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Abstract

Two main projects were studied in this work: 1) the effect of type | and type Il inhibitors
on B-Raf V600E and the B-Raf V600E-L505H mutations 2) the mechanistic role of the mobile
loop in SsuD in alkanesulfonate monooxygenase. Chapter 1 describes the background of the two
different systems studied. Chapter 2 describes the theory of the computational methodology used
in these studies. Chapter 3 reports the results of the simulation carried out on B-Raf V600E and
B-Raf V600E-L505H in order to show the differences in inhibitor binding. Chapter 4 shows the
computational results pertaining to the mobility of the dynamic loop for the SsuD component of

alkanesulfonate monooxygenase and its role in catalytic activity.
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Chapter 1 Introduction
B-Raf V600E-L505H

Protein Kinases

In the 1970’s, a discovery was made that showed phosphorylation regulated the activity of
glycogen phosphorylase. That discovery sparked the search for more understanding on how
phosphorylation governed the protein function.! A total of 518 kinases have been discovered , and
they make up nearly 1.7% of the human genome.?

Kinases are the mediator for signal transduction in cells in the majority of eukaryotic
organisms.® Other functions of kinases are metabolism, transcription, movement, differentiation,
and apoptosis just to name a few. Because protein kinases play such a crucial role in cellular
function, they offer a good target for genomic treatements.* The eukaryotic protein kinase (EPK)
super family’s core residues consist of about 250 — 300 amino acids which make up the kinase
domains, also known as the catalytic domains.> There are 12 conserved subdomains.® Each lobe
of a kinase is made up of helical and B subdomains. Figure 1.1 shows the structure of protein kinase

A (PKA).



catalytic 1009

Figure 1.1 The structure of PKA is an example for the EPK superfamily. Helices are shown in
red and B-strands are shown in teal. a) The N-lobe contains 5 B-strands and a aC-helix. b) The C-
lobe is mostly helical and contains the activation segment with the 3-sheet resting on active site
core. c) The y-phosphate of ATP positions near the glycine rich loop. d and e) This shows the
catalytically pertinent residues for activation and catalysis. (Taken from figure 1 of Taylor, S. S.,
Keshwani, M. M., Steichen, J. M., & Kornev, A. P. (2012). Philosophical Transactions of the

Royal Society B: Biological Sciences,367(1602), 2517-2528. 2012.0054°)

Two lobes converge to form a deep active site cleft in the middle of the protein where ATP
binds. Catalysis is governed by the opening and closing of the cleft. The N-lobe consists of five
stranded anti-parallel B-sheets with a conserved aC-helix. B-strand 1 and B-strand 2 are linked by
the glycine rich loop which anchors the ATP y-phosphate. B-strand 3 contains the vital residue

LysX which forms a salt bridge with GluX when the kinase is in the active conformation. The C-



terminal lobe of a kinase is mostly helical and contains the DFG-loop motif. The R-spine or
hydrophobic spine is formed between B-strand 9 and the aF-helix. The spine connects the N and

C lobes of the kinase. The orientation of the spine may help dictate kinase activity.’

The Mitogen Activated Protein Kinases, specifically the Ras/s/RAF/MEK/ERK signaling
cascade

Mitogen Activated Protein Kinase, MAPK, pathways are present in all eukaryotic cells,
and there are a variety of different pathways. In mammals, 14 MAPK’s have been identified, and
they are classified into two categories: conventional and atypical. Conventional MAPK pathways
are made up of the extracellular signal-regulated kinases, and the atypical MAPK pathways do not

conform to any specific function.® ® Figure 1.2 shows the different MAPK pathways.

Conventional MAPKs Atypical MAPKs
MEKK1-4, DLK
MAPKKK s S MLK2, Tpl-2, ASK1 e ) TAK1
P TAK1, TAO1/2

MEK1 MEK3 MEK4 ERK3/4

MAPKK MEKS MEI MEKS o X () m HIPK2 (7)

p38 ERK3
MAPK ERKS ERK1/2 /B (49) INK1/2/3 ERG ERK7/8 NLK

| INI N
3 EEE B
[=5]

RSK4

Figure 1.2 Representation of conventional and atypical kinase pathways. (Taken from figure 2

of Cargnello, M. and Roux, P. Microbiol. Mol. Biol. Rev. 2011 75(1), 50-83 °)



Proteins in this pathway can be located in many different cellular compartments such as the nucleus,
cytoplasm, or membrane. Because of this, the pathway gives a clear signal from the cytoplasm to
the nucleus.!® The proteins involved in this pathway are Ser/Thr kinases which are activated
through phosphorylation events.®

The Ras/RAF/MEK/ERK pathway is a conventional MAPK pathway that regulates
signaling as well as apoptosis. Figure 1.3 shows the extreme complexity of this conventional

MAPK pathway.
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Figure 1.3 Overview of the RAF/MEK/ERK pathway. (Figure taken from figure 1 of J. A.
McCubrey, L. S. Steelman, S. L. Abrams, et al. Adv Enzyme Regul, 2006, 46, 249-279 1)

This pathway begins with the membrane bound, GTP-binding protein RAS, which is
common to several pathways including RAF/MEK/ERK, PI3K/Akt, and RalEGF/Ral. Several Ras
proteins have been identified: Ha-Ras, N-Ras, Ki-Ras 4A/4B of which Ki-Ras is the prime

activator for the RAF/MEK/ERK pathway.'? Ras usually under goes farnesylation to bind to the



membrane and following the binding of Ras to the correct growth factor, GDP is exchanged for
GTP. A conformational change then occurs and Ras becomes active. This activation allows RAS
to directly interact with its targets, such as Raf.

Raf has several mechanisms that govern the regulation. The first method of regulation is
the interaction of Raf with Ras by recruitment of Raf to the membrane by GTPase. Ras binds with
Raf in two domains: the CR1 domain and the cysteine rich domain. Phosphorylation of Raf is also
another key mechanism in its regulation; however, some of these residues are already
phosphorylated in the inactive state.!* A 14-3-3 protein can bind to the Raf-1 CR2 region and may
act as a stabilizer.> Another protein S621 becomes dephosphorylated by an unknown phosphatase,
which then allows 14-3-3 to dissociate from Raf-1, allowing Raf-1 or A-Raf to become
phosphorylated at S338, Y340, and Y341. These sites are replaced with aspartic acid in B-Raf
(D492 and D493). An SRC family kinase is most likely responsible for the A-Raf activation;
however, B-Raf looks to be SRC independent. Protein kinase C (PKC) can induce crosstalk
between Raf/MEK/ERK which can also be an activating factor for Raf. Raf can be inactivated
through phosphorylation on the CR(2) domain.** Akt and protein kinase A (PKA) phosphorylate
S259 on Raf-1 causing inhibition. On B-Raf Akt will phosphorylate S364 and S428 to inhibit
activity. They again bind with the 14-3-3 protein yielding inactivity. Dimerization of Raf
heterodimers may also play an important role in activation.!!

MEK is both a tyrosine and serine/threonine kinase. The activity is regulated by Raf
phosphorylation on the serine residues in the catalytic domain. B-Raf is shown to be a greater
activator to MEK than Raf-1/A-Raf and any of the Raf isoforms.'® The downstream target of MEK

is ERK. ERK 1/2 are serine-threonine kinases, and they are regulated through the phosphorylation



of MEK 1/2. ERK can phosphorylate many transcription factors and has many targets including

NF-xB and ribosomal S6 kinase.!!

B-Raf Structure and Function

The RAF protein is an ATP binding protein and is found in a homodimeric structure or
heterodimeric structure with its isoforms. Three isoforms of Raf exist: A-Raf, B-Raf, and C-Raf .1
In the inactive form of RAF, it is found in the cytoplasm with the N-terminal domain inhibiting
the C-terminal domain. On activation, RAF moves to the plasma membrane where it drives

phosphorylation at activating regions and phosphorylation at inhibiting regions. The main regions

in Raf (Figure 1.4) involve a glycine rich loop (red), activation segment (blue), aC-helix (green),

and catalytic loop(purple). The glycine rich loop helps anchor the ATP. The aC-helix can make

or break the ATP binding site and also helps bind with MEK 1/2.

Figure 1.4 B-Raf V600E monomer bound with inhibitor PLX 4032. The red region specifies the
glycine rich loop. The green region is the aC-helix. The purple region contains the catalytic loop,

and the blue specifies the activation segment.



Figure 1.5 shows the crucial residues in the catalytic cleft. The activation segment contains
two crucial amino acids, phenylalanine 595 and asparagine 594. When the Phe595 is pointed

toward the active site region, Raf is in the inactive conformation. When Asp594 is pointed to the

active site region it coordinates with Mg?*, and Raf is in the active form.

(

uo|bau aﬁu,H

Figure 1.5 Diagram of the B-Raf active site. (Figure taken from figure 4 of Roskoski, R.

Biochemical and Biophysical Research Communications, 2010, 399(3), 313-317 ')

The activation segment will close off the active site preventing the solvent from entering
because of favorable interactions with the glycine rich loop and aC-helix. The catalytic segment
also contains a few key residues. Lysine 578 binds to the gamma-phosphate of ATP helping
stabilize it further. Asparagine 576 abstracts a hydroxyl group which helps perform a nucleophilic

attack on the oxygen from gamma-phosphorous atoms of MgATP.Y/

B-Raf is the most common isoform and is the main focus of this study. The B-Raf protein

is mediated by equilibrium between active and inactive forms. The wild type B-Raf favors the



inactive conformation because of favoring interactions between the glycine rich loop and
activation segment. However, a point mutation occurs at the VVal600 amino acid resulting in the
substitution of a valine to glutamate, and because of the polarity change acts as if the
phosphorylating event already occurred.!® This mutation bypasses the requirement for Ser602 and
Thr599 phosphorylation by causing favorable interactions between the glycine rich loop and
activation segment leading to uncontrollable phosphorylation to proteins downstream such as
MEK_.'® The substitution of a neutral amino acid to a negatively charged amino acid also allows a
net negative charge of the phosphorylating region. The glutamate is thought to potentially act as
a phosphomimetic.?® The V600E mutation may cause a 500 fold increase in kinase activity. This
mutation is seen in 30-60% of melanomas, 30-50% thyroid cancers, and 5-20% colorectal cancers.

This makes this particular protein a good target for inhibition for small molecule cancer drugs.®

Melanoma: Stages, Survival, and Current Treatments

Melanoma starts in the epidermis which is made up of three kinds of cells: squamous cells,
basal cells, and melanocytes. Melanoma occurs when melanocytes, which are found in the lower
layer of the epidermis, no longer function properly. It is the rarest form of skin cancer, and it is the
most likely to invade other tissues and organs. It can appear anywhere on the skin. The cause of
this cancer can be attributed to UV exposure which causes mutations. Melanoma may also be
genetic, but the cause as to why it happens is unknown.?!

Melanoma is represented in four stages each differing in degrees of severity. Stage 0 shows
melanoma only in the epidermis, on the top layer of skin. It has not spread to any other layers.
Stage 1A/1B shows melanoma only in the skin 1 mm-2 mm thick, and that it has not spread to

other portions of the body. Stage 2A/2B, like stage 1, only has melanoma in the skin, but the



thickness of the spread increases to 2 mm-4 mm. Stage 3A/3B/3C shows melanoma has spread to
lymph nodes and may be ulcerated depending on the severity. Stage 4 occurs when melanoma
spreads to other parts of the body away from the point of origin.?

