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“We have no need of other worlds. We need mirrors.

We don’t know what to do with other worlds.

A single world, our own, suffices us;

but we can’t accept it for what it is.”

Stanistaw Lem, Solaris

iii



Acknowledgements

This work would not have been possible without the support from my advisors,

Andrej Sali and Kathy Giacomini.

I would like to thank Andrej for taking a chance on a pharmaceutical science student
with a background in chemical engineering. With his unyielding sense of reason, he
has a way of introducing logic into the illogical. He taught me how to think critically
about complex biological systems and how to manage both time and people. My time
in his lab has been defined by two principles. 1) Instead of competing, collaborate. 2)

Life is nothing but a modeling problem.

I would like to thank Kathy for taking me under her wing from the very beginning of
my time at UCSF. Her unique mentorship style allowed me to be very independent.
She enabled me to ask and pursue my own questions, and to develop new methods to
be used by others in the future. As a pioneer in the field of transporters, she taught
me how to pave my own path, and how to overcome the fear of asking the most basic

questions.

In addition to my advisors, I was fortunate to interact with several other PIs and
members of their labs. First, I would like to thank Greg Amidon, my academic
advisor at the University of Michigan, for encouraging me to pursue a graduate
degree. I want to thank Robert Stroud for his guidance on the intricacies of
membrane transporter expression and purification. I also want to thank members of
the Stroud lab, particularly Thomas and Yaneth, who made even the most
discouraging purification trials very enjoyable. I want to thank Yifan Cheng for
creating a state-of-the-art electron microscopy core, and Jean-Paul for staying late
on countless occasions to collect data for me. I would also like to acknowledge
Francis Brodsky. I would not have come to UCSF if it weren’t for her persuasive
lecture on clathrin and her truly charismatic personality. Although we didn’t meet
until recently, I would also like to thank James Fraser and Trever Bivona for

bringing me onboard for a very ambitious project exploring the cancer proteome.

iv



The completion of this PhD was made possible by the inclusive environment created
by the members of both the Sali and Giacomini labs. In the Sali lab, I would like to
thank my first and most important mentor, Avner. His work on modeling and virtual
screening of the SLC transporters created a framework for my studies. I also want to
thank Charles and Peter, the two pillars of the Sali lab, for scientific discussions,
Taco Bell lunches, whiskey club, and inventing “mushroom” projects. It always
amazed me just how productive our conversations were. I would like to thank Ilan,
Patrick, Daniel, Barak, Ignacia, Hao and Kate for the everyday discussions and help
in accessing the ever-changing lab resources. In the Giacomini lab, I would like to
thank Sook Wah. She is the kindest, most resourceful person I have ever met. I also
want to thank Ethan for providing me with guidance during my first few months in
the lab. I would like to acknowledge Sirj, James, Ling, and Arik for the frequent

discussions while troubleshooting the experiments.

I owe a huge debt of gratitude to my classmates Aishwarya, Megan, and Xiaomin.
Although small, our cohort has made significant scientific progress in the fields of
SLC/ABC transporters and HIV latency. I would like to thank them for the constant

stream of support and frequent conversations about our failed experiments/dreams.

My journey in higher education began in a very different time and place. At every
step along the educational ladder, I've been fortunate to meet incredible people. To
start, I'm very thankful to have met my friend Neil on the first day of school in
America. Whether it’s running through the woods, falling from a plane, or playing
poker, whatever life brings my way, he has always been there for me. My days at the
University of Michigan are synonymous with Patryk and Michael. I still think about
the late nights at “the Dude,” eating Panda, or keeping each other awake in quantum
chemistry. The college experience also would not be complete without Kuba and
Wojtek, my “other” older brothers. It’s incredible that there was a time when all of

us attended UM Dearborn together.

Over the past five years, my personal life and my work life have become mutually
informative. I would not have been able to get through this period, especially 2016,

without the help of my friends here in San Francisco. First and foremost, I would



like to thank Joanna and Frank for the easy days and the wild nights, the Tahoe
trips, the beach fires, the concerts, and the Yellow Submarines. They have provided
me with a home (in every sense of the word) when I needed it most. I would not be
where I am today if it wasn’t for their moral and financial support. I would also like
to thank my friend Jorge. From our first rendezvous by Mission Creek, through the
frequent Lucky 13 outings, to his days at UCLA, he was always someone I could

depend on.

