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ABSTRACT OF DISSERTATION

A Kinetic Investigation of Molecular Mechanisms Underlying IDH1 and Human Pol ¢
Catalytic Activity
by
Lucas Luna

Doctor of Philosophy in Chemistry

University of California San Diego, 2021

San Diego State University, 2021

Professor Christal D. Sohl, Chair
Malignant tumors are distinguished from normal cells by a number of hallmarks,
including metabolic reprogramming and genome instability. Metabolic reprogramming in
cancer cells was first observed by Otto Warburg in the early 20" century. Recently
metabolic enzymes have been shown to be drivers of cancer. Isocitrate dehydrogenase
1 (IDH1) is a metabolic enzyme that has altered activity in cancer and can drive

tumorigenesis. Mutations in IDH1 are frequently observed in low grade gliomas and

XX



secondary glioblastomas. However, wild-type IDH1 is also overexpressed in primary
glioblastomas and has been linked to the growth of these tumor types. The products of
the IDH1 reaction are essential for many metabolic processes. Changes in the cellular
environment, such as pH fluctuations, substrate concentration levels, and oxygen levels
can reroute metabolism by modifying the activity of metabolic enzymes like IDH1. Amino
acid residues that sense changes in pH will typically have a shifted pKa. towards
physiological pH levels. The change in pKs stores the potential energy required to drive
a structural/functional modification that alters catalytic activity. A goal of this dissertation
was to identify and characterize pH-dependent activity in IDH1 and provide a mechanism
for how it sensed changes in pH to regulate its catalytic activity.

Accurate genome replication is essential to ensure the survival of offspring.
Considering the size of the human genome and its constant exposure to environmental
and endogenous damage, this is not an easy task, and is further complicated by a
damage associated with cancer. A number of DNA polymerases have evolved to handle
DNA synthesis, repair, and overall genome maintenance. DNA Polymerase ¢ is
responsible for the highly accurate and processive DNA replication on the leading strand.
The high-fidelity of DNA Polymerase ¢ is maintained through a balance between its
incorporation and proofreading activities. Mutations altering either of these abilities are
frequently observed in endometrial cancer. The second goal of this thesis was to
investigate mechanisms of (in)fidelity of polymerase domain mutants in DNA Polymerase

€.

XXi



1. Introduction
1.1 What is Cancer

Cancer is the uncontrolled and unregulated growth that arises from an
accumulation of mutations in the genome and ranks as the second leading cause of death
globally."? The tumor itself is very complex, as individual cells within the tumor population
possess physical and genetic variations that give rise to heterogeneity within the tumor
cell population.® 4 The differences between cancer cells can include changes in
extracellular pH, intracellular pH, oxygen levels, substrate concentration levels, protein
activity, protein expression levels, possible genetic differences, and other changes that
promote growth and metastasis.>” Tumor heterogeneity also makes treatment
challenging because individuals of the tumor population cells may respond differently or
be treatment-resistant, which can lead to recurrence and metastasis. Despite tumor cell
heterogeneity, researchers have observed several distinguishable characteristics
common in all cancers.
1.2 Hallmarks of Cancer

The six hallmarks of cancer in Hanahan and Weinberg’s first groundbreaking
review were described as production of self-sufficient growth signals, insensitivity to anti-
growth signals, limitless replicative potential, sustained angiogenesis, evading apoptosis,
and tissue invasion and metastasis.® As normal cells grow and divide, neoplastic cells
need to adopt these traits in order to ultimately transition to malignant cells. In 2011, the
number of hallmarks has expanded to include metabolic reprogramming and evading the
immune system.® Underscoring these hallmarks are genome instability and inflammation,

which expedites the acquisition of these traits and promotes the function of these



hallmarks.® Together, these hallmarks involve disruption or ablation of normal cellular
pathways and normal protein-protein or protein-ligand interactions in order to satisfy the
energetic needs of the cancer cells and drive growth and metastasis.® Elucidating the
mechanisms of how cancer cells alter normal cellular metabolism and protein function
widens the knowledge on cancer biology and can identify new therapeutic targets and
pathways.

Tumor sequencing efforts have identified enzymes playing significant roles in
altered metabolic pathways and genome instability. Isocitrate Dehydrogenase 1 (IDH1)
is important metabolic enzyme whose catalytic activity may be regulated by the cellular
environment. DNA Polymerase Epsilon (Pol €) is an important replicative polymerase that
is responsible for maintaining the integrity of the eukaryotic genome. IDH1 and Pol € will
be discussed in further in this dissertation.

1.2.1 Cancer Metabolism

Cells utilize energy largely in the form of ATP, aptly dubbed the energy currency
of the cell. They typically gain their energy by metabolizing one molecule of glucose in
the cytoplasm to two molecules of pyruvate, two molecules of ATP, and two molecules of
NADH. Under anaerobic conditions, pyruvate is converted lactate by lactate
dehydrogenase to regenerate NAD™ for glycolysis. Under aerobic conditions, pyruvate
can be converted to acetyl-CoA and transferred to the mitochondria where the
tricarboxylic acid (TCA) cycle occurs. This process produces the high energy molecules
NADH and FADH,, while expelling CO2. The electrons stored in NADH and FADH: are

then carried through a series of redox reactions in the electron transport chain to generate



a proton gradient that drives the formation of ATP, and molecular oxygen serves as the
final electron acceptor in this respiratory cascade and is reduced to water.

Otto Warburg noticed a shift in cellular metabolism in cancer cells. Cancer cells
tend to utilize higher levels of glucose and produce lactate even under aerobic
conditions.’® Aerobic glycolysis, known as the Warburg Effect, is observed in various
cancer types including colorectal cancer, lung cancer, and glioblastomas.'-'* Warburg
postulated that cancer cells must have dysfunctional mitochondria; however, more recent
studies show that cancer cells usually have active and functional mitochondria.'® 16
Interestingly, studies have shown that different tumor types, and even subpopulations
within a tumor, have different metabolic alterations.'” A tumor is likely to display metabolic
flexibility, and a dynamic interplay between glycolysis and oxidative metabolism is
observed in various cancers that is dependent on the real-time needs of the cell.”

An upregulation of glycolysis will demand an increased supply of NAD* to sustain
itself. To fulfill this need, the cell typically overexpresses and increases lactate
dehydrogenase activity to maintain NAD* pools. Interestingly, other metabolic pathways
and enzymes have been linked to alterations in enzymatic activity. For example, under
hypoxia, the low oxygen levels down-regulate the pyruvate dehydrogenase complex so
cells will produce acetyl-CoA for the biosynthesis of palmitic acid from glutaminolysis
instead of glycolysis.' '® This process involves the coordination of many metabolic
enzymes, including stabilizing HIF1-a and isocitrate dehydrogenase 1 (IDH1) that
ultimately cause the TCA cycle to run in a reductive direction.’: '® When isocitrate
dehydrogenase 1 (IDH1) encounters a change in pH or oxygen levels, or obtains a point

mutation, a shift in the equilibrium position of its chemical reaction may occur. Mutations



in IDH1 produce products that may stabilize HIF1-a by inhibiting HIF1-a hydroxylases to
support this altered metabolism.?® IDH1 activity will be discussed further in this
dissertation.

1.2.2. Tumor Invasion and Changes in the Cellular pH Gradient

During tumor development, the primary tumor may acquire adaptations necessary
to travel to distant sites and invade other tissues. The distant settlement of tumor cells,
or metastasis, is the cause of 90% of cancer deaths.?" Invasion and metastasis are very
complex processes, and their genetic and biochemical determinants remain incompletely
understood.® Interestingly, a reversed cellular pH-gradient is observed in metastatic
cancer cells and serves as a characteristic feature of most cancer types.?? Normal
differentiated adult cells will have an intracellular pH of ~7.2 and an extracellular pH of
~7.4.22 Cancer cells will have this pH gradient reversed, with an intracellular pH = 7.4
and an extracellular pH of 6.7 — 7.1.22 The reversed pH gradient in maintained by changes
metabolism and protein expression, and can create a perfect storm for metastatic
progression.?? An increased intracellular pH is required for cell growth and division, and
an acidic extracellular pH promotes the degradation of the extracellular matrix that
facilitates tumor migration.??

1.2.3 Role of pH in Regulation of Protein Activity

Changes in the cellular environment such as oxidative stress, substrate
concentration levels, and pH can affect protein activity. Protein protonation is an often-
overlooked modification that can affect protein-protein and protein-ligand interactions.
Proteins that serve as pH sensors can sense changes in surrounding pH by changing the

protonation state of amino acid residues, resulting in altered activity.?3 It is thought that



cancer cells can utilize the change in pH gradient to regulate protein activity. For
example, glycolysis is promoted at alkaline intracellular pH levels and is mediated by pH-
sensitive activity of rate-limiting glycolytic enzymes like phosphofructokinase-1.2226 An
increased intracellular pH can also induce changes in the expression or localization of
glycolytic enzymes, forming local acidic regions within the cytoplasm.?? In these acidic
regions, lactate dehydrogenase activity can be increased and replenish glycolysis with
NAD*, while the acidic products are transported out of the cell through the
monocarboxylate transporter in the cell membrane.?? 2’ Depending on the needs of the
cell and environmental conditions, cancer cells can produce acetyl-CoA through
glutaminolysis, which also produces NADPH for biosynthetic pathways.?®

Protein sensors can sense the change in surrounding pH and correspondingly
change their activity or structure by mechanisms such as protonating buried ionizable
amino acid residues.?? A histidine residue is a natural candidate for modulating protein
activity based on protonation state since its pKa value is already close to a neutral pH,
though any ionizable residue (glutamate, aspartate, cysteine, lysine, arginine) can exhibit
a shifted pKa value depending on its location and surrounding environment within the
folded protein.?> 22 The shift in pKs value then provides the necessary free energy to
drive a pH-dependent change in conformation and/or activity. Biophysical calculations
determining pKa values of amino acid residues within proteins are complicated by the
folding of the protein that affects solvent accessibility, as well as the polarizability of
nearby ionizable residues. Therefore, potential pH-sensing residues can be found using
structural informatics algorithms. These algorithms account for spatial arrangements and

protein topology. Through a collaboration with Prof. Dan Isom, we used an algorithm



called pHinder.3® This algorithm uses Delaunay Triangulation to locate non-redundant
ionizable networks in proteins and calculates a surface to determine whether the amino
acid is buried3® The results of the structural informatics analysis is then coupled to further
biochemical and biophysical characterization of protein activity.?®3' The pH-dependent
activity of IDH1 was assessed in this dissertation using steady-state kinetics and coupled
with the pHinder algorithm to locate potential pH sensing residues.
1.3 Incidence of IDH1 in Cancer

Gliomas are a common form of brain cancer, with glioblastoma multiforme (GBM)
serving as the most aggressive and lethal form of glioma.3” Extensive tumor sequencing
efforts found that 80% of glioma patients and 88% of secondary glioblastoma patients
expressed a mutation in IDH1 at position R132.3” The most common point mutation in
IDH1 is R132H, followed by R132C, R132S, R132G, R132L, R132V.3® |IDH1 R132H
mutations are also observed in acute myeloid leukemias (AML), chondrosarcomas, and
cholangiosarcomas.39 4°

WT IDH1 has also been observed to drive tumors.#' In silico analysis of the
specimens profiled by The Cancer Genome Atlas (TCGA) revealed that WT IDH1 had
elevated expression levels in 65% of primary glioblastoma as well as increased WT IDH1
mRNA levels.*! Consequently, these observations were reproduced in an investigation
of glioblastoma tumor samples by Calvert and colleagues.*' They also reported that the
WT IDH1 reactions play a role in regulating cellular processes such as lipid biosynthesis,
redox homeostasis, and cellular differentiation by promoting tumor growth in cancer cells

and decreasing survival times in mice with patient-derived xenografts.3® The high



frequency of WT IDH1 and various R132 IDH1 mutations has become a critical area of
study in cancer research.
1.4 Structure of IDH1

The first structure of IDH1 showed that the protein exists as a dimer, with 414
residues per monomer (Figure 1).4> The structure of IDH1 is mostly a-helical with few -
sheets.*? The residues that form the active the site and interact with isocitrate are T77,
S94, R100, R109, R132, Y139, and D275 in one monomer and K212’, T214’, and D252’
in the other monomer.#?> The IDH1 structure features a regulatory domain spanning from
residue from N271to G286, termed the a-10 helix.#? D279 of this domain prevents
isocitrate from binding by a combination of electrostatic repulsion and steric hinderance

in the open, inactive state of IDH1 by forming hydrogen bonds with S94, T77, and N96.4?

: ”
Figure 1: Zoomed in view of the IDH1 active site, with the a-10 shown in cyan (PDB code
1TOL).*? Active site residues are labeled.



When the concentration of isocitrate and magnesium reach a certain level, the interaction
between D279 and S94 is broken, opening the active site to catalysis.*> This mode of
competitive binding between isocitrate and magnesium with D279 triggers the refolding
of the regulatory domain into an a-helix and a conformational change of the overall
structure of IDH1 to the active, closed conformation occurs, followed by a reopening after
chemistry.*? The newly formed favorable interactions between isocitrate and active site
residues likely compensate for any energy costs.*?

1.4.1 IDH1 Activity and Function

The family of isocitrate dehydrogenase enzymes consists of three isoforms: IDH1,
IDH2, and IDH3. All three catalyze the conversion of isocitrate to a-ketoglutarate (aKG)

(Figure 2). IDH3 is a heterotetramer and catalyzes this reaction irreversibly, reducing the
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Figure 2: A. Reversible oxidative decarboxylation of isocitrate to aKG producing
NADPH and CO:2. This is the reaction performed by WT IDH1. B. Reduction of aKG
to D2HG depleting NADPH. This is the reaction performed by mutant IDH1.

cofactor NAD*to NADH in the process, and is localized to the mitochondria where it plays
a critical role in the TCA cycle. Likely, given its role in the TCA cycle, it has not been

found to be mutated in cancer. IDH2 is also found in the mitochondria and catalyzes the



same chemistry; however, unlike IDH3, it is a dimer, reduces NADP* to NADPH, and has
been linked to cancer.?” Similarly, IDH1 catalyzes the same reaction with an NADP* as
a cofactor and is linked to cancer but is found in the cytosol and peroxisomes of the cell.3-
42 |DH2 and IDH3 will not be discussed in detail.

The forward and reverse reaction of IDH1 produces critical intermediates for
metabolic pathways and gene regulation. The reverse reaction produces isocitrate that
is important for glutamine metabolism; however, under normal cellular conditions the
forward reaction is favored.'® 1943 The NADPH produced is used in lipid and nucleic acid
biosynthesis, as well as in regenerating glutathione to mitigate reactive oxygen species.?®:
4446 The aKG produced by the forward reaction can help replenish the TCA cycle to
generate ATP in the electron transport chain, combat reactive oxygen species, and is a
cofactor used to signal HIF1-a degradation.?® Furthermore, aKG-dependent enzymes
are involved in DNA repair and DNA demethylation.#”¢ Normal activity is lost when IDH1
is mutated at position R132 in cancer, and this originally led researchers to consider
mutant IDH1 to be a tumor suppressor.*® Surprisingly, not only does R132 IDH1 lose
normal activity, it catalyzes a neomorphic reaction: the NADPH dependent conversion of
oKG to D-2-hydroxyglutarate (D2HG).>® An oncometabolite is a small molecule metabolic
product whose accumulation deregulates normal cellular metabolism and consequently
primes cells for progression to cancer. D2HG is classified as an oncometabolite because
it inhibits aKG-dependent histone demethylases, ten eleven translocation (TET)
methylcytosine dioxygenases, and can competitively inhibit HIF1-a hydroxylases.?? 51 52
As a result, patients harboring IDH1 mutations have hypermethylated DNA that leads to

cell de-differentiation.>2



1.4.2 Selective Inhibition of IDH1 Mutants

Anti-cancer therapies must be highly specific for their target to minimize toxicity.
As such, inhibitors for mutant IDH are highly specific, exhibiting poor binding to WT IDH1
and WT IDH2.53 % Agios Pharmaceuticals has developed two FDA approved selective
inhibitors that reduce the amount of D2HG produced by mutant IDH1 and IDH2, allowing
the cell to resume differentiation pathways.>* %6 Since D2HG levels are reduced, aKG
dependent histone demethylases can resume their proper function in regulating gene
expression.®” Other commercially available compounds exist that have a similar binding
mechanism as the FDA approved drugs, including ML309 and AGI-5198 (Figure 3).5% 57
The specificity of these inhibitors for mutant IDH1 over WT IDH1 is thought to take
advantage of the structural dynamics of the regulatory a10 helix.®® A structural
investigation of selective inhibitors and mutant IDH1 showed that mutations at the R132
position interrupt a crucial interaction between R132 and N271 that prevents folding of
the helix and open a plastic allosteric binding site for inhibtiors.®® However, the full

mechanism is still under investigation.

ML309 AGI-5198

Figure 3: Structure of ML309 (left). This inhibitor has the same scaffold as of AGI-5198 (right).

1.5 Genome Instability
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The extraordinary accuracy of replicative polymerases combined with their ability
to repair and maintain the human genome ensures a low rate of spontaneous mutations
during cells division. Obtaining the required hallmarks of cancer depends largely on the
accumulation of genomic alterations and is achieved through increased exposure to
mutagens and/or a breakdown in one or more genome maintenance pathways.® The
defects in genome maintenance genes, referred to as “caretaker genes”, include repairing
damaged DNA. Some of the most striking examples of defective caretaker genes
responsible for a loss of genome stability in cancer are tumor protein 53 (TP53) and
telomerase.® Mutations in replicative and repair DNA polymerases can also be included
in this category, as they play active roles in replicating and repairing the genome as well.
For example, DNA polymerase Epsilon (Pol €), a eukaryotic DNA polymerase responsible
for DNA replication on the leading strand, is frequently mutated in colorectal and
endometrial cancer that causes a decrease in replicative accuracy and drives
tumorigenesis.32-36. 9. 60 Pg| ¢ activity, mutations, and mechanisms of (in)fidelity will be
discussed further in this dissertation.

1.6 Structure of DNA Polymerase Epsilon

DNA polymerases can be divided into seven families (Family A, B, C, D, X, Y, and
RT) based on sequence homology, structure, and function. Family B consists of
replicative DNA polymerases from various domains of life, as well as the eukaryotic
replicative polymerases: DNA polymerase Alpha (Pol a), DNA polymerase Delta (Pol d),
and Pol €.57:83.84 Po| a contains both primase and polymerase activity, and initiates DNA

synthesis by synthesizing a short RNA primer and extending the primer by ~ 20 bases
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with its polymerase activity.6> 83 DNA synthesis is then resumed by Pol & and Pol € on

the lagging strand and leading strand, respectively.®?

Figure 4: Structure of DNA Polymerase epsilon (PDB code 4M80) colored by domain.®> The N-
terminal domain is colored dark blue, exonuclease domain in magenta, palm domain in cyan, fingers
domain in yellow, thumb domain in orange, and DNA is colored red.

Characterization of Pol € is limited by difficulties in heterologous expression and
purification.®>%” To overcome these issues, the catalytic domain of human Pol € and
yeast Pol € have been successfully expressed and purified from E. coli and yeast,
respectively.b'- 8364 The catalytic domain of Pol € is structurally conserved among other
B family polymerases and consists of an exonuclease and polymerase domain.®®> The
exonuclease domain contains the catalytic residues responsible for proofreading, and the

polymerase domain is responsible for incorporating the next dNTP.®3 The polymerase
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domain can be divided further into the fingers, palm, and thumb subdomains (Figure 4).88
The fingers domain undergoes a conformational changes during catalysis from an “open”
to a “closed” state that brings the dNTP into position for catalysis.®®* The palm domain,
which is highly conserved among all polymerases, binds DNA and contains the catalytic
residues responsible for incorporating a dNTP.8 The thumb domain makes additional
contacts with the DNA and is believed to play a role in positioning DNA, translocating the
DNA between exonuclease and polymerase active sites, and processivity.?¢ Currently,
high-resolution crystal structures exist for only the yeast Pol € catalytic subunit, as well as
a lower resolution structure of the yeast heterotetramer solved by cryogenic electron
microscopy (cryo-EM).61. 63, 64,69

A major difference between Pol € and other B-family polymerases is the novel P-
domain in within the palm domain of Pol €.53 The P domain extends outward from the
palm domain toward the primer-template DNA, allowing Pol € to encircle newly
synthesized DNA.®3 This domain may represent a completely novel type of protein fold.53
Mutagenesis coupled with primer-extension assays in the presence of a heparin trap
revealed that the P domain is essential for the high processivity of Pol €.83

1.6.1 Nucleotide Incorporation Mechanism

The model for the dNTP incorporation mechanism was derived from studies on T7
DNA polymerase.”® Genetic and biochemical analyses of T7 DNA polymerases and
related Family A polymerases have clarified the roles of conserved amino acids
responsible for DNA, synthesis, nucleotide selection, and fidelity.”! Features of the active
sites of RB69, the DNA polymerase of RB69 bacteriophage, and the mammalian DNA

polymerase (3, are remarkably similar to Family A type polymerases showing that they
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employ closely related strategies for replicating DNA.”" Thus, T7 DNA polymerase, DNA
polymerase B, and RB69 DNA polymerase and can serve as working models for
constructing the catalytic mechanisms of other polymerases due to sequence similarities

in their highly conserved regions, ease of crystallization, and extensive kinetic studies.’®

7

exonuclease
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Figure 5: Minimal kinetic mechanism of DNA Polymerase Epsilon.