The common treatments for melanoma include chemotherapy, radiation therapy, and
surgical treatments. Immunotherapies, such as Ipilimuab, help boost the immune system in order
to fight the cancer cells. These therapies are useful for early stage cancer; however, they are a
broad target therapy.?® For higher stage cancer, a more direct therapy would be more efficient,
and this leads to genomic treatments and the development of small molecule inhibitors. The drug

that is used most often for melanoma today is the type I inhibitor, Vemurafenib, or PLX 4032.2*

Difficulty in Inhibitor Design

There is some difficulty in designing these inhibitors. If a mutation occurs in the binding
region of the inhibitor, it may lead to a resistant strain of cancer in which the inhibitor is no longer
effective. Resistance to PLX 4032 may involve several factors such as overexpression of PDGFR-
B or increased apoptotic signaling.?> The MAPK pathway may also be reactivated downstream
from Raf.!” The pathways from Ras to the two ERK proteins are extensive with the number around
1152, assuming all interactions occur between isoforms of the proteins. This number would
decrease if some interactions would not occur.!” Also, Raf can be bound with any of the isoforms
either as a heterodimer or homodimer. Depending on the dimerization of Raf, otherwise if B-Raf
dimerizes with C-Raf or some other isoform, it may activate ERK even with the inhibitor present.
There is something known as paradoxical Raf activation which shows that cells exposed to an
inhibitor may also increase Raf activation, hence the reason for some skin cell carcinomas

especially with the type I inhibitors as wild type Raf activation is dependent on the dosage of the



inhibitor. Raf dimerization also has a large role to play in development of inhibitors; however,

this study focuses on investigating inhibitors for the B-Raf homodimer.6

Inhibitor Type

With the recognition of these problems there are two types of inhibitors that are developed:
type | and type 11.262" Type I inhibitors bind directly to the active site of a protein and specifically
target ATP binding. Type Il inhibitors may bind to the ATP binding site, but they may also bind
to an allosteric site causing distortion of the ATP binding site region, thereby inhibiting the protein.
Both are competitive ATP binding inhibitors. The mechanism by which these inhibitors work is
not well understood; however, a theory known as the Oncogenic Shock Model states that pro-death
signals decay slower than pro-survival signals, and this occurs when a small molecule inhibitor is
introduced.?® This results in death of the cancer cell. It is known that the type | inhibitors bind
with the DFG-in conformation and type Il inhibitors bind with the DFG-out conformation shown

in figure 1.6.%°

A) PLX 4032 with BRAF V600E- DFG-in B) PLX 4032 with BRAF V600E- R-spine
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C) Sorafenib with BRAF V600E — DFG-out D) Sorafenib with BRAF V600E R-spine

Figure 1.6 DFG-in and DFG-out conformations. A,B) BRAF V600E is bound with PLX 4032, a
type | inhibitor. A) Occupation of Asp in the active site for the DFG-in conformation. B) R-
Spine is broken. C,D) Sorafenib, a type Il inhibitor, bound with BRAF V600E. C) Phe occupies

binding site for the DFG-out conformation. D) Shows attached R-spine.

Type Il inhibitors are also known to be more kinase specific than type | inhibitors because
of their interaction with the activation segment of the kinase. Both types of inhibitor should have

one to three hydrogen bonds with the enzyme.*°

B-Raf V600E-L505H Mutation

B-Raf V600E was noticed to develop a resistance to the FDA approved drug PLX 4032 in
about 1% of cancer cells.3* Because of this, the cancer comes back drug resistant. It has been
found that another mutation occurs at the 505 amino acid.®?> Leucine, a nonpolar residue, mutates
into a histidine, a polar, positively charged residue, and this mutation is the cause of drug resistance.

Several experimental studies were done in order to show that this mutation occurs as well as show
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how it affects inhibitors. First, exome sequencing was done and showed a mutation from GA to
AT in the DNA sequence which was linked to the 505 amino acid. In resistant cells, this mutation
occurred about 20% of the time. 1C50 values for the drug PLX 4032 increased with this mutation,
and a western blot analysis showed that downstream activation was occurring even with the
inhibitor present. Finally, further experiments showed that this mutation had little effect on MEK
1/2 inhibitors and on combination inhibitors. Because type I inhibitors mimic the binding domain,
this mutation may cause them to become ineffective. However, type Il inhibitors should leave the
conformational loop open; therefore, this mutation should have little effect on these inhibitors.32
Accelerated molecular dynamic (aMD) studies were carried out to determine the
effectiveness of the different types of inhibitors. Simulations were carried out on B-Raf V600E,
B-Raf V600E-L505H, and B-Raf V600E-L505H(P) (protonated His505) using type | and type Il

inhibitors for a total of 500 ns. Chapter 3 describes the results of the aMD simulations.

Alkanesulfonate Monooxygenase

The Two-Component Monooxygenase System

Flavoproteins can catalyze many reactions due to a flavin’s multiple redox states. Flavins
usually bind covalently but also can be a substrate for the enzyme. Two component flavin
dependent enzymes have a variety of purposes such as catalyzing the oxidation of aromatic and
polycyclic compounds for carbon sources, biosynthesis of antibiotics, bioluminescence, oxidation
of long chain alkanes, and desulfurization of compounds.® All of these systems rely on a reductase
component and oxygenase component. The reductase components catalyze the reduction of

reduced flavin and differ in their specificity for NADH, NADPH or the ability to use pyridine
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nucleotide. The flavin may either be a prosthetic group or a substrate which dictates the
mechanism for flavin transfer.®®
Monooxygenases react with dioxygen to oxygenate the substrate. Several

monooxygenases have been characterized and their reactions are shown in figure 1.7.
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Figure 1.7 The reactions of multiple monooxygenase enzymes all of which require a reductase
and are reduced flavin dependent. (Figure taken from figure 1 of Ellis, H. Archives of

Biochemistry and Biophysics 01 March 2010 %)
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Figure 1.8 A. Flavin Mononucleotide (FMN) B. Flavin Adenine Dinucleotide (FAD)

Bacterial luciferase has been widely studied and is probably the most characterized
monooxygenase. In its reaction, it uses a long chain aliphatic aldehyde, reduced flavin, and
dioxygen to form a carboxylic acid and light.3® LadA, located in Geobacillus thermodenitrificans,
catalyzes the reaction of long chain alkanes ranging from C15-C36 to primary alcohols.®
Monooxygenases can also catalyze the degradation of chelating agents such as
ethylenediaminetetraacetic acid (EDTA) and nitriloacetic acid (NTA) for sources of carbon,
nitrogen and energy. There are two known enzymes that do this: NtaA (NTA-mo) and EmoA
(Emo-Mo0).3"%®  EmoA is an EDTA degrading monooxygenase that oxidizes EDTA to
etheylenediaminetriacetate, and then finally to ethtylenediaminediacetate. It can also use NTA
and diethylenetriaminpentacetate (DTA), and may or may not have a metal complex. This
monooxygenase is FAD or FMN dependent (figure 1.8). Monooxygenases characterized for the
synthesis of antibiotics are Act-Va and SnaA. Act-Va is involved in actinorhodin biosynthesis and

through hydroxylation of dihydrokalafungin (DHK) leads to the actinorhodin product.®® SnaA
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catalyzes the synthesis of polyunsaturated cyclic peptide pristinamycin (11a), and this enzyme is
different because it involves oxidation rather than oxygenation.®® Some monooxygenases are
involved in sulfur acquisition and actually make up a 3-compenent system. DszC and DszA are
both FMN dependent monooxygenases. First DszC converts dibenzothiophene (DBT) to DBT
sulfone. DszA then converts DBT sulfone to 2-hydroxybiphenyl-2-sulfinite.*? Alkanesulfonate
monooxygenase, the two-component system pertaining to this study, is involved in sulfur

acquisition.

The Interaction between SsukE and SsuD

Some bacterial organisms rely on inorganic sulfur for the biosynthesis of sulfur compounds;
however, during periods of sulfur starvation these organisms have found a way to generate proteins
that use alternate sulfur sources.*? Two operons are expressed in organisms at this time to allow
sulfur uptake: tau and ssu. The tau operon is a taurine dyhydroxygenase, and an ABC-type
transporter that is involved in uptake of taurine. The ssu operon encodes for Ssuk and SsuD and
is also an ABC-type transporter for sulfur transport.** Escherichia coli is a bacterial organism that
has developed a way to acquire sulfur during starvation periods by synthesizing a two component

system from the ssu operon: FMN reductase (Ssuk) and alkanesulfonate monooxygenase (SsuD).
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Figure 1.9 The overall reaction for the two Ssuk and SsuD. NADPH is converted to NADP+ to
produce reduced FMN which reacts with SsuD to form the aldehyde and sulfite products. (Figure

taken from scheme 1 from Carpenter, R. et al. Biochemistry 2011 50 (29), 6469-6477 %4

The flavin-reductase (Ssuk) catalyzes the reduction of FMN by NADPH. This then
transfers the reduced flavin to the alkanesulfonate monooxygenase (SsuD) which catalyzes the
production of sulfite and aldehyde from the alkanesulfonate. SsuE does not show much sequence
similarity with other flavin reductases; however, the mechanism of reduction is comparable.*®
Steady-state kinetic assays showed that SsuE follows a sequential order in its mechanism with
NADPH as the first substrate to bind and NADP+ as the first to leave.*® The system then moves
to a rapid equilibrium ordered mechanism which shows that protein-protein interactions are
significant for the flavin transfer to SsuD.*® These protein interactions were seen as stable through
affinity chromatography and spectroscopic analysis which means a strong possibility for direct

flavin transfer.*®
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Structure and Mechanism of SsuD

SsuD is the enzyme that catalyzes the desulfonation reaction and requires the reduced
flavin from SsuE. It is a homotetramer that contains four active sites, one in each subunit. The
subunit is composed of a TIM-barrel fold with the active site at the C-terminal end of the -

barrel, which is typical for the TIM-barrel proteins.*’

\\ 140
Y

Figure 1.10 Structure of SsuD enzyme. View perpendicular to B-barrel (a) and view along B-

barrel axis (b) (Figure taken from figure 3 of Eichhorn, E. et al J. Mol. Biol. 2000, 324, 457-68*")

SsuD involves the oxygenoletic cleavage of carbon sulfur bonds and can catalyze a variety
of alkanesulfonate substrates. Figure 1.11 shows the mechanism by which the reduced flavin can
react with oxygen (I). This first step yields a neutral flavin radical and superoxide (1I), which can
form the C4a-peroxide (IV). Cda-peroxide is a nucleophile but upon prontonation it becomes an
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electrophile and a C4a-hydroperoxide (V).*®  Once the peroxide is generated, it then undergoes a

Baeyer-Villiger rearrangement to generate the aldehyde and sulfite products.

Flavin Radical and Super Oxide

FIH  er FI™"

Baeyer-Viliger reactions
Cda-peroxide

‘Cda-hydroperoxide
Aromatic hydroxylations

Figure 1.11 The possible reactions of reduced flavin with dioxygen. The route for generation of
the C4a-hydroperoxyide 11,1V, IV (Figure adapted from scheme 3 of Massey, V. Biochem Soc

Trans. 2000, 28(4), 283-296 “8)

Once the peroxyflavin is generated, it is then able to form the aldehyde and sulfite products.
There are two theories on how this happens. First, an active site base will abstract a carbon from
the alkanesulfonate to produce a carbanion intermediate (11A). The carbanion intermediate then
makes a nucleophilic attack on the hydroperoxyflavin (I11A). This generates an unstable 1-

hydroxyalkanesulfonate (IVA) which then decomposes to the aldehyde and sulfite products (VA).
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Figure 1.12 Two possible mechanism by which the sulfite and aldehyde products are generated

in SsuD. (Taken from figure 7 of Ellis, H. 2011, Bioorganic Chemistry, 39(5-6), 178-184 *3)

The second theory and the most likely route starts with the peroxyflavin intermediate. The
peroxyflavin attacks the sulfate on alkanesulfonate to form an organosulfate adduct (I1B). A
Baeyer-Villiger rearrangement of the sulfite adduct then releases the sulfite product and a
peroxyalkane (I11B). An active site base then abstracts a hydrogen atom from the C1 alkane

leading to heterolytic cleavage of the oxygen-oxygen bond of the alkane flavin adduct (IVB). This

forms the aldehyde product and C4a-hydroxyflavin products (VB).*3
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The Role of Active Site Residues

SsuD has low sequence similarity with its family members; however, the structure and
active site are similar to bacterial luciferase and LadA. Residues pertinent to catalysis for SsuD

are proposed to be: His11, His228, His333, Tyr331, Arg226, Arg297, and Cys54, 46 43 49,50, 47

Figure 1.13 SsuD bound with reduced flavin and octanesulfonate showing active site residues

His11, His228, His333, Tyr331, Arg226, Arg297, and Cys54.