Next, I want to thank Ryan, the one person to truly define my time at UCSF, for the
countless hours discussing science, family, and the future. Whether it’s orange
chicken dinners, rollercoaster trips, Utah Fridays, or exploring niche music genres, I
have grown to consider him as an integral part of my graduate career and a member

of my family.

Lastly, I have to thank my family. I would like to thank Ania and Jarek for opening
up their home and providing a foundation for a new life in America. The impact of
their generosity over the past two decades cannot be overstated. I want to thank my
sister-in-law Katie, her parents, Steve and Cindy, and her brothers, Steve and Nick.
Katie, thank you for your advice during the most difficult of times. You have an
extraordinary gift of laughter. I want to thank my grandparents, J6zef and Maria, for
doing everything in their power and more to help me succeed. Thank you for playing
an active role in my daily life, no matter how many oceans separate us. Finally, I
want to thank my mom, Dorota, and my brother, Dominik. We have come so far with
so little. Mom, thank you for creating a home where education was valued. Thank
you for driving us to school sometimes 8 times a day to make sure we made our
practices, clubs, and societies. Thank you for enabling us to have dreams that were
much bigger than our past or our present, completely defying what was possible for a
first generation single-parent immigrant family. Dominik, thank you for always
being by my side and for paving the way forward. I wouldn’t be here without you or

your bad jokes.

vi



Structure, Function, and Druggability of SL.C Transporters and Kinases

Adrian Stecula

Abstract

All functions of a protein involve its physical interactions, however transient, with specific other
molecules (ligands), large or small. Protein structure and its dynamics, determined by sequence, in
turn determine which molecules are able to bind to the protein. Druggable proteins are defined as
those whose function can be modulated with a small molecule. The contents of this dissertation
focus on leveraging the knowledge about protein structure and changes in protein structure to
identify small molecule modulators of protein function, thus expanding the druggable proteome.
The studied proteins include members of the kinase and SLC transporter superfamilies, both
important drug targets. First, we separately examine the impact of mutations on the structures of
two kinases, FLT3 and BCR-ABL, and the resistance of these mutants to drugs. We provide a
structure-based rationale for the cause of resistance and offer treatment alternatives. Second, we
address the modulation of function of human organic cation transporters (OCTs), either through
phosphorylation or structure-guided screens to discover novel small molecule inhibitors of these
transporters. We establish that by combining docking and in vitro high-throughput screens,
competitive and non-competitive ligands of OCTs can be predicted accurately. Third, we examine
the quaternary structure of the human concentrative nucleoside transporters (CNTs) to gain new
insight into their functions and use structure-guided screens to discover novel ligands to modulate
them. We show that human concentrative nucleoside transporter 3 forms homo-oligomers, thus
encouraging efforts on finding allosteric inhibitors. Finally, we present a large-scale study of the
impact of cancer mutations on protein structure, with the hope of expanding the druggable
proteome through the discovery of mutant-specific binding pockets that would allow for selective,

functional inhibition or activation.
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Introduction

Protein structure depends on its sequence

Proteins are molecular workhorses of the cell. A protein consists of a linear chain of amino acid
residues, whose sequence determines its three-dimensional structure and dynamics, under given
conditions.! The 20 amino acid residue types form proteins with properties that are far more
complex than the sum of their parts.” Many proteins spontaneously fold into their unique native
structures, while others require molecular chaperones,® but all are the embodiment of the
transition between 1-dimensional gene sequences storing the heritable makeup of the cell and the

3-dimensional world of life.”



The field of structural biology is concerned with the identification and understanding of structure
and function of macromolecules on the molecular level.®” The history of structural biology begins
with discoveries by Linus Pauling. Several years before the determination of the first high-
resolution protein structure (of myoglobin) by John Kendrew,® Pauling working with Robert Corey
and Herman Branson, laid the foundation by proposing regularly repeating structural elements,
now called the a-helix and the B-sheet, to serve as the backbone of protein secondary structure.”' It
was a landmark study because it implied that the conformation of the polypeptide could be
accurately predicted if the conformational preferences of its component residues were precisely

known.

