
(a) benzene—benzene, (b) benzene—pyridine, (c) benzene—uracil, (d) pyridine—pyridine,
(e) pyridine—uracil, and (f) wracil-uracil dimers. The FMO-calculated change in
monomer energy upon polarization (kJ mol™) is indicated next to each monomer.

polarized monomers increases with system size for two reasons: (1) as the number
of nearest-neighbour contacts increases the magnitude of fragment polarization in-
creases; and (2) as the number of polarizable fragments that contribute to the binding

energy increases, the deviations can accumulate.

6.3.4 The S66 database and the effect of larger electrostatic
contributions

The systematic study of the benzene-containing systems detailed above illustrates the
effect of fragment polarization on binding energies for systems of increasing size in
which the electrostatic components are small. However, similar effects on fragment
polarization will also be observed for systems with larger electrostatic components,
which will lead to discrepancies in the calculation of binding between either AE*“P
or AEFMO and AE'TMO_ Therefore, in addition to the above systems, a subset of
the S66 database®™ was chosen to consider interactions with larger electrostatic con-
tributions. Specifically, interactions in 7—m dimers containing: (1) benzene-benzene,
(2) benzene—pyridine, (3) benzene—uracil, (4) pyridine-pyridine, (5) pyridine—uracil,
and (6) uracil-uracil were evaluated at their equilibrium geometries (Figure 6.2).2™
Although this test set also contains a stacked benzene—benzene dimer (Figure 6.2), its
geometry differs from that of 2S (Figure 6.1). Differences between the electrostatic
contribution to the interactions ( AE'®9) for the benzene systems and the S66 subset
can be found in the PIEDA results (Figures E2 and E3, Tables E2 and E3).

As found for the benzene dimers above, the calculated interaction energies of the

S66 subset with respect to the isolated monomers (Table 6.4) show that the same en-
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Table 6.4: MP2/6-31G(d,p) dimer interaction energies (kJ mol™") of a select subset
of the S66 database.

Subset of the S66 Database(®

benzene— benzene— benzene— pyridine- pyridine-  uracil-

benzene  pyridine uracil pyridine uracil uracil

AEsup(®) -14.0 17.3 27.6 -20.1 -32.3 -46.9

AEPMO2 (ed) 14,0 -17.3 -27.6 -20.1 -32.3 -46.9

AE/EMO? (ee) 139 17.8 -32.4 -20.8 -38.2 -55.4

AE[NO? @D 2140 -17.3 -27.6 -20.1 -32.3 -46.9

AEENO? D139 -17.8 -32.4 -20.8 -38.2 -55.4
(a) Geometries shown in Figure 6.2.;  (?) Calculated according to Equation 6.1.;

(©) FMO results obtained with default approximations.;

(d) Calculated with respect to isolated monomers according to Equation 6.2.;
(¢) Calculated with respect to polarized monomers according to Equation 6.3.;
() FMO results obtained without approximations.

ergy is obtained from both FMO2-MP2 and MP2, and approximations are not invoked
for these small systems since interfragment distances are within the defined cutoffs.

However, larger discrepancies are found when interaction energies are evaluated with

EFM 02 ) E/FM o )

respect to isolated (A and polarized (A monomers than observed for
the systems in Figure 6.1. These discrepancies range from 0.0 kJ mol~! for the
benzene—benzene dimer, up to 8.4 kJ mol™! for the uracil-uracil dimer. Monomer
polarization is greatest for the uracil homodimer (Figure 6.2(e)). These results il-
lustrate that monomer polarization and discrepancies in binding energies will also

increase in magnitude as the electrostatic contribution to the interaction increases.

6.4 Conclusions

This Chapter examined the 7—m interaction energies of benzene-containing dimers,
trimers, and tetramers, as well as a subset of the S66 database using both a super-
molecular approach and the Fragment Molecular Orbital method. Results show that
both MP2/6-31G(d,p) and FMO-MP2/6-31G(d,p) predict nearly identical absolute
energies for the systems considered. Deviations may occur depending on whether
EFMO)

the calculation of binding energies is performed with respect to isolated (A
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E'FMO) monomers. Deviations between these two values tend to in-

or polarized (A
crease as the number of monomers increases and the electrostatic contribution to
the interactions increases. Therefore, caution is suggested in the direct comparison
of binding energies reported in the FMO output in GAMESS (AETM9) and those
calculated with respect to isolated monomers (AEFMO orAE**). This is especially
true for systems that are large and/or have substantial electrostatic contributions to

interaction energy, since the magnitude of fragment polarization is greater in both

these instances.

140



Chapter 7

A fully quantum-mechanical
investigation of drug—protein
interactions shows both attractive
and repulsive contributions to
binding

7.1 Introduction

Many computational studies have examined MTs in the context of understanding
compounds that bind to tubulin and disrupt MT dynamics, which have employed
classical mechanics (CM) and molecular dynamics (MD) to examine these systems.
In order to computationally study quantum chemical phenomena, methods based on
quantum mechanics (QM) must be applied to these macromolecular systems. Using
QM, more complex problems may be considered in greater detail and with higher
accuracy.

Quantum phenomena are particularly important to the structure and function-
ing of tubulin and MTs, making tubulin-containing systems interesting test cases for
which to apply QM-based methods. For example, quantum channels of 7-containing
residues in tubulin have been modeled in relation to consciousness.?" Quantum pro-
cesses are also responsible for MT conductivity, which has potential applications to

281

disease and cell proliferation.?®! Furthermore, some drugs, such as cyclostreptin %%

181

and zampanolide, "®* discussed in Section 1.2.2.4, covalently bond to tubulin, which

requires QM-based methods to study the chemical reaction involved. Additionally,
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accounting for change-transfer and polarization in drug—tubulin binding requires QM
methods.

This Chapter examines the binding in drug-tubulin complexes using the Frag-
ment Molecular Orbital (FMO) method. In particular, complexes between [-tubulin
and the clinically-approved taxanes paclitaxel (TXL), docetaxel (DXL), and cabazi-
taxel (CAB) are considered (Figure 5.1), as taxanes are the most well-studied MT-
targeting agents and represent some of the most successful chemotherapy drugs. !
Descriptions of both taxane binding and taxane-residue interactions are compared
between the FMO method (Section 1.3.2.1), and the classically-derived MM /GBSA
method (Section 1.3.3.2). The objective of this work is to compare classical, specifi-

cally MM /GBSA, and quantum methods for evaluating ligand—protein binding.

7.2 Computational Details

Structures of drug—protein complexes were obtained from the end of the classical,
explicitly-solvated MD simulations of af-tubulin—taxane complexes in Chapter 5.
To decrease the size of the system for QM calculations, only the coordinates of the
taxane—(-tubulin complexes, including GDP, were retained, while the a-tubulin sub-
unit, solvent, and ions were removed. This resulted in three taxane—-tubulin com-
plexes as input for FMO calculations: (1) TXL—/-tubulin, (2) DXL-g-tubulin, and
(3) CAB—-tubulin. This truncation provides a model that captures the local effects
of drug—protein interactions at an atomistic level of detail. Residue and fragment
names are discussed with respect to the numbering of the 1JFF crystal structure,?
as also reported in Chapter 5.