Three histidines occupy the active site of SsuD, one of these histidines is thought to be the
base in the reaction mechanism. The closer relative bacterial luciferase had a decrease in
bioluminescence when the active site His was mutated, and because this residue is conserved
across the family, it is likely it plays a similar role in SsuD.®® The tyrosine may be involved in
helping maintain active site conformation through hydrogen bonding. In LadA, mutation of this
residue completely eliminated activity.*® Arginine 226 is believed to be the acid in the active site
by donating the proton for reprotonation of the hydroxyflavin intermediate which triggers opening
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of the enzyme and product release.>® Arginine 297 is located on the mobile loop and believed to
anchor the phosphate on the peroxyflavin intermediate.** The cysteine residue initially was
believed to take part in sulfur acquisition as it is the only cysteine residue in the enzyme and near
the active site. Mutagenesis studies, however, showed that this cysteine was more likely to play a

role in active site conformation and is not involved in flavin binding.*

The Mobile Loop

The dynamic region in monooxygenase ranges from residues 241-300. This loop is thought
to be important in the conversion of reduced flavin (FMN) to oxidized flavin (FMNOO-).
Monooxygenase contains a triose phosphate isomerase (T1M)-barrel fold which has conserved
residues with SsuD homologs of different organisms. It is believed that this loop may protect
reactive intermediates from premature release and bulk solvent.®

The Arg297 residue has been shown to be important to activity of SsuD. A molecular
dynamics simulation of 20 ns showed a salt bridge between Arg297-Asp111/Glu20. The Arg297-
Aspl111 salt bridge was proposed to favor the closed conformation in order to close off substrate
from bulk solvent. The other salt bridge between Arg297-Glu20 was proposed to occur during the
open confirmation of SsuD.>* However, a 300 ns molecular dynamics study showed that the
Arg297-Asp 111 salt bridge formed less than 10% of the time when the reduced flavin was bound.
Also, the salt bridge between Arg297-Glu20 was formed less than 5% of the time. The 300 ns
simulation showed that the Arg297 salt bridges were not relative to change in conformation of
SsuD; however, the Arg297 is still believed to play an important role in catalytic activity.>®

Deletion studies were performed on the mobile loop of SsuD and showed that the sulfite

products could not be generated without the loop; however, the studies also showed the deletion
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of the loop did not affect flavin binding.>® The conserved nature of the Arg297 residue and the
location it has on the mobile loop suggest it plays a role in catalysis. Mutation studies showed that
when this residue was changed, catalytic activity was lost.** The purpose of this study was to
investigate the motility of the mobile loop and interactions of all residues with emphasis on the
interaction of Arg297 with the substrates over a 1000 ns accelerated molecular dynamics
simulation using Amber for the apo SsuD, FMN-octanesulfonate bound SsuD, and FMNOO—

octanesulfonate bound SsuD. Chapter 4 elaborates on the results of these simulations.
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Chapter 2 Methods
Molecular Docking with Small Molecules

Small molecule docking was done in this study on B-Raf V600E, B-Raf V600E-L505H,
and B-Raf V600E-L505H(P) in order to obtain a starting conformation for non-crystalized
inhibitors as well as gain an estimation on the free energy of binding. The results are discussed in
later chapters. The purpose of this section is to provide an overview on small molecule docking.

Molecular docking predicts binding of macromolecules usually with a smaller molecule.
Docking is used in drug discovery to help cut costs as it reduces product cost as well as personnel
time involved in synthesis. Companies can sort through thousands of molecules efficiently and
pick the best candidates to test experimentally.

Binding affinities can be obtained through higher level calculations which are more
computationally expensive but make fewer approximations. The most rigorous method is free
energy perturbation (FEP).>” These calculations can show the relaxation in the protein/solvent
system; however, it is far too computationally expensive to achieve convergence for large
systems.®® A more commonly used method is the molecular-mechanics-Poisson-
Boltzmann/surface area calculation (MM-PBSA). These calculations use molecular mechanics
energy and solvation energy with Poisson-Boltzmann.>® Another method is the MM-GBSA which
combines the Generalized Borne (GB) solvation energy.®® These calculations use entropic
estimations through quasiharmonic or normal mode analysis to predict binding energies.®* Many
docking programs also exist to calculate the predicted structure as well as potential binding affinity.
These programs make approximations on solvation; however, they are fast and efficient for large
numbers of molecules.?? These programs include Surflex®®, AutoDock®, Gold®®, and AutoDock
Vina®®.
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Docking attempts to reproduce chemical potentials. Typically, a scoring function is used

to reproduce those potentials and determine the free energy of binding.

AG = AH —TAS (2.1)

AG' = —RT (InC =) (2.2)

The free energy is related to H, enthalpy, S, entropy. The binding affinity is related to the free
energy of binding through the dissociation constant, ka. R is the gas constant, C is the concentration,
and T is temperature. In some calculations, entropy may be ignored to speed up the process.®’
High resolution crystal structures allow for structure determined pharmaceutical design.
Docking allows high throughput scanning of many potential drugs. Homology modeling can fill
in small gaps that a crystal structure may have because of high motility in a region. Docking starts
with an unbound molecule and ligand. The docked structure and binding affinity is then computed.
In order to determine accuracy of the docking program, a crystal structure should be compared

with the predicted structure if the calculations are lower level.

Docking with AutoDock Vina

Vina uses “machine learning” rather than a physics based scoring. The scoring function
for AutoDock Vina starts with the conformational dependent part, which is the sum of the inter

and intra molecular forces.

C = Cinter + Cintra (2-3)
¢ = Di<j feeiyej (1ij) (2.4)
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The conformational part is the sum over all atoms moving relatively to each other with the
exception of atoms separated by three covalent bonds. Atom type i is assigned to ti. The symmetric
set of interaction function, fgiyj, and interatomic distance, rij, are defined. From the intermolecular

part from 2.4, the free energy of binding is predicted where g is a smooth function (2.5).

s = 9(Cinter1) (2.5)

The derivation of Vina’s scoring function uses knowledge based potentials and empirical scoring
functions. The empirical information is gathered from the conformational preference of the
complex as well as experimental affinity measurements. The derivation of the scoring function
has not been published but is related to the scoring function of Xscore.®® In Vina’s scoring function,
hydrogen atoms are not considered explicitly and are omitted from equation 2.5. The interaction
function, fiy, is defined relative to the surface distance where Ry is the van der Waals radius of
atom type t:

dij = Tij — Ry — Ryj (2.6)

The interaction function, fij, and the interatomic distance, rij, is equal to the sum of the steric

interactions, hytj, times the surface distance, dij:

feiej (Tij) = heiej(di) (2.7)
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The scoring function includes weighting in the steric interaction sum function, hs. Metals in the

vina scoring function are treated as hydrogen bond donors and the interaction function is cut off at

rij =8 A.

The weighting of each term is as follows:

Table 1. Scoring function weights and terms for AutoDock Vina

Weights Term

-0.0356 gauss:

-0.00516 gaussz

.840 Repulsion

-0.0351 Hydrophobic

-0.587 Hydrogen Bonding

0.0585 Number of Rotatable Bonds

The definition of the steric terms are defined:

_d
gauss;(d) = e sa)*

A
gauss,(d) = e 24

d2,if d <0

repulsion (d) = {O ifd >0

1,if d < .5A

hydrophobic (d) = i
ydrophobic (d) {0,ifd>1.5A

1,if d < —.7A

hydrogen bonding (d) = { 0,if d>0

Equation 2.11 and 2.12 have linear interpolation in between the values.

The conformational independent function, g, was a chosen parameter where
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9(Cinter) = ke (2.13)

1+WNTOI'

Nrot Is the number of rotatable bonds for heavy atoms and w is the weight of the atoms.

The free energy of binding is determined as follows:

AGbinding = AGgauss + AGrep + AGhbond + AGNrot (2-14)

The free energy of binding is useful for showing relative binding energies among large quantities
of molecules tested; however, more rigorous methods of docking should be used in order to obtain
binding energies that are more accurate.

AutoDock Vina developers opted to use an iterated local search global optimizer. This
algorithm uses a stepwise approach including a mutation and local optimization. Each step is
accepted using the metropolis criterion. The quasi-Newton Broyden-Fletcher-Goldforb-Shaano
(BFGS) method was used as a local optimizer. This optimizer uses the derivatives of the scoring
function with respect to orientation, position of the small molecule, and torsions of rotatable bonds.
With the development of AutoDock Vina, multiple processors are able to be used in order to speed

up calculations.%

Molecular Dynamics

Molecular dynamics (MD) is a useful tool in the study of biological systems. It can help
merge the bridge of experiment and theory. MD allows for the motions of a molecule to be
recorded in respect to time by using derivations of Newton’s laws of motion. Alder and
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Wainwright were the very first to use the theory back in the 1950’s. They used the theory of MD
to calculate equilibrium properties on hard spheres.®® Rahaman continued to build on this theory
and did simulations on liquid argon in the 1960°s.”° The first studies on proteins were done by
McCammon in the 1970s’s.”* Since the 70’s, the simulations for molecular dynamics has greatly
improved, and it has become an extremely useful tool in the study of macromolecules.

There are two types of MD families: classical, and quantum. Classical MD treats atoms as
classical objects, the ball and stick theory. Quantum MD accounts for quantum nature of chemical
bond. The electron density of valence electrons is calculated quantumly; however, ions are treated
as classical models. This method is too computationally expensive to use for most researchers.’

In this study, molecular dynamics simulations using Amber were done for both B-Raf and
alkanesulfonate monooxygenase. In chapter 3, the molecular dynamics simulations were used in
hopes to determine what type of inhibitor works for B-Raf V600E, B-Raf V600E-L505H, and B-
Raf V600E-L505H(P). In chapter 4, molecular dynamics was used in order to determine the
difference in the changes in conformation for alkanesulfonate monooxygenase. In this section, the

theory of molecular dynamics and the Amber package are outlined.

Equations of Motion and Algorithms for Molecular Dynamics

Molecular dynamics shows the evolution and the state of a macromolecule, and this

evolution is known as the trajectory. The trajectory can be obtained from Newton’s equations.”

F=ma=m% (2.15)
dt
id?(ri
Fy =00 where 1 = (x(9)), (ri(6), (z:(1) (2.16)
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Equation 2.16 show the evolution of the particles in phase space where a, v, and r are acceleration,
velocity, and position of the particles. MD trajectories are defined as position and velocity vectors,
and the equations of motion are discretized and solved numerically. Equation 2.16, a second order
differential equation, must be integrated so that the initial forces, velocities, and positions are
calculated. The velocities are driven by a finite time interval, which is known as the Verlet
algorithm.” The velocities of the system can define the kinetic energy and the temperature of the
system. The positions are expressed as r;(t + At) at time t + At in positions of already known
time. The time step, At, should be chosen to be small enough to read all periods of vibrations.
Large time steps may not read all vibrations and could cause the system to collapse.’

The Verlet algorithm is derived from the Taylor expansion of ri(t) and is commonly used

in molecular dynamic simulations because of its simplicity:

ri(t + At) = 2r;(t) — r;(t — At) + At?a(t) (2.17)

The computational expense of the Verlet algorithm increases with the number of particles
squared.”™ Velocities, however, do not appear in this algorithm. This algorithm uses the position
at time (t) and position from the previous step to calculate the new position. The Verlet algorithm
may have precision problems because a small term is added to a large term, and velocities are
difficult to obtain and are not expressed explicitly. To help with this, the velocity-Verlet algorithm
was developed.” Equations 2.18 and 2.19 show this algorithm calculates positions, velocities, and

acceleration at the same time.
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r(t + At) = r(t) + Atv(t + %At) (2.18)

v(t + At) = v(t) + 5 At[a(t) + a(t + At)] (2.19)

This algorithm is implemented in three stages. Equation 2.20 shows that the acceleration must

first be calculated at t + At, and then the velocity must be calculated at t + %At.

v (t + %At) = v(t) +5Ata(t) (2.20)

The new forces calculated from the current positions at t + At are then determined as in equation

2.21:

v(t +At) = v (t + %At) +~Ata(t + At) (2.21)

This algorithm should be faster and more efficient than the Verlet algorithm. It should also
conserve energy, momenta, be time reversible, and be able to handle a larger time step.”’
A variation of the Verlet algorithm is the Leap Frog algorithm. This algorithm includes

velocities as shown in equations 2.22 and 2.23

v (t + %At) =v (t — %At) + a(D)At (2.22)

r(t + At) = 1(t) + Atv(t + %At) (2.23)
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In this algorithm, velocities are first calculated and leap frog over the positions to give values at
t+ %At. The positions then leap over the velocities to give values at t + At.”’

The SHAKE algorithm is another algorithm derived from the Verlet algorithm.”® The
equations of motions are solved while simultaneously satisfying holomeric constraints which can

be expressed as:

(41,92, 93, ...t) = 0,q — represent coordinate of particle (2.24)

If the system has 3N number of particles and k constraints, the number of degrees of freedom the
system has is 3N-k. When a system is constrained, the forces of the system are manipulated.

Equation 2.25 represents the forces of a system:

_ lkadk

Fex = - (2.25)

A, — LaGrange multiplier
X — the constraint

oy, Is the constraint and X is the cartesian coordinate of the atom i or j. If an atom is involved in

more than one constraint, then total force is sum of all terms, represented by equation 2.26.

o= —1)*—d*;=0 (2.26)

The constraint force is on the bond at all times, and there is an equal and opposite force on the
atoms that make up the bond. Overall, the constraint forces do no work on the system. The

constraint forces are then factored into the Verlet algorithm as in equation 2.27.”