A major theme in structural biology is how structure determines function. Proteins are not rigid
structures, but instead adopt a variety of conformations under native conditions." The (free) energy
landscape defines all possible protein conformations and their relative concentrations."
Transitions between conformations are often associated with common protein functions, such as
signaling, transport, chemical reaction catalysis, regulation, cell movement, and cytoskeleton

assembly.’

All functions of a protein involve its physical interactions, however transient, with specific other
molecules (ligands), large or small. The formation of a protein-ligand complex depends on multiple
bonds, including specific weak non-covalent interactions (e.g., electrostatic interactions, van der
Waals interactions, n effect), the non-specific hydrophobic effect, and sometimes covalent

13-16

interactions.” The binding thus requires shape complementarity between the target (the protein)

17,18
d.

and the ligan Structure and its dynamics, determined by sequence, therefore in turn determine

which molecules are able to bind to the protein.®"

Changes in protein structure lead to changes in protein function

Protein structure can be affected in numerous ways. Temperature, pH, post-translational
modifications, mutations in amino acid sequence, and presence of small molecules such as urea®
are all common factors that affect protein folding.*" Any change in the protein structure can have a

significant effect on its function.’



Cells have evolved regulatory mechanisms that utilize this principle. For example, phosphorylation,
the most ubiquitous of over 200 identified post-translational modifications,” is a covalent,
reversible, kinase-mediated transfer of a negatively charged phosphate group onto serine,
threonine, and tyrosine amino acid residues.* Protein phosphorylation can result in either
activation or inhibition of protein activity. Phosphorylation can activate protein activity through
allosteric conformational changes, as seen in glycogen phosphorylase,” or create a recognition site
for other proteins, such as SH2 domains of kinases such as ABL1.** Phosphorylation can inhibit
protein activity either by acting as a steric block, as seen in isocitrate dehydrogenase, or by
impeding substrate recognition, as seen in CDK2. Phosphorylation can also cause order-to-disorder
transitions, as seen in K* channel inactivation domain, or disorder-to-order transitions, as seen in

the CBP/CREB binding.**

Amino acid mutations are the most direct way of altering the protein structure and dynamics. In the
post-genome era, we have been able to sequence genomes to discover even rare inter-individual

. 25-27
mutations.

Mutations play a fundamental role in evolution, because they introduce variation
into genomes, thus contributing to phenotypic variation in individual’s characteristics, including
risk of disease.”® The analysis of this data has led to the identification of several mutation types,
including those affecting the coding regions of the genome. While synonymous mutations (no
change in the coding amino acid residue) can affect protein function through changes in

transcription, splicing, mRNA transport or translation,”® non-synonymous mutations alter the

protein sequence, thus affecting structure and possibly function.

Non-synonymous mutations have been linked to the pathogenesis of diseases such as sickle cell
anemia, which is caused by a hemoglobin B-chain E6V mutation.” The mutation of a polar,
hydrophilic residue to a nonpolar, hydrophobic residue leads to an association of hydrophobic
regions of hemoglobin molecules in the cytoplasm, resulting in hemoglobin polymerization, and
ultimately generation of hemoglobin fibers that damage the membrane and cytoskeleton of red
blood cells.** Non-synonymous mutations in proteins have also been shown to act as “driver
mutations,” mutations that confer a growth advantage, in cancer.”” The most common mutations,
occurring in almost every type of cancer at rates from 38% - 50%, involve the inactivation of p53, a
tumor suppressor.”> One such mutation is the Y220C mutation, which creates a surface cavity that
destabilizes p53.% As seen in these examples, even a single amino acid residue substitution can have

profound functional consequences.



Proteins as targets of small molecule modulators

Rational ligand design involves the design or search for small molecules that are complementary to

a binding site on the surface of the target, therefore allowing for the binding of the molecule.***°

Drugs are a subset of protein ligands that elicit a desired pharmacological effect.***’

Druggability is defined as “the likelihood of being able to modulate a target with a small molecule.”*®

Protein druggability depends on the presence of a binding site for a small molecule to bind to with
high affinity and selectivity. Since our methods for binding site identification and prediction change
over time, so does druggability.”” Thus, druggability is both a property of the protein and the current
state of knowledge. Most successful drugs achieve their activity by competing for a binding site on a
protein with an endogenous small molecule. Current estimates place the number of druggable

proteins at approximately 3,000.*

Druggability is not the only factor determining whether or not a protein becomes a drug target. The
other major consideration is of course the protein’s link to disease. Current estimates propose that
there are approximately 3,000 disease-modifying genes. The overlap between druggable and
disease-modifying proteins is the current number of drug targets (approximately 1,500).*° While it
might be difficult to increase the number of disease-modifying genes without new biological
insights, recent efforts have expanded the number of druggable proteins and protein families.
Historically, only the “active” or “orthosteric” sites have been considered as targets of drug
binding.** However, consideration of allosteric sites,* cryptic sites,** and covalent drugs that might

43,44

bind to pockets with weak affinities significantly increases the number of druggable proteins.