FMO2 calculations were performed on each of the three taxane—3-tubulin com-
plexes in the gas phase with both HF /6-31G(d) and MP2/6-31G(d,p) methods, as well
as in implicit solvent (water) with PCM[1(2)]-MP2/6-31G(d,p).?*! For the solvent-
phase results, the dispersion contribution was taken from the gas-phase calculation.
Pair interactions energies between the taxanes and protein fragments (AE{f MO2)
were calculated using Equations 1.12, which may be decomposed via Equations 1.17

and 1.18. Each complex was separated into 429 fragments, with the taxane defined

as one fragment, GDP defined as one fragment, and 427 fragments corresponding to
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Figure 7.1: The structure of the protein backbone, illustrating the difference in
composition of an amino acid residue and a fragment defined by the FMO method.

protein residues. Fragmentation must occur between sp3-hybridized carbon atoms, 2!
and therefore each residue was fragmented along the C,—C bond of the protein back-
bone (Figure 7.1). It is important to note that this differs from the definition of a
residue, since residues are partitioned along the amide bond. By definition, FMO
fragment ¢ contains the amine and C, group of residue ¢, but the carbonyl group of
residue ¢ — 1. For example, fragment GLY-370 contains the side chain and amine
of residue [:Gly370 and the carbonyl of residue 5:Arg369, and therefore the terms
fragment and residue are not interchangeable. Each system contains over 6700 atoms
and 68 000 basis functions. QM FMO?2 calculations were performed using GAMESS
(Version May 2013 R1).2%° For increased computational efficiency, the approximations
described in Section 1.3.2.1 were implemented using the default values in GAMESS.

For comparison, binding contributions were also obtained classically with the
MM/GBSA method in Amber 12.24%247 Pairwise taxane-residue contributions were
calculated with Equation 1.22. However, unlike FMO, these pairwise contributions

are not additive, and therefore the sum of the pairwise contributions is not equal

to the total classical binding free energy (> AG?fM/ GBSA 4 AGMM/GBSA Fqua-
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tions 1.20 and 1.22). Neither FMO2 nor MM /GBSA calculations include an entropy

contribution.

7.3 Results and Discussion
7.3.1 Classical binding energy: A comparison to Chapter 5

In Chapter 5% and also in Table F1, binding is reported for taxane-a/-tubulin
complexes over the course of a 47.5 ns simulation using the MM/GBSA method,
which found that binding strength increases as CAB (-151.5 kJ mol™') < TXL (-
182.5 kJ mol™!) < DXL (-198.4 kJ mol~!). The results from this Chapter differ from
those in Chapter 5 in two important ways: (1) in the present work, calculations were
performed on a single structure taken from the end of the simulation; and (2) the
present work considers binding to S-tubulin monomer rather than the a5-tubulin het-
erodimer. The a-tubulin subunit has no affect on the magnitude of taxane binding to
the protein (Table F1), and therefore the differences in the MM /GBSA binding ener-
gies between the two Chapters are a result of using different structures. In the present
work, the MM/GBSA binding energy increases as CAB (-142.8 kJ mol™!) < DXL
(-167.9 kJ mol™!) < TXL (-197.5 kJ mol™!). Compared to the results obtained with
MD simulations in Chapter 5, both CAB-tubulin and DXL—~tubulin binding weakens
while TXL—tubulin binding strengthens. This coincides with a reduction of hydrogen
bonds in the DXL— and CAB—tubulin complexes when only the end structure is con-
sidered, in contrast to using the data from the entire simulation. In the structures
considered in this study, the TXL—-A-tubulin complex has a hydrogen bond between
the C2'-hydroxyl of TXL and the backbone carbonyl of 5:Arg369 (fragment GLY-370).
The DXL—A-tubulin complex involves hydrogen bonds between the C2'-hydroxyl of
DXL and the side chain of 5:Asp26, as well as between the N’-carbonyl of DXL
and the :His229 side chain. These contacts were also prominent in the taxane—a-
tubulin simulation, but the less frequent hydrogen bonds from the DXL—a/f-tubulin
trajectory are absent in the DXL—S-tubulin complex. The CAB—f-tubulin complex in
the present study contains no CAB—tubulin hydrogen bonds, though several transient

hydrogen bonds were observed throughout the simulated CAB—af-tubulin trajectory.
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Table 7.1: Tarane—[3-tubulin binding energy (kJ mol™").

Method TXL DXL CAB
MM /GBSA 1975 -167.9 -142.8
HF/6-31G(d.p) -165.8 -321.9 -222.8
MP2/6-31G(d,p) -499.8 -613.1 -460.8

PCM[1(2)]-MP2/6-31G(d,p) -378.6 -494.6 -277.5

7.3.2 Classical vs. quantum interaction energies

In general, full QM calculations on the taxane—{-tubulin complexes predict greater
binding affinities than the MM /GBSA method, with the exception of the HF method
applied to the TXL-g-tubulin. Both the QM and MM methods considerably over-
estimate the binding affinity of the drug to the protein relative to experimentally-
determined binding affinities (-42 kJ mol™').!* This trend is well-established in the
literature, and indicates that the QM and MM methods are more appropriate for
studying the rank order of ligand—protein binding rather than obtaining absolute
binding free energies.?*® Full quantum calculations on the taxane—3-tubulin com-
plexes show that DXL binds the strongest to [-tubulin, regardless of the method
used. However, HF and MP2 predict different ranking of CAB and TXL, with MP2
calculating increasing binding as CAB < TXL < DXL, while the HF method finds
TXL binding to be the least favourable (TXL < CAB < DXL).

Differences in binding between HF and MP2 indicate electron correlation plays
an important role in taxane—(-tubulin binding. The inclusion of electron correlation
results in a substantial increase in the affinity of the taxane for S-tubulin, which
is readily observed when comparing the HF/6-31G(d,p) and MP2/6-31G(d,p) (Ta-
ble 7.1). With the PCM[1(2)]-MP2/6-31G(d,p) method, electron correlation (AEPT)
contributes 86-88 % of the binding energy for TXL and CAB (Table 7.2), but sub-
stantially less for DXL binding (59 %). This difference may be explained by the
taxane—[3-tubulin contacts, where DXL binding involves more hydrogen-bonding in-
teractions with the protein and therefore interactions are more electrostatic (AEFS,
78 %) and less dispersion-dominated in nature. Alternatively, CAB adopts a collapsed
structure and engages in fewer interactions with S-tubulin,® leading to a reduced

affinity for g-tubulin. The electron correlation is a substantial contributor to TXL
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Table 7.2: Decomposition of the total binding energy (kJ mol™t) obtained with
PCM[1(2)]-MP2 and MM/GBSA for the tazane—-tubulin complezes.

PCM[1(2)]- AGZM  AEES  AEEX  AE{TTMe AERT AGH
MP2/6-31G(d,p)®
TXL -378.6 -240.9  221.0 -81.1 -334.0 56.4
(64%) (-58%)  (21%)  (38%) (-15%)
DXL -494.6 -390.2 263.9 -99.8 -291.2 22.6
(79%) (-53%)  (20%)  (59%)  (-5%)
CAB -277.5 -215.0 143.2 -59.2 -238.0 91.5
(T7%)  (-52%)  (21%)  (36%) (-33%)
MM/GBSA® 3~ AGEM) A Eelee AEYY NG
TXL -253.7 -72.77 -139.2 -41.9
(29%) (55%)  (16%)
DXL -240.9 -118.7 -110.1 -12.1
(49%) (46%)  (5%)
CAB -190.4 -66.1 -104.7 -19.5
(35%) (55%)  (10%)
(@) PIEDA performed according to Equation 1.17; () Decomposition performed according to
the force field terms as specified in Equation 1.22;  (¢) The sum of the pairwise taxane-residue

contributions, not equivalent to AGMM/GBSA provided in Table 7.1.

binding, supported by the observation in Chapter 5 that dispersion-dominated 7w—m
interactions occur between the TXL side chain, which has an additional aromatic
ring at N’ relative to DXL and CAB (Figure 5.1), and the protein side chains of
B:His229 and p:Phe272. The importance of electron correlation in TXL binding also
explains the low binding affinity calculated by the HF method (Table 7.1) discussed
above. Quantum electronic effects such as dispersion are not sufficiently captured
with classical mechanics, where the van der Waals component of the binding energy
contributes 46-55 % to the total interaction energy of the three taxanes (Table 7.2).
However, this contribution is still larger for TXL and CAB than DXL.