31



ri(t + At) = 2r;(t) — ri(t — At) + A?t:Fi(t) + Zk’l"TA:an(t) (2.27)

In Amber, the SHAKE algorithm is implemented to impose constraints and speed up calculations

by reducing the degrees of freedom.

Ensemble Averages

In simulations of molecular systems, macroscopic properties are calculated through
microscopic interactions and statistical averaging connects the two. The property of the system
depends on the position and momentum of the number of particles (N) inside the system that is
given instantaneous value of “A.”

An ensemble is a collection of all the possible microscopic states a system can have with
the same macroscopic and thermodynamic properties. “A” will fluctuate because of interactions

between particles. As time approaches infinity, “A” will approach an average:
. 1
Aavg = lim —[L A" (), " (©)dt (2.28)

The force on each atom because of interactions with other atoms can be calculated by
differentiating the energy function. Boltzmann and Gibbs developed statistical mechanics so that
a system involved with time can be replaced by number of replicates which are considered

simultaneously.’’
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<A>= [[dpVar"A@",vM)p@", M) (2.29)
<> =ensemble average value
f[ =should be 6N integral signs for 6N positions and momenta
p(pNr™)=probability density; finding momenta and position of particle N

A(p"rN) = property of interest

The importance of ensembles in molecular dynamic simulations is that the simulations should be
performed long enough and with the correct parameters to sample enough states. Different
variables will have different ensembles with constraints usually involving (N) number of particles,
(P) pressure, (V) volume, (T) temperature, (E) energy, and (1) chemical potential. Types of
ensembles include: the microconical ensemble (NVE), the canonical ensemble (NVT), Isobaric-
Isothermal ensemble (NPT), and the grand canonical ensemble (UVT). The NVE ensemble shows
an isolated system with fixed energy, volume, and particles. The NVT ensemble has its
thermodynamics state characterized by constant number of particles, volume, and temperature.
The NPT ensemble has fixed number of particles, pressure and temperature and the uVT has set

volume, temperature, and chemical potential.

Periodic Boundary Conditions

Molecular dynamic simulations require solvent particles to encase the system; however, a
large number of solvent particles can slow down a simulation significantly. Boundary conditions
allow for a small number of solvent particles to be used while still being able to calculate the

macroscopic properties of the system. An obvious problem with a boundary is that outside of the
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boundary is a vacuum; however, periodic boundaries were designed so that the boundary is an

array. As a particle exits through one side, it enters again from the other side.
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Figure 2.1 Periodic boundary conditions in 2D ( Taken from figure 1 of Model Box Periodic
Boundary Conditions — P.B.C. at Central Michigan University http://isaacs.sourceforge.net/phys/

pbc.html 9)

The above figure shows a 2D cubic box array. The coordinates of each solvent particle are
found by adding and subtracting the integral multiples of the box sides.®’ The cubic box is the
simplest shape of the types of boundaries, but others include hexagonal prism, truncated
octahedron, and elongated dodecahedron. The goal of the periodic boundary is to use as few
solvent particles as possible that still simulate the system with accuracy and also make sure that
long range interactions are included; however, some simulations are not appropriate for an array

such as surface adsorption calculations.”
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Long Range Interactions

Long range forces are vital to an accurate simulation. Interactions that decay no faster than,
r!, where n is the dimensionality of the system, are problematic because the interactions may be
greater than half of the box length. Ewald summation is used to calculate the long range
interactions and was first used in 1921 to calculate the energetics of ionic crystals.8* A particle
can interact with all other particles in the simulation and all of their images forming an infinite
periodic array.

For simplicity the position of the box is assumed to be a cube of side L and contains N
charges as shown in figure 2.2 A vector is then specified of which components are the integral

multiple lengths of the box (+iL, L, +kL; 1, j, k=0,1,2,3...)

Figure 2.2 Construction of array simulation cells. (Taken from Allen and Tilsedley, 1987,

Computer Simulations in Liquids .Oxford,Oxford University Press®?)
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The charge-charge contribution to the potential energy is described as:

V= 12 QLQJ (230)

j=1 4me,T

where r' is the minimum distance between the charges i and j. Six boxes with a distance L are
around the central box with coordinates rwox given by (0,0,L), (0,0,-L), (O,L,0), (0,-L,0), (L,0,0),
and (-L,0,0). Because figure 2.2 is only in 2D, only four of the boxes are observed. The charge-

charge contribution between the central box and the particles in the surrounding box is shown by:

anox = 12 12 T — (2.31)

J=1 410 (To+Tpox)

For a cubic box with the lattice point n (=ny,L, nyL, n;L) with ny ny, n; bein integers, the expression

is written as:

im0 D Ty —— e — (2.32)

J=1 4pe, (rij+7n)

In equation 2.32, the interaction does not include interaction i=j for n=0 as indicated by the prime
on the summation. The above equation shows interactions with the central box and all images of
the surrounding boxes. The disadvantage to the Ewald sum is that it converges extremely slowly
and is actually conditionally convergent.’’

Amber uses a variation of the Ewald method known as Particle Mesh Ewald
(PME) and uses a grid based system to replace the point charges.®® PME modifies the

Ewald reciprocal sum to near linear scaling using a three dimensional fast Fourier
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transform (3DFFT).2* PME solves the convergence issue as it converges to zero

rapidly.

Accelerated Molecular Dynamics

Standard molecular dynamics may not be efficient enough to cover enough conformational
sampling. It allows access to tens to hundreds of nanoseconds which may not be enough time to
properly sample biological systems. Accelerated molecular dynamics (aMD) can allow a system
to sample beyond the range of standard MD. Two advantages to aMD are that knowledge of the
potential energy surface and reaction coordinates do not need to be known. aMD can also be run
on GPU’s like MD allowing for faster calculations than on CPU versions.®

Molecular dynamics samples transitions between potential energy barriers; however,
sometimes the simulation gets caught in a well. Accelerated molecular dynamics modifies
potential energy landscape by raising the minima that lie below a defined point. The area above
that point stays unmodified. It alters the potential energy landscape while leaving the potential

energy surface unchanged. This allows enhanced sampling of large biomolecules.

V(r),V(r) = E

Vir)+ AV(r),V(r) < E (2.33)

v = |
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To do this, a continuous non-negative bias boos potential (AV(r)) is applied. When the true
potential V(r) is below a certain value of E (boost energy), the simulation is performed on the
modified potential V*(r) = V(r) + AV(r). If V(r) is greater than E, the simulation is performed on
the true potential V*(r) = V(r). This leads to an enhanced escape rate from potential wells as in

figure 2.81.

V(r)

Figure 2.3 Representation of the biased boost potential, normal potential, and the boost energy

(Figure taken from figure 1 of Hamelberg et al. J Chem Phys. 2004, 120(24), 11919-11929 8¢)

The bias potential helps the system escape from potential wells which increases the rate of

evolution of the system with a nonlinear time scale At*.

At* = AtePAVIr@l (2.34)

Equation 2.34 helps advance the clock based on the potential, and At is the time step at the

unmodified potential. The total simulation time actually becomes a statistical property resembling

the canonical ensemble.
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t* = tePAVIr(t)] (2.36)

N = number of MD steps carried out during simulation

ePAVIr(td] = extent to which simulation has been accelerated

At* is nonlinearly dependent on V(r) and At* = At when system is at the true potential (\V(r) = 0).
The system must show the canonical averages of an observable A(r) so that thermodynamic and
other properties can be determined. The following equation represents the equilibrium ensemble

average of observable A(r) at a normal potential V(r):

[ dra(r)e V™

<A>= e (2.37)
Equation 2.37 can then be converted to an average on the modified potential:
<A>=laame D dfr;r(:)_eﬁ;ff;m (2.38)
V*(r) is then substituted for V(r) + AV(r)
< A>= Larawe oD (2.39)

f dre -BV()-BV(r)

The phase space is then reweighted by multiplying the configurations by the bias at each position.

This yields a corrected ensemble average with equilibrium observable on normal potential.
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< AC > = J drA(r)_e—ﬁV(r_)—BAV(r)e,;AV(T)
[ dre=BV) =BV (1) g BAV(r)

(2.40)

[ drA(r)e AV .

<AC>= L =< A> (2.41)

This shows that aMD does converge on the canonical ensemble and each point is reweighted by

the Boltzmann factor of the bias energy:efAVIr(¢d],

(E-V(r)?
a+(E-V(r))?

AV(r) = (2.42)

The selection of the values should follow these basic ideas. E should be greater than the minimum
of the potential because if E is less than the minimum of the potential, the simulation would be
standard MD. The variable, a, is how deep the modified potential should be, but it is not critical at
low values of E. At higher values, a = E-Vpin %

Amber, the program used for the aMD calculations offers simple equations to help
calculate the parameters for the aMD simulation. The manual extends this equation further to

include torsion potentials and dihedrals.?’

(Ep=V(r)? (Ed-vd(r))*
aP+(Ep-V(r))2 = aD+(Ed-Vd(r))?2

AV(r) = (2.43)

V(r) — normal torsion potential

Vd(r) — normal torsion potential

Ep — average potential

Ed — dihedral energies. Note Ep and Ed serve as reference energy to compare present position of
calculation and therefore the amount of boost to be applied
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aP and aD — strength which the boost is applied

All values needed for aMD can be found in a short standard MD simulation .out file.

Monte Carlo

Molecular dynamics samples conformations based on time of simulation. Monte Carlo
samples based only on predecessor in previous step. It generates the conformations randomly and
then uses set of specific criteria that determine whether or not the new conformation will be
accepted or rejected.

The probability of finding a given configuration is equal to the Boltzmann factor:

_vel)

e ks (2.44)

V()N is the potential energy function. This equation allows for lower energy configurations to be
generated with a greater probability than higher energy functions. If the configuration is accepted,

the values of desired properties are calculated and then averaged at the end of the simulation.

<A>= %Zﬁ"zlA(rN),M = number of values calulated (2.45)

The above calculation is known as Metropolis Monte Carlo. A new conformation may be generated
by moving a single atom or molecule. The energy is calculated through a potential energy function.
If the energy is lower, the move is accepted. If the energy is higher, then the Boltzmann factor of

energy difference is calculated.
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Vnew (rN)_Vold (rN)
kgT

(2.46)

A random number is then generated between 0 and 1. If the calculated number is higher, the move

is rejected and if it is lower, the move is accepted. This is known as the metropolis criterion.””: 8

Constant pH with discrete protonation state model

The pH of a solvent solution can greatly affect the protein structure and function. Difficulty
arises in calculating protonation states at certain pH in proteins because of multiple protonation
sites, and the explicit pH models can be very computationally expensive.&

The protonation state of a titratable residue is determined by that residues pKa which can
vary depending on the position of the amino acid and its neighbors. Standard molecular dynamic
simulations use a predetermined protonation states for titratable residues based on the general pKa
value. These states are constant throughout the simulation. Constant pH methods allows the pH
to be set and titratable residues to be protonated or unprotonated based on their pKa.

There are several CoHMD methods. One method is a continuous protonation state model
that uses protonation states as a continuous titration parameter.®® This advances along with the
atomic coordinates of the system. It uses a mean-field approximation °* and does not consider
interactions with nearby residues. This model performs badly for tightly coupled residues. The
next type is known as A-dynamics °2 which uses unphysical fractional protonation states. It has an
artificial titration barrier along the coordinate between fully protonated and unprotonated states.*?
Most simulations now use a discrete protonation state models that avoid any nonphysical
intermediate charge states.** This uses MD for conformational sampling while using Monte Carlo

for periodic sampling of the protonation states.
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A short MD trajectory employs a time dependent potential energy that interpolates between
the old and new protonation state. MC chooses the protonation state and residue at random. The

change in free energy is used as the Metropolis Criterion.

AG = kgT(pH — pKayer )In10 + AGoror—AGerec rer (2.47)

ks — Boltzmann Constant

T — temperature

pH — specific solvent pH

pKaref — pKa reference

AG ;. — electrostatic energy of residue

AGeecrer — electrostatic compenent for the transition energy for reference compound

If the MC move is accepted, the protonation state of the simulation is changed in MD
continues, and if the move is rejected, the protonation states remains the same and MD continues.

The biggest limit to constant pH calculations are convergence problems; however, constant
pH can also be applied with aMD with the same principals as standard aMD calculations. The
CpHaMD will still employ an implicit solvent model so that calculations are not too expensive.
The disadvantage to the CpH methods at the time the calculations were performed for either MD

or aMD is that it is currently only available on CPU’s which makes simulation times much more

expensive. % Newer versions of Amber have now developed CpH methods for GPU’s.