Protein druggability can be affected by changes in the protein structure either positively or
negatively. In the negative case, mutations lead to structural changes that prevent drugs from
binding and eliciting their pharmacological response. In the positive case, the structural changes
create mutant-specific binding sites, which allow for mutant-specific modulation. Precision
medicine is a term coined for the synthesis of established clinical protocols with molecular profiling

45,46
*? Thus, because

to create patient-specific diagnostic, prognostic, and therapeutic strategies.
changes in protein structure caused by mutations and/or inter-individual genetic differences have
the potential to affect drug response, this area of research is critical to the advancement of precision

medicine.



The overall goal of this dissertation research was to use structural information to find novel ways of
modulating protein function and to ultimately expand the druggable human proteome. The
following are abstracts of the chapters in this dissertation. Each chapter focuses on leveraging
knowledge about protein structure and changes in protein structure to identify small molecule
ligands for modulating protein function. The studied proteins include members of the kinase and

SLC transporter superfamilies, both important drug targets.

Chapter abstracts

In Chapter 1, we separately examine the impact of mutations on the structure of two kinases and

the resistance of these mutants to drugs.

First, we characterized acquired kinase domain (KD) point mutations in BCR-ABL which
frequently cause resistance to ABL tyrosine kinase inhibitors (TKIs) in chronic myeloid leukemia
(CML). BCR-ABL T315I is the most problematic mutation being highly resistant to all approved
ABL TKIs except ponatinib. Ponatinib inhibits all single nucleotide substitution KD mutants but is
vulnerable to “compound” mutations. We profiled the seven clinically reported BCR-ABL T315
mutations and determined that three mutations were pan-resistant to all approved ABL TKIs
(T315F/L/V). T315L confers clinical and in vitro resistance to ponatinib but is sensitive in vitro to
the approved TKI axitinib. To prospectively guide clinical decision-making for novel T315 mutants,
we created all 19 substitutions at the T315 residue and found that nearly all confer moderate to high
resistance to imatinib, dasatinib, nilotinib, and bosutinib. Importantly, seven T315 mutations
conferred less relative resistance to axitinib than to ponatinib in vitro. Further, we provided a
structure-based rationale for the impact of clinically observed mutations that allowed us to predict

the impact of uncharacterized mutations.

Second, we focused on activating mutations in the FLT3 kinase, which occur in approximately 30%
of adult acute myeloid leukemia instances, primarily consisting of internal tandem duplication
(ITD) mutations (~25%) and point mutations in the tyrosine kinase domain (~5%), commonly at the
activation loop residue D835. Secondary kinase domain mutations in FLT3-ITD, particularly at the
D835 residue, are frequently associated with acquired clinical resistance to effective FLT3 tyrosine
kinase inhibitors (TKIs). Molecular docking studies have suggested that D835 mutations primarily

confer resistance by stabilizing an active Asp-Phe-Gly in (‘DFG-in’) kinase conformation



unfavorable to the binding of type IT FLT3 TKIs, which target a ‘DFG-out’ inactive conformation.
We profiled the activity of active type IT FLT3 TKIs against D835 kinase domain mutants that have
been clinically detected to date. We found that type II inhibitors (quizartinib, sorafenib, ponatinib,
and PLX3397) retain activity against specific D835 substitutions. Modeling studies suggest that
bulky hydrophobic substitutions (D835Y/ V/I/F) at this residue are particularly resistant, whereas

mutations that preserve interactions between D835 and S838 are relatively sensitive (D835E/N).

In Chapter 2, we address the modulation of function of human organic cation transporters (OCTs),
either through phosphorylation or structure-guided screens to discover novel small molecule

inhibitors of the transporter.