The pathway for DNA polymerization is shown in Figure 5. First, the polymerase
binds to the DNA tightly to form the binary enzyme-DNA complex. Then, the correct ANTP
binds to form the enzyme-DNA-dNTP ternary complex. dNTP binding leads to a
conformational change from an open state to a closed state that is then followed by the
nucleotide incorporation reaction. The enzyme changes conformation to the open state
and is followed by the release of pyrophosphate and translocation of the polymerase to

the next unpaired nucleotide.”®
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The incorporation reaction proceeds by a nucleophilic attack of the 3'OH of the
DNA primer-template on the a-phosphate of the incoming dNTP. The fingers, palm, and
thumb domains of the polymerase position the DNA primer-template next to the
nucleotide binding site, and the nascent base pair between the incoming dNTP and
primer-template fits nicely in the groove between fingers domain and the 3’-end of the
DNA primer-template. This reaction uses a universal “two metal ion” mechanism in which
the magnesium ions bound in the polymerase active site lower the entropic cost
associated with the nucleophilic addition reaction. This is done by properly aligning the
incoming dNTP for nucleophilic attack by the 3’-hydroxyl group of the DNA primer-
template.”> /7 However, two metals ions are not sufficient to complete the nucleotide
incorporation reaction, and therefore additional catalytic residues are required.
Conserved aspartate residues align the metal ions in the proper orientation.”® 7' In
addition, there is no residue that acts as a general base catalyst to deprotonate the
hydroxyl group; however, the decreased pKa and proper orientation of the metal-bound
hydroxyl group is sufficient to drive the incorporation reaction.” The metal ions and
nearby positively charged amino acid residues then stabilize the negative charges on the
a-phosphate when the pentavalent intermediate is formed and participate in proton
transfer reactions. Then pyrophosphate is released.%8 70 7"

1.6.2 Factors Affecting Polymerization Fidelity

A number of electrostatic, steric, and kinetic factors contribute to the nucleotide
insertion efficiency and base selectivity of a replicative polymerase. Favorable secondary
interactions that affect incorporation efficiency include hydrogen bonds between

nucleobases, electrostatic interactions formed between non-catalytic amino acid residues
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and the DNA minor groove, and base stacking interactions.”® The insertion efficiency of
a polymerase is also affected by the geometry and mobility of the nascent base pair in
the polymerase active site.”® This allows for less restricted movement of the template
base and lowers polymerization accuracy.”® The accuracy of the incorporation reaction
is affected by a conformational change of the fingers domain and partitioning of the primer
terminus between polymerase and exonuclease active sites.”® The following description
of the factors are general mechanisms of replicative polymerase fidelity and do not
specifically refer to Pol €.

Pre-steady-state kinetic studies have shown that replicative polymerases insert the
correct nucleotide with a higher enzymatic efficiency compared to non-polar nucleoside
analogues because of the formation of crucial hydrogen bonds in canonical Watson-Crick
base pairing.”? The formation of hydrogen bonds between the minor groove of the primer-
template DNA and the replicative DNA polymerase are also important for base selectivity
and reaction efficiency because the lone pairs on the nucleobases form crucial
interactions with the enzyme. Structural and kinetic studies reveal that when
deoxyadenosine is replaced with 3-deaza-2’-deoxyadenosine, which is an adenosine
analogue where the N3 of the purine ring is replaced with a carbon, enzymatic activity is
decreased.”? This effect is more dramatic if the adenosine analogue is placed further
upstream in the primer-template strand. In that case, a hydrogen bond between a nearby
water molecule and the N2 of adenosine is removed such that steric clashes compromise
catalytic efficiency.”? In addition to hydrogen bonding between nucleobases, stacking
interactions between the aromatic purine and pyrimidine rings also stabilize the DNA

double helix.”? When the template base is replaced with tetrahydrofuran (THF) to
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generate an abasic site, bases can no longer form hydrogen bonds. The efficiency and
fidelity depend largely on base stacking interactions between the incoming dNTP and the
penultimate base pair.”? As a rule of thumb, a replicative polymerase will insert a dATP
most efficiently opposite this abasic site to gain the most favorable stacking
interactions.”>  Strict adherence to this rule varies amongst polymerases and also
depends on the composition of the DNA sequence preceding the abasic site.”?

Hydrogen bonding and stacking interactions alone cannot account for the high
accuracy of replicative polymerases.’”® ' The vastly lower error rates of DNA
polymerases (even without intrinsic proofreading activity) suggest that the polymerase
domain active site residues exaggerate the energetic penalty of a mismatch.”! This effect
highlights the importance of the geometry of a correctly placed dNTP.”" Tyrosine, lysine,
and arginine residues at the polymerase active site form interactions with the template
base to hold it strictly in place so that the incoming nucleotide can correctly pair with the
template base.”? Mutagenesis studies that replace these residues with alanine generate
large cavities above and below the template base to provide the base with greater
mobility.”? The less restricted movement allows for a greater number geometric
conformations that the template base can assume, often stabilizing the formation of a
mismatch.

The conformational change that follows nucleotide binding provides another
geometric rationale for the high fidelity of DNA polymerases. The conformational change
from an open to a closed state that occurs after the nucleotide binds to the
polymerase/DNA complex was initially thought to be rate-limiting.”® However,

fluorescence-based kinetic studies have confirmed that the confirmational change is
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faster than the chemistry of the polymerization reaction of a correct dNTP.”® This
conformational change serves as an important checkpoint in the catalytic mechanism of
a replicative polymerase that ensures fidelity. When inserting a correct nucleotide, the
rate of the conformational change leading to the incorporation reaction (ks, Figure 5) is
much faster compared to the conformational change in the reverse direction (k-, Figure
5).7% 7 When the incorrect nucleotide is inserted, the conformational change in the
reverse direction (k3, Figure 5) is much faster than the conformational change in the
forward direction (ks, Figure 5).8872  Structurally, the incorporation of an incorrect
nucleotide is thought to require an unfavorable rearrangement of active site residues.
This results in the very slow incorporation reaction (ks, Figure 5) and a very fast shift back
to a “pre-chemistry” conformation (k.s, Figure 5).72

The partitioning between exonuclease and polymerase active sites is another
factor that ensures high fidelity in replicative polymerases. Incorporating the incorrect
nucleotide favors relocating the DNA primer-template from the polymerase active site to
the exonuclease active site to excise the misincorporated nucleobase. The fidelity of a
polymerase is increased 100-1,000-fold with the presence of a properly active
exonuclease domain.”? Initial studies exploring how mismatched DNA is transferred
between active sites in replicative polymerases involve Foster Resonance Energy
Transfer (FRET) experiments and the use of heparin traps, but ensemble kinetic
experiments may not be sufficient to elucidate polymerase-active site dynamics in
detail.”0 72

1.7 Steady-State and Pre-steady State Kinetics
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Protein biochemists and enzymologists use steady-state and pre-steady-state
kinetics to determine the catalytic mechanisms of enzymes. Steady-state kinetics
methodology was described by Leonor Michaelis and Maude Menten. They proposed a
simplified model to describe substrate binding to enzyme through rapid equilibrium to form
the Michaelis complex, followed by the irreversible formation of product and release.” In
typical steady-state experiments, there is an excess of substrate to enzyme so that both
the concentration of substrate and enzyme bound to substrate remain unchanged.” In
addition, the reaction time is long enough to allow for multiple turnovers.” Steady-state
experiments are often performed by utilizing intrinsic absorbent or fluorescent properties
of a reactant or product in the enzyme’s catalytic mechanism. The increase or decrease
in absorbance or fluorescence is then measured as a function of time to calculate a
substrate-dependent observed rate. The observed rate increases until the enzyme is fully
saturated and cannot perform catalysis any faster. Because multiple turnovers occur
during the time course of the reaction, the observed rate is dictated by the rate of the
slowest step in the enzyme’s catalytic mechanism.”* Using several assumptions,
Michaelis and Menten derived a hyperbolic equation (Eq 1) describing the substrate-
dependent rate of product formation for a particular enzyme.

kobs = (Keat"[S])/(Km*[S]) Eq 1

This equation provides three important enzymatic parameters: kcat, the catalytic
rate constant; Kn, the substrate concentration at half of the kca; and Kcat/Km, which
describes the probability of substrate turnover when substrate is bound to enzyme. These
parameters can be very useful when comparing the parameters of mutational variants or

different enzymes. For example, a hypothetical enzyme may be very fast at forming
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product and have a correspondingly high kcat value, but also have a high K. This means

that the enzyme needs a high concentration of substrate to achieve its maximum catalytic
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Figure 6: Simplified model of enzyme catalysis. Excess substrate
binds to enzyme unchanged before catalysis. The data are fit to the
hyperbolic function derived by Michaelis and Menten. Kinetic
constants, kcat and Km, can be obtained from the hyperbolic fitting of
the data. The catalytic efficiency (kca/Km) is a second order rate
constant that is a tangent line to the linear portion of the hyperbolic
function.

rate and thus is not a very efficient enzyme.

This steady-state model is limited because it does not detail the steps of the
catalytic cycle of an enzyme. A typical catalytic cycle can include multiple substrate
binding events, conformational changes, chemistry step(s), and product release. These
additional steps may occur faster than the observed rate in a steady-state experiment,
and thus cannot be deconvoluted from the rate-determining step of catalysis. Therefore,

steady-state kinetic experiments cannot yield rates of the individual steps of a catalytic
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cycle occurring at the active site. Instead, one must use pre-steady-state kinetics. Pre-
steady-state kinetics can allow the enzymologist to define the sequence of reaction
events occurring at the active site from substrate binding to product release. These steps
account for the high-fidelity of DNA polymerases.’* A typical pre-steady-state experiment
involves the rapid mixing of enzyme with substrate to initiate the reaction for a specific
time interval, followed by reaction termination by addition of a quenching reagent such as
ethylenediaminetetraacetic acid (EDTA), strong acid, or other chemical denaturant
(Figure 7).”* The rate of a single turnover event can be obtained by analyzing the time-
dependent amount of product formation on a rapid time scale.”

There are two common experiments performed under pre-steady-state conditions:
a burst experiment where substrate concentration is in excess to enzyme, and a single
turnover experiment where the concentration of enzyme is in excess to substrate. In an
enzyme that displays burst kinetics, a plot of product formation versus time is biphasic.
The single exponential first phase is the initial and rapid “burst” of product formation that
is followed by the slower linear second phase representing steady-state turnover. The
reaction time course can be fit to the burst equation (Eq 2)

[product]=A[(1-g*obst)+kl] Eq 2

Analyzing the rate of the “burst” phase and its amplitude defines the rate of the reaction
occurring at the active site (kobs), the concentration of enzyme active in a single turnover
(A), and analyzing the linear phase is the rate of the slower steps leading to product
release (kss).”® It should be noted that a “burst” phase is only observed if the release of
product, or some other step after chemistry, is slower than catalysis.”* If a “burst” is not

observed, then chemistry, or a step preceding chemistry, is rate-limiting.”*
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The rate of the “burst” phase in a burst experiment should be equal to the rate in
a single turnover experiment because both rates represent one turnover by the enzyme;
however, the single turnover experiment provides more sensitivity because nearly 100%
of the substrate is converted to product.”* In a single turnover experiment, enzyme is in
excess to substrate and only one turnover can occur. Therefore, the time-dependent
formation of product is fit to a single exponential equation without a linear phase (Eq 3)
because a steady-state cannot be reached.

[product]=A(1-g™obst) Eq3

The observed rates of the exponential portion of the burst assays or observed rates in a
single turnover assay are then plotted versus substrate concentration to obtain the
maximum catalytic rate, the dissociation constant for a particular substrate (Kq) , and the
efficiency of the enzyme similar to the Michaelis-Menten equation (Eq 1) with one
exception. Due to a polymerase’s processivity, the rate of nucleotide incorporation is
much faster than the rate of dissociation from DNA (i.e product release). Therefore, the
rapid equilibrium assumption is true for polymerases and Kg replaces Km.

The experimental set-up involves a rapid chemical quench instrument (Figure 7)
where reactants are loaded into small volume sample loops, then rapidly mixed together
via force from the drive syringes in the reaction loop, and finally quenched with the quench
reagent in the collection loop. An eight-way valve is used to select reaction loop volumes,
and an electronic step motor is used to drive reactions at precise speeds. By varying the

reaction loop volume, flow rate, and a utilizing a clever push-pause-push mode in the
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motor, reaction times as fast as 2 milliseconds and up to 100 seconds (or longer) can be
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Figure 7: Schematic diagram of a rapid chemical quench. Syringes
are loaded separately. One is loaded with Pol € and labeled DNA.
The other is loaded with magnesium and dNTP. An eight-way valve
contains the reaction loops that each are a different volume. Based
on this volume the computer calculates which reaction loop to use
based on the entered reaction time. An electronic step motor forces
the reaction volume from sample syringes and buffer from drive
syringes into the reaction loop. The instrument then stops the
reaction with quenching reagent at the correct time. Figure obtained
from C. Sohl with permission.

In pre-steady-state kinetics, the enzyme concentration is present in stoichiometric
amounts compared to reactant, and is not treated as a trace catalyst.”* In addition, the
pathway of events occurring at the active site can be established without the indirect
interference of steady-state methods.”* One needs to know the concentrations of total
enzyme present, product formed over time, and substrate concentration in order to
accurately interpret a kinetic experiment. In a number of laboratories, it is conventional
to report moles of enzyme and moles of product formed as a function of time as opposed
to concentration.” It is difficult to interpret these results because one must know the total

reaction volume to calculate the concentration of total product formed.”* It is better to
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operate in concentration units and it greatly facilitates the quantitative analysis of the
data.’
1.8 DNA Polymerase Epsilon Kinetic Mechanism

To simplify difficulties with expression, the kinetic mechanism of human Pol € was
first determined using the truncated catalytic subunit.?4-%6. 7577 The fragment consists of
the residues 1-1189 of the N-terminal domain and has been characterized previously.”>
7 The N-terminal domain fragment contains all the conserved polymerase and
exonuclease motifs and has been shown to be as active as the full-length catalytic
subunit.”®> The N-terminal fragment possesses exonuclease activity that can complicate
nucleotide incorporation kinetics experiments. To circumvent this, two highly conserved
aspartates D275 and E277 in the exonuclease domain were mutated to alanine.

Early kinetic studies found that Pol € extends DNA via an induced-fit mechanism.”®
Using a burst assay, Pol € was shown to exhibit biphasic kinetics, demonstrating that the
rate of nucleotide incorporation precedes dissociation from DNA.”® Dissociation from
DNA was confirmed to occur after nucleotide incorporation by directly measuring the
steady-state rate constant.”

The rate of the conformational change in DNA polymerases preceding chemistry
is usually a point of contention and varies among different polymerases families and even
polymerase within the same family.”® 72 78 At least three different experiments exist to
determine the position and/or rate relative to correct/incorrect nucleotide insertion for a
polymerase: 1) examining the elemental effect of nucleotide incorporation, 2) pulse-chase
and pulse-quench experiments, and 3) stopped-flow fluorescent experiments.”® 8 When

examining the elemental effect of nucleotide, a dNTPaS substrate is used. A dNTPaS is
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a dNTP that contains a non-bridging phosphorothioate substitution at the a-phosphate.
The rates of incorporation of ANTPaS and the natural NTP are then compared and used
as a diagnostic for determining whether the chemical step of polymerization is rate-
limiting.”* 89, The effect of a sulfur elemental substitution is estimated to decrease
reaction rate 4-10 fold based on the hydrolysis of phosphate diesters.8® A small elemental
effect of 0.9 was observed for Pol € when inserting the correct nucleotide, suggesting that
the rate of correct nucleotide incorporation was not limited by a conformational change.”
However, when inserting an incorrect nucleotide, the elemental effect was calculated to
be 167, suggesting that in this case the chemistry step is rate-limiting.”* Substituting a
sulfur for an oxygen may result in steric clashing between active site residues and
polymerase-bound nucleotide, so these experiments were followed up with pulse-chase
and pulse-quench experiments for diagnosing the rate-limiting step.”* In pulse-quench
experiments, enzyme and DNA are rapidly mixed with radiolabeled dNTP and incubated
in the millisecond timescale, and then the reaction is rapidly quenched with acid.” In
pulse-chase experiments, enzyme and DNA are rapidly mixed with radiolabeled dNTP for
selected time points, and then incubated (“chased”) with a large excess of unlabeled
dNTP for an amount of time that allows for complete conversion to products.’# 80
Reaction volumes following pulse-chase and pulse-quench assays are also normalized.
During the chase period, tightly bound radiolabeled substrate is primarily converted to
product that retains the radiolabel, while loosely bound substrate is exchanged with the
excess unlabeled substrate to form unlabeled product.”* Comparing the reaction kinetics
obtained in pulse-quench and pulse-chase experiments provide evidence for the

formation of a ternary complex that precedes chemistry.8° In addition, these experiments
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argue for the existence of an enzyme*-DNA-dNTP (where * indicates a conformational
change) that is distinct from the ground state enzyme-DNA-dNTP ternary complex.8%: 8
The results of these experiments performed with Pol € showed that the rates of product
formation were equal, but more product was formed in the pulse-chase assay versus the
pulse-quench assay.”* This result suggests the accumulation of a stable intermediate
complex prior to chemistry that is converted into product through the addition of excess
unlabeled dNTP.” The intermediate can be a binary complex (enzyme-DNA), a ground-
state ternary complex (enzyme-DNA-dNTP), or a ternary complex that has undertaken a
conformational change (enzyme*-DNA-dNTP). The binary complex can be ruled since it
would bind to unlabeled dNTP during the chase period, form undetectable product, and
lead to no change in product formation between pulse chase and pulse quench assays.”
The ground state ternary complex, enzyme-DNA-dNTP, can also be ruled out because
the rate of dNTP dissociation was much faster than rate of product formation in the pulse-
chase and pulse-quench experiments.”* This suggests the intermediate is the
accumulation of a distinct enzyme*-DNA-dNTP ternary complex that precedes
chemistry.”* However, some uncertainty still remains in the rate of this conformational
change.’®81.82 Though they have not been performed on Pol €, stopped-flow fluorescent
labeling experiments have also been used to measure rates of noncovalent
conformational changes in polymerases. Results of these experiments have shown
evidence that one or more fast conformational changes often precede nucleotide
incorporation chemistry in replicative polymerase turnover.”® 72. 78,79, 81-84  Gtopped-flow
fluorescence will not be discussed in detail, but it does pose as an interesting path forward

for elucidating Pol € kinetics.
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The contributing effects of the exonuclease domain, C-terminal domain (CTD), and
additional subunits on incorporation rates, excision rates, DNA binding, and fidelity were
then explored. With the truncated catalytic subunit, the exonuclease domain was found
to enhance the accuracy of DNA replication from one error every 10* — 107 incorporation
events to one error every 108 — 10" incorporation events.”®85 Zahurancik and colleagues
successfully purified full-length Pol € in 2015, including accessory subunits, and found the
CTD and accessory subunits did not improve processivity. The CTD and accessory
subunits did increase DNA binding affinity and decrease the rate of exicision.”” A
thorough kinetic investigation on full-length Pol € was completed in 2020.8¢ In this study,
the minimal kinetic mechanism of Pol € was extended to include three different modes of
binding to DNA: a productive polymerization-ready state, a nonproductive state, and a
productive exonuclease-ready state.®¢® The nonproductive conformation is notable
because it accounts for the observed low percent activity of Pol € during the single
turnover phase, and the isomerization to a productive conformation accounts for the
double exponential curve fitting.86 This work also reported a moderately increased rate
of nucleotide incorporation. Overall, the full-length Pol € followed the same kinetic
mechanism as the truncated catalytic subunit. However, in this most recent study, the
pulse-chase and pulse-quench experiments were not repeated to confirm the sub-rate-
limiting conformation change.