The AMBER Bimolecular Simulation Package

The simulation program used for all MD calculations was AMBER (assisted model
building with energy refinement). It was originally developed by the Kollman lab in 1978.% It

has been cited almost 9000 times and is the collaboration of over 40 scientific researchers.®” This
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program allows for simulations to be carried out on a variety of components such as nucleic acids,

proteins, and carbohydrates.

antechamber,
LEaP

prmtop
prmexrd

NMR or
XRAY info

sander,
nmode,
pmemd

MMTSB
server

mm-pbsa ptraj

Figure 2.4 Information flow in the Amber program suite (Taken from figure 1 of Case et al.
Journal of computational chemistry, 2005, 26(16), 1668-1688 )

There are three main steps in Amber: sample preparation, simulation, and the trajectory
analysis. Amber is not a single program but a collection of programs that are coded and designed
to work together. There are three main advantages to having these programs coded separately: 1)
individual parts of the Amber package can be upgraded and replaced with minimal impact on other
portions of the package, 2) programs can be written in different types of code such as C code or
Pearl, 3) the separation of codes allows the porting to new platforms to be done more easily and
only principal codes such as sander and pmemd are coded for parallel jobs. Some of the less
intensive calculations such as preparation of the unit can be carried out on a desktop while other
more intensive processes must be carried out on remote computers. The disadvantage to Amber
is it can be difficult to learn and code cannot be easily modified from one section to the next.®*

Sample preparation starts usually with an input file such as a pdb file. Antechamber

constructs the force fields for residues or molecules not part of the Amber library and LEaP
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constructs the biopolymers from residues, solvates the system, and prepares the terms for force
fields and their related parameters. The prmtop or prmcrd file is generated and includes all
information about the coordinates.

Simulation is the second part to the Amber suite. The main program run in Amber is Sander
which was written in Fortran 90. Sander offers many variables for the simulation but 32 are most
commonly used and can be run in parallel. The way the parallel jobs work are the each processor
has its own set of atoms, but all processors know the coordinates. At each step, the potential energy
and the gradient is calculated and from this the forces are calculated. Each processor will then get
the full force of their specified atoms. The pmemd program is an upgraded version of sander and
allows each processor to know only pieces of the coordinates.®* The biggest advantage to pmemd
is it can be run on GPU greatly accelerating the speed of calculations ¥’

The third part to the Amber suit is analysis. Ptraj is the analysis portion for the MD
trajectories. It was developed to help tackle the large MD trajectories that were produced from the

simulation. It can perform cluster, hydrogen bonding, distances, rmsd’s, and more.

The General Amber Force Field

Force fields are vital tools in investigating the protein-ligand structure. The Amber force
fields were originally developed for proteins and nucleic acids; however, a need for a force field
that can easily give parameters to organic molecules was also needed. The general Amber force

field (GAFF) can describe most organic molecules.
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Epalr - Zbonds k (T‘ req) + Zangles k9 (9 eeq) + Zdlhedrals [1 + cos(nd) V)]

g4 3y (2.48)

Zi<j Rij 12 Rij6 eR;;j

Teqr Beq = €quilibrium constants

k., kg, vy, = force constants

n = multiplicity

y=phase angle for torsional parameters

A,B,q — characteristics of non-bonded potentials

The parameters in a force field must replicate experiments. The non-bonded part of the GAFF
comes directly from the Amber force fields. Potential charges are assigned using restrained
electrostatic potentials (RESP). ® The first three terms of equation 2.48 are internal terms
calculated from bond lengths and bond angles. These terms come from experiment and high level
ab initio calculations. Force constants are estimated from hard parameters such as vibrational
frequencies which can also be calculated through high level calculations. The torsional angles are
coupled to the non-bonded energy and is parametrized last. The GAFF has 35 basic atom types:
5C, 8N, 30, 5S, 4P, 6H, and one type for each common halogen.

The default charge method for the GAFF is RESP at HF/631*G. This method is
computationally expensive but does allow for fewer torsional terms. The disadvantage of this
method is it does not handle many molecules well.

The alternative to the RESP at HF-631*G is AM1-BCC (bond charge correction).*® This
method first carries out a semiempircal AM1 calculation and then corrects the charges with BCC.
This method is compatible with RESP and matches the electrostatic potential of HF/6-31G*. The

advantage of this method is it can carry out calculations efficiently for large number of

molecules.
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Principal Component Analysis

Multivariate data analysis is a statistical technique that takes into consideration two or more
random variables and sees them as a single entity. It produces a result that takes all of the variables
into account and shows observables that may not be shown in other types of statistical methods.
Principal component analysis (PCA) describes the structure of the multivariate data.'%*

The main objective of PCA is to minimize the dimensionality of a data set.1%? It consists
of linear combinations of original variables with the first PC having the greatest variance, or
difference. The idea is that enough principal components are chosen so that the variance is greatly
reduced. PCA projects the data, which is defined by the orthogonal components, into space.'%

PCA is a method based on matrix algebra. A pxp symmetric nonsingular matrix such as
covariance matrix S may be reduced to L. This occurs by post-multiplying and pre-multiplying it
by an orthonormal matrix U.

U'sU =L (2.49)
The diagonal elements, Iy, Io, ..., 1p, are known as the characteristic roots which are the eigenvalues

of S. The columns of U are the eigenvectors of S. The eigenvalues are defined:

IS— 21| =0 (2.50)

| is the identity matrix and equation 2.50 produces the p™ degree polynomial in £ where £1, £2....£p

are obtained. This rotates the original axis of xy and xo,

The starting point for PCA is a covariance matrix S.
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5S¢ Si, Sip
s=[s,, sz s, (2.51)
Sip S2p Sp

S2 is the variance of the i"" variable. x; and sjj are the covariance between the i and j™ variables.
If the covariance is not equal to zero, there is a linear relationship between the variables with the

strength represented as

rj =—L (2.52)

SiSj

Axis transformation transforms xi, Xo, ...xp into uncorrelated variables corresponding to z. The

axes of these variables which are described as u; makeup the matrix U.

z2=U'[x — 7] (2.53)

x — x are the pxl| vectors of observation of the original variable and their averages. These
transformed variables are called principal components, which can be plotted against each other to
show data correlation.’®® PCA analysis was used while studying conformational changes in the
alkanesulfonate monooxygenase mobile loop. The covariance matrix was calculated through ptraj

104 in Amber14 and the principal components were calculated using Excelstat 2013.
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Chapter 3 The Novel L505H Mutation for B-Raf V600E and the Effect on Drug Resistance
Introduction

The purpose of this study was to investigate the conformational changes in B-Raf VV600E
and B-Raf V600E-L505H when bound with type | and type Il inhibitors. Constant pH molecular
dynamic simulations were carried out to predict the pKa of His 505 in order to predict its
protonation state in the acidic tumor microenvironment.’® Accelerated molecular dynamic
(aMD) simulations were carried out for 500 ns on B-Raf V600E, V600E-L505H (neutral
histidine), and B-Raf V600E-L505H(P) (protonated histidine). The aMD method was used to
enhance sampling in order to overcome potential energy barriers insurmountable by standard
MD. A total of eleven inhibitors were examined in these simulations. Extensive analysis of each
system including clustering, atom distances, RMSD, RMSF, and hydrogen bonding were carried

out for all inhibitors bound with B-Raf variants.

Experimental Procedures

Modeling: The initial Cartesian coordinates for B-Raf V600E were obtained from the
protein databank with pdb ID of 30G7. The crystal structure was missing amino acids 545-547,
597-614, and 627-630. They were modeled in using Modeller 9.10.1% This program helps
determine the sequence based on alignment with known proteins. The protein used to help
determine these amino acids was CTR1 kinase (PDB ID: 3PPZ). The V600E-L505H and V600E-

L505H(P) were made using Chimera.t’

49



Autodock Vina: Inhibitors that did not have a crystal structure for the B-Raf VV600E were
docked using Autodock Vina, and all inhibitors for B-Raf V600E-L505H and B-Raf V600E-
L505H(P) were docked using Autodock Vina.®® The pdb 30G7 was selected from the protein
databank. All waters were removed from the pdb. Using Autodock Tools, all nonpolar hydrogens
were merged and Gasteiger charges were added. Flexible residues pertinent to catalysis were
selected inside the grid box. The exhaustiveness of the global search was set to 100 and the number
of binding modes was set to 20. The maximum energy difference between the best and worst
binding modes was set to 5. The binding energies of receptor and enzyme were calculated. The

best pose was then used for the molecular dynamics simulations.

Molecular Dynamics: Using Antechamber, charges were added to the inhibitors using
AM1-BCC. 8108 Using Leap in Amber14, the ff9SB force field was used for standard amino
acids and the Generalized Amber force field (GAFF) for nonstandard amino acids. 10910
Hydrogens were then added to the enzyme-substrate complex, and the complex was solvated using
TIP3P water molecules extending 10 A2 Chlorine atoms were added to set the overall system
charge to neutral.

Each system was minimized using conjugate gradients (CG). The first step was to use 200
steps of CG to minimize waters only. 1! Some starting structures had bad contacts and would not
minimize with CG alone; therefore, 50 steps of steepest decent was also used to remove the bad
contacts in the water only minimization. The next minimization step was 10,000 steps of CG to
further remove the bad contacts.

The complex then needed to be equilibrated and was gradually heated from 0 K to 300 K

for 50 ps of MD using a weak coupling algorithm and a temperature coupling value of 2.8 ps.
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Then, the NPT ensemble was used at a constant 300 K and latm with a coupling value of 2.0 ps
for temperature and pressure. This was run for 500 ps. The system was then switched back to the
NVT ensemble and again run for 500 ps. The system was then run for 10ns of production on the
GPU-accelerated version of Amber14.12  Each simulation had a time step of 1 fs and a cutoff

distance of 12 A.

Accelerated Molecular Dynamics: Accelerated molecular dynamics (aMD) was run for
all inhibitors and all variants of B-Raf. The previous 10 ns MD simulations were used to obtain
potential energies and dihedrals. The parameters calculated for aMD were based on the values
recommended for Amber.8 Once the parameters were obtained, each inhibitor was run for 500 ns
of aMD.8>% Calculations were carried out on computers located at Auburn University and on the

Alabama Supercomputer.

Constant pH at aMD: Accelerated molecular dynamics at constant pH were performed.8®
The apo structure of B-Raf V600E-L505H was loaded into Leap in Amber12. The His505 residue
was modified to HIP so it would become the titratable residue. An implicit solvent model was
employed. The minimization was carried out for 1000steps and the salt concentration was set to
0.1M. There was no cutoff and the backbone atoms were restrained. The constant pH simulation
was turned on; however, protonation states remained constant. The system was then heated
gradually to 300 K and the backbone was again restrained. The cutoff was set to 30 A. The heating
of the system was run for 200 ps. The salt concentration was again set to 0.1M and the protonation
states remained constant. Next was the equilibration phase. This was run at a pH of 4.5 because

the tumor microenvironment is known to be acidic.!® The protonation state was set to change

51



every 5 steps; i.e. swapped every 100 fs. The cutoff again was set to 30 A and the salt concentration
was set to 0.1M.

The production phase began next. Simulations at the assigned pH were first carried out at
for 1ns at standard molecular dynamics to obtain the potential energy and dihedrals. Each aMD
simulation was then run at constant pH with a 0.001 fs time step, and protonation states were
changed every 5 steps. The temperature coupling parameter was set to 2 ps and the salt
concentration was set to 0.1M. The pH simulations were run from pH 4-9 until the protonation

state reached convergence.

Results and Discussion
Docking

Docking calculations were carried out for the V600E, V600E-L505H (neutral and
protonated His) for the B-Raf mutants. The first step of this study was to determine if Autodock
Vina was an appropriate tool for docking the inhibitors for B-Raf VV600E. In order to do this, two
of the inhibitors with crystal structures were compared. The first structure docked with B-Raf
V600E was PLX 4032. This was overlaid with the pdb file 30G7 from the protein database. (Fig.

3.1) The RMSD between the docked ligand and undocked ligand was 8.01 A.
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Figure 3.1 Left: Overlay of the crystal structure 3C4C (tan) with the Vina docked structure of the
PLX4720 with B-Raf V600E (blue) Right: Overlay of the 30G7 crystal structure (tan) found in the

protein database with the Vina docked structure of PLX4032 with B-Raf VV600E (blue).