7.3.3 Binding contributions from secondary structures and

fragments

The interactions between the taxanes and [-tubulin have been partitioned into the
contributions from each protein secondary structure by summing the contributions

from each fragment or residue within the structure (Table F2). The secondary
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structures in the binding site, g:H1, S:H6-H7, 5:H7, the M-loop, and (:S9-S10,
stabilize all three of the taxanes, as calculated by both QM and CM methods.
However, different secondary structures have a greater stabilizing effects on cer-
tain taxanes. The PCM[1(2)]-MP2 data shows that DXL is most stabilized by
B:H1 (-248.1 kJ mol™!) and B:H7 (-125.5 kJ mol™!), while TXL is most stabilized
by (3:59-S10 (-148.7 kJ mol™!). CAB is stabilized by the M-loop (-193.2 kJ mol™'),
which coincides with the closer proximity of CAB to this structure found in Chapter 5,
whereas TXL and DXL are further from the M-loop.® CM may also be used to rank the
importance of secondary structures, and achieves similar rankings as PCM[1(2)]-MP2,
despite predicting lower binding affinities. However, the QM methods identify repul-
sive interactions between the taxane and certain secondary structures or fragments.
For example, with the PCM[1(2)]-MP2 method, CAB is repelled by 5:H1-H1’, while
TXL and DXL are stabilized by this structure. However, both $:H8 and 3:S8 sta-
bilize CAB while destabilizing TXL and DXL. Notably, the £:S9-S10 structure that
strongly stabilizes TXL, and to a lesser extent CAB, has a destabilizing effect on
DXL.

Pair interaction energies indicate which protein fragments contribute the most to
taxane binding (Figure 7.2 and Table F3). To gain further insight into the nature
of the taxane—(-tubulin interactions, the PCM[1(2)]-MP2 pair interaction energies
can be decomposed according to Equation 1.17 (Figure 7.3 and Table F4). The ma-
jority of residues do not contribute to taxane binding, as visible in Figure 7.2, with
84-95 % of fragments contributing a magnitude of less than 5 kJ mol~!. TXL bind-
ing is most stabilized by fragment GLY-370 (-82.5 kJ mol™!). Due to the hydrogen
bond that forms between the C2'-hydroxyl of TXL and and the backbone carbonyl of
[B:Arg369 that is present in fragment GLY-370. This interaction is largely electrostatic
(AE{?S = -87.2 kJ mol™!, Figure 7.3), however hydrogen bonds are also accompa-
nied by some of the largest C'T" + mix contributions (AE%TJFWI = -12.8 kJ mol~ !,
Figure 7.3). Charge transfer contributions are not obtainable using CM methods.
A large interaction is also present with fragment ARG-369 (-46.5 kJ mol™!, large
electrostatic and dispersion contributions) and LEU-275 (-41.0 kJ mol™!, large dis-
persion contribution). HIS-229 provides stabilization to both TXL (-48.4 kJ mol™)

and DXL (-64.7 kJ mol™!). For both these taxanes, this interaction involves impor-
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tant dispersion stabilization (AEgI =-31 kJ mol™'), but a larger ES contribution to
DXL binding due to the hydrogen bond that forms between the N’-carbonyl of DXL
and the (:His229 side chain. The hydrogen bond between the C2'-hydroxyl of DXL
and the side chain of $:Asp26 provides the largest stabilization (-170.7 kJ mol™1),
which is electrostatic in nature (AE[® = -183.2 kJ mol™!) and also has the largest
charge-transfer contribution (AESTT™* -43.5 kJ mol™') observed for all fragments
and taxanes (Figure 7.3). The magnitude of the interactions between CAB and the
protein fragments are generally smaller, with the most notable stabilization aris-
ing from electrostatic contributions (Figure 7.3) in the M-loop fragments ARG-278
(-66.6 kJ mol™!) and GLN-282 (-51.8 kJ mol™!).

Repulsive taxane—fragment interactions up to 20.8 kJ mol™! are also evident (Fig-
ures 7.2 and 7.3), both close to and distant from the taxane binding pocket. Most
PCM][1(2)]-MP2 ligand—fragment interactions within the TXL—/-tubulin complex are
attractive, while large repulsive contributions are calculated for DXL and CAB bind-
ing (Figure 7.2). LYS-19 (14.3 kJ mol™!), ARG-320 (20.8 kJ mol™!), and ARG-369
(16.1 kJ mol™!) destabilize DXL binding at the PCM[1(2)]-MP2 level of theory.
GLU-290 (15.3 kJ mol™!), ASP-297 (14.2 kJ mol™!), and GDP (18.0 kJ mol™!) desta-
bilize CAB binding (Figure 7.2 and Table F2). The majority of these destabilizing
contributions occur with charged fragments and are a result of repulsive electrostatic
and/or solvation terms (Table F3). Interestingly, the CAB-GDP interaction has an
attractive electrostatic term, but an unfavourable solvation component (Table F3).
In contrast, MM /GBSA predicts all taxane-residue interactions to either be attrac-

tive (50-56 % of residues) or have no contribution to taxane binding. In general, for

MM/GBSA
values of AG; / at or near zero, AE{* ~ —AGZP.

7.4 Conclusions

A fully quantum-mechanical description has been obtained for three complexes be-
tween [-tubulin, and each of three taxanes (paclitaxel, docetaxel, and cabazitaxel).
Both uncorrelated (HF) and correlated (MP2) QM methods were used, and the effect
of implicit solvent (PCM[1(2)]-MP2) was also considered. Variable ranking is found
between the QM methods depending on whether the HF or MP2 method is used.
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Electron correlation plays an important role in describing the dispersive interactions
involved in taxane binding, contributing up to 88 % of the total interaction energy.
The HF method under estimates the binding affinity of the drugs relative to the MP2
method. Therefore, correlated QM methods are necessary for describing drug—protein
interactions. The addition of implicit solvent decreased the calculated MP2 binding
energies, though maintains the ranking of taxanes. Therefore, when ranking these
taxane—(-tubulin interactions, greater improvement is obtained upon the addition
of electron correlation than after the addition of implicit solvent. The ranking of
taxane affinity differs between the CM and QM methods, with the van der Waals
component only contributing up to 55 % of the classically-calculated total interaction
energy. This indicates the difference in forces captured by CM and the correlated
QM methods.

QM and CM methods have identified contributions to taxane binding. Important
contributions from secondary structures, namely §:H1, g:H6-H7, 8:H7, the M-loop,
and :59-510, were confirmed. The classical MM /GBSA method calculated all pair-
wise taxane-residue interactions to have either attractive or negligible contributions.
However, the quantum-mechanical methods identified repulsive interactions between
the taxanes and certain fragments or secondary structures that may be near or re-
moved from the taxane binding site. This resulted from unfavourable electrostatic
or solvation contributions to the interaction. The ability to identify repulsive drug—
fragment interactions may provide a means to strengthen drug—protein interactions in
rational drug design by introducing drug modifications that minimize that repulsive
contributions. This should be of practical importance in derivatizing novel taxane
analogues with not only improved binding profiles for tubulin, but also specifically

and selectively binding to tubulin isotypes and mutants. %2
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Chapter 8

Conclusions

8.1 Summary of Thesis Research

The goal of this Thesis was to examine the interactions of antimitotic agents with
tubulin, specifically MT stabilizing agents that include laulimalide and its analogues,
as well as the clinically-approved taxanes. It is important to know how these com-
pounds interact with tubulin on a local and global scale so that an understanding
may be gained into the binding modes of these compounds and their allosteric effects
on tubulin. This information is essential for the rational design of novel compounds
with enhanced effects on tubulin.