1.9 DNA Polymerase Epsilon Mutations in Cancer

Next-generation sequencing studies from The Cancer Genome Atlas (TCGA)

network provided a new classification for endometrial tumors based on mutation

spectra.3? Pol € mutated tumors account for 7-12% of all endometrial cancers and
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possess an hypermutated phenotype (> 10 mutations per megabase).32-36.59.60 Mutations
in Pol e tend to cluster in the exonuclease domain.32-36.59.60 The most frequently observed
mutation in Pol € is P286R, which is located in the exonuclease domain.®® €0 [nitial
investigations characterizing the yeast Pol € variant of this P286R mutant (P301R in
yeast) have provided evidence of a higher mutation rate compared to an exonuclease
deficient Pol €. This mechanism occurs due to increased activity of nucleotide
incorporation coupled to deficient proofreading activity.5® €% A crystal structure of yeast
P301R Pol € coupled with molecular dynamics revealed that the arginine mutation
prevents DNA from properly binding to the exonuclease active site.®' Furthermore, the
structural investigation revealed that in the low probability that the DNA did bind properly
to the exonuclease active site, the magnesium ions would not be coordinated properly to
facilitate exonuclease chemistry.®" Mechanistically, the P286R mutant Pol € is
hypothesized to drive mutagenesis by not only preventing the exonuclease reaction from
occurring, but also increasing the rate of nucleotide incorporation after mismatch.®' The
fidelity of DNA synthesis is partially maintained by a delicate balance between the forward
polymerization and excision rates of reaction. Altering this balance will affect the
propensity of the DNA polymerase to extend DNA synthesis from misincorporated
nucleotides or bypass DNA lesions in an error-prone manner.?° The rate of incorporating
a correct nucleotide is ~ 300 s for Pol €.5' If the enzyme attempts to extend past
incorrectly matched dNTPs, the rate will be significantly slowed.®’ This slowed
polymerization rate allows the polymerase to overcome the kinetic barrier to transfer the
nascent single-stranded (ss) DNA to the exonuclease active site. The rates of separation

of the DNA strands, transfer to the exonuclease site, and binding to the exonuclease
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active site occur faster than the rate of incorporation past a mismatched nucleotide. Thus,
this kinetically favors excision of the incorrectly incorporated nucleotide by the
polymerase.®” Due to steric clashes, the P286R mutation is expected to increase the

kinetic barrier to form the necessary ssDNA-exonuclease domain complex. As a
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Figure 8: Energy minimized F815L (human numbering) was generated using the crystal structure of
WT yeast Pol & (PDB 4M80).%® The mutation is 10 A away from the incoming dNTP and is thought to
not directly interfere with the chemistry of the nucleotide incorporation reaction.

consequence, the ability to extend past mismatched nucleotides is enhanced and the rate
excision decreases.%’

In addition, a large number of Pol € polymerase domain mutations have also been
identified in endometrial cancer in regions of the enzyme critical for fidelity, implying that
polymerase domain mutations could also confer a hypermutated phenotype that leads to

cancer.?” It is well established that mutations the polymerase domain of replicative
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polymerases can alter fidelity and cause disease.®® 8 For example, the degree of
catalytic dysfunction and infidelity of polymerase domain mutations in DNA polymerase y
involved in neurodegenerative diseases such as Alpers syndrome has been previously
assessed.” In addition, the polymerase domain mutation R696W in human DNA
polymerase & has been identified in colon and liver cancer and causes a hypermutated

phenotype in yeast.®" Currently, the kinetic mechanisms and propensity for genome

( /—\ , / )
Figure 9: Aligned strutures of F815L DNA Polymerase epsilon (colored in cyan) and WT yeast Pol
¢ (colored by domain) (4M80).5® Residues involved in the dNTP binding pocket are labeled.

Notably Y643 and M644 are shifted in the F815L mutant. This causes increases the conformational
flexibility of the incoming dNTP and can stabilize the formation of a mismatch.

instability of cancer-related polymerase domain mutations in Pol € has not been
determined. As more Pol € mutations are identified in tumors, it is vital to determine the

mechanistic consequences on replicative (in)fidelity that underscore genome instability.
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We have chosen to focus on a mutation in the fingers subdomain, F815L, due to its
identification in cancer patients and its distance from the active site to not directly interfere
with the chemistry of nucleotide incorporation (Figure 8). From energy minimized
structures of yeast Pol € possessing the F815L (human numbering) mutant and its
location in the protein, we hypothesize that this mutant interferes with proper dNTP
selectivity and creates a larger binding pocket for DNA at the polymerase active site
(Figure 9). By understanding the catalytic features of Pol € mutations identified in tumors,
we can elucidate the basic features of the enzyme’s role in tumorigenesis and genome
instability. Currently we have shown that the F815L mutant inserts the correct nucleotide
with a lower catalytic efficiency that WT Pol €. We hypothesize that the F815L mutant will
be more efficient at incorporating incorrect nucleotides through higher affinity for the
incorrect dNTP or faster rates for the incorrect dNTP, resulting in lowered fidelity.
1.10 Outstanding DNA Polymerase Mechanistic Questions

Structural and kinetic experiments provide a multitude of information and together
form the strong basis of any polymerase investigation. Studies involving Pol € studies
and the role of tumorigenic mutants in the overall kinetic mechanism and tumorigenesis
are still in the early stages. Traditional paths forward would be to obtain high-resolution
structures of human Pol € and mutant variants in an open and closed state, coupled with
a complete kinetic characterization of the wild-type enzyme and mutants. This illuminates
structure-function relationships and provides a rationale for the mechanism of (in)fidelity
of the enzyme and mutants. Initial pre-steady state kinetic data for human Pol € exist,
however the data are limited to only the wild-type enzyme .7477. 8 High-resolution

structures for Pol € are limited to the catalytic subunit of the yeast homologue in a closed
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state, in addition to a cryo-EM structures.®: 63. 64,69 Qptimizing expression protocols to
obtain high yields of active protein is essential for further kinetic and structural
investigations. Probing for sensitivity to current FDA approved chemotherapeutic
nucleoside analogs poses an interesting path forward for kinetic studies as it could direct
potential treatment strategies.

Future research will require a transition from current structure-function
relationships to studying polymerase dynamics. For example, investigating the pathway
of the conformational change checkpoint that leads to catalysis, identifying the non-
catalytic residues that affect the partitioning between the polymerase and exonuclease
active sites and/or affect dNTP insertion kinetics, and identifying protein side chain
rearrangements that occur during dNTP insertion can all play a role in base selectivity but
are missed by traditional static structural studies.”? The structures of the closed
conformation help define the interactions that lead to catalysis, but do not shed light on
the pathway from open to closed conformation.”? Instead, these processes can be
investigated by developing single molecule FRET (smFRET) and time-lapse X-ray
crystallography. Time lapse X-ray crystallography has been successful in studying DNA
polymerase n and DNA polymerase B, 9% % though these are both repair polymerases
that have slower insertion rates. Therefore, Pol € would have to be artificially kinetically
slowed in order to observe the dynamics of dNTP insertion. Moreover, high-quality
crystals may be difficult to obtain or gradually deform during the course of the reaction.”?
Performing Raman spectroscopy on the crystals would serve as a possible alternative
because well-defined changes in the spectra may appear during the nucleotidyl transfer

reaction to elucidate the kinetics of the appearance and disappearance of intermediate.”*
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% However, transition rates in solution that are important to understand the changes
between different conformational states are lost. Thus, smFRET techniques using clever
labeling techniques would help assign the role of conformational changes governing
dNTP selectivity the transition from polymerase to exonuclease active sties.”?

While these questions tackle local factors affecting fidelity, they do not take into
account the potential global effects of coordinated efforts of full-length Pol € and additional
subunits, and accompanying proteins such as PCNA complex, RF-C, CMG-helicase
complex at the replisome on fidelity, processivity, rates of nucleotide insertion and
excision, cellular tumorigenic potential.
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2. Kinetic and Cellular Consequences of pH on IDH1 Activity
2.1 Abstract

Isocitrate Dehydrogenase 1 (IDH1) is an important metabolic enzyme that is
responsible for the reversible NADP* dependent oxidative decarboxylation of isocitrate to
o-ketoglutarate (aKG) and NADPH in the cytosol and peroxisomes of the cell. This
reaction is critical because it provides anapleurotic intermediates and reductive potential
in the form of NADPH to drive lipid biosynthesis and combat reactive oxygen species.
The reverse reaction, the conversion of aKG to isocitrate, is an important step glutamine
metabolism. Changes in the cellular environment, such as altered pH, substrate
concentration levels, and oxidative stress can reroute metabolism by altering the activity
of activity of metabolic enzymes like IDH1. One way that protein activity is regulated is
through protein protonation, a post-translation modification (PTM) that can play an
important role in protein-protein interactions, protein-ligand interactions, and protein
stability. Amino acid residues that sense changes in surrounding pH, are termed pH
sensors, and typically have pKi values shifted towards physiological pH levels. The
change in pKa, stores the potential energy required to drive a structural/functional
modification that alters catalytic activity. Here, we show evidence for IDH1 pH
dependence in the conversion of isocitrate to aKG in that kcat values decreased with more
acidic pH values. The kinetic parameters of the reverse reaction were found to be largely
buffer-dependent. We coupled our biochemical analysis with a structural informatics
algorithm, pHinder, to identify potential pH sensor at residue D273 at the dimer interface

of IDH1. Point mutations at D273 led to decreased catalytic activity, and a loss of pH
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dependent activity. This work identified a new pH-sensitive residue that is important for
IDH1 catalysis.
2.2 Introduction

Isocitrate dehydrogenase 1 (IDH1) is a metabolic enzyme that has three distinct
isoforms — IDH1, IDH2, and IDH3. IDH3 is a heterotetramer and is to the localized to the
mitochondria. It catalyzes the third step in the tricarboxylic acid (TCA) cycle, where it
uses a NAD" cofactor to convert isocitrate to a-ketoglutarate (aKG) and the high-energy
product NADH. IDH1 and IDH2 are homodimers, catalyzing the reversible conversion of
ICT to aKG, while utilizing a NADP*/NADPH cofactor to drive the reaction (Figure 1A).
IDHZ2 is found in the mitochondria, while IDH1 localizes to the peroxisomes and cytosol

of the cell. The reactions of IDH1 and IDH2 are important to the cell because

- WT IDH1
A OO OO O O

~ NADP* NADPH + CO, )
. o W o~

OH B / \ (@)
Isocitrate NADP* NADPH + CO, o-ketoglutarate, aKG

Mutant IDH1
NADPH NADP* o) o)
B i i )J\/\/U\
‘OWO‘ . 07 o
o OH
D-2-hydroxyglutarate, D2HG

o-ketoglutarate, aKG

Figure 1: WT and mutant IDH1 catalytic activities. Shown are the A. normal oxidative
decarboxylation reaction, and B. the mutant neomorphic reaction.
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they provide metabolic intermediates to replenish the TCA cycle, provide NADPH as a
cofactor for lipid and nucleic acid biosynthesis, and reductive power to combat reactive
oxygen species.’-3

Tumor sequencing projects have found that IDH1 and IDH2 are frequently mutated
in low grade gliomas, secondary glioblastomas; and in acute myeloid leukemia,
chondrosarcomas, and cholangiocarcinomas to a lesser extent.*® These studies found
that IDH1 is commonly mutated at position R132, a residue responsible for coordinating
the carboxylate moiety of isocitrate during catalysis. This position was most commonly
mutated to a histidine or a cysteine, but tumors were also found to have glycine, leucine,
and serine point mutations to a lesser extent.* These mutations drastically reduce normal
IDH1 biochemical activity.’® " Due to the loss of activity, it was originally thought that
these mutations would simply lead to a loss of function in cancer. In addition, patients
expressing R132H IDH1 mutations tended to be diagnosed at a younger age and live
longer due to an epigenetic upregulation of the DNA damage response and greater
resistance to radiation treatment.’”> However, the consequences on cellular metabolic
activity still remained mysterious. In 2009, Dang and colleagues discovered that IDH1 is
capable of converting aKG to D-2-hydroxyglutarate (D2HG) (Figure 1B)."”> D2HG is a
proposed oncometabolite that inhibits histone demethylases and results in changes in
gene expression and cell de-differentiation.’* 15

In addition, increased wild type (WT) IDH1 mRNA levels and protein expression
levels are important features of some cancers.* In primary glioblastomas, glioblastomas
arising de novo, IDH1 is not frequently mutated.* > However, wild-type (WT) IDH1 had

increased expression and mRNA levels in 65% of primary glioblastoma in order to support
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tumor progression.’™  The upregulation of IDH1 is an example of metabolic
reprogramming in cancer that increases lipid biosynthesis, alters the cellular redox state,
promotes a more dedifferentiated cells state, and causes resistance toward receptor
tyrosine kinase (RTK) targeted therapies.’”® Thus, IDH1 is a therapeutic target and the
first selective small inhibitor for mutant IDH1 in newly diagnosed acute myeloid leukemias
was approved by the FDA in 2019.77: 18

A change in the cellular environment brought on by hypoxia, changing metabolite
concentrations, or disease can modulate protein activity in order to meet the cell’'s needs.
For example, the conversion of isocitrate to aKG dominates at normal cellular conditions;
however, in hypoxic conditions the reverse reaction of IDH is favored, though the
mechanism remains unclear.’®?' Protein activity can be regulated through post-
translational modifications (PTMs). Protein protonation is commonly overlooked as a
PTM,?? though many cellular processes are regulated by changes in intracellular pH (pH;)
including apoptosis,?® oxidative stress,?* 2> and cell differentiation.?® Altered pHi is also
associated with tumor metastasis.?> 2”28 The catalytic rates of some enzymes are pH-
dependent. Notable examples include small GTPases,?® the Na*-H* proton pump,® and
metabolic proteins such as phosphofructokinase,3'3* and lactate dehydrogenase.3* 3°
Proteins can detect changes in pH based on the protonation state of ionizable amino
acids residues that can have a biologically relevant change in protein-protein interactions,
protein-ligand interactions, and protein stability.?> Histidine residues are a natural
candidate because their pKa is already near physiological pH, but any ionizable residue
can sense changes in intracellular pH (pH) if their pKa values are shifted towards

physiological pH in a folded protein.?? 3¢ Previous work has shown that a large shift in
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pKa results in more potential energy to drive a conformational change to modify enzyme
activity and fine-tune protein stability.3”- 3 Thus buried ionizable networks of amino acids
play a critical role in protein stability and function.3® There is some evidence that the
forward and reverse reaction of IDH1 activity is pH dependent,3®-4! however, the steady-
state parameters have not been reported.

In this work, we investigate IDH1 catalysis over a wide range of pH values and
show evidence that the forward reaction rate is regulated by pH. The Kcat of the forward
reaction shows the most consistent and reliable pH dependent trend in the tested
conditions. The kinetic parameters of the reverse reaction are buffer-dependent. We
also provide a possible mechanism for IDH1 pH dependent activity by identifying buried
ionizable amino acids that have a shifted pKa, D273 and K217, within the structure of
IDH1. When the ionizability of IDH1 was removed by introducing point mutations at D273,
there was a decrease in both activity and pH-sensitivity. This work overall combines
experimental biochemical methods with structural informatics to identify pH dependent
regulatory mechanism of IDH1 by D273.

2.3 Materials and Methods

2.3.1 Materials

Tris-hydrochloric acid, Tris Base, Bis-Tris, sodium hydroxide (NaOH), sodium
chloride (NaCl), magnesium chloride (MgCl>) hexahydrate, Dithiothreitol (DTT), B-
Nicotinamide adenine dinucleotide phosphate (NADP*) disodium salt, p-Nicotinamide
adenine dinucleotide phosphate reduced (NADPH) trisodium salt, Potassium Phosphate
(KPhos) monobasic and dibasic, potassium chloride (KCI), BL-21 Gold (DE3) Competent

Cells, Luria-broth (LB)-Agar, kanamycin sulfate, Terrific Broth, 1-thio-B-D-
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galactopyranoside (IPTG), EDTA-free Protease inhibitor Tablets, glycerol, Nickel-
nitrilotriacetic acid (Ni-NTA) resin, Dulbecco’s modified Eagle medium (DMEM), 2’,7’-Bis-
(2-carboxyethyl)-5-(and-6)-carboxyfluorescein  acetoxymethyl ester (BCECF-AM),
Dulbecco’s phosphate buffered saline (DPBS), and Triton X-100 were all obtained from
Fisher Scientific (Hampton, NH). B-Mercaptoethanol (B-ME) was obtained from MP
Biomedicals in Santa Ana, CA. Isocitrate, alpha ketoglutarate (aKG), and imidazole were
obtained from Acros Organics (Fisher Scientific Hampton, NH). Fetal bovine serum
(FBS), was obtained from VWR (Radnor, PA). 5-(N-Ethyl-N-isopropyl)amiloride was
obtained from Sigma-Aldrich (St Louis, MO). Esomperazole sodium salt was obtained
from Apexbio (Houston, TX). Nigericin sodium was obtained from Tocris (Bristol, U.K).
Stain free (4-20%) Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) were obtained from Bio-Rad Laboratories (Hercules, CA).

2.3.2 Plasmid Mutagenesis

WT and R132H IDH1 clones were generously provided by Charles Rock (St.
Jude’s Hospital) for further study. All IDH1 cDNA constructs are in a pET-28b plasmid
vector that contains an N-terminal hexa-histidine tag. Site-directed mutagenesis was
used to generate single point mutations in WT IDH1 using the manufacturer’s (Kappa
Biosciences, Oslo, Norway) guidelines with the following primers: D273N (forward primer
5-TTTATTTGGGCCTGCAAAAACTATAATGGTGATGTTCAGAGC, reverse primer 5'-
GCTCTGAACATCACCATTATAGTTTTTGCAGGCCCAAATAAA); D273L  (forward
primer 5-TGGTTTTATTTGGGCCTGCAAAAACTATCTGGGTGATGTTCAGAGCGA,
reverse primer 5-

TCGCTCTGAACATCACCCAGATAGTTTTTGCAGGCCCAAATAAAACCA); D273S
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(forward primer 5-
GTGGTTTTATTTGGGCCTGCAAAAACTATAGTGGTGATGTTCAGAG, reverse primer
5-CTCTGAACATCACCACTATAGTTTTTGCAGGCCCAAATAAAACCAC); K217M
(forward primer 5-
CTGAGCACCAAAAATACCATTCTGATGAAATACGATGGTCGCTTTAAAGATA,

reverse primer 5'-
TATCTTTAAAGCGACCATCGTATTTCATCAGAATGGTATTTTTGGTGCTCAG);

K217Q (forward 5-
CTGAGCACCAAAAATACCATTCTGCAGAAATACGATGGTCGCTTTAAAGAT, reverse
primer 5-
ATCTTTAAAGCGACCATCGTATTTCTGCAGAATGGTATTTTTGGTGCTCAG).  Site-
directed mutagenesis was used to generate single point mutations in R132H IDH1
background according to the manufacturer's guidelines (Kappa Biosciences, Oslo,
Norway) using the following primers D273N  (forward  primer 5-
TTTATTTGGGCCTGCAAAAACTATAATGGTGATGTTCAGAGC, reverse primer 5'-
GCTCTGAACATCACCATTATAGTTTTTGCAGGCCCAAATAAA); D273L  (forward
primer 5-TGGTTTTATTTGGGCCTGCAAAAACTATCTGGGTGATGTTCAGAGCGA,
reverse primer 5'-
TCGCTCTGAACATCACCCAGATAGTTTTTGCAGGCCCAAATAAAACCA); D273S
(forward primer 5-
GTGGTTTTATTTGGGCCTGCAAAAACTATAGTGGTGATGTTCAGAG, reverse primer
5-CTCTGAACATCACCACTATAGTTTTTGCAGGCCCAAATAAAACCAC). All

constructs were sequenced to confirm accuracy. Dr. Christal Sohl designed necessary
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mutagenesis primers, and | performed all mutagenesis to generate single mutants and
double mutants.

2.3.3 Protein Expression and Purification

IDH1 (WT and mutants) were transformed into BL-21 Gold (DE3) cells. The
transformed cells were incubated at 37°C in 0.5-2.0 L of Terrific Broth (TB) containing 30
ug/mL kanamycin at 200 RPM until reaching an optical density at 600 nm of 1.0-1.2.
Then, the temperature was dropped 18.0°C and shaking reduced to 130 RPM. The
cultures were induced with a final concentration of 1mM IPTG. The cells were harvested
by centrifugation at 8000 RPM for 15 minutes, cell pellets were resuspended in lysis buffer
(20 mM Tris pH 7.5 at 4°C, 500 mM NacCl, 0.1% Triton X-100, and supplemented with a
crushed and dissolved EDTA-free protease inhibitor tablet). The cells were lysed via
sonication and the supernatant was collected by centrifugation of the homogenates at
12000 RPM for 1 hour. The resulted supernatant was loaded into a Ni-NTA affinity
column and washed with Ni-buffer 1 (50 mM Tris pH 7.5 at 4°C, 500 mM NaCl, and 5 mM
B-ME). Bound protein was eluted with Ni-Buffer 2 (50 mM Tris pH 7.5 at 4°C, 500 mM
NaCl, 500 mM imidazole at pH 7.5, and 5 mM B-ME). The elution was dialyzed in storage
buffer (50 mM Tris pH 7.5 at 4°C, 100 mM NaCl, 20% glycerol, and 1 mM DTT). Purity
of IDH1 WT and mutants was confirmed to be over 95% via SDS-PAGE gels (4-20%).
The concentration of purified proteins was calculated via obtaining the absorbance at 280
nm using a calculated molar extinction coefficient of 64143 M-'cm™'. The proteins were
flash frozen in liquid nitrogen and stored at -80°C for < 1 month. | purified IDH1 WT,
single mutants, and double mutants. To ensure that WT and mutant IDH1 dimerized to

a similar degree and did not oligomeric aggregates in solutions, WT and D273L IDH1
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were analyzed using size exclusion chromatography (SEC) and were both found to be
primarily in the dimer form (Supplemental Figure S1). | purified all IDH1 WT proteins,
IDH1 single mutants, and IDH1 double mutants.