Another inhibitor was tested to determine the accuracy of Autodock Vina. The inhibitor
selected was PLX 4720 with a pdb file 3C4C. The RMSD between the two ligands was 7.66 A.
Both docked images show that the inhibitors match the crystal structure well enough to obtain
energies and poses for compounds lacking a published crystal structure. These poses also
confirmed it was acceptable to continue with aMD simulations based on the generated poses.
Figure 3.2 shows all inhibitors and their structure. The binding energies of each inhibitor with B-
Raf V600E, B-Raf V600E-L505H (neutral His) and B-Raf V600E-L505H(P) (protonated His)

were then calculated and shown in table 3-1.
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Figure 3.2 Structure of type | and type Il inhibitors
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Table 3-1 Relative binding energies (kcal/mol) for B-Raf V600E, B-Raf V600E-L505H, and B-

Raf V600E-L505H(P) using Autodock Vina.

Inhibitor V600E V600E-L505H VV600E-L505H(P)
Type 1
PLX403232 13 | 112 -9.6 -9.9
PLX4720 4 -10.5 -10.2 9.1
Dabrafenib *° -10 -9.7 -9.9
GDC-0879 ° -9.2 -10 -9.3
Type ll
AZ628 116 -12.1 -12.4 -11.4
CEP-32496 17 | -10.6 -10.5 -9.2
MLN2480 '8 -8.2 -10.1 9.1
RAF265 119 -11.2 -11 10.7
Regorafenib 1 | -11.1 -10.7 -10.8
Sorafenib 121 | -10.9 -10.5 -11.2
ZM336372 122 -11.5 -10 -9.7

PLX 4032 is an FDA approved drug so binding energies for the other potential inhibitors
were compared to its binding energies. The energy for the B-Raf V600E bound with PLX 4032 is
-11.2 kcal/mol and goes up for the B-Raf V600E-L505H to -9.6 kcal/mol and to -9.9 kcal/mol for
the protonated version. This highlights a significant impact to binding in the presence of L505H.
Many of the inhibitors follow a similar pattern. A notable exception is AZ628 as it has a lower
computed binding energy than PLX 4032 for the V600E and VV600E-L505H mutants, which shows
it could possibly be a better inhibitor for the mutant. MLN2480 has a poor binding energy relative
to the PLX 4032 bound with V600E but shows a significant decrease of -1.9 kcal/mol for the
mutant. Sorafenib is interesting in that it was the only inhibitor to have a lower binding energy for
the protonated His505 form. The binding energy for V600E-L505H(P) was still comparable to the

V600E binding energy for PLX 4032.
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The binding energies give a general trend on the potential effectiveness of the inhibitors.
The type Il inhibitors generally had lower binding energies than the type | inhibitors for the mutant
variations. With exception to PLX 4032, they also had better affinities for the V600E variant.
Although, these binding affinities are low level calculations, it shows that type Il inhibitors have

higher affinity than the type I inhibitors.

Constant pH Calculations

Although it is known that the tumor microenvironment is acidic %, pKa shifts may occur
drastically changing the standard pKa, and therefore the protonation state of a particular amino
acid.'?® Constant pH simulations were performed to compute the pKa of the mutated His residue

in the 505 position.

Molecular Dynamics at Constant pH
with B-Raf V600E-L505H(P)
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First Derivative for Deprotonation Curve for
BRAF V600E-L505H(P)
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Figure 3.3 Top) The calculated titration curve of the apo V600E-L505H(P) structure. The y-axis
represents amount of deprotonation and x-axis shows pH. Bottom) First derivative curve for
titration of histidine in apo V600E-L505H(P). Y-axis represents change in deprotonation and x-

axis represents pH.

If the pKa shifted away from the standard value of 6.5, it would only be necessary to
investigate the His in either the neutral or protonated state. However, as shown in figure 3.2, the
pKa was computed to be 6.5, meaning there was not a way to determine if the His was protonated
or unprotonated most of the time. As the pH of the system inside the active site is unknown, two
different forms of histidine, an unprotonated histidine and protonated histidine, were computed
using aMD simulations. All three variations (V600E, V600E-L505H, and V600E-L505H(P)) were
evaluated in order to determine the effectiveness of each inhibitor as well as potential differences

in conformation of B-Raf.
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RMSD Calculations

Root mean square deviations (RMSD) were calculated for all the backbone atoms of B-Raf
variants bound with the different inhibitors over the 500 ns simulation. The purpose of this was
to determine that each simulation was carried out long enough and that no apparent spikes were

present in the simulation.

A) Apo Structure
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C) Type Il Inhibitors
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Figure 3.4 RMSD’s for each inhibitor and B-Raf mutation. A. RMSD for Apo structure. B. RMSD

for Type I inhibitors. C. RMSD for Type Il inhibitors.

The RMSD graphs in figure 3.4 show that all calculations were sufficiently run in order to
achieve equilibrium with the average RMSD being between 4 and 5 A. The V600E and V600E-
L505H mutations show that they achieve equilibrium quickly into the simulation. Several
calculations show a spike at the end of the simulation, such as the apo structure of B-Raf V600E-
L505H. This could be due to a large conformational change which will be explained later. The
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same spike occurs with PLX 4720, Sorafenib, and AZ628 bound with B-Raf V600E-L505H(P).
With the RMSD showing that simulation time was sufficient, further analytical calculations were

performed.

Hydrogen Bonding

Inhibitors for B-Raf V600E should have hydrogen bonding, especially with the hinge
region.** The hinge region involves amino acids 530-536 and is highlighted in orange in Figure

3.5.

Figure 3.5 PLX 4032 bound with B-Raf V600E. The contacts with the hinge region are highlighted

in orange.
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Table 3-2 Left: The number of hydrogen bonds between inhibitor and hinge region with bonding

occurring greater than 20%. Right: The number of hydrogen bonds between inhibitor and B-Raf

active site occurring greater than 20%.

Total Number of Hydrogen Bonds with BRAF Hinge Region

Total Number of Hydrogen Bonds with BRAF

|V600E V600E-L505H |V600E-L505H( P) V600E V600E-L505H [V600E-L505H(P)
Type | Typel
PLX4032 2 1 1 PLX4032 5 1 1
PLX4720 2 2 0 PLX4720 5 5 0
Dabrafenib 2 0 0 Dabrafenib 2 3 4
GDCO0879 1 1 1 GDC0879 4 2 3
Type Il Type Il
AZ628 1 0 0 AZ628 3 0 2
CEP-32496 1 1 0| |CEP-32496 2 1 2
MLN2480 0 0 0 MLN2480 0 1 1
RAF265 0 0 0 RAF265 0 0 1
Regorafenib 0 0 2 Regorafenib 2 1 4
Sorafenib 1 0 0[ |Sorafenib 3 3 1
ZM336372 0 0 0 ZM336372 2 1 3

For a type | inhibitor to be effective it needs to interact with the hinge region in order to
compete with ATP.*24 All of the type | inhibitors in table 3-2 have hydrogen bonding with the
hinge region in the V600E mutation; however, the 505H mutation shows a decrease in the amount
of hydrogen bonding occurring for both the hinge region and the total number of hydrogen bonds
in the active site. Type Il inhibitors show a different pattern with less boding occurring in the hinge
region. All type Il inhibitors have hydrogen bonding with the B-Raf mutants except for AZ628
and RAF265 which have zero bonding for the neutral His. While hydrogen bonding is clearly an
important factor in inhibitor design, there is no clear pattern that describes the loss of effectiveness

in the L505H mutation.
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Clustering

Clustering analysis was performed using ptraj.'®* The highest percentage cluster was
obtained and observed. Table 3-3 shows each cluster for the inhibitor and the variants. The
majority of clusters were less than 40%. Some of the clusters showed a greater than 50% coverage
of the simulation. The visuals in figures 3.6, 3.7, and 3.8 will help determine the change in
orientation from one variant to the next.

Table 3-3 Shows the top cluster and percentage for each inhibitor and variant.

\VV600E V600E-L505H V600E-L505H(P)

Apo Cluster 5 54.8% | Cluster 9 32.0% | Cluster 8 29.8%
Typel

PLX4032 Cluster 9 31.4% | Cluster 9 38.2% | Cluster 7_26.9%
PLX4720 Cluster 9 47.8% | Cluster 7_35.5% | Cluster 8 29.8%
Dabrafenib Cluster 9 24.5% | Cluster 3 32.9% | Cluster 4 30.7%
GDC0879 Cluster 1 37.0% | Cluster 9 43.4% | Cluster 9 27.6%
Type Il

AZ628 Cluster 2 31.3% | Cluster 7_37.3% | Cluster 4 23.7%
CEP-32496 Cluster 5 29.5% | Cluster 9 24.6% | Cluster 9 64.5%
MLN2480 Cluster 9 36.8% | Cluster 4 28.2% | Cluster 9 30.2%
RAF265 Cluster 6 20.4% | Cluster 4 37.0% | Cluster 7_35.4%
Regorafenib Cluster 9 34.1% | Cluster9 72.1% | Cluster 2__37.5%
Sorafenib Cluster9 46.1% | Cluster 6 35.1% | Cluster 9 31.8%
ZM336372 Cluster 9 38.5% | Cluster 4 40.4% | Cluster 9 56.8%
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Apo Structure

V600E V600E-L505H V600E-L505H(P)

Figure 3.6 lllustrations of the major cluster for each apo B-Raf mutant, i.e. V600E, V600E-L505H,

V/600E-L505H(P)

The different conformations of the apo structure show that the L505H mutation has an
effect on conformation. The V600E apo structure comprises of 54.8% of the clustering while the
His mutants show 32.8% for 505H and 29% for 505H(P). The aC-helix “in” conformation for the
V600E shows an active conformation; however, the apo structure for both the mutants show an
aC-helix out which would signify an inactive conformation.!* The R-spine (regulatory spine),
consisting of residues L505, F516, F595, and H574, aligns in V600E and 505H B-Raf which
represents an active conformation.'® The R-spine, however, is not aligned in the protonated
mutant. Also, the L505H mutant replaces a key residue in the regulatory spine and has a notable
effect on the kinase structure.

The net negative charge on the activation segment for the V600OE between the key residues
Ser599 and Ser602 is what is believed to cause uncontrollable phosphorylating to occur by either

acting as a phosomemtic or by stabilizing the region for dimerization.}?® Two key residues are
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also believe to play a crucial role in this dimerization process. Trp450 follows the Nta (N-
terminalacidic) motif, which consists of SSDD. One of the serines is phosphorylated making the
other three acidic. Mutational studies of tryptophan impaired B-Raf as an activator or receiver.t?’
The position of this tryptophan dictates the capability of Raf dimerization. In SRC and HKC, the
tryptophan is displaced from the hydrophobic pocket causing the aC-helix to conform to an active
state.!?® 120 In ITK, tryptophan rotates inward to allow the aC-helix to adopt an active
conformation.®®  The exact placement of tryptophan in B-Raf is unknown, however, it should
bring the Nta motif in closer to the other key dimerization residue Arg509.1% Because Arg509 is
important to dimerization, helix stabilization is critical. The 505H forms of B-Raf have helix

destabilization.

Type I Inhibitors

V600E_PLX 4032 V600E-L505H_PLX 4032 V600E-L505H(P)_PLX 4032
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V600E_PLX 4720 V600E-L505H_PLX 4720 V600E-L505H(P)_PLX 4720

V600E_GDCO0879 V600E-L505H_GDC0879 V600E-L505H(P)_GDCO0879

Figure 3.7 lllustrations of the major cluster for each type I inhibitor bound with B-Raf mutant, i.e.

V600E, V600E-L505H, V600E-L505H(P)

Type | inhibitors bind to a kinase that has a catalytically active binding site orientation and
are ATP-competitive.'?* The R-spine as seen from the clustering is aligned in PLX 4032. Not all

of the type I inhibitors behaved this way. Dabrafenib has a misaligned R-spine. PLX 4032, PLX
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4720, and Dabrafenib all have disruption of the closed aC-helix even though the R-spine is aligned.
This disruption prevents downstream phosphorylation and dimerization with other Raf
isomers/enzymes.

The mutation significantly changes the conformation of B-Raf for both the protonated and
unprotonated version. GDC0879 has stabilization of the aC-helix in all three variations; however,
the other three inhibitors show aC-helix stabilization in the 505H mutants. The protonated version
shows the greatest affinity for helix stabilization. Note in the PLX 4720 simulation, the inhibitor
was ejected out of the binding pocket. Trp450 also shows a pattern for the type | simulation and
swings toward the aC-helix potentially setting B-Raf up for side to side dimerization. The key
dimerization residue, Arg509, also points outward in the mutants. Stability of key components
such as the helix and activation segment as well as orientation of the Nta motif allow the
dimerization of B-Raf.1?® The type I inhibitors show a pattern that they may paradoxically activate

B-Raf because of the 505 mutant.