First, we report a unique phosphorylation-dependent link between drug transporters and tyrosine
kinase inhibitors (TKIs), which has uncovered widespread phosphotyrosine-mediated regulation of
drug transporters. We initially found that OCTs, uptake carriers of metformin and oxaliplatin, were
inhibited by several clinically used TKIs. Mechanistic studies showed that these TKIs inhibit the
Src family kinase Yesl, which was found to be essential for OCT2 tyrosine phosphorylation and
function. Yesl inhibition in vivo diminished OCT2 activity, significantly mitigating oxaliplatin-
induced acute sensory neuropathy. Along with OCT2, other SLC-family drug transporters are
potentially part of an extensive ‘transporter-phosphoproteome’ with unique susceptibility to TKIs.
On the basis of these findings, we proposed that TKIs, a rapidly expanding class of therapeutics, can
functionally modulate pharmacologically important proteins by inhibiting protein kinases essential

for their post-translational regulation.

Second, we identified competitive and non-competitive OCT1 interacting ligands in a library of
1,780 prescription drugs by combining in silico and in vitro methods. Ligands were predicted by
docking against a comparative model based a eukaryotic homolog. In parallel, high-throughput
screening (HTS) was conducted using the fluorescent probe substrate ASP" in cells overexpressing
human OCT1. Thirty OCT1 competitive ligands, defined as ligands predicted in silico as well as
found by HTS, were identified. Finally, virtual screening of 29,332 metabolites predicted 146
competitive OCT1 ligands, of which an endogenous neurotoxin, 1-benzyl-1,2,3,4-
tetrahydroisoquinoline, was experimentally validated. We establish that by combining docking and

in vitro HTS, competitive and non-competitive ligands of OCT1 can be predicted.



In Chapter 3, we examine the quaternary structure of the human concentrative nucleoside
transporters (CNTs) to gain new insight into their function and use structure-guided screens to

discover novel ligands to modulate their function.

First, through a series of cysteine mutants at highly conserved positions guided by homology
models, we cross-linked human CNT3 protomers in a cell-based assay, thus verifying the existence
of hCNT3 homo-trimers in human cells. The presence and absence of cross-links at specific
locations along TM9 informed us about structural differences between veCNT and CNT3. Analysis
of the trimerization domain using both structural modeling and sequence co-evolution analysis

indicated that oligomerization is critical for the stability and function of hCNT3.

Second, we describe our multi-year effort to express and purify the human CNT3 for the purpose of
structure determination with either X-ray crystallography or single-particle electron cryo-
microscopy. An atomic or near-atomic resolution structure of the human CNT3 homo-trimer could
provide us with insight into the dimerization interface for allosteric modulation, structural features
governing substrate specificity, and conformational changes associated with the transport cycle.
Despite a significant effort in which we tested several constructs, lipid extracts, detergent and
thermostability screens, we were largely unsuccessful in obtaining even a low-resolution structure

of the human transporter.

Third, we virtually screened hundreds of thousands of compounds, encompassing a large, never-
before-tested chemical space, in search of novel hCNT3 ligands, both substrates and inhibitors.
Following a virtual screen, a subset of compounds was tested in a cell-based assay. Ticagrelor, an
FDA-approved platelet aggregation inhibitor, was identified as a novel and potent (ICsyof 6.47 *
1.27 uM) inhibitor of hCNT3-mediated uridine uptake. This result serves as an encouraging first
step in structure-based screening for small molecule modulators of this important transporter

family.

Finally, Chapter 4 presents a large-scale study of the impact of cancer mutations on protein
structure, with the hope of expanding the druggable proteome through the discovery of mutant-
specific binding pockets that would allow for selective, functional inhibition or activation. The
underlying hypothesis is that mutations in cancer genes alter the thermodynamic stability of the

mutated protein, creating new cryptic small molecule binding pockets in otherwise undruggable



proteins and allowing for selective targeting of the mutant but not native form of the cancer-driving
protein. Our approach seeks to re-prioritize critical cancer mutations for therapeutic targeting in
patients, uncover the biochemical, biological, and functional effects of these therapeutically unused
cancer mutations, and provide mutant-selective activators and inhibitors that would unlock the
therapeutic potential of currently undruggable tumor suppressor. PTEN, a phosphatase frequently

mutated in cancer, is examined as a case study.
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