Laulimalide—tubulin interactions were studied in Chapter 2 using an extended
model, providing the first atomistic model of laulimalide in a MT-like environment.
The MT environment altered the drug pose from what was previously obtained, es-
tablishing the importance of using an explicit extended model when studying drugs
located between protofilaments. Specific laulimalide-residue interactions were identi-
fied, the importance of solvent was established, and important binding contributions
were found from both tubulin heterodimers surrounding laulimalide.

The model presented in Chapter 2 was improved upon in Chapter 3 through the
incorporation of an alternative pose for laulimalide that became available with the
release of a crystal structure. The laulimalide binding mode was found to be character-
ized by an intramolecular hydrogen bond, direct and water-mediated ligand—tubulin
hydrogen bonds, and m—n interactions. By also considering laulimalide analogues,
which are less effective than laulimalide itself, the characteristics of the effective com-
pounds were established. Greater cytotoxicity was observed for compounds that are
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more weakly solvated and feature an intramolecular hydrogen bond, as well as a side
chain with a hydrogen-bond donor, a 7m-containing system, and an additional hydro-
gen bond participant, which establishes a laulimalide pharmacophore that may be
used in the design of novel laulimalide compounds.

The work presented in Chapter 3 was further expanded in Chapter 4 by considering
additional laulimalide analogues and using the information presented in Chapters 3
and 4 to predict the ability of newly-proposed compounds to bind to tubulin in a
laulimalide-like fashion. The importance of a specific macrocycle conformation was
established, which is governed by an intramolecular hydrogen bond. This confor-
mation is not retained by any of the laulimalide analogues examined in this Thesis,
which may account for the reduced activity of the analogues with respect to the par-
ent compound. An abundance of nonspecific T-m-interactions in the binding site near
the dihydropyran side chain allow for a variety of side chain poses to be adopted,
with the most effective compounds occupying an intermediate pose between the two
heterodimers, having significant binding contributions from both heterodimers. Two
newly-proposed laulimalide compounds were also computationally examined. One of
these compounds may be particularly promising, exhibiting a laulimalide-like binding
pose.

In Chapter 5, the interactions between each of the clinically-approved taxanes
and af-tubulin were studied. Previously-used metrics, such as binding affinity and
the enhancement of lateral tubulin interactions in MTs, did not correlate with the
experimentally-observed ability of these taxanes to promote MT formation. Instead,
for the first time, the work presented in this Thesis traced the effect of taxane binding
from the binding site, through specific secondary structures on [-tubulin, namely
H1-H1’, H9, and H10, which thereby alters contacts between a-tubulin and S-tubulin
to induce an allosteric effect. Since the displacements of a:H10 and (:T5 correlate
with the effect of the taxanes on MTs, this displacement should be used as a metric
to predict the ability of taxanes to promote MT formation in future rational drug
design strategies.

Quantum mechanical methods were also utilized in this Thesis with the Fragment
Molecular Orbital method. However, before applying this method to study ligand—

protein interactions, it was necessary to understand how it differs from other ap-
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proaches of calculating noncovalent interactions. In Chapter 6, the Fragment Molec-
ular Orbital method was applied to study w-m-interactions in benzene-containing sys-
tems, and other systems of biological interest. The polarization of fragments affects
the interaction energies calculated via the Fragment Molecular Orbital method com-
pared to a supermolecular approach, and these discrepancies increase as the number of
fragments increases and as the electrostatic contribution to the interactions increases.

The Fragment Molecular Orbital method was next applied in Chapter 7 to study
the interactions between each of the clinically-approved taxanes and S-tubulin. It
was found that when ranking the affinity of the taxanes, the inclusion of electron
correlation is more important than the inclusion of implicit solvent. Electron correla-
tion represents the most substantial contribution to the binding energy. Additionally,
quantum methods calculate some drug-residue interactions to be repulsive, whereas
classical mechanics predicts all drug-residue interactions to be attractive or negligible
(near zero). This may provide a means of identifying unfavorable interactions in ra-
tional drug design, and provide clues how to alter drug structure to maximize affinity

for the target protein.

8.2 Future Work

Despite the extensive studies of laulimalide presented in Chapters 2 to 4, further work
remains to be completed. All the laulimalide analogues that have been evaluated in
the literature are less effective than the parent compound, which provides motiva-
tion to develop more effective laulimalide-like compounds. The novel compounds,
SVH1 and SVH4, proposed in Chapter 4 have yet to be synthesized and evaluated.
Future work should examine the cytotoxicity of these compounds, which in addition
to potentially providing effective compounds, will provide a means of evaluating the
predictive model presented in Chapter 4. Future computational and experimental
work should also consider modifications of the laulimalide compound at the C11-site,
as proposed in Chapter 3. This site is directed towards the adjacent S-tubulin unit,
near several polar and charged residues, as well as the MT type II pore containing
solvent. Modification at this site may provide a means of increasing the affinity of

laulimalide for tubulin, while maintaining the active macrocycle conformation since
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this site is removed from the C1- and C15-sites that form the intramolecular hydrogen
bond.

In addition to the development of novel laulimalide-like compounds, it will be
important to obtain MT assembly data for the laulimalides. Computational models
of ligand—protein interactions are not directly comparable to the cytotoxicity experi-
ments that are presented in the literature and discussed for laulimalide in Chapters 3
and 4. Instead, it is more appropriate to compare such models to MT assembly data
like that reported for the taxanes in Chapter 5. With such data, it may be possible
to establish a metric that may be used in computational models to predict the ability
of agents that bind to the laulimalide/peloruside A binding site to affect tubulin. In
order for computational models to be successful in rational drug design, appropriate
comparisons between computations and experiments must be used.

Antimitotic agents continue to be promising compounds in anticancer applica-
tions and research. Furthermore, adverse toxic effects and the tendency for pa-
tients to develop resistances fuels the search for new anticancer drugs. In recent
years, an abundance of structural information regarding ligand—tubulin compounds
has become available. Specifically, crystal structures have been released for antimi-
totic compounds bound to af-tubulin, including the destabilizing agents maytansine
(4TV8) and rhizoxin F (4TUY), as well zampanolide (414T) that covalently bonds to
tubulin at the taxane site. These covalently-bonding agents are showing particular
promise in preclinical studies since irreversible binding allows for the evasion of the
P-glycoprotein pump. Other compounds such as cyclostreptin and the taccalonolides
also covalently bond to tubulin, with some taccalonolides showing subnanomolar po-
tencies. Therefore, much work remains to be done in order to understand how these
compounds interact with and affect tubulin and to move these compounds and their

analogues towards clinical use.
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Appendix A

Appendix to Chapter 2

Computational details of molecular dynamics simulations
Following the preparation of each complex, the following steps were taken:

1. 4000 steps of steepest descent minimization followed by 2000 steps of conjugate
gradient minimization, with strong restraints on all solute atoms.

2. 8000 steps of steepest descent minimization followed by 4000 steps of conjugate
gradient minimization, with no restraints.

3. Heating from 0 K to 100 K using the canonical ensemble for 40 ps using a time
step of 1 fs, and weak restraints on all solute atoms.