Type Il Inhibitors

V600E_AZ628 V600E-L505H_AZ628 V600E-L505H(P)_AZ628
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V600E_CEP-32496 VG600E-L505H_CEP-32496  V600E-L505H(P)_CEP-32496
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V600E_Regorafenib V600E-L505H_Regorafenib ~ V600EL505H(P)_Regorafenib
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V600E_ZM336372 V600E-L505H_ZM336372  V600E-L505H(P)_ZM336372

Figure 3.8 Illustrations of the major cluster for each type Il inhibitor bound with each B-Raf

mutant, i.e. V600E, V600E-L505H, V600E-L505H(P)

The type Il inhibitors can bind to the binding pocket or an allosteric site, may or may not
be ATP competitive, and may form an interaction with the R-spine displacing the F595 residue of
the DFG motif. *** Figure 3.8 shows clustering for all type Il inhibitors bound the V600E, V600E-
L505H, and V600E-L505H(P). Some of the type Il inhibitors are active in at least one mutant
form. AZ628, MLN2480, and Regorafenib all have a stable aC-helix as well as the Trp450 brought
into the dimer interface. The type Il C-Raf inhibitor, ZM336372, stabilizes the aC-helix in the
V600E and 505HP. CEP-32496 exhibited a similar patter as ZM336372.

The approved type Il inhibitor for metastatic melanoma is Sorafenib. In all three B-Raf
mutants, Sorafenib induces a conformational change of the aC-helix. The V600E mutant has
distortion of the aC-helix as well as the Trp450 residue pointing away from the dimer interface.
The inhibitor flips in the active site for the 505H mutants and does bring the tryptophan closer to

the dimer interface; however, the stability of the aC-helix is distorted making dimerization unlikely.
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RMSF Calculations

Root mean squared calculations (RMSF) were performed for all inhibitors on all three
variants of B-Raf. RMSF calculations show the fluctuations of backbone atoms in the protein.

Figure 3.9 illustrates the RMSF for each inhibitor with all B-Raf mutants.
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I11.  Type Il Inhibitors
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Figure 3.9 RMSF calculations for inhibitors bound with B-Raf mutants.

The fluctuation of each residue was calculated with respect to an average structure. The intensity
of the fluctuations show the dynamic nature of B-Raf. Intense fluctuations may also be occurring
because the simulations are crossing the high energy barriers because aMD raises the minima
potential to allow for more sampling. The fluctuations show several dynamic regions in B-Raf.

The aC-helix region, ranging from region 491-510, spikes in all calculations. The activation
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segment is also another mobile region ranging from residues 593-617. These regions are vital to
the activity of B-Raf as well as its ability to dimerize. The other highly mobile region is the helical

C-lobe from residue 645-721.

Distance for Salt Bridge LYS 507 and GLU 600

A salt bridge was believed to form between Lys507 on the aC-helix and the Glu600
mutation on the activation segment.'?® Lys507 is part of the RKRT motif on the aC-helix, a
conserved region on kinases that allows for dimerization.*3! This interaction forces the activation
segment to fold over as well as the aC-helix to adopt an “in” orientation, mimicking the active

dimer interface.13?

Figure 3.10 Illustration of the Glu600-Lys507 salt bridge for the apo B-Raf V600E which was

taken at 500 ns.

The average distance calculated for the Lys507-Glu600 salt bridge for the apo V600E was
5.90A. This distance shows that the interaction between these two residues may induce a potential

dimer interface. The salt bridge distance for the 505H mutants was 9.52A for the neutral His and
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7.04A for the protonated His. This further elucidates that the His mutation in both the neutral and
protonated version disrupts the potential for a dimer interface by moving the aC-helix out.

PLX 4032, PLX 4720, and Dabrafenib all show a broken salt bridge for V600E; however,
they all reform the salt bridge for the 505H mutants. PLX 4720 showed the salt bridge
reconnecting when the inhibitor was ejected out of the active site. GDC0879 has the salt bridge
connected in all three mutants of B-Raf indicating it is potentially ineffective against the V600E
mutant as well. This further elucidates the type I inhibitor may paradoxically reactivate the B-Raf
505 mutants through stabilizing the dimer interface.

Type Il inhibitors with the exception of CEP-32496 and ZM336372 show disruption of this
salt bridge. Several of the type Il inhibitors shown in table 3-4 activate the salt bridge for the
V600E variant. Sorafenib was the only inhibitor out of all the type | and type Il inhibitors to

deactivate the salt bridge for each mutant.
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Table 3-4 Average distances shown in angstroms for Glu600 and Lys507 salt bridge. Distances

were calculated every .05 ns and averages computed for the 500 ns simulation.

V600E |V600E-L505H |V600E-L505H(P)

Apo 5.90 9.52 7.04
Type |

PLX4032 10.87 5.44 5.08
PLX4720 11.17 4.03 11.81
Dabrafenib 11.19 4.53 4.65
GDC0879 4.82 4.56 4.62
Type ll

AZ628 5.13 5.68 20.38
CEP-32496 14.88 10.42 3.96
MLN2480 4.67 19.65 10.09
RAF265 4.78 12.20 13.15
Regorafenib 4.10 12.33 16.63
Sorafenib 12.88 16.34 29.52
ZM336372 12.36 10.68 4.06

Distance for Salt Bridge LYS 483 and GLU 501

A salt bridge exists between lysine 483 and glutamate 501 that also dictates whether or not
the protein is in the active or inactive conformation.® For the B-Raf VV600E, it is expected that the
salt bridge would remain intact as continuous phosphorylation would occur with the phosomemtic

600 glutamate mutation.
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Figure 3.11 Illustration of the Glu501 and Lys483 salt bridge for the apo B-Raf V600E which was

taken at 500 ns.
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Figure 3.12 Distances for the Glu501 and Lys 483 salt bridge shown over the 500 ns simulation

for inhibitors bound with B-Raf V600E, B-Raf V600E-L505H, and B-Raf V600E-L505H(P)

The apo salt bridge shows that B-Raf adopts an active state for V600E; however, the 505H
mutations break this salt bridge. This relates to the clustering calculations as the 505H structures

destabilize the aC-helix and adopt an “out” configuration. The mutation causes bad interactions
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within B-Raf to cause it to become inactive. However when a type | inhibitor is bound to the
protein, the salt bridge breaks for V600E but forms for the 505H mutations.

Each type I inhibitor except for GDC0879, which had the highest binding energy according
to the docking calculations, broke the salt bridge for the V600E mutation. However, they each
caused the salt bridge to form again for both the 505H mutations. The type | inhibitors may be
causing a paradoxical activation because of the 505H mutation as the apo structure showed that
505H mutations put B-Raf in an inactive form. This further hints that the type I inhibitors may be
forming a favorable dimerization environment.

The type 2 inhibitors had a different pattern for salt bridge activation. AZ628, MLN2480,
RAF265, and Regorafenib all activated the salt bridge for the V600E form, but deactivated the salt
bridge for the neutral 505H mutant. Others such as CEP-32496 and ZM336372 activated the salt
bridge for the protonated form of 505H. Sorafenib was the only inhibitor to deactivate the salt
bridge for all three forms of B-Raf.

The type | and type Il inhibitors show distinct differences in the structure and differences
in the conformation of B-Raf variants. Based on these distance calculations, type | inhibitors
would be ineffective for this mutation because they activate B-Raf. The type Il inhibitor does not

show enough consistency to make a determination, but Sorafenib was overall the best inhibitor.

Conclusion

B-Raf VG600E has effective inhibitors; however, the L505H mutation causes
conformational changes within B-Raf to reject current treatments. The apo structure of B-Raf

V600E-L505H/L505H(P) shows an inactive conformation in both clustering calculations and
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distance calculations. The salt bridge between Lys507 and Glu600 also shows that the mutation
causes unfavorable interactions between the activation segment and aC-helix.

Type | inhibitors potentially have an activating effect on the B-Raf L505H mutants by
stabilizing the dimerization region. Experiments have shown that some of the inhibitors are strong
inducers of B-Raf dimerization.** Many of the type Il inhibitors show activation for the V600E
based on both salt bridge calculations, but they do show deactivation for the 505H mutations.
Sorafenib was the only inhibitor to show deactivation for all three mutations. In conclusion, the
L505H mutation deactivates B-Raf; however in the presence of an inhibitor either type | or type
I, B-Raf can be stabilized for dimerization and activation. The most potent inhibitor for this

mutation was determined to be Sorafenib.
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Chapter 4 Mechanistic Role of the Mobile Loop for Alkanesulfonate Monooxygenase
Introduction

This study focuses on the mobile loop of SsuD to determine the types of closure as well as
the interaction of Arg297 with reduced flavin, FMN, and oxidized flavin, FMNOO-, and
octanesulfonate. The purpose of this study was to examine the mobile loop region of SsuD, and
the conformational changes that occur depending on the substrate. Accelerated molecular
dynamics (aMD) was performed on the SsuD for 1) apo 2) FMN and octanesulfonate bound, and
3) FMNOO- and octanesulfonate bound. These aMD simulations were carried out for 1000 ns to
ensure ample conformational sampling. Extensive analysis such as RMSD, RMSF, clustering,
hydrogen bonding, principal component, and atom distance were performed on each system to
determine the motions of the mobile loop as well as its effects. Hence forth, the reduced flavin will

be known as FMR and the oxidized flavin will be known as FMP.

Methods
Enzyme Preparation

The coordinates of SsuD were obtained from a 2.3 A resolution crystal structure of 1M41
from the Protein Data Bank.*” This structure was missing the part of the dynamic region with
residues ranging from 250-282 and was also missing the C-terminal residues 362-380.
MODELLER 9.10 was used to insert the residues based on proteins with similar templates.%®
FMN substrate was inserted based on the coordinates from the LadA enzyme with bound FMN

(PDB 3B90).
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AutoDock Vina

Octanesulfonate was inserted into SsuD through Autodock Vina.®® A grid box was set over
the active site to encompass all pertinent residues and 10-20 binding predictions were performed
to find the lowest energy conformer.>444%47 Al active site residues were set to be rotatable. The
iterated local search global optimizer algorithm was used to evaluate the binding affinities of the
enzyme and substrate. Calculations were conducted with an exhaustiveness set to 100, the number
of binding modes set to 20, and the maximal energy difference between best and worst binding

mode set to 5. The lowest energy pose was then used for the molecular dynamic simulations.

Ligand Optimization

Ligands for SsuD were optimized using Monte Carlo conformational search using BOSS
program ** and the OPLS force field. 13> The lowest energy structures were optimized using
MP2/6-31G(d) theory level using Gaussian 09 software.'*® The lowest energy structure was then
used to obtain restrained electrostatic potential (RESP) atomic charges using HF/6-31G(d) and the

AmberTools antechamber module.1%

For further information about enzyme preparation, docking, and ligand optimization for SsuD
reference “Exploring the Catalytic Mechanism of Alkanesulfonate Monooxygenase Using

Molecular Dynamics.” *°
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Accelerated Molecular Dynamics

Molecular dynamic simulations were carried out on WT SsuD using the following
combinations: Apo, FMR (reduced flavin) and octanesulfonate, and FMP (oxidized flavin) and
octanesulfonate. Using Amber14 &, the ff99SB force field 1% was used to create topology for
standard amino acids, and the general Amber force field (GAFF) ® was used to create the
topology for the ligands. Leap was used to add hydrogens to the structure. The systems were
solvated using the TIP3P water model ''° extending to 10 A, and ions were added to obtain
neutrality.

Each system was minimized using conjugate gradients (CG) ! for 200 steps with water
molecules only. The system was then minimized for 10,000 steps using CG to remove bad contacts.
The next step was equilibration. The system was heated from 0 K to 300 K for 50 ps of MD using
a weak coupling algorithm and a temperature coupling value of 2.8 ps. It was then equilibrated
using the NPT ensemble at 300 K and latm with a coupling value of 2 ps for temperature and
pressure. This was run for 500 ps. Finally, the system was switched to NVT and equilibrated for
another 500 ps. The system was then run for 10ns of production on the GPU-accelerated version
of Amber14.*? Each simulation had a time step of 1fs and a cutoff distance of 12 A.