2.3.4 Steady State Activity Assays

The activity of IDH1 homodimers were assessed at 37°C using steady-state
methods described previously.'" An 8452 diode array spectrophotometer (Olis, Atlanta,
GA) was used to measure the steady state kinetic assays. The Tris-based assays were
prepared as follows: for the conversion of isocitrate to aKG for pH > 7.0, a cuvette
containing assay buffer (50 mM Tris buffer ranging from pH 8.0 to 7.2 at 37°C, 150 mM
NaCl, 10 mM MgClz, 0.1 mM DTT), and 100 nM IDH1, were preincubated for 3 minutes
at 37°C. For the conversion of isocitrate to aKG for pH < 7.0 a cuvette containing assay
buffer (50 mM bis-Tris ranging from pH 7.0 to 6.2 at 37°C, 150 mM NacCl, 10 mM MgCl.,
0.1 mM DTT), and 100 nM WT IDH1 were preincubated for 3 minutes at 37°C. For the
conversion of aKG to isocitrate for pH > 7.0,3° a cuvette containing assay buffer (50 mM
Tris ranging from 8.0 to 7.2 at 37°C, 150 mM NacCl, MgCl,, 66 mM NaHCOQO3), and 100 nM
IDH1, were preincubated for 3 minutes at 37°C. For the conversion of aKG to isocitrate
for o1 < 7.0 a cuvette containing assay buffer (50 mM bis-Tris pH ranging 7.0-6.2 at 37°C,
150 mM 150 NaCl, 10 mM MgClz, 66 mM NaHCO3) and 100 nM IDH1, were preincubated
for 3 minutes at 37°C.

The potassium phosphate (KPhos) buffer-based assays were prepared as follows:
for the conversion of isocitrate to aKG, a cuvette containing assays buffer (50 mM KPhos
ranging from pH 8.0 to 6.2 at 37°C, 150 mM KCI, 10 mM MgClz, 0.1 mM DTT), and 100

nM IDH1 were preincubated for 3 minutes at 37°C. For the conversion of aKG to
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isocitrate, a cuvette containing assay buffer (50 mM KPhos pH ranging from 8.0 to 6.2 at
37°C, 150 mM KCl, 10 mM MgCl,, 66 mM NaHCOs3, and 0.1 mM DTT), and 100 nM IDH1
were preincubated for 3 minutes at 37°C.

The pH of akG was adjusted to the pH of the assay before use. In reactions
measuring isocitrate to aKG conversion, reactions were initiated by adding NADP* and
isocitrate, with saturating NADP* and titrating in various concentrations of isocitrate. In
reactions measuring oKG to isocitrate conversion, reactions were initiated by adding
NADPH to aKG, with saturating NADPH and titrating in various concentrations of aKG.
In the R132H background, reactions measuring the conversion of aKG to D2HG,
reactions were initiated by adding NADPH and aKG, with saturating NADPH and titrating
in various concentrations of aKG. In all cases change in absorbance due to changing
NADPH concentrations was monitored at 340 nm.

For all reactions, the slope of the linear ranges of the assays were calculated to
uM NADPH using the molar extinction coefficient for NADPH of 6.22 cm™ mM-" to obtain
Kobs (i.e uM NADPH/uM enzyme s™' at each substrate concentration). Results were fit to
hyperbolic plots in GraphPad Prism (GraphPad Software, La Jolla, CA) to estimate Kcat
and Kn values + standard error (SE). | generated all final steady state kinetic data for
the conversion of isocitrate to aKG in Tris, bis-Tris, and KPhos buffers from pH 8.0 — 6.2
for WT IDH1, D273L, D273N, D273S, K217M, K217Q IDH1 single mutants; the
conversion of aKG to isocitrate in Tris, bis-Tris, and KPhos buffers from pH 8.0 — 6.2 for
WT IDH1; and the conversion of aKG to D2HG for D273L, D273N, and D273S IDH1
R132H double mutants. Zach Lesecq performed preliminary steady-state experiments in

Tris-based buffers and provided some training.
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2.3.5 Thermal Stability Using Circular Dichroism

The stability of WT IDH1 in the pH range from 8.0 to 6.2, and D273L IDH1 at pH
7.5 were assessed using circular dichroism (CD). IDH1 was diluted to 5 uM in a buffer
containing 10 mM KPhos at desired pH and 100 mM KCI. The thermal melt experiment
was initiated at 20°C and the temperature increased to 70°C in 1°C increments. The
secondary structure of IDH1 is rich in a-helices and was monitored via 222 nm peak,
corresponding to a-helicity. Analysis was performed using GraphPad Prism (GraphPad
Software, La Jolla, CA) with a Boltzmann Sigmoidal fit.*> | performed the CD stability
analysis for WT IDH1 at all tested pH values and IDH1 D273L at pH 7.5.

2.3.6 Cellular pHi Modulations

HT1080 cell lines were all cultured in DMEM supplemented with 10% FBS and
incubated at 37°C with 5% CO2 atmosphere. The effects of proton pump inhibitors on pHi;
was evaluated in triplicate by first adding 0.3x10° cells per well in a 24-well plate and
incubated overnight. The following day the proton pump inhibitor, esomeprazole sodium
salt, was dissolved in PBS and was added to the cells at a final concentration of 200 uM,
and the cells were again incubated at 37°C and 5% CO>. After 16-24 hours, the pH; was
measured by first loading cells with 1 uM BCECF-AM dissolved in DMSO (final cellular
concentration of DMSO at 0.1%) at 37°C and 5% CO: for 15 minutes. Excess dye was
removed by washing the cells three times with bicarbonate buffer (25 mM bicarbonate,
115 mM NaCl, 5 mM KCI, 10 mM glucose, 1 mM MgSQOs, 1 mM KHPO4 pH 7.4 at 37°C,
and 2 mM CacCl,) with esomeprazole to preserve pHi manipulation conditions. After the
wash steps, the fluorescence intensity of the BCECF-AM probe was detected with dual

excitation (490 nm and 440 nm) and a fixed emission wavelength of 535 nm.
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Fluorescence ratios (490 nm/440 nm) were converted to pH; values by calibrating each
experiment with a standard curve ranging from pH 6.5 to 7.5 using 25 mM HEPES, 105
mM KCI, and 1 mM MgClz, and 10 uM nigericin to equilibrate the pH; with the extracellular
pH. Metabolites were derivatized and quantified using gas chromatography — mass
spectrometry (GC-MS) as described previously by Dr. David Scott and Dr. Olga Zagnitko
(Sanford Burnham Prebys).*?> Dr. Katharine White (Notre Dame) and Dr. Diane Barber
(University of California San Francisco) aided in the design and training to perform them.
| performed the intracellular pH modulation assays.

2.3.7 GC/MS Analysis of ICT formation and Cellular Metabolite Quantification

To confirm that WT IDH1 was performing the reverse reaction at all tested pH’s
GC-MS was used as described previously*® (data not shown) to confirm the presence of
isocitrate. Briefly, 100 nM IDH1 was incubated in KPhos reaction buffer at the desired
pH, and the reaction was initiated by the addition of saturating NADPH and aKG. The
absorbance was monitored at 340 nm until completion, and an aliquot of the reaction was
removed. Then, the aliquot was lyophilized to dryness. The dried aliquots were
redissolved in 50% methanol containing L-norvaline as an internal standard, and re-dried
using a lyophilizer. L-norvaline, aKG, and ICT solutions were prepared to use as
standards. The standards and incubations were derivatized with O-
isobutylhydroxylamine hydrochloride and N-ter-butyldimethylsilytrifluoroacetamide and
analyzed using GC/MS by Dr. David Scott and Dr. Olga Zagnitko (Sanford Burnham
Prebys) .

For cellular metabolite quants, cells were initially seeded to a 6-well plate and

grown to about 1.0 x 10° cells/well. Media was removed and cells were washed 3 times
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with cold DPBS, followed by the addition of 0.45 mL cold methanol (50% v/v in water)
with 20 uM L-norvaline as an internal standard to each well. Culture plates were then
frozen on dry ice for 30 minutes. After thawing on ice, the methanol extract was
transferred to a centrifuge tube, and cellular metabolites were analyzed via GC/MS at
Sanford Burnham Prebys Core Facility by Dr. David Scott and Dr. Olga Zagnitko.

2.3.8 ITC Measurements

Isothermal titration calorimetry (ITC) was performed in Sanford Burnham Prebys
Protein Analysis Core using a Low Volume Affinity ITC calorimeter (TA instruments). 3.0
— 6.0 puL aliquots of solution containing 0.15 mM AGI-5198 or ML309 were injected in the
cell containing 0.03 — 0.05 mM protein. Twenty injections were made. The experiments
were performed at 23°C in buffer containing 20 mM Tris pH 7.5, 100 mM NaCl, 2 mM -
mercaptoethanol, and 0.2 mM NADPH. Baseline control data were collected injecting
ligand into the cell containing buffer only. ITC data were analyzed using Nanoanalyze
software provided by TA instruments. ITC experiments were performed by Dr. Andrey
Bobkov (Sanford Burnham Prebys).

2.3.9 pHinder Algorithm

The details of the pHinder algorithm have been described previously.?® 33. 44
Briefly, protein structures were downloaded from the Protein Data Bank (PDB) and the
algorithm was used to calculate ionizable residue networks. First, a Delaunay
triangulation was calculated using the terminal side-chain atoms of all ionizable residues
(aspartate, glutamate, histidine, cysteine, lysine, and arginine) and minimized by
removing network edges longer than 10 A. The results were further simplified by

removing redundant connections. Second, each ionizable residue was assigned a

57



classification of either buried (> 3.0 A below the surface), margin (< 3.0 A below the
surface < 1.0 A above the surface), or exposed (> 1.0 A above the surface). Depth of
burial was determined by measuring the minimum distance between the ionizable group
and the triangular facets of the pHinder-calculated surface. Dr. Daniel Isom performed
the pHinder algorithm calculation and analyzed the results with Dr. Christal Sohl. Dr.
Christal Sohl identified amino acids for further testing.

2.3.10 Computational Methods

PROPKA% 46 was used to predict the protonation states of amino acid residues in
IDH1 using the PDB 1TOL structure.*” Due to the instability of the a10 helix in mutant
IDH1, and the structural similarity between mutant IDH1 and WT IDH1 holoenzyme forms,
the WT background was selected for modeling. These structures (1TOL and 1T09)*” were
used to generate models of D273N, D273L, and D273S in the WT IDH1 with NADP*
bound and WT IDH1 with isocitrate, NADP*, and Ca?* bound backgrounds. Mutations
were made with Coot software*® and energy minimized structures were made using
Phenix software.*® Five hundred maximum iterations and five macrocycles were used,
with bond lengths, bond angles, nonbonded distances, dihedral angles, chirality,
parallelity, and planarity considered. Dr. Jamie Schiffer performed this computational
analysis to predict pKa values and performed ML309 docking, and Dr. Christal Sohl
performed the energy minimization and wrote the paper. All authors contributed to editing.
2.4 Results

2.4.1 Effect of pH Modulation on WT IDH1 Activity

Human IDH1 was expressed and purified form E. coli and kinetically characterized

under steady-state conditions to determine the effect of pH on catalytic activity. The kcat
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of the conversion of isocitrate to aKG (Figure 1A) showed the clearest dependence on

pH and increased with increasingly basic pH (Figure 2A, Table 1).
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Figure 2: conversion of isocitrate to aKG, catalyzed by WT IDH1 were measured as function of varying
pH using either Tris (pH 7.2-8.0) or bis-Tris (pH 6.2-7.0) buffers (A), or KPhos buffer (B). Steady-state
rates of the reverse reaction, the conversion of aKG to isocitrate, catalyzed by WT IDH1 were measured
as a function of varying pH using either Tris or bis-Tris buffers (C), or KPhos buffer (D). In (A-D), at
least two protein preparations were used to measure the observed rate constants (kobs) at varying
substrate concentrations, which were calculated from determining the linear portion of plots of
concentration versus time. Each point in the curve represents a single replicate. The variation in Kcat
(E), Km (F), and kcat/Km (efficiency) (G) due to change in pH from parts (A-D) is shown.

However, variability in Km minimized this trend when considering enzymatic efficiency

(Figure 2E-G). This pH-dependent trend in kcat was also observed in KPhos buffer (Figure
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2B, Table 1). Again, however, the variability in Kn values ruined any trend in catalytic
efficiency (Figure 2E-G).

Table 1: Assessment of IDH1 catalysis upon varying pH. Kinetic parameters for the normal forward and
reverse reactions catalyzed by WT IDH1 in varying pH and buffers are shown. Steady-state rates were
derived from fiting plots to kobs Versus substrate concentration with the Michaelis-Menten equation, with the
standard error of the measurement (S.E.M.) determined from the deviance from these hyperbolic fits. Data

were obtained as described in Figure 2.

IDH1 | Buffer Reaction kcat, s Km, mM kcat/ Km, mM-1s-
WT Bis-Tris, pH | Isocitrate — 20.0+0.4 |1 0.042 £0.004 | (0.48 £0.05) x
6.2 aKG 103
WT Bis-Tris, pH | Isocitrate — 23.1+0.6 | 0.048 £ 0.006 | (0.48 £ 0.06) x
6.5 aKG 103
WT Bis-Tris, pH | Isocitrate — 3211 0.075 £ 0.009 | (0.43 £ 0.05) %
7.0 oKG 103
WT Tris, pH 7.2 | Isocitrate — 3911 0.11 £ 0.01 (0.35 £ 0.03) %
aKG 103
WT Tris, pH 7.5 | Isocitrate — | 40.4 £+ 0.8 | 0.030 £ 0.003 | (1.4 +0.1) x 10°
aKG
WT Tris, pH 7.8 | Isocitrate — 35.4+0.6|0.035+0.003 | (1.01 £0.09) x
aKG 103
WT Tris, pH 8.0 | Isocitrate — 38.3+0.9(0.038+0.004 |(1.0+0.1) x 10°
aKG
WT KPhos, pH Isocitrate — 20.2+0.4 | 0.027 £0.003 | (0.75 £ 0.08) x
6.2 aKG 103
WT KPhos, pH Isocitrate — 23.0+0.4 | 0.034 £0.003 | (0.68 £ 0.06) x
6.5 aKG 103
WT KPhos, pH Isocitrate — 27.5+0.6 | 0.040 £ 0.004 | (0.69 £0.07) x
6.8 aKG 103
WT KPhos, pH Isocitrate — 31.7+£0.8 | 0.050 £ 0.006 | (0.63 £0.08) x
7.0 oKG 103
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Table 1: Assessment of IDH1 catalysis upon varying pH, continued

IDH1 | Buffer Reaction kcat, s Km, mM kcat/ Km, mM-1s-1
WT KPhos, pH Isocitrate — 35.5+0.8 | 0.060 + 0.006 | (0.59 £0.06) x
7.2 oKG 103
WT KPhos, pH Isocitrate — 37.6£0.7 | 0.061 £ 0.005 | (0.62 £ 0.05) x
7.5 aKG 103
WT KPhos, pH Isocitrate — 40.0 £ 0.7 | 0.066 £ 0.005 | (0.61 £0.05) x
7.8 oKG 103
WT KPhos, pH Isocitrate — 39.2+0.7 | 0.067 £ 0.005 | (0.59 £ 0.05) x
8.0 aKG 103
WT Bis-Tris, pH | aKG — 1.6+0.1 |0.04+0.01 40 £ 10
6.2 isocitrate
WT Bis-Tris, pH | aKG — 3.2+£0.2 |0.12+£0.04 279
6.5 isocitrate
WT Bis-Tris, pH | aKG — 3.3£0.2 |0.14+0.03 245
6.8 isocitrate
WT Bis-Tris, pH | aKG — 3.8+£0.3 |0.14+£0.04 278
7.0 isocitrate
WT Tris,pH 7.2 | aKG — 34+0.3 |0.26+£0.07 1314
isocitrate
WT Tris,pH 7.5 | aKG — 36+0.2 [0246+£0.06 |15+4
isocitrate
WT KPhos, pH aKG — 3.5£03 |06%0.2 612
6.2 isocitrate
WT KPhos, pH aKG — 41+02 [(1.0+£01 41+0.5
6.5 isocitrate
WT KPhos, pH aKG — 49+0.2 |0.65+0.08 7.5+0.1
6.8 isocitrate
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Table 1: Assessment of IDH1 catalysis upon varying pH, continued

IDH1 | Buffer Reaction kcat, s Km, mM kcat/ Km, mM-1s-1
WT KPhos, pH aKG — 41+0.2 |0.71£0.09 58+0.8
7.0 isocitrate
WT KPhos, pH aKG — 3.87 0.28 £ 0.02 14 £ 1
7.2 isocitrate 0.07
WT KPhos, pH aKG — 3.8+£0.1 | 0.46+£0.05 8.3+£0.9
7.5 isocitrate
WT KPhos, pH aKG — 1.87 0.87 £ 0.09 21+0.2
7.8 isocitrate 0.08

The reverse reaction of IDH1 was much less efficient, driven largely by a decrease
in Kcat and by an increase in Km, particularly in KPhos buffer (Figure 2, Table 1). Here,
any pH-dependent trend was limited to studies in Tris/bis-Tris buffers (Figure 2C), as only
a slight trend was observed in kcat in KPhos (Figure 2D). A modest trend was seen for
the reverse reaction in terms of catalytic efficiency (Figure 1G, Table 1) due to a small
increase in Kn as the pH increased in Tris/bis-Tris buffers, and limited changes in Kcat.
Though in general, pH-dependent trends observed for the reverse reaction seem to be
small, inconsistent, and buffer-dependent.

To confirm that changes in IDH1 catalytic activity were due to pH and not changes
in overall secondary structure, | used circular dichroism (CD) to show that IDH1
secondary structure remained stable at all tested pH values. These results
(Supplemental Figure S2) showed that the Tm value did not change significantly across
the range of pH values. Therefore, we concluded that the forward reaction exhibited the

strongest and most consistent trends in the tested conditions, compared to the modest
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trends observed in the reverse reaction. We thus moved forward with characterizing the
forward reaction in KPhos buffer.

2.4.2 Modulation of pH in Cell Lines

In the cell, small changes in intracellular pH are noted to occur during a variety of
processes including apoptosis,? hypoxia,>® neurodegenerative diseases,®! %2 cancer,??
27,28, 53 and diabetes.>* Since an increase in kcat was observed for the conversion of
isocitrate to aKG by IDH1 with increasing pH in biochemical assays, we aimed to explore
the effect of acidic cellular pH had on changes in IDH1-relevant metabolite levels.