4. Heating from 100 K to 300 K using the isothermal-isobaric ensemble for 200 ps
using a time step of 1 fs, and weak restraints on all solute atoms.

5. At 300 K using the isothermal-isobaric ensemble to equilibrate the solvent density
for 200 ps using a time step of 1 fs, with no restraints.

6. Production run at 300 K using the canonical ensemble and a time step of 2 fs with
the SHAKE algorithm.
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Lauliamlide-tubulin complex
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()
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Figure Al: Mass-weighted RMSD (A) of (a) the backbone atoms in the LLM~-(a3-
tubulin )y complex, (b) the binding site residues including LLM and nearby waters,
and (c-f) residues that form the lateral contacts between the tubulin subunits.
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Equilibration

Cluster B - 32.0%
Cluster A - 21.0% Cluster C - 47.0%

RMSD (A)

0 10 20 30 40 50 60 70 8 90 100 110 120 130 140 150 160 170 180
Time (ns)

Figure A2: Mass-weighted RMSD (/i) of the binding site atoms, coloured according

to cluster, with occupancy indicated. FEquilibration is shown in black. The binding

site includes LLM, 20 water molecules and residues having atoms within 8 A of LLM.

Extension of the simulation up to 180 ns shows the same clusters as observed in
Figure 2.3. Cluster populations over 45-180 ns are given.
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Figure A3: Comparison of the conformation of LLM throughout the simulation with
(a) the mass-weighted RMSD (/i) of LLM heavy atoms between different conformers
and (b) an illustration of these conformers. C-A to C-C are the LLM conformations
in the three representative clusters determined in this work. Confl to Conf21 represent
the conformations reported by Thepchatri et al..’4 4O4H is the conformation of LLM
from the 4O4H crystal structure.”?
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LLM

Binding Site

50 60 70 80 90 100 110 120 130
Time (ns)

Figure A4: Mass-weighted RMSD (A) of the atoms of (a) LLM and (b) the binding
site.
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Figure A5: A representative illustration of LLM (green) binding to [(i-tubulin
(light cyan) and By-tubulin (teal) in different clusters. Residues (y:Glub3, [y :Gly56,
Br:Lys122, B1:Glul25, (1:Ser126, [1:Aspl28, Ps:Pro287, Ps:Gluls8S, [:GIn291,
Ba:GIn329, By:Lys336 are shown in stick mode. Twenty binding-site waters are shown

m line mode.
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Figure A6: [llustration of the LLM binding site on Py between Po:H10 (left heliz)
and Po:H9 (right heliz) with residues [52:Phe29/, 52:Arg306, 52:Asn337 and By: Try340
indicated for each of the representative structures obtained from clustering. This
illustration is similar to Figure 4 in Bennett et al.4?
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Table Al: MM/GBSA-calculated LLM-tubulin binding free energy (kJ mol™").

Cluster A Cluster B Cluster C Average

Residue Contributions®
S1:Glub3 -5.2 -9.6 -28.0 -11.9
B1:Glyb6 -0.9 -0.6 -14 -0.8
P1:Lys122 -0.4 -3.8 -2.6 -2.5
f1:Glul25 -1.5 -6.3 -6.1 -4.8
[1:5er126 -0.5 -5.6 -5.6 -4.0
B1:Asp128 -0.8 -7.0 -3.2 -4.2
ag:Arg221 -1.0 -4.1 -0.6 -2.4
B2:Vall86 -1.1 -1.0 -0.2 -0.9
[Bo:Pro287 -16.2 -15.6 -12.3 -15.2
[Bo:Glu288 -2.4 -2.1 -1.8 -2.1
Bo:Thr290 -7.8 -7.0 -9.0 -7.6
B2:GIn291 -19.1 -18.6 -20.2 -19.0
[2:Phe294 -7.3 -6.4 -3.8 -6.2
[o:Asp295 -7.1 -2.0 -2.2 -3.6
Ba:Arg306 -0.1 0.0 -0.5 -0.2
[o:Glu325 -2.1 -5.9 -0.8 -3.7
[a:Glu328 -3.6 -5.8 -1.3 -4.2
[2:GIn329 -23.9 -24.2 -22.2 -23.7
Ba2:Met330 -1.0 -0.9 -1.2 -1.0
[o:Leu3d3l -0.8 -0.7 -0.4 -0.7
[Bo:Asn332 -18.9 -18.8 -10.6 -17.3
[2:Val333 -14.9 -15.2 -14.9 -15.1
[o:Asn335 -0.8 -0.7 -0.3 -0.6
Ba:Lys336 -18.7 -13.8 -15.3 -15.6
[Bo:Asn337 -3.4 -3.3 -5.6 -3.8
Bo:Tyr340 -0.8 -0.7 -0.4 -0.6

Secondary Structure Contributions®

B1:H1'-S2 -7.8 -12.6 -33.6 -15.0
51:H3 -0.6 -5.0 -3.4 -3.2
£1:H3-54 -3.1 -20.3 -15.8 -13.4
(£2:H9 -46.8 -44.5 -44.8 -45.3
B2:H10 -85.7 -87.2 -68.1 -82.9

Subunit Contributions®
oy -0.1 -0.2 0.0 -0.2
B -12.0 -38.8 -54.1 -33.4
oy -1.5 -4.8 -0.8 -3.0
Bs -156.4 -147.8 -127.7 -146.4

Ligand-Protein Binding®
AGMM/GBSA -125.7 -136.4 -108.1 -127.1
Std. Dev. +14.6 +11.5 +15.5 +17.3

(a) Pairwise AG%M/ GBSA, Equation  1.22, contributions are not  additive

MM/GBSA
(Z AGij / 74 AGMM/GBSA)_;
the substructure or subunit.;
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(b) Binding contributions summed over all residues in
(©) AGMM/GBSA Equations 1.20 and 1.21, neglecting entropy.



Figure AT: An overlay of f-tubulin from the 1JFF crystal structure (dark blue)

with the results of the simulation showing By (light cyan) and By (teal) bound to LLM
(green), as viewed from the microtubule lumen. Fluctuations in the M-loop (left) and
stabilization of 51:H1'-S2 (right) are highlighted in orange.
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Appendix B

Appendix to Chapter 3

Computational details of molecular dynamics simulations
Following the preparation of each complex, the following steps were taken:

1. 4000 steps of steepest descent minimization followed by 4000 steps of conjugate gra-
dient minimization, with weak restraints on all protein atoms greater than 3 A from
LLM. Since protein coordinates were taken from a previous simulation and are well
equilibrated, protein coordinates were mostly restrained.

2. Heating from 0 K to 300 K using the canonical ensemble for 200 ps using a time
step of 1 fs, with weak restraints on all protein atoms greater than 3 A from LLM.
3. At 300 K using the isothermal-isobaric ensemble to equilibrate the solvent density
for 1000 ps using a time step of 1 fs, with no restraints.

4. Production run at 300 K using the canonical ensemble and a time step of 2 fs with
the SHAKE algorithm.
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Figure B1: The mass-weighted RMSD ( A ) of select atoms throughout the simulation,
calculated with respect to the structure at 0 ns.