Accelerated molecular dynamics (aMD) was then implemented. The parameters calculated
for aMD were based on the recommended values for Amber.2® The previous production phase
was used to obtain dihedrals and potential energies. Each system was run for 1000 ns to obtain
ample conformational sampling. All simulations were carried out using particle mesh Ewald, a
non-bonded cutoff of 12 A, and a time step of 1 fs.13"8 These calculations were carried out on

computers located at the Alabama Super Computer Center and Auburn University.

81



Results and Discussion

RMSD Calculations

Root mean square deviations (RMSD) were calculated for all the backbone atoms of the
monooxygenase system for the Apo, FMR_OCS bound, and FMP_OCS bound variants over the
1000ns simulation. The purpose of this was to determine that each simulation was properly
equilibrated with apparent spikes present in the simulation. Each system showed convergence for

the simulation. This allows for further analysis of the system to continue.

RMSD for Monoxygenase System

Apo
FMR_OCS
FMP_OCS

RMSD in Angstroms
o BN W B U Y N 8 W

100 200 300 400 500 600 700 800 900 1000

[=]

Time inns

Figure 4.1 Root mean squared deviation for accelerated molecular dynamic simulation for

monooxygenase variants.

Clustering
For each run of accelerated molecular dynamics, clustering calculations using ptraj were

performed to determine the most common configuration of monooxygenase, and the location of
the mobile loop. ¥ Ten clusters were calculated for each simulation and table 4-1 shows the

occupancy of each cluster.
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Table 4-1 Percentage occupancy of each cluster. All values represent a percentage number.

Simulation 1 2 3 4 5 6 7 8 9 10
Apo 020 180 1.00 040 150 2140 040 1.00 6.90 65.40
FMR OCS 020 050 360 1110 220 450 020 190 1440 61.40
FMP_OCS 090 030 800 820 010 130 190 6.60 69.50 3.00

Cluster 10 showed the highest percentage for both the Apo and FMR_OCS simulation, and
cluster 8 showed the highest occupancy for the FMP_OCS simulation. Because these numbers
represent a large portion of the simulation, these clusters were analyzed to determine the most
likely orientation of the mobile loop.

The Apo and FMP_OCS cluster showed an open configuration over the entire simulation
and the top clusters consist of >65% of the simulation. The FMR_OCS simulation showed the

closed conformation more than 60% of the time as shown in figure 4.2.

Apo Cluster 65.4% FMP_OCS Cluster 69.5% FMR_OCS Cluster 61.4%

Figure 4.2 Top cluster for each simulation. The top Apo cluster was shown 65.4% of the time.
The top FMP_OCS cluster was shown 69.5% of the time, and the top FMR_OCS cluster was

shown 61.4% of the time. The mobile loop is highlighted in green.

83



The purpose of performing the clustering calculations was to determine the favored mobile
loop conformation over the 1000 ns simulation. The Apo structure shows an open conformation.
FMP_OCS also shows an open conformation, but it is different than the Apo loop possibly
showing more movement which will be further analyzed in a later section. FMR_OCS shows a
closed mobile loop which was anticipated to help the oxidation reaction facilitate for the
conversion of FMR to FMP. The mobile loop is potentially used to block out bulk solvent and also
to pertinent residues available for catalysis.*®® This loop also contains the important residue of

Arg297 to potentially help anchor either FMR or OCS in the active site.

RMSF Calculations

Root mean squared fluctuation (RMSF) calculations were computed for each aMD

simulation to determine the fluctuation of the backbone atoms for each residue.

RMSF Calculations for Monoxygenase System

Zn
£ | —Apo_RMSF
¢ , . N H | —FMR_0CS RMSF
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Figure 4.3 RMSF for all residues. Each simulation was overlaid to determine differences in
fluctuations.
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RMSF - Mobile Loop
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Figure 4.4 RMSF for mobile loop residues

The RMSF of the system (Figure 4.3) shows that the majority of residues have similar fluctuations
with the exception of the mobile loop region. The mobile loop, i.e. residues 245-290, shows large
fluctuations for FMR_OCS and FMP_QOCS (Figure 4.4) The RMSF of the mobile loop shows that
FMR_OCS has the greatest fluctuation which coincides with the clustering analysis showing a
closed conformation. The Apo structure does not show as much movement with most of the
fluctuation in the end of the mobile region. This is represented as an open conformation.
FMP_OCS shows some fluctuations and at certain points it is higher than FMR_OCS; however,
FMR_OCS has more movement over the entire loop showing a greater displacement of the mobile
loop. Residues 1-20 are close to the active site and the large spike may be due to orientation of key
residues during catalysis. The other peaks at residues 50-60 and 100-130 fluctuate the most for
FMR_OCS and FMP_OCS because they undergoing orientation to allow for loop closure. These
calculations show that the mobile loop has more motility with FMR_OCS confirming theories that

this loop is dynamic and may play a role in catalysis.
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Figure 4.5 Represents monomeric SsuD system. Residues 1-20 are highlighted in green. Residues
50-60 are highlighted in purple. Residues 100-130 are highlighted in red. Residues 245-290 are

the mobile loop region and highlighted in blue.

Principal Component Analysis

A covariance matrix was generated for each simulation to obtain the eigen values and
principal components. Table 4-2 shows the eigen values and the cumulative percent of each
component. Two simulations show a higher than 50% cumulative percent for the first two principal
components. The FMP_OCS shows only a 46% cumulative for the first two principal components.
A higher percent would be desired; however, principal component graph was analyzed even with
the lower percentage for the entire system. Figure 4.5 shows the principal component graph for

each simulation.
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Table 4-2 Table shows the Eigenvalues and cumulative percent for the first three principal

components for each simulation.

FMR_OCS

PC1 PC2 PC3
Eigenvalue 1033.28 315.73 184.37
Cumulative % 41.51 54.20 61.60
Apo

PC1 PC2 PC3
Eigenvalue 757.23 112.93 72.88
Cumulative % 47.05 54.07 58.60
FMP_OCS

PC1 PC2 PC3
Eigenvalue 626.902 182.987 132.47
Cumulative % 35.87 46.34 53.92

PRINCIPAL COMPONENT ANALYSIS

@FMR_OCS MApo & FMP_OCS

Figure 4.6 Principal component graph for all residues over 1000 ns.
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Each simulation overlays in the graph with the exception of one section. The FMP_OCS
and FMR_OCS are the only two present in the bottom right quadrant. This may represent the
different conformations of the monooxygenase mobile loop. The FMR_OCS also has a small
section of its own possibly showing an even bigger difference in conformation and representing
the closed conformation of the mobile loop. A further breakdown of only the mobile loop, amino
acids 241-300, would show the difference in the projections. Table 4-3 shows the cumulative
percentage for each variant. Both the Apo and FMP_OCS cover less than 50% of the space in the
two projections. The FMR_OCS has a percentage of 72% for the first two projections. In figure
4.6, as the mobile loop becomes more dynamic, Apo< FMP_OCS < FMR_OCS, the projection
occupies more space. Overall, this graph shows a resemblance to the PCA graph of the entire
system. It shows that as the loop becomes more dynamic, the projections cover a greater amount

of space

Table 4-3 Table shows Eigenvalues and cumulative percentage for the first projection of the

mobile loop only.

FMR_OCS
PC1 PC2 PC3
Eigenvalue 7989.00 934.89 694.85
Cumulative % 63.67 71.12 76.66
Apo
PC1 PC2 PC3
| Eigenvalue 1366.10 53855 46356 |
Cumulative % 31.46 43.86 54.54
FMP_OCS
PC1 PC2 PC3
Eigenvalue 1795.93  1548.38 652.64
| Cumulative % 25.40 47.29 56.52 |
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Principal Component Analysis: Mobile Loop
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Figure 4.7 Principal component analysis of mobile loop

Distance Calculations

Distance between Phe261 and Pro112 was also calculated. The purpose of this calculation
was to see evaluate the movement of the mobile loop. The graph in figure 4.7 shows the distance
for all three variants over the 1000 ns simulation. The Apo and FMP_OCS simulations showed a
distance around 20 A which is depicted in the images taken at 900 ns. For the FMP_OCS
simulation, the image shows the active pocket is wide open allowing for the potential exit of
substrates. The FMR_OCS shows that the mobile loop has a big shift around 300 ns. The Phe261
and Proll2 interaction was thought to potentially help stabilize the mobile look through
intramolecular inter-residue interactions in the FMR_OCS simulation.**® Mutational studies were
performed to see if these residues may have any pertinence to catalysis; however, the activity of

the enzyme was unchanged in the mutant (unpublished data). These residues, however, may play
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a role in keeping solvent out of the active site as they are both hydrophobic in nature. These

residues close off the pocket so that the oxidation of the reduced flavin can take place.

Distance between PHE261 on Mobile Loop and PRO112
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Figure 4.8 Distance between Phe261 (mobile loop) and Pro112. The graph shows the distance
over the 1000 ns simulation. Each image was taken at 900 ns and shows the movement of the

entire mobile loop.

With the mobile loop found to be very dynamic, distance calculations were performed for
every amino acid on the mobile loop to the phosphate group on FMR and sulfur group on OCS.
The goal was to determine if there were any other residues that may be important to catalysis. It

was found that the only residue that seems important to catalysis was the Arg297. All other
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residues had a distance too great to be part in any catalytic reaction. Figure 4.8 shows all the

distance calculations.
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Figure 4.9 Distance calculations for all amino acids on the mobile loops to the phosphate group

on FMR and the sulfur group on OCS.

Arg297 is believed to play a substantial role in the desulfonation mechanism.** This
arginine residue is conserved in all bacterial SsuD enzymes and is located on the mobile loop. In
the inactive form (mobile loop open), this arginine is far away from the catalytic site. However,
once SsuD is ready for catalysis with both FMR and OCS bound, the mobile loop closes over the
active site bringing arginine in range to help with catalysis. Mutational studies have shown that
no sulfite product is produced without this residue.** Figure 4.9 shows the distance over the

simulation for Arg297 for FMR_OCS.

Distance to Arginine 297
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Figure 4.10 Distance calculations between Arg297 for FMR_OCS.
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It was originally thought that the Arg297 was interacting with the phosphate group on FMR;
however, the distance calculations show that it may be stabilizing the sulfur residue in OCS. The
distance calculation with FMP_OCS shows that the OCS is eventually ejected out of the active
site.

Distance to Argenine 297

Distance_51_0CS
Distance_P1_FMP

Distance in Angstroms

(] 200 400 00 200 1000 1200

Figure 4.11 Distance calculations between Arg297 for FMP_OCS

The distance for FMR_OCS over the 1000 ns stays around 5 A for the sulfur group on OCS
and closer to 10 A for the phosphate group on FMR. The FMP_OCS shows a distance of around
15 A for FMP and eventually between 30-50 A for OCS. The octanesulfonate is ejected out of the
pocket. This may suggest an ordered mechanism on substrate disassociation from SsuD. Once
the octanesulfonate leaves, SsuD is then ready to transfer the oxidized flavin back to SsuE. A
longer simulation would be needed as FMP was shown to stay in the pocket during the 1000 ns.

Figure 4.11 shows a visual representation of the distance between Arg297 and OCS.
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Figure 4.12 A) shows the distance between Arg297 and OCS. The distance was taken at 900 ns
and shows a distance of 4.3 A between Arg297 and OCS. B) Shows the distance of OCS with

Arg297. This distance was taken at 900 ns and shows a distance of 37 A.

Conclusion

This study using accelerated molecular dynamics explored the importance of the mobile
loop in SsuD for catalytic activity and in potential flavin transfer. Clustering analysis, PCA
analysis, and RMSF analysis examined the different conformations available for the Apo, FMR-
OCS bound, and FMP-OCS bound structures. The Apo and FMP_OCS bound have open
conformations. The Apo structure is able to accept the substrate with its open conformation while
the FMP_OCS is able to eject the substrate. FMR_OCS has a closed conformation in order for
catalysis to take place.

Deletion studies of the mobile loop on SsuD showed that the enzyme could still bind with

flavin; however, it lost all catalytic activity.®® Further mutational studies were done on the
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conserve Arg297 residue which showed that activity was lost when mutated. It was also postulated
that this residue plays an important role in catalysis by anchoring the phosphate group of FMR.**
From the distance calculations performed in this experiment, the arginine residue appears to be the
only residue on the mobile loop that plays a role in catalytic activity. Also, this residue seems to
lock in and stabilize the sulfate on octanesulfonate instead of the phosphate group in FMR as
originally thought. Once the oxidation reaction is completed, the OCS is ejected out of the active
site through an open conformation on SsuD. These simulations also elucidate the mechanism of

potential flavin transfer back to SsuE.
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