We decreased the intracellular pH of cells by treating them with proton transport
inhibitors,>> %6 and then quantified metabolite levels using GC/MS. Naturally, these
experiments are limited because of the many redundant cellular pathways that produce
and consume isocitrate and aKG. To minimize these effects as much as possible, we
selected isogenic cell lines that had varying levels of WT IDH1: patient-derived HT1080
cells containing either an endogenous R132C mutation (R132C/+IDH1, where +IDH1
denotes IDH1 WT) or with a version of this cell line that is R132C-ablated and also stably
overexpresses WT IDH1 (—/+++ IDH1).>” The R132C mutation results in the ability to
produce D2HG and WT IDH1 activity is removed in protein expressed from this allele.%®
60 A variety of proton pump inhibitors, including esomeprazole (ESOM), which targets the
V-ATPase proton pump, and other ion exchange inhibitors like 4,4’-diisothiocyano-2,2’-
stilbenedisulfonic acid (DIDS) and 5-(N-ethyl-N-isopropyl)amiloride (EIPA), were tested
at varying concentrations to find the effective concentrations that led to a decrease in

intracellular pH without an observed increase in cell death (Supplemental Figure S3). For
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the HT1080 cell lines, 200 uM ESOM treatment was found to be the most effective in
meeting those criteria (Table 2, Figure 2A).
Isocitrate levels in HT1080 cells dropped significantly upon treatment with ESOM

(Table 2, Figure 3B), though these values were near the limit of detection. oKG levels
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Figure 3: Change in IDH1-related metabolites upon pHi modification. Two sets of cell lines were
used: patient-derived HT1080 cells, which contain an endogenous heterozygous R132C IDH1
mutation (R132C/+ IDH1), or HT1080 cells where the R132C IDH1 allele was ablated with a T77A
mutation to destroy neomorphic activity (aKG to D2HG production) in the R132C allele, and made
to stably overexpress WT IDH1 (-/+++ IDH1) [80]. Cell lines were either untreated or treated with
200 yM ESOM to decrease the pHi. The resulting change in pH are shown in (A). Experiments were
performed as technical triplicates. (B) Metabolites were then quantified and changes in isocitrate,
aKG, and 2HG (isomers unresolved) are highlighted (see Table S1 for additional metabolites).
Experiments were performed as biological duplicates. Not significant (ns) p > 0.05, *p < 0.05, **p <
0.01, ***p < 0.001.

also decreased upon a shift to an acidic intracellular pH in HT1080 cell lines (Table 2,

Figure 3B), though statistical significance was not achieved with HT1080 —/+++ IDH cells.
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A decrease in aKG concentration in our cellular assays was not surprising because our
biochemical assays showed a decrease in kcatin more acidic pH values, but many proteins
contribute to aKG levels, including the other IDH isoforms (IDH2 and IDH3). Interestingly,
a global decrease in metabolite levels was not observed in cells upon ESOM treatment.
Metabolite quantities both increased and decreased (Supplemental Table S1), thus
minimizing the probability that ESOM was simply cytotoxic. 2HG levels in the mutant line

(D and L isomers cannot be resolved) were also decreased upon ESOM treatment.

Table 2: Cellular quantitation of metabolites related to IDH1 activity at varying pH, biological replicates of
two.

Cell line Treatment | pH; [Isocitrate], | [aKG], [2HG],
nmol/108 nmol/108 nmol/108
cells cells cells

HT1080 (-/+++ | No 7.57 + 0.05+0 0.31+0.08 |0.07 £0.01

IDH1) treatment | 0.04 <0.01 0.20+0.02 |0.05%0

+ ESOM 7.39 +
0.01

HT1080 No 7.52 + 0.10+0.02 [ 0.39+0.06 |26.9+0.7

(R132C/+ treatment | 0.06 0.01+£0.0 0.14+0.01 |58+0.2

IDH1) + ESOM 731+

0.01

2.4.3 Characterizing IDH1 lonizable Networks

To identify a mechanism for IDH1 pH dependence in the conversion of isocitrate
to aKG, we collaborated with Dr. Dan Isom to use a computational geometric algorithm
known as pHinder?® 3344 to find potential pH-sensing residues in IDH1. Briefly, this spatial
algorithm uses Delaunay Triangulation to identify networks of ionizable residues (i.e

aspartate, glutamate, histidine, cysteine, lysine, and arginine), calculates a surface based
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on the volume of the folded protein, and classifies a residue as buried based on the
distance to the calculated surface. The algorithm then removes redundant networks and
ensures that the networks are continuous. Dr. Sohl examined the results of the structural
informatics search and chose the most consistently buried residues for further study.
These networks can then predict structure-function relationships. Buried stretches of
basic or acidic amino acids within proteins tend to have their pKa values shifted into the
physiological pH range (5 — 8) and can sense small fluctuations in pH, triggering structural
and functional changes.33 6162 Such residues would be termed pH-sensors.

A large of number of buried acidic or basic networks were found when analyzing
previously solved structures of apoenzyme WT IDH1 with NADP* bound (1T09%7);
holoenzyme WT IDH1 with NADP*, isocitrate, and Ca?* (1TOL*"); and mutant R132H
IDH1 bound to NADPH, aKG, and Ca?* (4KZ0®3) (Figure 4 and Supplemental Figure S4).
The calcium ion mimics the magnesium cofactor required for catalysis. To identify amino
acids residues within the network, we used the notation X###, where X represents the
single letter code of the amino acid and ### denotes the residue number. Since IDH1 is
a dimer, we distinguished between the two monomeric chains using X### and X###'.
Point mutations were thus represented by X###Y, meaning amino acid X at position ###
had been mutated to Y.

Given the large number of and complexity of the buried ionizable networks
discovered after examining the three IDH1 structures, we eliminated residues that did not
have a completely buried side chain and chose to focus only on two that appeared
consistently throughout the analysis: a short acidic network running through the dimer

interface and a longer basic network within each IDH1 monomer (Figure 4B and
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Supplementary Figure 4). The critical component of the acidic network involves residues
D273 and D273’ found at the dimer interface and are too distant from the active site to
form any direct interactions with catalytic substrates and cofactors (Figure 4B, 4D). The
D273 residues also participated in a an ionizable network in the structure of holo R132H
IDH1 (Figure 4E). Interestingly, D273 is close to where mutant IDH1 inhibitors bind
(Figure 4F). In contrast with the short acidic network, we also identified a longer basic
network in holoenzyme WT IDH1. This basic network crossed the active site, and some
residues were partially exposed. To avoid direct mutational effects on substrate binding
or chemistry, we chose to focus on the most deeply buried residues, K217’, that was more
distant from the active site. The A-chain K217 also appeared in an additional network
involving many of the residues in the B-chain, though it was a bit longer (Figure 4C).

Thus, we selected D273 and K217 for further analysis, and proceeded to calculate
the pKa value of each residue in the holoenzyme structure of WT IDH14” using PROPKA#S:
46 in collaboration with Dr. Jamie Schiffer. The goal of the calculations was to provide an
estimate of the D273 and K217 pKa values (Supplemental Table S2). K217 had a
calculated pKa value of 7.97, K217’ had a calculated pKa value of 8.24, consistent with
previous findings showing buried lysine residues have downshifted pKa values that can
fine tune protein stability.36:3 D273 and D273’ had their pKa values upshifted to 6.59 and
6.4 respectively.

Based on these observations with computational models and pK, calculations, we
hypothesized that K217 and D273 in IDH1 had features consistent with pH-sensing
residues. We sought to confirm the role of D273 and K217 in IDH1 catalysis biochemical

experiments.
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Figure 4: pHinder analysis of the holo IDH1 dimer. (A) Networks of buried ionizable residues were
identified using pHinder in a previously solved structure of holo WT IDH1 bound to NADP+, isocitrate,
and Ca2+ (1TOL).*” These networks are shown as grey lines and with the residues making up this
network shown as purple (chain A) or grey (chain B) sticks. (B) Only the residues involved in this
network, as well as isocitrate and NADP+ (shown in green) are highlighted. (C) The location of K217
(chain A) and K217’ (chain B) relative to the active sites. (D) The location of D273 (chain A) and
D273’ (chain B) relative to the active sites. (E) pHinder was also used to identify a network of buried
ionizable residues in a previously solved structure of holo R132H IDH1 bound to aKG, NADP+, and
Ca2+ (4KZ0).%2 For clarity, only residues described in the text as being part of networks involving
K212 and D273 are labeled in part B and E. (F) Two ML309 ligands were docked into the density

present in a cryo-EM structure of R132C IDH1 incubated with ML309, and the localization of D273
relative to these inhibitors is shown.%? 104
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2.4.4 Residue K217 in IDH1 Has a Modest Role in Catalysis

The K217 residue is found in a loop that lies 8-10 A from isocitrate in the active
site (Figure 4C). This residue is predicted to have a downshifted pKa value in both chains,
from ~10.7 in solution to 7.97 and 8.24 in IDH1. We selected point mutations that remove
ionizability, while introducing minimal structural and steric perturbations to IDH1.
Methionine, a nonpolar residue, and glutamine, a polar uncharged residue, were selected.
Recombinant K217M and K217Q IDH1 were expressed and purified from E. coli, and the
catalytic efficiency of the conversion of isocitrate to aKG was measured in steady-state
kinetic conditions. K217M IDH1 had no effect on kcat and only a modest increase in K,
yielding a 2.2-fold decrease in catalytic efficiency (Figure 5A, Table 3). K217Q was only
slightly more disruptive to normal IDH1 catalytic activity, and resulted in a 5.4-fold
decrease in catalytic efficiency, largely driven by a 4-fold increase in Kn (Figure 5A, Table
3). Overall, ionizability at this residue did not appear vital for catalysis, though the
mutation did affect activity.

2.4.5 Apparent Role of D273 in IDH1 pH Regulated Catalysis and Inhibitor
Binding

Residue D273 was predicted to have an upshifted pKa from a value of ~3.7 in
solution to ~6.5. The residue is located in the a10 helix, an important regulatory domain
that transitions from an ordered loop in the apoenzyme form of IDH1 to an a-helix in the
holoenzyme form of IDH1.4” This residue is ~12 A from the nearest substrate, isocitrate,
at the active site and is located at the dimer interface (Figure 4D). Again, mutations were
selected that would remove ionizability without introducing major structural and steric

changes to the overall IDH1 structure. Thus D273N, D273L, and D273S were created.

69



A T T T l- e WT
- -o- K217M
-+ K217Q

-1
kobs’ s

0.0 0.5 1.0 1.5 2.0
[Isocitrate], mM

W

I T T T T T = > WT
1 -= D273N
4 -8 D273S
| -& D273L

-1
kobs’ s

&E O 1
-9 009

0 I T T T T T
0.0 0.5 1.0 10 20 30 40 50 60
[Isocitrate], mM

(@

~e- D273LpH 6.5
D273LpH 7.0
D273LpH 7.5
D273L pH 8.0
WT pH 6.5
WT pH 7.0

WTpH 7.5
WT pH 8.0

[NADPH], uM

IR IR BB A

Time, s

Figure 5: Kinetic characterization of K217 and D273 mutants in the WT IDH1
background. Steady-state rates of the normal forward reaction, the conversion of
isocitrate to aKG, as catalyzed by (A) K217Q and K217M IDH1, and (B) D273N,
D273S, and D273L IDH1 are shown relative to WT IDH1. kobs values were
obtained as described in Fig. 2. Replicates were performed for higher
concentrations of isocitrate in the case of D273S IDH1 as these measurements
proved more error prone. (C) Comparison of sensitivity to pH of the normal
forward reaction in D273L and WT IDH1. Four representative pH values were
tested, and loss of pH sensitivity was observed in D273L for most of the pH ranges
tested. The average slope for the D273L mutants is 0.00042 + 0.00006 uM s,
while the average slope is 0.04 + 0.01 uM s, indicating higher variability for the
latter enzyme, and loss of pH dependence for the former. Each point in the curve
represents a single replicate, and at least two different protein preparations were
used to obtain replicates in the curves.

70



Table 3: Steady-state rates of kcat, Km, and kcat/ Km were derived from fitting plots of kobs versus substrate
concentration with the Michaelis-Menten equation with the standard error determined from the deviance
from these hyperbolic fits. Data were obtained as described in Figure 5. 2From ref. [105]. Pno detectable
activity (NADPH consumption) was observed, so a limit of detection is listed. °Due to no detectable activity,

Km and kcat/ Km could not be determined.

IDH1, reaction Kcat, s Km, mM Kcat!/ Km, mM-1s"1
WT, 37.6 £ 0.7 0.061 + 0.005 620 + 50
isocitrate — aKG

K217M, 42 +1 0.15+0.02 280 + 40
isocitrate — aKG

K217Q, 28.7+0.5 0.25+0.02 115+ 9
isocitrate — aKG

D273N, 22 +1 19+2 1.2+01
isocitrate — aKG

D273S, 15+ 1 12+3 1.3+£0.3
isocitrate — aKG

D273L, 7.0+0.2 19+0.2 37+04
isocitrate — aKG

R132H, 1.44 + 0.052 1.5+0.22 1.0+£0.12
oKG — D2HG

D273N/R132H, <0.02° N.D.c N.D.c
oKG — D2HG

D273L/R132H, aKG | £0.02° N.D.c N.D.c

— D2HG

D273S/R132H, aKG | £0.02° N.D.c N.D.c

— D2HG
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Energy minimized structures showed no major changes to overall IDH1 structure. To
confirm no major changes occurred to the structure of IDH1, we used CD to investigate
the secondary structure of D273L IDH1 and found no notable changes in T, compared
to WT IDH1 (Supplemental Figure S5). Recombinant D273N, D273L, and D273S were
expressed and purified in E. coli and the kinetic profile of these mutants was determined
under steady-state conditions (Figure 5B, Table 3). Insertion of a nonpolar residue led to
a ~170-fold decrease in catalytic efficiency for D273L, driven a 5.4-fold change in kcat and
a 31-fold increase in Km. Oddly, the more conservative mutations had an even greater
decrease in catalytic efficiency. D273N IDH1 had a > 500-fold decrease in catalytic
efficiency driven by a > 300-fold increase in Km. D273S IDH1 had another ~500-fold drop
in catalytic efficiency, driven by a ~200-fold increase in Km and a ~2.5 fold decrease in
keat. Thus, D273 mutants produced very large changed in WT IDH1 catalytic efficiency.
To determine whether the residue D273 conferred potential pH-sensitivity to WT
IDH1, the rates of isocitrate to aKG conversion by D273L at saturating concentrations of
substrates in KPhos buffer at pH 6.5, 7.0, 7.5, and 8.0 were measured and compared to
values of WT IDH1 (Figure 5C) at the same pH values. Incubating WT IDH1 with 600 uM
isocitrate and 200 uM NADP" yielded kobs of 23.0, 27.5, 37.6, and 39.2 s at a pH of 6.5,
7.0, 7.5, and 8.0, respectively, showing clear trends in pH-dependent activity. When
examining D273L IDH1 catalysis, kobs Values were not altered by pH, except at the most
acidic environment. The values for kobs were determined to be 4.5, 6.4, 6.4, and 6.3 s™
at pH 6.5, 7.0, 7.5, and 8.0, respectively (Figure 5C). These findings support our

hypothesis that D273 is a critical mediator contributing to physiological pH sensitivity.
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The a10 helix is suggested to be an important region within IDH1 that confers
selectivity for mutant IDH1 inhibitor binding.54 Since D273 is located in this domain, we
asked if D273 mutants altered catalysis and inhibitor binding within the R132H IDH1
background. Double mutants (D273N/R132H, D273S/R132H, and D273L/R132H IDH1)
were expressed and purified, and assessed via steady-state kinetic conditions to obtain
the rate of conversion for aKG to D2HG. The double mutants were essentially
catalytically inactive; thus, we only report a limit of detection, kobs Of < 0.02 s because
measured rates fell below this value. Despite sampling a range of enzyme concentrations
(up to 500 nM) across 4 different recombinant protein preparations with high substrate
concentrations (Table 3) to improve detection of product formation, rates remained below
the detectable limit. This low rate prevented us from determination steady-state kinetic
constants and performing ICso measurements.

Instead, we decided to use isothermal titration calorimetry (ITC) to determine the
affinity of D273L/R132H IDH1 for two commercially available and selective mutant IDH1
inhibitors AGI-5198% and ML309.%° Both inhibitors showed that binding was affected.
We obtained a Ky value of 3.3 + 0.5 uM for AGI-5198 binding to D273L/R132H IDH1,
compared to a previously reported ICso value of 0.07 uM for R132H IDH1.%® Under our
experimental conditions, ML309 did not bind to D273L/R132H, which implies a Ky > 20
uM due to limits of detection, compared to a previously reported Ky value of 0.48 + 0.05
uM for R132H IDH1.%6 These results indicate that D273 plays an important role in WT
and mutant IDH1 catalysis, pH-sensing in catalysis of the conversion of isocitrate to aKG,
and in mutant IDH1 inhibitor binding.

2.5 Discussion
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In this work we show a comprehensive study of the effect of pH on WT IDH1
catalytic activity. During catalysis, IDH1 transitions from an inactive open conformation
to an active closed conformation and the overall acid-base chemistry is catalyzed by an
active site lysine-tyrosine pair.> 4 47 Based on a number of structural, kinetic, and
mutagenesis studies, the residues involved are Y139 and K212’, where lysine functions
as the general base to remove a proton from the hydroxy group of isocitrate and tyrosine
functions as the general acid to protonate the enolate intermediate to form aKG.#":¢7 In
the open state, the active site residues are solvent exposed and both the Y139 and K212’
residues would be protonated.? Notably, K212’ was found to be a buried ionizable residue
by our pHinder data in the closed holoenzyme of IDH1. In addition, K212' has been
suggested to be deprotonated in the closed active form of IDH1.6” In a fully closed IDH1,
K212’ deprotonation would be facilitated by electrostatic repulsion from nearby arginine
residues (R132, R100, R109), and nearby aspartate residues (D275, D279, or D252’) that
also aid in coordinating the divalent magnesium ion.%” Recent studies have shown that
D275 deprotonates K212 to facilitate catalysis, and thus a catalytic triad of an aspartate,
lysine, and tyrosine is responsible for the conversion of isocitrate to aKG.®” Our
biochemical analysis found the rate of isocitrate to aKG conversion was pH sensitive in
that kcat values decreased with increasingly acidic environments. A more acidic
environment may make it less favorable for the aspartate residue to deprotonate the
lysine to act as a general base catalyst to form the oxalosuccinate intermediate, or more
difficult to coordinate magnesium properly, and therefore decrease the rate of the forward
reaction. In contrast, the trends for catalytic efficiency for the forward reaction were not

pH-dependent because increasingly acidic pH led to varying Km values. Isocitrate binds
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preferentially to IDH1 when all three carboxylate moieties are deprotonated.®®”" Thus,
the variation in Km values may be due to an altered ionic form of the substrates due to pH
changes or changes in ionic strength of the bulk assay solution or at the active site of the
enzyme.

The observed trends in the reverse reaction were found to be buffer dependent,
had slower kcat values, larger Kn values, and lower catalytic efficiencies compared to the
forward reaction of IDH1. Although the IDH1 and IDH2 catalyzed reaction is reversible,
the chemistry of the reverse reaction is complicated by a difficult carboxylation step.
Physiological carboxylation reactions are typically accompanied by a cofactor, various
ways of activating carbon dioxide, chaperones, environmental factors such as pH, or a
combination of these. For example, in the Calvin Cycle, the energetically unfavorable
carbon fixation reaction by RuBisCo is notably slow, and is therefore coupled with ATP
hydrolysis through RuBisCo activase to facilitate carbamate formation between a lysine
residue and carbon dioxide, in addition to a pH gradient and activating phosphate ions in
solution .'* 72 Moreover, other carboxylating enzymes such as acetyl-CoA carboxylase,
methylcrotonyl-CoA, propionyl-CoA carboxylase, and pyruvate carboxylase are known to
form carbamates between a covalently bound biotin cofactor only after bicarbonate is
activated by ATP.”*76 IDH1 and IDH2 are not regulated by ATP and do not have a
covalent biotin cofactor.? Thus, another rationale is needed to explain the observation of
the reverse reaction. Studies have shown that pH plays a role in the formation of a
carbamate between amino acids and carbon dioxide.”” Though neither lysine nor long
polypeptide chains were studied, a bell-shaped pH dependent curve of carbamate

formation was obtained due to maximized CO: solubility and nucleophilicity of the amino
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group.”” Our keat values for the reverse reaction follow a similar bell-shaped curve with
pH, peaking at 6.8 in KPhos and 7.0 in Tris. Thus, pH 6.8-7.0 appears to satisfy the
necessary conditions to drive the reverse reaction in vitro, while higher pH values would
lower the concentration of CO. and lower pH values would decrease nucleophilicity of the
potential amino acid residue forming the carbamate.”” If a carbamate is not forming
between CO> and IDH1, as in the enzymatic mechanism of phosphoenolpyruvate
carboxylase, perhaps the COz is activated by the phosphate ions from the KPhos buffer
solution or reacting with the amines of Tris/bis-Tris buffer.”® 7® The observance of the
reverse reaction in vivo can be attributed to various mechanisms. For example,
experimental evidence shows the reverse reaction of IDH2 is driven by a proton
electrochemical gradient supplied by the H*-transhydrogenase.' Furthermore, hypoxic
conditions have been shown to drive the conversion of aKG to isocitrate; however, the
exact conditions, and precise mechanism responsible are still under debate.'®?! These
conditions are associated with an acidic pH, but pH changes in the cell may be too small
making our biochemical analysis not physiologically relevant.