199



0.62 H
A

0.45
0O

0 @6.40
W A0.45 0.39-0.66

0.49
LA4

Figure B2: The RMSF (A) in atomic positions of select non-hydrogen atoms for the
LLM series, calculated with respect to the structure at 90 ns.
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Figure B3: A comparison of the LLM—-tubulin binding site taken from (a) the 4O4H
crystal structure,® (b) Chapter 3% using MD simulations to combine the {O4H crys-
tal structure pose with a LLM~(aB-tubulin)y model, (c) Bennett et al.™* using MD
simulations and a LLM-afB-tubulin model, and (d) Chapter 21 using MD to combine
the pose from Bennett et al.™* with a LLM~-(aB-tubulin)y model.
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Figure B4: Interactions between the laulimalide analogues, (B1-tubulin (light cyan)
residues, and Ba-tubulin (teal) residues at the LLM binding site. Viewed along the
lateral interface from the B-tubulin side of the adjacent heterodimers.
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. U ,:Phe29d :
7 B,:Phe367

Y

Figure B5: An illustration of the w—r interactions present in the LLM binding site.
Distances (A) between the alkene bond and aromatic rings of Ba-tubulin residues are
indicated.
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Continuation of Table B1

LLM isoLLM LA1 LA2 LA3 LA4 LA5
Subunit Contributions®
51 -40.1 -46.5 -46.2 -41.9 -389 -56.8 -35.0
o 0.0 0.0 0.0 -0.1 0.0 0.0 0.0
5o -203.7 -181.1 -190.2 -199.8 -208.0 -200.1 -218.8
Qg -0.2 -0.1 -0.2 -0.1 -0.3 -0.2 -0.2
Ligand-Protein Binding(®)
AGMM/GBSA 1966 -160.3 -187.9 -180.2 -194.7 -192.7 -205.3
Std. Dev. +12.7 +19.4 +£154 4149 +£159 4£16.9 +20.0
(@) Pairwise AGZMM/ GBSA, Equation 1.22, contributions are not additive

(Z AGM]\/I/GBSA 7& AGMM/GBSA) .
@] )

(b) Binding contributions summed over all residues in the substructure or subunit.;

(©) AGMM/GBSA

, Equations 1.20 and 1.21, neglecting entropy.
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MM/GBSA-calculated lateral binding free energy (kJ mol™') between

oy B1-tubulin and the ligand—csBo-tubulin complex.
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Figure B7: The average mass-weighted RMSD of the C,, atoms (A) for each residue,
with the standard deviation shaded to indicate flexibility. Panel (a) shows an overlay
of all compounds while (b—i) show the RMSDs for each complex.
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Figure B8: A comparison of the conformations adopted by the LLM analogues.
Structure taken from the end of the 90 ns simulation.
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Appendix C

Appendix to Chapter 4

Computational details of molecular dynamics simulations
Following the preparation of each complex, the following steps were taken:

1. 4000 steps of steepest descent minimization followed by 4000 steps of conjugate gra-
dient minimization, with weak restraints on all protein atoms greater than 3 A from
LLM. Since protein coordinates were taken from a previous simulation and are well
equilibrated, protein coordinates were mostly restrained.

2. Heating from 0 K to 300 K using the canonical ensemble for 200 ps using a time
step of 1 fs, with weak restraints on all protein atoms greater than 3 A from LLM.
3. At 300 K using the isothermal-isobaric ensemble to equilibrate the solvent density
for 1000 ps using a time step of 1 fs, with no restraints.

4. Production run at 300 K using the canonical ensemble and a time step of 2 fs with
the SHAKE algorithm.
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Figure C1: The mass-weighted RMSD (/i) of select atoms throughout the simulation,
calculated with respect to the structure at 0 ns. The trajectories for LLM, LLM-15R,
SVHI, and SVH} were analyzed from 20-90 ns, while the simulation of LLM29 was
analyzed from 76-155 ns and LLM32 was analyzed from 34—110 ns.
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e

4/ LLM-15R

Figure C2: Interactions between the laulimalide analogues, fy-tubulin (light cyan)
residues, and Ba-tubulin (teal) residues at the LLM binding site. Viewed along the
lateral interface from the B-tubulin side of the adjacent heterodimers.
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Table C1: MM/GBSA-calculated ligand—tubulin binding free energy (kJ mol™').

SVH4
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Continuation of Table C1

LLM LLM-15R LLM29 LLM32 SVH1 SVH4
Subunit Contributions®
51 -40.1 -39.2 -50.4 -34.4 -31.4 475
o 0.0 0.0 0.0 0.0 0.0 0.0
5o -203.7 -193.1 -1789  -171.9 -204.0 -139.0
Qi -0.2 -0.1 -0.2 -0.1 -0.2 -0.1
Ligand-Protein Binding(®)
AGMM/GBSA — _196.6 -171.4  -178.8  -148.5 -174.3 -123.7
Std. Dev. +12.7 +21.0 +17.4 +179 +£15.3 174
2) Pairwise AG;V-[M/ GBSA, Equation 1.22, contributions are not additive

b) Binding contributions summed over all residues in the substructure or subunit.;

(
(ZAG?;[]V[/GBSA £ AGMM/GBSA) .
(
(

©) AGMM/GBSA Equations 1.20 and 1.21, neglecting entropy.
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Appendix D

Appendix to Chapter 5

Computational details of molecular dynamics simulations
Following the preparation of each complex, the following steps were taken:

1. 2000 steps of steepest descent minimization followed by 1000 steps of conjugate
gradient minimization, with strong restraints on all solute atoms.

2. 4000 steps of steepest descent minimization followed by 2000 steps of conjugate
gradient minimization, with no restraints.

3. Heating from 0 K to 100 K using the canonical ensemble for 20 ps using a time
step of 1 fs, and weak restraints on all solute atoms.

4. Heating from 100 K to 300 K using the isothermal-isobaric ensemble for 100 ps
using a time step of 1 fs, and weak restraints on all solute atoms.

5. At 300 K using the isothermal-isobaric ensemble to equilibrate the solvent density
for 100 ps using a time step of 1 fs, with no restraints.

6. Production run at 300 K using the canonical ensemble and a time step of 2 fs with
the SHAKE algorithm.
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Figure D1: The mass-weighted RMSD (/i) of the C, atoms of the protein, when
tubulin is bound to (a) TXL, (b) DXL, (¢) CAB, or (d) in its apo form.
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Ca RMSD (A)

Time (ns)

Figure D2: The mass-weighted RMSD (/i) of the C, atoms of each subunit, when
tubulin is bound to (a) TXL, (b) DXL, (¢) CAB, or (d) in its apo form. The average
RMSD over the final 37.5 ns for the a- and B-tubulin subunits is indicated with dashed

and solid lines, respectively.
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Figure D3: The mass-weighted RMSD (/i ) of the binding site atoms, including the
tazane, when tubulin is bound to (a) TXL, (b) DXL, (¢) CAB, or (d) in its apo form.
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Figure D4: The RMSF (A) of select non-hydrogen atoms in (a) TXL, (b) DXL and
(¢) CAB throughout the simulation. The RMSF is calculated after an RMSD-fit of

the drug coordinates in each frame to the average structure taken over 10-47.5 ns.
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Figure D5: Variation in the Z(N'-C3-C2-C1') dihedral of the tazanes.
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Figure D6: An illustration of the w—m interactions occurring in the taxane binding
site between (B:His229 and B:Phe272, and (a) TXL, (b) DXL-C1, and (c) CAB-C2.
Structures taken from the end of the 47.5 ns simulation.
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Table D2: Solvent-bridged tazane—tubulin hydrogen-bond occupancy (%) over

37.5 ns.
Interaction® TXL DXL CAB
[:Asp26 - - - taxane 21.7 18.3 -
(:His229 - - - taxane 16.3 10.3 -
[:Pro274 - - - taxane 13.4 - -
3:Thr276 - - - taxane -(b) 24.9 -
£:GIn282 - - - taxane 37.5 14.9 -
B:Arg320 - - - taxane - 11.3 -
B:Arg329 - - - taxane - 50.6 -
5:Gly370 - - - taxane - 10.8 -
(:Ser374 - - - taxane - 18.8 -

(&) Hydrogen bond defined as heavy atoms within 3.0 A and
135° < Z(donor-H- - -acceptor) < 180°.
(b) Indicates an occupancy < 10 %.

Table D3: Solvent-tazane hydrogen-bond occupancy (%) over 37.5 ns.

Acceptor® Donor(® TXL DXL CAB
water C1-hydroxyl 34.6 44.0 -
C1-hydroxyl water 50.2 39.3 -
C2-carbonyl water 82.0 76.2 11.8
C2-alkoxy water -(b) - -
C4-carbonyl water 22.4 - -
C4-alkoxy water - - -
oxetane oxygen water - - -
water CT7-hydroxyl 83.7 59.7 —
CT7-hydroxyl water 26.0 11.8 —
C7-methoxy water — () — -
C9-carbonyl water 86.3 51.1 -
C10-carbonyl water 96.0 — —
C10-alkoxy water - — -
water C10-hydroxyl — 42.1 —
C10-hydroxyl water — 42.1 —
C13-alkoxy water - - -
C1’-carbonyl water 91.4 64.9 12.6
water C2'-hydroxyl 12.4 - 10.9
C2'-hydroxyl water 19.0 45.9 -
water N’-H - - -
N’ water - - -
N’-carbonyl water 108.1 84.0 14.6
N’-alkoxy water — - -

(@) Hydrogen bond defined as heavy atoms within 3.0 A and 135° < Z(donor—
H- - -acceptor) < 180°. (®) Indicates an occupancy < 10 %.;
(©) Not applicable.
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Table D4: MM/GBSA-calculated tazane—tubulin binding free energy (kJ mol™').

TXL DXL DXL-C1 DXL-C2 CAB CAB-Cl1 CAB-(C2

Residue Contributions®

B£:Glu22 -5.5 -8.0 -7.8 -8.4 -6.9 -6.6 -7.1
B:Val23 -20.6  -19.8 -21.1 -17.5  -10.2 -14.4 -7.4
B:Asp26 -6.2  -43.1 -46.3 -37.3 -6.7 -6.9 -6.5
B8:Glu27 -0.2 -3.0 -0.6 -7.4 -0.3 -0.4 -0.3
[B:Phe83 -4.2 -4.5 -6.2 -1.6 -0.4 -0.7 -0.3
B:Thr216 -7.4 -4.8 -4.7 -4.9 -0.7 -0.4 -0.9
B:Leu217 -12.4 -24 -2.1 -3.0  -12.9 -13.1 -12.8
B:Leu219 -0.5 -0.1 -0.1 -0.1 -3.1 -4.2 -2.4
B:Asp226 -5.2 -1.9 -2.3 -1.1 -7.8 -8.1 -7.6
[£:His229 -17.1 -20.6 -23.0 -16.4  -21.7 -27.8 -17.6
B:Leu230 -7.6 -5.8 -6.4 -4.8 -7.0 -6.9 -7.2
B:Ala233 -9.1 -9.1 -10.6 -6.4 -3.5 -5.9 -1.8
B:Ser236 -4.6 -3.1 -4.5 -0.6 -1.0 -2.2 -0.2
B:Gly237 -2.5 -1.6 -24 -0.2 -0.1 -0.2 -0.1
B:Phe272 -7.9 -7.6 -7.8 -7.3 -7.1 -8.2 -6.4
B:Pro274 -9.2 -2.5 -1.9 -3.6 -9.7 -10.3 -9.3
B:Leu275 -16.4  -15.3 -14.6 -16.6 -9.6 -6.0 -12.0
B:Thr276 -4.0 -17.0 -18.0 -15.2 -4.8 -1.2 -7.3
B:Ser277 -0.2 -2.6 -3.2 -1.5 -0.7 -0.3 -1.0
B:Arg278 -0.9  -13.3 -13.4 -13.2 -13.5 -7.8 -17.4
£:GIn282 -13.4 -7.1 -9.1 -3.4  -13.0 -9.4 -15.4
B:Tyr283 -0.6 -0.8 -0.6 -1.2 -2.1 -0.8 -3.1
B:Arg284 -0.8  -10.6 -2.1 -25.7 -0.7 -0.4 -0.8
B:Leu286 -0.2 -0.9 -1.3 -0.1 -3.5 -3.3 -3.7
B:Arg320 -0.3 -5.1 -7.2 -1.4 -0.3 -0.4 -0.1
B:Pro360 -10.8 -7.0 -8.4 -4.4 -1.6 -1.5 -1.7
B:Arg369 -29.3  -28.8 -22.0 -40.9  -18.9 -13.9 -22.3
B:Gly370 -7.9 -2.6 -2.1 -3.5 -8.3 -6.4 -9.6
B:Leud71 -14.5  -13.0 -12.6 -13.9  -15.0 -14.8 -15.1

Ligand-Protein Binding®

AGMM/GBSA 189 5 -195.5 -198.4 -190.5 -148.5 -143.7 -151.6
Std. Dev. +15.0 £27.1 +30.1 +19.8 £15.2 + 15.2 +14.3

MM/GBSA
AGMM/ ,

(@) Pairwise Equation 1.22, contributions are not additive

J
oo AG?fM/GBSA £ AGMM/GBSA) . () AGMM/GBSA " Equations 1.20 and 1.21, neglecting
entropy.
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Figure D8: The average mass-weighted RMSD of the C, atoms for each B-tubulin
residue residue, with the standard deviation shaded to indicate flexibility. Results
displayed for (a) the average of DXL from 10-47.5 ns, (b) average over DXL-C1, (c)
average over DXL-C2, (d) the average of CAB from 10-47.5 ns, (e) average over
CAB-C1, and (f) average over CAB-C2. The residues for the B-tubulin model are
numbered consecutively. Therefore, residues 1-42 in the figure correspond to residues
1-42 in 1JFF, residues 43-358 in the figure correspond to residues 45-360 in 1JFF,
and residues 359-427 in the figure correspond to residues 369-437 in 1JFF.
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Figure D9: The average mass-weighted RMSD of the C, atoms for each a-tubulin
residue residue, with the standard deviation shaded to indicate flexibility. Results
displayed for (a) the average of DXL from 10-47.5 ns, (b) average over DXL-C1, (c)
average over DXL-C2, (d) the average of CAB from 10-47.5 ns, (e) average over
CAB-C1, and (f) average over CAB-C2.
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Appendix E

Appendix to Chapter 6

Table E1: Fragment polarization energy (kJ mol™"), calculated as the difference in
monomer enerqy in a self-consistent electrostatic field by FMO-MP2 (polarized) and
that calculated with MP2 (isolated).

Complex(®
Frag.®) 2S 2PD 2T 3A 3B 3C 3D 3E 4A 4B 4C
1 -0.68 0.10 0.55 -0.72 0.08 046 0.80 201 -0.72 0.07 0.49
2 -0.68 0.10 092 -1.42 045 1.79 0.70 2.00 -148 0.40 1.69
3 -0.72  0.08 0.46 0.80 2.01 -1.48 040 0.67
4 -0.72  0.07 0.82

(a) A positive number indicates the FMO monomer is less stable than the separated monomer.:

(b) Fragments are numbered with respect to Figure 6.1 where the top monomer in each complex is des-

ignated as Fragment 1.
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Sl  Fragment 2

Fragment 3

* Fragment 4

Figure E1: An interpretation of the PIEDA results reported in subsequent figures,
using structure 4C in Figure 6.1.
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Figure E2: PIEDA results for the AE}Z{‘Z"OZ interaction energies (kJ mol™') for
the benzene complexes. Decomposition performed according to Equation 6.4. Figure
interpreted according to Figure E1.
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Table E2: FMOZ interaction energies (AE},'9%) and PIEDA results for the benzene
complexes, calculated with respect to the polarized monomers.