In addition, our biochemical analysis is limited by the buffer systems we selected.
In this investigation, we found some trends to be buffer dependent. Buffer dependent
activity is observed for other proteins as well. For example, fumarase activity, has been
documented to be dependent on phosphate ion concentration.®% 8! In our studies, we
chose to use Tris/bis-Tris and KPhos to study pH dependency in the IDH1 reaction. The
components of the buffer may have stabilizing or destabilizing effects on protein structure.
Destabilizing effects are frequently ascribed to Tris buffer.8? Also, the buffer capacity

range of Tris comprises + 1.0 pH units and has a temperature-dependent pKa. Since a
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broad range of pH values were studied, Tris could not cover the entire range alone and
we selected bis-Tris in order to study IDH1 biochemistry at more acidic pH values. This
is an unsatisfactory procedure due to varying enzyme activities in different buffers.®? Tris
and bis-Tris buffers may also react with the CO2 needed for the reverse reaction.”® In
such cases, more universal buffers that cover a broader pH range are applicable.®? The
enzyme reactions were repeated in KPhos buffer to explore any buffer dependent
catalytic activity. KPhos buffer has the advantage of covering the entire pH range and
has a pKa that is less temperature dependent than Tris/bis-Tris, though the phosphate ion
can sequester magnesium ions necessary for catalysis. Due to the interfering buffer
effects, the IDH1 reaction should be investigated in zwitterionic buffers such as HEPES,
MOPS, or TES that are additionally nonreactive with substrates in future experiments.®?
One important point that is often overlooked in pH studies in the control of the ionic
strength of reaction mixtures at the various pH values. Most enzymes accept ionic
strength between 0.05 and 0.2 M, where the calculation takes into account each
component of the reaction mixture and lower ionic strengths tend to destabilize protein
structure.®3 The ionic strength of a solution provides a measure of the ionic environment
that must influence the catalytic activity of enzymes because the ionizable amino acids
undergo different protonation states when converting substrates to products. Additional
effects of ionic strength are also observed with enzymes that utilize charged substrates
like IDH1. Thus, when ionic strength is not controlled in pH-variation studies, a change
in enzyme activity may be attributable to a change in ionic strength and not a change in
an ionization process. It should be noted that a measurement of ionic strength reflects

the bulk environment, and not the true environment within the active site of the protein.83
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Future experiments involving IDH1 pH dependence should account for ionic strength if
different buffer systems are used.

Our investigation is limited to steady-state kinetics, allowing us to measure the
slow step in IDH1 catalysis. The rate-determining step is widely predicted to be hydride
transfer.84+87 Thus, by using only steady-state kinetics, we are missing the effect of pH
on the faster steps of the catalytic mechanism of IDH1. To study the effect of pH on the
faster steps, we would have to use pre-steady state kinetics. This would be an interesting
avenue of exploration since previous studies have demonstrated a pH-sensitivity in the
NADPH-dependent hydride transfer of dihydrofolate reductase.8°2 These studies
showed that changes in a hydrogen-bonding network serve as a mechanism to switch the
rate determining step from product release at acidic pH levels to hydride transfer at higher
pH levels.8892 Examining the effect of pH on each step of the reaction pathway could
resolve the contributions of ionizable groups toward ground-state binding and transition
state stabilization.

Using the pHinder algorithm we were able to identify residues K217 and D273 that
have potential pH-sensing ability. Experimentally, IDH1 catalysis was largely unaffected
by point mutations at K217, and this residue probably plays a role in maintaining IDH1
structural integrity like other lysine residues.®® 38 In our inhibitor binding studies, we
observed a decrease in inhibitor affinity in the D273 point mutations in the R132H IDH1
background. Energy minimized structures showed that the mutational variants at residue
D273 are not predicted to affect global structure of IDH1 or local folding features

(Supplemental Figure S6). Due to the location of D273 this finding implies a possible
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resistance mechanism, though the double mutant did not perform the neomorphic
reaction more experiments are necessary to clarify this potential role.% %

Interestingly, our biochemical analysis with D273 mutants showed that IDH1
catalysis and pH-dependent activity were affected. D273 is part of the a10 helix, a domain
in that regulates IDH1 catalytic activity.*” Throughout the catalytic cycle, IDH1 undergoes
a conformational change from an open (inactive) conformation, a semi-open
conformation, and finally a closed (active) conformation. Residue D279 of the a10 helix
forms hydrogen bonds with S94 to stabilize the inactive conformation of IDH1.47 At
sufficient concentrations, isocitrate then out competes D279 for the active site of IDH1
and the newly formed favorable interactions between isocitrate and the active site
residues stabilize the active conformation.#” The a10 helix correspondingly goes through
a conformational change as well, from an ordered loop in the inactive form of IDH1 to an
a-helix in the active form of IDH1. Investigating if the transition of the a10 helix is pH-
dependent provides an interesting path forward. Studying the conversion of isocitrate to
oKG at lower pH values to provide further evidence of D273 as a pH sensor would lose
physiological relevance and may affect protein stability. Instead, generating a D273E
mutant would provide further evidence that D273 is a bona fide pH sensor since glutamate
and aspartate differ only in a methylene group and pKa values of the ionizable side chain
should be remain more or less the same. | would be cautious with further mutagenesis
experiments that removed or reversed the ionizability of D273 because the pKa of the
point mutation can be influenced by the surrounding environment. A major challenge
when studying the effect of one titratable group in proteins is that a protein may contain

many titratable groups in close proximity. If the titratable groups are located far apart
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(~25 A) then they may titrate independently and not effect each other or global protein
structure; however, if two or more similarly titratable groups are spatially close more
complicated behavior can result.’® Put simply, the protonation state of each titratable
group can affect the pKa of all other proximal titratable groups, and these interactions can
lead to non-sigmoidal titration curves.®® That is, any amino acid substitution that
eliminates or introduces a charged group can perturb the pKa of nearby titratable residues,
and this effect should be considered when interpreting the results of mutagenesis in
studies investigating the pH-dependent properties of proteins.’® Two-dimensional
nuclear magnetic resonance spectroscopy (2D NMR) provides a working solution to this
problem. 2D NMR is the one of the best tools to study pH-dependent conformational
changes because the protein is in its native state, protein dynamics are visible in solution
with NMR, and the pH of the solution can be easily modified.3® % However, the major
drawback to using NMR to study a pH-dependent conformational change in IDH1 is its
size and dimer state in solution.® Since IDH1 is too big for NMR, Hydrogen-deuterium
exchange (HDX) experiments would serve as a viable alternative to study pH-dependent
conformational changes in the a10 helix; however, the effect of individual amino acids on
secondary structure would not be observed. Protein crystallography and neutron
diffraction at different pH values would help assign possible pH-dependent structure-
function relationships and pinpoint hydrogen bond interactions, although electron density
may be difficult to obtain in highly mobile domains of IDH1.22 % In addition, molecular
dynamics can be performed to study potential pH-dependent conformational changes in
the a10 helix and the effect of point mutations on protein structure, as in a previous study

on pH-sensing histidine mutations in EGFR.?” Therefore, there are more biophysical
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techniques available that complement our biochemical analysis to provide further
evidence that D273 is a pH-sensing residue.

We extended our biochemical studies by investigating how changes in intracellular
pH affected cellular aKG levels and isocitrate levels. Based on our in vitro biochemical
analysis, we expected a decrease in aKG concentration in HT1080 cells based on
biochemical analysis. However, our findings in the cell-based assays may not be solely
attributable to IDH1 activity. Cells possess many redundant pathways; thus, other
enzymes can consume and produce the same compounds including IDH2 and IDH3
isoforms of IDH1. Concentrations of aKG have been shown to decrease when
intracellular pH is acidified and increased when intracellular pH is increased to more
alkaline levels.®> Two other enzymes that consume aKG are glutamate dehydrogenase
(GDH) and a-ketoglutarate dehydrogenase (aKGDH). GDH is known to catalyze the
reversible NAD(P)* dependent conversion of glutamate to aKG. GDH catalysis is affected
by pH, substrate concentrations, ionic strength, and composition of the buffer.®® Though
human GDH1 is known to operate optimally at basic pH values (7.75 — 8.0), humans have
evolved a distinct GDH2 isoenzyme that is regulated differently than GDH1 and can
operate efficiently at more acidic pH values (7.25 — 7.0) and is expressed more, relative
to GDH1 in rapidly dividing cells.®® Early studies showed that reductive amination reaction
would be favored in vivo; however, recent studies have shown that the equilibrium
position of GDH is dependent on substrate concentration levels. More recent kinetic
studies on both GDH1 and GDH2 show that the K for ammonia, a key substrate for the
reductive amination reaction, increases as intracellular pH becomes more acidic.®® The

conditions favoring the reductive amination reaction can be met in the mitochondria;
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however, functional studies have shown that the deaminating reaction is favored.%: 8
Another metabolic enzyme, aKGDH, has been shown to possess pH-dependent enzyme
activity. Whereas the Kn values for substrates for GDH1 and GDH2 increased as
intracellular pH acidifies, the Km values for cKGDH decrease as intracellular pH becomes
more acidic. The acidic intracellular pH values of the HT1080 cells may have a greater
effect on a-ketoglutarate dehydrogenase activity compared to IDH1.%® Metabolic flux
analysis would be ideal to elucidate the effect of pH on isocitrate and aKG concentrations
in the cell due to IDH1 activity.9-21. 100

This work centrally focused on the reactions catalyzed by WT IDH1, though we do
note in our cellular assays that the concentrations of 2HG dropped upon treatment with
ESOM. This result was surprising as previous studies showed that 2HG levels increased
upon intracellular acidification, although a different cell line was used and a different
process of proton pump inhibition.*® Thus we also consider the possibility that treatment
with ESOM can affect cells beyond just lowering intracellular pH. While acting as a V-
ATPase inhibitor, esomeprazole has also been shown to have anti-tumor properties and
induce apoptosis.’ 192 We also note that esomeprazole treatment increased the level
of several amino acids (Supplemental Table S1), with the largest changes in occurring in
branched-chain amino acids in the WT IDH1 expressing cells lines. Because aKG is
important for the synthesis of branched-chain amino acids, the observed depletion of aKG
upon treatment with esomeprazole may be simply due to increased branched-chain
amino acid synthesis.'%3

Overall, our findings characterize the pH sensitivity of IDH1. We show that the kcat

of the forward reaction is the most sensitive to changes in pH. In addition, residue D273
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plays a role in sensing changes in pH during IDH1 catalysis. Notably, removing the

ionizability of this residue resulted in a loss of pH sensitivity, as this work combines

structural informatics with biochemical experiments to identify a potential mechanism of

regulation of IDH1 catalysis.
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Supplemental Figure S1: (A) WT and D273L IDH1 purified from Ni-NTA affinity resin were
assessed using size exclusion chromatography (SEC) to ensure protein was primarily found in the
dimer form (~97 kDa dimer, elution peak at fraction 75 mL). Protein concentration for the WT IDH1
dimer is higher than the D273L IDH1 dimer because twice the volume of bacterial culture volume
was used during heterologous expression of WT IDH1. (B) Sodium dodecyl sulfate-polyacrylamide

gel electrophoresis (SDS-PAGE) analysis of IDH1 to assess protein purity (4-20% TGX Stain-free
gel). FT: column flow-through.
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Supplemental Figure S2: Circular dichroism (CD) was used to assess secondary structure and
obtain Tm values. Tm values for WT IDH1 in KPhos buffer were determined to be as follows 48.9 +
0.1°C (pH 6.2), 49.0 £ 0.1°C (pH 6.5), 48.7 £ 0.1°C (pH 6.8), 48.61 £ 0.08°C (pH 7.0), 47.8 £ 0.1 (pH
7.2),48.35+0.09 (pH 7.5), 47.99 £ 0.08 (pH 7.8), 47.66 £ 0.08°C (pH 8.0).

HT1080 WT - ESOM, viable cells
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Supplemental Figure S3: ESOM treatment was selected for its ability to robustly alter pH yet minimize
cell death. Trypan blue was used to assess live versus dead cell 16 hours after ESOM treatment (200
MM final concentration). Comparisons of cell viability for WT (-/+++ IDH1) and R132C (R132C/+ IDH1)
IDH1 cells, both ESOM treated (+ ESOM) and untreated (- ESOM), are shown. Precent viability is as
follows: HT1080 WT — ESOM: 97.7%, HT1080 WT + ESOM: 97.8%, HT1080 R132C: — ESOM 98.4%,
HT1080 R132C + ESOM: 98.4%."
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Supplemental Figure S4: pHinder analysis of the apo IDH1
dimer. (A) Networks of buried ionizable residues in a
previously solved structure of apo WT IDH1 bound to NADP*
(1T09) were identified. Residues involved in these networks
are shown in stick form (blue in chain A, grey in chain B), and
connected with grey lines. (B) An overlay of the networks
identified in apo IDH1 (blue residues, with the protein also
shown in cartoon, 1T09), and holo IDH1 (green residues,
1TOL). NADP* molecules are shown as lines. (C) Highlight of
the ionizable residue networks found in apo WT IDH1 (1T09).
For clarity, only the residues cited in the main text as being
part of networks involving K212 and K273 are labeled.?
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Supplemental Figure S5: Circular Dichroism (CD) was used to compare secondary structure and
Tm values between WT and D273L IDH1. Tm values in KPhos buffer at pH 7.5 were determined to

be as follows: 48.35 £ 0.09°C (WT IDH1), 49.44 1+ 0.08°C (D273L IDH1).
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Supplemental Figure S6: Structural models of the D273 mutant series. (A) The orientation of IDH1
as shown in parts B-D, with color schemes indicated for the modeled D273N, D273S, D273L in the
WT IDH1 holo (1TOL) and WT IDH1 apo (1T09) backgrounds. Previously solved structures of apo
WT IDH, holo IDH1, and C132H IDH1 with ML309 docked (5K11) are also shown. We previously
modeled the histidine mutation at residue 132 using a structure of R132C IDH1, and so denote this
change as C132H IDH1. (B) Energy-minimized models of D273N, D273S, and D273L IDH1
generated in the WT IDH1 holo structure (aKG, NADP+, and Ca2+ bound, 1TOL) aligned with apo
and holo WT IDH1. (C) Energy-minimized models of D273N, D273S, and D273L IDH1 generated in
the WT IDH1 apo structure (NADP* bound, 1T09) aligned with apo and holo WT IDH1. (D) Energy-
minimized models of D273N, D273S, D273L IDH1 generated in the WT IDH1 apo structure (NADP*
bound, 1T09) aligned with apo WT IDH1 apo and C132H IDH1 with ML309 docked in the inhibitor
binding pocket.? 3
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Supplemental Table S1. Absolute quantitation of cell metabolites in HT1080 cells. Patient-derivedHT1080
cells, which contain an endogenous heterozygous R132C IDH1 mutation were used as is (R132C/+ IDH1)
or the R132C IDH1 allele was ablated with a T77A mutation to destroy neomorphic (aKG to D2HG) activity
in the R132C allele, and made to stably overexpress WT IDH1 (-/+++ IDH1) [1]. To modulate pHi, cell lines
received no treatment or were treated with 200 yM ESOM, which decreases the pHi from 7.58 + 0.04 to
7.39 £ 0.01 (HT1080 -/+++ IDH1), or 7.52 £ 0.06 to 7.31 = 0.01 (HT1080 R132C/+ IDH1). A norvaline
standard was used to quantify each metabolite in the whole cell lysates. These experiments were repeated
in duplicate, with averages +/- SD (standard deviation) shown.* ®
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Supplemental Table S1: Absolute quantitation of cell metabolites, Continued.

HT1080 HT1080

(-/+++ (R132C/

IDH1) + HT1080 + IDH1) HT1080

no (-/+++ + no (R132C/

treatmen IDH1) + treatmen + IDH1)

t, ESOM, t, ESOM,

nmol/10° nmol/10 nmol/10° nmol/10
Metabolite cells SD |Ccells |SD |cells SD |Ccells SD
2HG 0.07 | 0.01 0.05| 0.00 26.85| 0.73 5.76 | 0.20
3PG 0.62| 0.18 0.67 | 0.19 140 | 045 1.20 | 0.06
GABA 0.06 | 0.09 0.05| 0.01 0.22 | 0.02 0.05| 0.01
Lactate 1042 | 1.67 8.52 | 2.14 16.00 | 3.80 9.95| 0.33
Ketoglutarat
e 0.31| 0.08 0.20 | 0.02 0.39 | 0.06 0.14 | 0.01
Alanine 2.50| 0.19 3.95| 0.52 5.02| 0.44 440 | 0.04
Asparagine 0.52 | 0.00 0.76 | 0.12 1.21| 0.07 0.92 | 0.06
Aspartate 1.70 | 0.28 1.19 | 047 3.71| 0.08 1.34| 0.04
Beta-alanine 1.38 | 0.18 1.09| 0.30 2.06| 0.15 1.02 | 0.02
Citrate 0.60 | 0.00 0.18 | 0.01 1.10 | 0.03 0.16 | 0.03
Cysteine 1.24 | 0.04 2.61| 0.18 1.88 | 0.23 2.79| 0.26

35.2 41.8 34 .1 19.3

DHAP 60.63 1 75.33 8 111.42 6 149.14 1
Fumarate 0.34 | 0.03 0.11| 0.03 0.61| 0.03 0.13 | 0.00
Glutamate 39.05| 1.24 41.76 | 7.41 66.41 | 5.03 44.46 | 0.81
Glutamine 34.22 | 4.75 56.07 | 5.95 57.20 | 9.11 48.61 | 7.41
Glycerol_P(1
) 0.54 | 0.06 1.13 ] 0.25 143 0.24 1.98 | 0.15
Glycerol_P(2
) 0.37 | 0.07 0.73| 0.15 0.92| 0.22 1.25| 0.10
Glycine 14.93 | 2.33 17.84 | 4.96 25.45| 1.69 18.49 | 0.51
Hydroxyproli
ne 0.20 | 0.01 0.24 | 0.02 0.37 | 0.01 0.35| 0.05
Isocitrate 0.05| 0.00 0.00 | 0.00 0.10 | 0.02 0.01| 0.00
Isoleucine 454 | 0.04 10.49 | 0.02 9.30 | 0.09 10.72 | 0.05
Leucine 4.08 | 0.02 9.26 | 0.22 8.29 | 0.06 9.84 | 0.39
Lysine 0.94 | 0.06 1.94 | 0.18 1.89 | 0.11 2.26 | 0.03
Malate 0.70 | 0.01 0.28 | 0.07 1.06 | 0.13 0.25| 0.02
Methionine 1.65| 0.02 3.94 | 0.04 3.26 | 0.04 4.03| 0.01
Ornithine 0.14 | 0.01 0.26 | 0.04 0.29 | 0.02 0.31| 0.02
Phenylalanin
e 3.05| 0.03 6.57 | 0.24 5.96 | 0.22 6.80 | 0.14
PEP 0.18 | 0.03 0.22 | 0.02 0.39 | 0.06 0.30 | 0.03
Proline 1.19 ] 0.02 0.37 | 0.07 149 | 0.07 0.40 | 0.02
Pyruvate 144 | 0.68 1.26 | 0.48 2.58 | 0.41 0.84 | 0.10
Serine 3.44 | 0.46 6.18 | 1.29 6.25| 0.55 7.04 | 0.04
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Supplemental Table S1: Absolute quantitation of cell metabolites, Continued.

Succinate 0.05| 0.02 0.04 | 0.00 0.09 | 0.00 0.04 | 0.01
Threonine 20.98 | 5.28 32.53 | 9.16 40.37 | 1.84 31.95| 1.36
Tryptophan 1.61] 0.17 3.23 | 0.46 3.12 | 0.35 3.38 | 0.16
Tyrosine 2.76 | 0.08 564 | 042 5.51] 0.29 6.01 | 0.05
Urea 0.26 | 0.10 0.23 | 0.07 0.33 | 0.05 0.38 | 0.18
Valine 4.25| 0.06 9.54 | 0.36 8.68 | 0.43 10.18 | 0.10

Supplemental Table S2: Calculated pKa values for 1TOL holo (WT IDH1) using PROPKA.2 8 7 This
rogram uses the abbreviation “Hid” for histidine.

pH pKa | pH pKa | pH pKa | pH pKa | pH pKa
7.91 | GLU110 | 5.72 | LYS233 [ 10.8 | GLU365 | 4.32 | GLU6B2 |3.73
MET1A A A A B
CYS114 | 11.6 | TYR235 | 114 | GLU368 | 3.98 | LYS65B | 11.2
LYS3A |95 A 4 A 6 A 8
LYS4A 10.4 |LYS115 | 10.7 | LYS236 | 10.7 |LYS374 [ 10.5 | LYS66B | 10.4
3 A 7 A 5 A 5 1
GLU12 ARG11 | 11.8 | GLU240 | 4.39 | ASP375 | 1.01 5.31
A 4.1 9A 3 A A HID67B
ASP16A | 5.32 |LYS126 | 11.4 | LYS243 | 104 | CYS379 | 11.9 | LYS72B | 8.96
A 7 A 5 A 4
GLU17 |3.51 | ARG13 |14.5 | TYR246 | 13.9 |LYS381 [10.5 | CYS73 |11.8
A 2A 5 A 9 A 9 B 9
ARG20 | 13.6 |HID133 |3.12 | GLU247 | 4.93 | ARG38 |13.9 | ASP79B 19
A 8 A A 8A 6 '
GLU24 |4.68 | TYR135 | 13.8 | HID248 | 2.64 | ASP390 | 3.24 | GLU80O |4.84
A A A A B
LYS27A | 11.8 | ASP137 | 552 | ARG24 |11.8 | TYR391 | 10.2 |LYS81B | 9.92
5 A 9A 8 A 2
GLU28 [4.56 | TYR139 | 9.84 | ASP253 | 4.66 | GLU396 | 3.47 | ARG82 12
A A A A B
LYS29A | 9.93 | ARG14 | 13.1 |LYS260 | 12.3 | ASP399 | 3.62 | GLU84 |4.49
0A 9 A 9 A B
TYR34A | 11.2 | ASP143 | 5.03 | GLU262 | 3.53 | LYS400 | 10.2 | GLU85 |4.54
4 A A A 2 B
GLU36 |4.58 |LYS151 | 10.5 | CYS269 | 14.0 | GLU403 [ 4.61 | LYS87B | 10.0
A A 6 A 6 A 4
ASP38A | 3.16 | GLU153 | 4.62 | LYS270 | 12.6 |LYS406 | 10.6 | LYS89B | 10.1
A A 9 A 4 4
HID40A | 6.5 I‘YR156 ;0.8 I‘YR272 9.84 'I&YS408 ;2.0 LYS93B | 9.36
TYR42A | 10.7 | ASP160 57 ASP273 | 6.59 [ LYS413 | 10.1 | ARG10 12
3 A ' A A 6 0B
ASP43A 3 LYS164 | 10.4 | ASP279 | 5.23 | LEU414 | 3.39 | ARG10 |10.7
A 9 A A 9B 1
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Supplemental Table S2: Calculated pKa values for ITOL Continued.