Structure AE}IZ{\Z/[OZ AE/ES(a) AE/EX (b) AE/DI(C) AEICT+mix (d)

25 -8.4 4.4 9.7 -194 -3.1
2PD -14.5 -0.9 20.2 -28.1 -5.6
2T -15.1 -6.5 9.9 -14.9 -3.7
3A -16.7 9.3 19.3 -39.1 -6.2
3B -29.4 -1.7 40.3 -56.9 -11.1
3C -29.8 -12.6 19.9 -29.9 -7.3
3D -29.2 -12.1 20.0 -29.9 -7.3
3E -49.2 -20.9 34.2 -48.2 -13.7
4A -25.0 14.4 28.9 -58.9 -9.3
4B -44.4 -2.4 60.3 -85.7 -16.6
4C -44.1 -18.3 29.9 -44.9 -10.9

(@) Electrostatic contribution.;  (P) Exchange-repulsion

contribution.;  (©) Dispersion contribution.;

(d) Charge transfer and mixed (remaining) contributions.
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Figure E3: PIEDA results for the AE}Z{‘%OQ interaction energies (kJ mol™') for a
selection of the S66 database. Data included in Table ES. Decomposition performed
according to Equation 6.4. Figure interpreted according to Figure E1.

Table E3: FMOZ2 interaction energies (AE}Z%W) and PIEDA results for a selection
of the S66 database, calculated with respect to the polarized monomers.

Structure AE}I;{\Z/[O2 AE/ES(a) AE'EX(b) A F'PI(c) AE!CT—i—miz(d)
benzene-benzene -13.9 0.3 14.2 -23.5 -5.0
benzene—pyridine -17.8 -3.2 16.5 -25.5 -5.5
benzene—urail -32.4 -13.6 25.1 -35.6 -8.3
pyridine—pyridine -20.8 -5.8 17.9 -27.0 -5.9
pyridine—uracil -36.1 -19.4 25.9 -36.1 -8.6
uracil-uracil -55.4 -35.7 34.4 -42.6 -11.5

(a) Electrostatic contribution.;
(©) Dispersion contribution.;

(b) Exchange-repulsion contribution.;

(4) Charge transfer and mixed (remaining) contributions.
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Appendix F

Appendix to Chapter 7

Table F1: MM/GBSA-calculated tazane—tubulin binding energy (kJ mol™) based on
the structures obtained in Chapter 5, using different approaches.

Interaction TXL DXL® CAB®
taxane-af-tubulin, 37.5 ns trajectory -182.5 +15.0 -198.4 +30.1 -151.6 +14.3
taxane—«(-tubulin, final structure -197.8 -169.2 -142.0
taxane—(-tubulin, final structure -197.5 -167.9 -142.8

(@) Reported as DXL-C1 in Chapter 5.; () Reported as CAB-C2 in Chapter 5.
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The binding energy (kJ mol™) contribution from each 2° structure in B-tubulin to the binding of the tazanes.
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) calculated according to Equation 1.12, and summed over all fragments in the substructure.;
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Table F3: The PCM[1(2)]-MP2 binding energy (kJ mol™') contributions to tazane
binding from fragments in select 2° structures in B-tubulin. Calculated according to
Equation 1.12.

Fragment 2°St. ||  TXL DXL CAB
CYS-12  HI 0.2 0.7 0.1
GLY-13  HI 0.0 -1.0 -0.2
ASN-14  HI -0.1 0.7 -0.3
GLN-15  HI1 0.2 0.4 0.2
ILE-16  HI 0.6 -0.8 -0.2
GLY-17  HI 0.3 1.5 0.1
ALA-18  HI -0.1 -1.2 -0.4
LYS-19  HI -6.0 14.3 -8.7
PHE-20  HI1 2.5 -1.2 -0.1
TRP-21  HI 1.3 2.6 -0.1
GLU-22  HI 3.4 -23.2 9.3
VAL-23  HI1 -17.3 -30.3 0.0
ILE-24  HI -5.4 -28.0 0.7
SER-25  HI -2.9 -0.9 0.5
ASP-26  HI 72 -170.7 -4.6
GLU-27  HI1 HI -10.4 -22.5 2.2
HIS-28  H1 HI 1.6 8.3 1.0
GLY-29  HI1 H1’ 0.6 3.7 0.2
ILE-30  H1-HU 0.7 4.1 0.4
ASP-31  H1-HI -0.1 -13.4 6.8
PRO-32  HI1-H1’ -0.5 -0.8 -0.4
THR-33  H1-HI 0.7 1.4 -0.4
GLY-34  HI-H1’ 0.1 1.0 0.4
SER-35  HI1 HI’ -0.2 0.3 0.2
TYR-36 H1 HI -0.3 -1.8 0.8
HIS-37  H1 HU 0.7 1.6 0.8
GLY-38  HI1 HI’ 0.5 0.5 0.5
ASP-39  H1 HI 0.4 7.8 6.2
SER-40  HI1 H1’ 0.0 0.7 -0.3
ASP-41  H1 HU -0.6 7.7 4.9
LEU-42  H1 HI -0.1 0.0 -0.1
GLN-45  HI1 H1’ -0.7 1.4 0.7
LEU-46  H1 -HI -0.3 1.4 -0.3
GLU-47  HI1-H1 -0.4 -8.5 5.3
ARG-48  H1-HI 0.8 11.9 -6.6
TYR-53  H1-S2 0.5 1.3 0.1
ASN-54  H1'-S2 -0.1 0.3 0.2
GLU-55  H1'-S2 -0.2 7.5 4.7
ALA-56  H1-S2 0.2 0.6 0.3
ALA-57  H1-S2 -0.3 0.5 -0.4
GLY-58  H1'-S2 0.0 0.4 -0.1
ASN-59  H1'-S2 0.2 -0.8 0.2
LYS-60  H1-S2 0.0 8.7 -4.9
TYR-61 HI1S2 0.2 0.7 0.3

Continued on the next page
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Continuation of Table F'3
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Continuation of Table F'3
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Continuation of Table F'3

Fragment 2° St. || TXL DXL CAB
SER-324  S8-H10 || -0.2 -0.4 -0.8
VAL-351 S9 0.0 -0.3 0.1
LYS-352 S9 2.3 6.8 -6.8
THR-353 S9 -0.5 -0.8 0.1
ALA-354 S9 0.4 0.3 -0.3
VAL-355 S9 -0.5 -0.2 0.5
CYS-356 S9 0.5 0.2 -0.3
ASP-357  S9-S10 -4.3 -7.4 6.8
ILE-358  S9-S10 -0.2 0.9 0.4
PRO-359 S9-S10 -0.2 -2.5 -0.9
PRO-360 S9-S10 -5.8 -2.4 -3.4
ARG-369 S9-S10 -46.5 16.1 -29.9
GLY-370  S9-S10 -82.5 1.6 -28.6
LEU-371 S9-S10 -12.3 -1.8 -18.4
LYS-372  S9-S10 4.6 2.9 -14.5
MET-373 S9-S10 1.8 -1.0 -0.9
SER-374  S9-S10 -3.4 0.8 1.1
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The PIEDA results for the PCM[1(2)]-MP2 AE[FMO? interaction energy (kJ mol™"), considering the contri-

butions to taxane binding from select fragments in B-tubulin. Calculated according to Equation 1.17.
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Continuation of Table FJ
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