GLU47 |4.77 | TYR167 |11.1 | TYR285 | 13.0 MET1B 7.33 | GLU110 | 5.66
A A 1 A 8 B
ARG49 | 11.4 |HID170 |4.29 | CYS297 | 12.2 LYS3B 10.2 | CYS114 | 11.5
A 9 A A 9 5 B 4
ASP50A | 2.77 | GLU173 | 4.65 | ASP299 | 2.64 10.4 | LYS115 | 10.7
A A LYS4B 6 B 7
ASP54A | 5.13 | GLU174 | 4.79 | LYS301 | 10.4 | GLU12 3.9 ARG11 | 11.8
A A 1 B ' 9B 5
LYS58A | 10.4 | TYR183 | 10.7 | GLU304 | 7.52 | ASP16B | 4.92 | LYS126 | 11.3
7 A 7 A B 5
ASP59A | 3.42 | ASP186 | 4.33 | GLU306 | 3.65 | GLU17 |3.74 | ARG13 | 14.1
A A B 2B 7
GLU62 |3.73 | LYS187 | 11.2 | HID309 |3.75 | ARG20 |14.4 | HID133 |3.12
A A 6 A B 1 B
LYS65A | 11.2 | GLU190 | 5.31 | ARG31 12 GLU24 |4.96 | TYR135 | 11.2
8 A 4A B B
LYS66A | 10.3 | ASP191 | 4.49 | HID315 | 7.63 | LYS27B | 11.8 | ASP137 | 5.36
9 A A 6 B
5.29 |HID194 |6.35 | TYR316 | 11.1 | GLU28 |4.59 | TYR139 | 9.84
HID67A A A 6 B B
LYS72A | 8.85 | LYS203 | 10.3 | ARG31 |12.8 |LYS29B |10.4 | ARG14 | 11.9
A 5 7A 7 8 0B
CYS73 |12.0 | TYR208 | 10.5 | TYR319 | 10.3 | TYR34B | 11.4 | ASP143 | 5.55
A 7 A 7 A 3 1 B
ASP79A 25 LYS212 | 141 | LYS321 | 104 | GLU36 |4.31 |LYS151 | 10.3
' A 5 A 5 B B
GLU80 LYS217 | 7.97 | GLU324 | 4.13 | ASP38B | 2.81 | GLU153 | 4.92
A 4T A A B
LYS81A | 10.0 | LYS218 | 10.4 | ARG33 |12.7 HID40B 6.45 | TYR156 | 11.0
7 A 9 8A 1 B 7
ARG82 |14.4 | TYR219 | 9.84 | HID342 | 5.74 | TYR42B | 10.8 | ASP160 | 2.62
A 5 A A 2 B
GLU84 |4.48 | ASP220 | 3.99 | ARG34 |12.6 | ASP43B | 3.47 | LYS164 | 10.2
A A 3A 5 B 1
GLU85 |4.03 | ARG22 |13.1 | LYS345 | 10.3 | GLU47 |6.94 | TYR167 | 10.9
A 2A 9 A 8 B B 9
LYS87A | 10.4 | LYS224 | 10.7 | ASP347 | 3.23 | ARG49 | 11.8 | HID170 | 4.01
4 A 6 A B B
LYS89A | 10.3 | ASP225 | 5.31 | LYS350 | 10.2 | ASP50B | 4.13 | GLU173 | 4.62
5 A A 9 B
LYS93A 96 GLU229 | 4.16 | GLU351 | 4.03 | ASP54B | 5.15 | GLU174 | 4.75
' A A B
ARG10 12 TYR231 | 11.7 | GLU360 | 5.15 | LYS58B | 10.4 | TYR183 | 14.0
0A A 2 A 5 B 1
ARG10 | 10.6 | ASP232 | 4.19 | GLU361 | 3.82 | ASP59B | 3.44 | ASP186 | 4.26
9A 8 A A B
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Supplemental Table S2: Calculated pKa values for ITOL Continued.

LYS187 [ 11.3 | HID309 |3.74 | ARG20 | 14.5 | HID133 |3.15 | GLU247 | 4.93
B 7 |B C 5 |c C

GLU190 | 5.36 | ARG31 |, | GLU24 |5.06 | TYR135 | 10.7 | HID248 | 2.72
B 4B C C 5 |C

ASP191 | 4.52 |HID315 | 7.31 | LYS27C | 11.8 | ASP137 | 6.05 | ARG24 | 11.8
B B 7 lc 9C 7

HID194 | 6.33 | TYR316 | 13.7 | GLU28 | 4.39 | TYR139 | 9.84 | ASP253 | 4.47
B B 7 lc C C

LYS203 | 10.3 | ARG31 |12.8 | LYS29C | 101 | ARG14 |12.6 | LYS260 | 12.0
B 4 |78 3 6 |0C 6 |C 1

TYR208 | 105 | TYR319 | 12.7 | TYR34 | 111 | ASP143 | 5.08 | GLU262 | 3.59
B 4 |B 1 |c 2 |c C

LYS212 | 141 | LYS321 | 10.4 | GLU36 | 4.55 | LYS151 | 10.5 | CYS269 | 14.0
B 3 |B C C C 4

LYS217 | 8.24 | GLU324 | 5.16 | ASP38 | 3.31 | GLU153 |4.71 | LYS270 |12.7
B B c C C 1

LYS218 | 105 | ARG33 | 12.9 | HID40C | 6.66 | TYR156 | 11.0 | TYR272 | 9.84
B 8B 3 C 7 lc

TYR219 | 9.84 | HID342 |5.72 | TYR42 | 10.7 | ASP160 | 257 | ASP273 |,
B B C 5 |c C :

ASP220 | 3.98 | ARG34 | 12.3 | ASP43 | 2.94 |LYS164 | 101 | ASP279 | 5.24
B 38 8 |C C 3 |C

ARG22 | 13.2 |LYS345 | 10.3 | GLU47 |6.52 | TYR167 | 11.1 | TYR285 | 13.0
2B 1 |B C C 6 |cC 9

LYS224 | 105 | ASP347 | 3.66 | ARGA9 | 117 |HID170 |, | CYS297 [12.2
B B c 1 ¢ C 6

ASP225 | 523 | LYS350 | 105 | ASPS0 |, | GLUT73 |, , |ASP299 | 2.26
B B 3 |C 9 ¢ 7 e

GLUZ29 | 417 | GLU351 | 4.37 | ASP54 |, . | GLU174 | 459 |LYS301 | 105
B B c 1 ¢ C 2

TYR231 | 11.6 | GLU360 | 4.61 | LYS58C | 10.4 | TYR183 | 13.8 | GLU304 | 7.57
B 9 |B 7 lc 2 |c

ASP232 | 4.13 | GLU361 ASP59 | 3.43 | ASP186 | 4.71 | GLU306 | 3.97
B B 38 ¢ C C

LYS233 | 10.7 | GLU365 |4.34 | GLU62 |3.73 | LYS187 |11.2 | HID309 |3.78
B 9 |B C C 6 |cC

TYR235 | 11.4 | GLU368 | 3.86 | LYS65C | 11.3 | GLUT90 | 5.33 | ARG3T | .,
B 5  |B C 4C

LYS236 | 10.7 | LYS374 | 105 | LYSG6C | 104 |ASP191 |, . | HID315 |7.78
B 7 |B 5 C S

GLU240 | 4.38 | ASP375 | 1.17 | HID67C | 5.24 | HID194 | 6.36 | TYR316 | 12.9
B B c C 2

LYS243 | 10.4 | CYS379 [11.9 | LYST2C | 5, |LYS203 | 10.3 | ARG3T | 12.9
B 6 |B 9 9 e 4 |7c 4

TYR246 | 13.9 | LYS381 [ 10.6 | CYS73 |11.9 | TYR208 | 105 | TYR319 | 9.84
B 8  |B C s |c 4 |c
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Supplemental Table S2: Calculated pKa values for ITOL Continued.

GLU247 | 492 | ARG38 |13.3 | ASP79 |1.87 |LYS212 |13.4 |LYS321 |10.3
B 8B 9 C C 6 C 6
HID248 | 2.64 | ASP390 | 3.22 | GLUS80 48 LYS217 | 8.16 | GLU324 | 4.94
B B C ' C C

ARG24 | 11.8 | TYR391 | 10.3 | LYS81C | 10.0 | LYS218 | 10.4 | ARG33 |12.2
9B 6 B 6 3 C 8 8C 9
ASP253 | 5.72 | GLU396 | 3.69 | ARG82 | 14.8 | TYR219 | 9.84 | HID342 | 5.63
B B C 8 C C

LYS260 | 12.3 | ASP399 | 3.39 | GLU84 |4.49 | ASP220 | 3.99 | ARG34 |12.1
B 5 B C C 3C 3
GLU262 | 3.67 | LYS400 |10.2 | GLU85 |4.41 | ARG22 |13.2 |LYS345 |10.3
B B 4 C 2C C 5
CYS269 | 14.0 | GLU403 | 4.51 | LYS87C | 10.0 | LYS224 | 10.6 | ASP347 | 3.75
B 5 B 7 C 7 C

LYS270 | 12.7 | LYS406 | 10.5 | LYS89C | 10.2 | ASP225 | 5.21 | LYS350 | 10.4
B 3 B 5 9 C C

TYR272 | 9.84 | LYS408 |12.0 | LYS93C | 9.64 | GLU229 |4.18 | GLU351 | 4.52
B B 1 C C

ASP273 6.4 LYS413 | 10.4 | ARG10 12 TYR231 | 11.7 | GLU360 | 5.52
B ] B 2 0C C C

ASP279 | 4.08 | LEU414 3.4 ARG10 | 10.7 | ASP232 | 4.14 | GLU361 | 3.93
B B ' 9C 9 C C

;YR285 ;3.0 MET1C 7.84 gLU1 10 | 5.71 I(_:YS233 10.8 SLU365 43
CYS297 | 12.2 LYS3C 10.5 | CYS114 | 11.7 | TYR235 | 11.4 | GLU368 | 3.98
B 1 5 C 2 C 6 C

ASP299 | 2.24 LYS4C 10.3 | LYS115 | 10.7 | LYS236 | 10.7 | LYS374 |10.5
B 7 C 8 C 6 C 5
LYS301 | 10.3 | GLU12 |3.79 | ARG11 | 11.8 | GLU240 | 4.39 | ASP375 | 1.19
B 9 C 9C 2 C C

GLU304 | 8.21 | ASP16 |4.84 | LYS126 | 11.4 | LYS243 |10.4 | CYS379 | 11.9
B C C 2 C 6 C 8
GLU306 | 3.76 | GLU17 |3.57 | ARG13 |14.2 | TYR246 | 13.9 | LYS381 | 10.6
B C 2C 7 C 7 C 1
ARG38 |13.8 | ASP79 |2.31 |LYS212 | 13.6 |LYS321 | 10.3

8C D D 1 D 4

ASP390 | 3.15 | GLU8B0 |4.74 | LYS217 8 GLU324 | 4.32

C D D D

TYR391 | 10.2 | LYS81D | 10.0 | LYS218 | 10.5 | ARG33 | 13.7

C 5 9 D 8D 5

GLU396 | 3.73 | ARG82 |14.3 | TYR219 | 9.84 | HID342 | 5.71

C D 1 D D

ASP399 35 GLU84 |4.47 | ASP220 | 3.99 | ARG34 |12.0

C ' D D 3D 3

LYS400 | 11.2 | GLU85 |3.62 | ARG22 |13.2 |LYS345 | 10.3

C D 2D 3 D
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Supplemental Table S2: Calculated pKa values for ITOL Continued.

GLU403 [ 3.62 | LYS87D | 104 | LYS224 [ 10.7 | ASP347 | 3.86
C 3 |D 8 |D
LYS406 | 104 | LYS89D | 10.3 | ASP225 | 5.37 | LYS350 | 105
C 1 4 |D D 8
LYS408 | 12.1 | LYS93D | 9.68 | GLU229 | 4.16 | GLU351 | 3.87
C 9 D D
LYS413 [9.99 [ARG10 |, |TYR231|11.6 | GLU360 |3.79
C 0D D 9 |D
LEU414 | 3.37 | ARG10 | 10.9 | ASP232 | 4.19 | GLU361 | 3.88
C 9D 6 |D D
ver1p | 791 SLUHO 572 Evszss 10.8 SLU365 P
105 | CYS114 | 11.6 | TYR235 | 114 | GLU368 | 3.94
LYS3D 1,7 |1p 6 |D 4 |D
104 | LYS115 | 10.7 | LYS236 | 10.7 | LYS374 | 105
LYS4D 17 1p 7 ID 5 |D 6
GLUT2 [388 |ARG11 |11.8 |GLU240|,, |ASP375 |, L
D 9D 3 |D 4 1p :
ASP16 | 538 | LYS126 | 11.4 | LYS243 | 104 | CYS379 | 12.0
D D 7 |b 6 |D 2
GLU17 |4.15 |ARG13 | 142 | TYR246 | 13.9 | LYS381 | 10.5
D 2D 2 |D 7 |b 9
ARG20 | 135 | HID133 | 3.07 | GLU247 | 4.81 | ARG38 | 14.1
D 5 |D D 8D 4
GLU24 |4.42 |TYR135 | 138 | HID248 |, | ASP390 327
D D D 6 |p
LYS27D | 11.8 | ASP137 | 529 |ARG24 | 11.8 | TYR391 | 10.3
7 |b 9D 7 |D 5
GLU28 |4.74 |TYR139 | 9.84 |ASP253 |, | GLU39% | 3.04
D D D D
LYS29D | 105 | ARG14 | 13.2 | LYS260 | 12.3 | ASP399 | 3.12
7 |ob 2 |D 3 |D
TYR34 | 11.3 |ASP143 | 5.26 | GLU262 | 3.54 | LYS400 | 10.4
D 7D D D 1
GLU36 |4.47 [LYS151 |10.2 | CYS269 | 14.0 | GLU403 | ,
D D 4 |D 3 |D :
ASP38 | 2.86 | GLU153 | 4.88 | LYS270 | 12.7 | LYS406 | 10.3
D D D 5 |D 8
HID40D | 6.51 | TYR156 | 11.0 | TYR272 | 9.84 | LYS408 | 12.0
D 1 |p D 1
TYR42 | 10.7 | ASP160 | 2.63 | ASP273 | 6.59 | LYS413 | 9.74
D 7 D D D
ASP43 | 3.26 | LYS164 | 10.4 | ASP279 | 546 | LEU414 | 3.46
D D 5 |D D
GLU47 | 4.78 | TYR167 | 105 | TYR285 | 13.0
D D 6 |D 9
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ARG49 | 11.5 |HID170 |4.26 | CYS297 | 124

D 4 D D 1

ASP50 |2.78 | GLU173 | 4.66 | ASP299 | 2.27

D D D

ASP54 | 5.15 | GLU174 | 4.59 | LYS301 | 10.4

D D D 1

LYS58D | 10.4 | TYR183 | 10.8 | GLU304 | 8.14
8 D 3 D

ASP59 |3.41 | ASP186 | 4.25 | GLU306 | 3.65

D D D

GLU62 |3.74 | LYS187 | 11.2 | HID309 | 3.81

D D 6 D

LYS65D | 11.2 | GLU190 | 5.32 | ARG31 12
7 D 4D

LYS66D | 10.4 | ASP191 | 4.53 | HID315 | 7.72
1 D D

HID67D | 5.27 | HID194 |6.39 | TYR316 | 10.9

D D 9
LYS72D | 8.97 | LYS203 | 10.3 | ARG31 |12.9
D 3 7D 2
CYS73 |12.0 | TYR208 | 10.5 | TYR319 | 10.2
D 6 D 7 D 3
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3. Initial Characterization of Human DNA Polymerase € and Tumorigenic Mutant
3.1 Abstract

DNA polymerases are responsible for the accurate and efficient replication of the
entire genome and its faithful transmission through generations. Considering the size of
the human genome and its constant exposure to endogenous and environmental
damage, this is not an easy task. A number of different polymerases have evolved that
play a role in overall genome maintenance, either through replication, DNA repair
pathways, or both. One replicative polymerase, DNA polymerase ¢ (Pol g), is responsible
for the highly processive, highly accurate DNA replication of the leading strand. Its high
fidelity is due to a combination of intrinsic base selectivity and proofreading exonuclease
activity that when coupled with post-replication DNA repair pathway yields a mutation rate
of about 1 error per 10° base pairs. Recently, sequencing studies from The Cancer
Genome Atlas (TCGA) have shown Pol ¢ mutations are present in 7-12% of all
endometrial cancers. The majority of the mutations in Pol & occur in the exonuclease
domain, though many polymerase domain mutations were also discovered. Polymerase
domain mutations in human Pol y and Pol & are known to contribute to neurodegenerative
diseases, such as Alpers syndrome, and colon and liver cancer, respectively. The
minimal kinetic mechanism of WT Pol € has been previously characterized; however, a
detailed kinetic investigation of tumorigenic mutants has not yet been undertaken. We
have selected a Pol ¢ fingers domain mutant, F815L, for kinetic study due to its proximity
to the incoming nucleotide, which suggests that this residue plays a role in nucleotide

incorporation and efficiency. Here we present initial findings on the mechanism of
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incorporation, fidelity, and processivity of novel Pol ¢ mutation found in endometrial
tumors.
3.2 Introduction

DNA polymerases are responsible for the highly accurate replication of the
genome and/or genome maintenance. These functions are critical for successful
proliferation and survival of the organism. DNA polymerases are arranged into seven
families (A, B, C, D, X, Y, and RT) that are categorized based on structural and functional
similarities. While separate families exist, all DNA polymerases share a structurally
conserved polymerase core consisting of finger, palm, and thumb subdomains.! In
addition to the conserved polymerase core, DNA polymerases may possess additional
domains and structural features that add to their functional diversity in vivo. For example,
replicative polymerases from Families A and B possess an exonuclease domain that
contains conserved aspartate residues that coordinate divalent metal ions at the active
site to excise incorrectly paired nucleotides.

Highly accurate DNA is important for the continued survival from generation to
generation and is driven by the high-fidelity catalytic mechanism of replicative DNA
polymerases. The intrinsic fidelity of a replicative polymerase in addition to genome
maintenance pathways ensure that DNA is copied with an error rate of one nucleotide per
108-108 nucleotides.? It was originally thought that the free energy differences between
incorrectly paired nucleotides and correctly paired nucleotides was sufficient to account
for highly accurate DNA replication.?® However, more recent findings suggest that there
are more factors at play in the high-fidelity kinetic mechanism of DNA polymerases.

Overall, nucleotide selectivity is governed by base stacking interactions, solvation effects,
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polymerase interactions with DNA at the minor groove, template base pair geometry, and
induced-fit conformational changes.? 34 These factors contribute to an error rate of one
error per 10%-107 nucleotides, showing that the polymerase domain alone is not able to

attain maximum accuracy.>® 3’ — 5’ proofreading activity from the exonuclease domain,

Figure 1: Structure of yeast DNA Polymerase epsilon (PDB 4M80) colored by
domain.2! The N-terminal domain is colored in blue, the exonuclease domain is
colored in magenta, the palm domain is colored in cyan, the fingers domain is
colored in yellow, and the thumb domain is colored in orange. The DNA is colored
in red.

found in A and B family polymerases, improves fidelity up to 200-fold in some

polymerases.> 101

The main B family polymerases are responsible for the bulk of DNA synthesis in
eukaryotes: Pol a, Pol 3, and Pol €.'> Pol a has both primase and polymerase activity,

and initiates DNA synthesis by polymerizing a short primer. Genetic studies show that
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the division of labor at the replication fork consists of Pol & replicating the lagging strand
and Pol ¢ replicating the leading strand during DNA synthesis.'*-'® Human Pol ¢ is a
heterotetramer that consists of a catalytic subunit, p261, in addition to three smaller
subunits p59, p12, and p17.'” Barriers in heterologous expression of the four subunit Pol
€ holoenzyme led us to express a truncated variant of the N-terminal domain that consists
of all the conserved regions and motifs necessary for catalysis.'®?° The structure of
human Pol ¢ still remains unsolved, but the structure of the truncated catalytic subunit of
yeast Pol ¢ is known (Figure 1).2" Pol £ has two active sites: an exonuclease domain
responsible for proofreading, and a polymerase domain that accurately inserts dNTPs.?"
22 The polymerase domain structure shows the canonical right-hand configuration
consisting of finger, palm, thumb domains, and the exonuclease domain.?' The palm
domain contains a unique P domain that plays a role in the highly processive DNA
synthesis catalyzed by human Pol €.

An extensive sequencing analysis of human cancer exomes revealed an increased
prevalence of mutations in the gene encoding human Pol € in a sample of colorectal and
endometrial tumors.?>?% The most prevalent change was the replacement of P286 by
arginine, though several additional mutations in the human Pol € exonuclease and
polymerase domains were also observed. In a yeast model, P301R Pol € (corresponding
to human P286R) had a 50-fold higher mutator effect than an exonuclease deficient Pol
£.2” In mouse models, this mutation led to a hypermutated phenotype and resulted in
cancer.?®2° Human Pol £ polymerase domain mutations have also been identified .3° It
is well established that mutations in the polymerase domain of replicative polymerases

can alter fidelity and enzymatic efficiency to cause disease.?'"-3?> For example, the degree
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of catalytic dysfunction and infidelity of polymerase domain mutants in human
mitochondrial DNA polymerase y mirror the severity of mitochondrial disease seen in
patients.3®> The polymerase domain mutant, R696W, in human Pol & has been identified
in colon and liver tumors and leads to a hypermutated phenotype in yeast.3* As more

human Pol £ mutations are identified in tumors, is it crucial to understand the kinetic

exonuclease

E Ki[DNA,] base removal
K1 k
E+DNA+1 E-DNA, —> E*DNA,_;+dNMP

K\ KeldNTP] K

“ dNTP binding
ko[dNTPJ]
E-DNA;+1 P E-DNA,-dNTP — E+DNA,+dNTP
Ke ks ks //ks
Polymerization
E-DNAg+1-PP; E'-DNA,-dNTP

k.4
° SSE.-DNA,.+1-PP,

Figure 2: The minimal kinetic mechanism of Pol ¢.
features of dNTP incorporation and excision as it helps determine mechanisms of

genome instability.

The minimal kinetic mechanism for human Pol € was recently established (Figure
2).2:3537 The first study on WT human Pol € used the truncated catalytic subunit, and
revealed that human Pol ¢ inserts the correct nucleotide via an induced fit mechanism
that is preceded by a conformational change, similar to many polymerases.®® The
replicative fidelity of truncated WT human Pol € was shown to depend largely on the
differences between incorporation rates and binding constants of correct and incorrect

nucleotides.? In addition, this study confirmed that the exonuclease domain increases
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fidelity, and that human Pol € is highly efficient at removing mismatched nucleotides rather
than extending past a mismatch.? The complete human Pol & heterotetramer was
successfully purified from an insect cell system, and subsequent investigations found that
the additional subunits enhanced DNA binding, moderately improved nucleotide

incorporation fidelity, and decreased exonuclease activity compared to the WT human

A}\/ | p

Figure 3: Energy minimized structure of yeast Pol ¢ featuring the F815L mutaht (human
numbering) (PDB code 4M80).2' The mutation lies 10 A away from the incoming nucleotide.

Pol ¢ truncated catalytic subunit.36 37

While many mutations in the polymerase domain of human Pol ¢ have been
identified in The Cancer Genome Atlas (TCGA), none has been studied kinetically in vitro
or in vivo. We chose the polymerase domain mutation, F815L, located in the fingers
subdomain. Currently no structures exist for WT human Pol € and of any mutants, so |

we made energy minimized structures of the F815L mutant using the structure of yeast
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Pol €. Based on these structures, we hypothesize that the leucine mutant ablates a critical
interaction that stabilizes the formation of an a-helix in the fingers domain of WT Pol ¢.
This residue is located 10 A from the incoming dNTP, suggesting a role in nucleotide
selection and incorporation efficiency (Figure 3). Here we report a preliminary
investigation to distinguish the mechanistic effects that F815L human Pol € has on correct
nucleotide incorporation efficiency and substrate affinity using pre-steady-state kinetics.
Ultimately, we will grow this work to a more thorough investigation of mechanisms of
fidelity.

The kinetic characterization of human Pol € mutants is novel. First, will we
determine the maximum insertion rate, dissociation constant, and enzymatic efficiency
for each correct and incorrect ANTP with WT human Pol ¢ and F815L human Pol €. This
will serve as a baseline for comparison to the F815L mutant. By measuring the enzymatic
efficiencies of the incorporation reaction for correct and incorrect nucleotides, we can
compare the fidelities of WT human Pol € and F815L human Pol €. We will then compare
DNA replication processivity between WT and F815L human Pol €. Since F815L mutant
is in the fingers domain of human Pol €, which is responsible for selecting the correct
incoming nucleotide,’ we hypothesize that the F815L mutant will insert the correct
nucleotide with a lowered enzymatic efficiency compared to WT human Pol €. We predict
this mechanism will occur either through an increased dissociation constant for dNTP
binding, a decreased maximum correct dNTP incorporation rate, or both. In addition, we
expect that the F815L mutant will insert an incorrect nucleotide with increased efficiency
compared to WT human Pol g, either through a decreased dissociation constant for ANTP

binding, an increased maximum incorrect dNTP insertion rate, or both. We predict that
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the F815L mutant will be less processive than WT human Pol € in that it will take more
time to fully extend a given DNA primer/template. Future experiments will include
investigating the incorporation with chemotherapeutic nucleoside analogues to determine
selectivity factors and probe for potential chemotherapeutic sensitivity.
3.3 Full Length DNA Polymerase Epsilon: Materials and Methods

3.3.1 Materials for Full-length Pol ¢

The construct for the full-length human Pol ¢ was graciously donated by Dr.
Sreerupa Ray (Yale University). The cDNA construct of the p261 subunit of human Pol ¢
was cloned into the mammalian expression vector phCMV1 with two consecutive repeats
of a maltose binding protein (MBP) tag and a PreScission Protease (LEVLFQ/GP)
cleavage site near the N-terminus of the protein to increase expression levels and
solubility and facilitate purification (Figure 4). HEK293T cells, Dulbecco’s modified eagle
medium (DMEM), Dulbecco’s phosphate buffered saline (DPBS), 0.25% trypsin-EDTA
solution, 293 Freestyle (293F) cells, calcium chloride (CaCl2), HEPES, sodium phosphate
dibasic, sodium chloride (NaCl), glycerol, methanol, ethanol, DH5a cells, Luria broth (LB),
LB-agar, kanamycin sulfate, chloroquine , polyethylenimine (PEI) 25 kDa, Tween-20, NP-
40, dithiothreitol (DTT), bicinchoninic acid assay (BCA) Kit, rabbit polycolonal anti-
maltose binding protein (anti-MBP) antibody, and phospho-buffered saline (PBS)
premixed packets were obtained from Fisher Scientific (Hampton, NH). Goat anti-rabbit
secondary antibody with horse radish peroxidase (HRP) was obtained from Sigma (St.
Louis, MO). Fetal bovine serum (FBS) was obtained from VWR (Radnor, PA). Qiagen
MagePrep Kit was obtained from Qiagen (Hilden, Germany). Pre-stained SDS-PAGE

gels (4-20%) and Western Blot Kit were obtained from Bio-rad (Hercules, CA). Amylose
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resin was obtained from New England Biolabs (Ipswich, MA), and Q-sepharose resin was
obtained from GE Life Sciences (Boston, MA)

3.3.2 DNA Amplification and Purification of Full-Length Pol &

Construct 1 ZHN{MBPLMBPJI Exonuclease | | Polymerase I—COOH

Figure 4: Schematic representation of the cDNA construct for human full-length Pol €.

The cDNA construct of the p261 subunit of human Pol € was cloned in the phCMV1
mammalian expression vector and was amplified in DH5a competent cells, grown in LB
media supplemented with 30 pg/mL kanamycin, and purified per manufacturer's
instructions using the Qiagen Megaprep Kit (Hilden, Germany). Plasmid concentrations
were quantified by UV spectroscopy at 260 nm and stored at -20 °C until further use. |
purified the cDNA for transfection.

3.3.3 Cell Culture

Human embryonic kidney cells (HEK) 293T cells expressing a mutant version of
the SV40 large T antigen were cultured in DMEM supplemented with 10% Fetal Bovine
Serum, at 37°C, and 5% CO>. 293 Freestyle (293F) were grown in suspension with 293F
media at 8% CO2and 120 rpm. | performed all the cell culturing.

3.3.4 Transient Transfection of Full-Length Pol ¢

The cell culture media was optimized by removing antibiotics to increase
transfection efficiency. HEK293T were seeded at a density of 9.0 x 10 cells on a 15 cm
dish. After 24 hours, the cells reached approximately 60-70% confluency and were
treated with 25 uM chloroquine prior to transfection. Cell culture media was changed to

remove chloroquine, and cells were transfected with 30 ug of plasmid DNA using the
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calcium phosphate method. Briefly, plasmid DNA was added to a 2x HEPES buffered
saline (HBS) (pH 7.05) solution and gently bubbled while a cold solution of 250 mM CaCl2
was added. In this method, a precipitate forms with the DNA conjugated to the precipitate,
the solution is added to the plated cells, and the cells take up the DNA through
endocytosis. At 7-10 hours post-transfection, cell culture media was changed to remove
the transfection reagent. At 36 hours post-transfection, the cells were washed with DPBS
and lysed in lysis buffer (50 mM HEPES pH 7.5, 250 mM NaCl, 1% NP-40, 1 mM DTT)
with gentle rocking at 4 °C. Extracts were clarified by centrifugation at 12,000 rpm for 10
minutes at 4 ‘C. The supernatants were then transferred to separate tubes for further
analysis.

Transient transfection experiments were also performed in 293F cells in parallel.
This cell line is derived from the HEK 293 cell line and can reach high densities in
suspension cultures using serum-free media. These experiments also used a different
transfection reagent, polyethylenimine (PEI), an inexpensive polymeric reagent that has
been used for transfection in mammalian cells by forming PEI/DNA complexes that fuse
to cell membranes and are taken up by the cell through endocytosis much more readily
than calcium phosphate-based transfections. 293F cells were grown in suspension in
293F media until a density of 1.0 x 108 cells was reached. Cells were transfected with 1
ug of DNA per million cells using PEI. Briefly, 300 ug of DNA was added to 30 mL of
PBS, followed by 0.6 mL of 1 mg/mL PEI. The solution was vortexed and allowed to
incubate at room temperature for 10-20 minutes. The PEI/DNA solution was then added
to the cells and incubated at 37 °C, 8% CO2, and 120 rpm for 48 hours. The cells were

then harvested by centrifugation and lysed in lysis buffer. Extracts were clarified via

119



centrifugation and stored until further processing. | performed the transient transfections
in both cell lines.

3.3.5 Western Blot Analysis

A western blot was performed to confirm the expression of Pol . For each sample,
total protein was determined using a BCA kit. Total protein (30 ug) was separated on an
4-20% pre-cast/pre-stained SDS-PAGE gel and transferred to a polyvinylidene difluoride
(PVDF) membrane per manufacturer’s instructions (Bio-rad Hercules, CA). After the
transfer step, membranes were blocked with 3% bovine serum albumin (BSA) in
phosphate buffered saline with 0.1% Tween (PBST) for 1 hour. Rabbit anti-MBP was
diluted 1:1000 in PBST with 3% BSA, added to the membrane, and incubated overnight
at 4 °‘C. The following day the membrane was washed 5 times with PBST, followed by
incubation with a goat anti-rabbit horseradish peroxidase secondary antibody (1:10,000
dilution in PBST with 3% BSA) for 1 hour at room temperature. The membrane was then
washed 5 times with PBST, and imaged using autoradiography film (Figure 5A, 5C). |
verified the expression of full-length Pol € via Western immunoblotting.

3.3.6 Purification Attempt of Full-Length Pol ¢

The clarified lysate from the transient transfection was incubated with amylose
resin (New England Biolabs) on a rotator overnight and passed through in a disposable
plastic column. The initial flow-through was collected, and the remaining resin was
washed with 100 mL Buffer W (50 mM HEPES pH 7.5, 10 mM NacCl, 0.5 mM EDTA, and
1 mM DTT). Bound protein was eluted using 20 mL maltose elution buffer (50 mM HEPES
pH 8.2, 10 mM NaCl, 0.5 mM EDTA, 10% glycerol, 10 mM maltose, 1 mM DTT). Fractions

were monitored for protein via absorbance at 280 nm. Protein-containing fractions were
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analyzed via SDS-PAGE. However, peak fractions from the amylose column could only
be visualized with more sensitive silver staining. Pol ¢ in peak fractions was only visible
using Coomassie staining after pooling and concentrating peak fractions from 10 mL to
250 uL and applying large contrast to the image (Figure 5B). Presence of Pol ¢ in fractions
was determined by Western immunoblotting, but only with extended (9-10 minute)
exposure times. Further purification steps using a Q-sepharose column resulted in
protein yields that were undetectable by Coommassie staining, silver staining, and
Western immunoblotting and unsuitable for any downstream analysis of Pol €. Therefore,

we opted to express a truncated and catalytically active variant of Pol ¢ in bacteria. |

performed the purification of full-length Pol «.
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Figure 5: Expression and purification results of full-length human Pol €. A. Western immunoblot
analysis using an anti-MBP antibody confirmed the presence of DNA Polymerase epsilon in HEK
293T cells following calcium phosphate-based transfection. B. SDS-PAGE analysis of purification
from amylose column. DNA Polymerase epsilon was only detectable after heavy computerized
contrast was applied to the image. C. Western blot analysis using anti-MBP antibody confirmed the
presence of DNA Polymerase epsilon in suspension 293F cells following transfection with PEI. Both
methods resulted in low yields of protein and were not developed further.

3.4 Materials and Methods for First Pol € Bacterial cDNA Construct

3.4.1 Materials

A truncated construct of the catalytic subunit of human Pol € encoding for residues
1 — 1189 of the large p261 subunit was designed by Christal Sohl and purchased from

IDT. The Pol ¢ catalytic domain construct was cloned in the pGEX-4T-3 vector to
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generate pGEX4T3(thrombin)/Pole(1 — 1189)-Hise (Figure 6). Tris-hydrochloric acid, Tris
base, sodium hydroxide (NaOH), sodium chloride (NaCl), magnesium acetate
(Mg(C2H3032)2), DTT, BL21 (DE3) Rosetta competent cells, LB-Agar, rabbit polyclonal
anti-hexahistidine tag antibody, ampicillin sodium, Luria broth, 1-thio-p-D-
galactopyranoside (IPTG), ethylenediaminetetraacetic acid (EDTA), EDTA-free protease
inhibitor tablets, glycerol, ammonium persulfate (APS), tetramethylethylenediamine
(TEMED), boric acid, cobalt resin, and GSH resin were all obtained from Fisher Scientific
(Hampton, NH). B-Mercaptoethanol (B-ME) was obtained from MP Biomedicals in Santa
Ana, CA. Imidazole was obtained from Acros Organics (Fisher Scientific Hampton, NH).
Sequel Parts A and B were obtained from American Bio (Canton, MA). [y-3?P]JATP was
obtained from Perkin Elmer, dNTPs were obtained from Thermofisher Scientific, and
HPLC-purified DNA substrates were purchased from Integrated DNA Technologies.

3.4.2 Protein Expression and Purification

Thrombin site

Construct 2 2HN—LGST | Exonuclease | | Polymerase | | 6xHis |>COOH

Figure 6: Schematic representation of the cDNA encoding for construct 2.

The cDNA construct coding for Pol € was transformed into BL21-Gold Rosetta cells
(Figure 6). To generate an exonuclease-deficient mutant, two rounds of site directed
mutagenesis were used to make three amino acid substitutions (D275A/E277A/D368A)
with the  following primers: D275A/E277A  (forward primer 5  —
CCCAGTCGTCTTAGCATTTGCCATCGCAACAACAAAATTACCATTGAA — 3, reverse

primer 5 — TTCAATGGTAATTTTGTTGTTGCGATGGCAAATGCTAAGACGACTGGG —
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3’), and D368 (forward primer 5 — CAATGGTGATTTCTTCGCCTGGCCCTTTGTAGAAG
— 3, reverse primer 5 — CTTCTACAAAGGGCCAGGCGAAGAAATCACCATTG-3’). A
transformed colony was inoculated in LB media with 50 ug/mL ampicillin and grown at 37
°C until an optical density at 600 nm of 0.6-0.7 was reached. Then, the temperature was
reduced to 20 °C and the cultures were induced with 0.5 mM IPTG and incubated for 16
hours. The cells were harvested by centrifuging at 8,000 rpm at 4 °C for 15 minutes. The
pellets were resuspended in lysis buffer (150 mM Tris-HCI pH 7.8 at 4°C, 500 mM NacCl,
10% glycerol, and 5 mM B-mercaptoethanol, and a protease inhibitor tablet) and lysed in
a microfluidizer set to 16,000 psi. The lysate protein was separated by centrifugation at
18,000 rpm for 45 minutes at 4 ‘C. The supernatant containing the soluble protein was
incubated with GSH resin for 1 hour at 4°C with rocking, and then poured through a
disposable plastic column. The resin was washed with lysis buffer and transferred to a
separate tube. Then, 50-80 units of thrombin protease were added to cleave the GST
tag, and the slurry was incubated for 10 hours at 4°C, then transferred back to the column.
The goal was to retain the GST tag on the column, while the cleaved Pol € would be eluted
from the column. Fractions were monitored for protein by absorbance at 280 nm. Peak
fractions were combined and passed over a cobalt column. The column was then washed
with cobalt wash buffer (150 mM Tris-HCI pH 7.8 at 4 °C, 500 mM NaCl, 10% glycerol, 5
mM B-mercaptoethanol, and 10 mM imidazole). Bound protein was eluted with a linear
gradient of 10 mM imidazole to 200 mM imidazole in cobalt wash buffer. Fractions were
monitored for protein by absorbance at 280 nm. Fractions containing protein were
analyzed for > 95% purity on a 4-20% SDS-PAGE gel (Figure 7A). Fractions containing

Pol ¢ were concentrated and dialyzed into storage buffer (50 mM Tris-Acetate pH 7.4, 1
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mM DTT, 15% glycerol, 10 mM NaCl). Protein concentration was calculated by
measuring the absorbance at 280 nm and using an extinction coefficient of 155,310 M-
'em-'. The protein was then flash frozen and stored at -80°C until further use. An alumna
of the Sohl lab, Anna Uvarova, designed and performed the mutagenesis, and optimized
the purification protocol.

3.4.3 Primer Template Annealing

HPLC purified DNA substrates (Table 1) were purchased from Integrated DNA

Time (S) o 0003 0.005 0.008 0.010 0040 0080 1 4 8 16 25

Figure 7: Construct 2 purification and activity results. A. SDS-PAGE analysis shows that purification
was successful. B. Denaturing gel electrophoresis reveals that Pol € was inactive in single nucleotide
incorporation assays.

Technologies. The 21-mer primer strand was 5’-radiolabeled by incubation with [y-
32P]JATP and T4 polynucleotide kinase for 30 minutes at 37 °C and then purified from free
[y-32P]JATP by passing through a Bio-Spin column (Bio-rad). The 5’-radiolabled primers
were annealed to 41-mer template by incubating the 21-primer with 1.4-fold molar excess
template at 95 °C for 5 minutes before cooling slowly to room temperature. | performed
the primer-template annealing.

3.4.4 Reaction Buffers

All assays using Pol £ were performed at 20 °C using reaction buffer (50 mM Tris-

acetate pH 7.4 at 20 °C, 8 mM Mg(C2H302)2, 1 mM DTT, 10% glycerol, and 0.1 mg/mL
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BSA). Fast reactions were carried out using a rapid chemical quench flow apparatus
(KinTek). Notably, 37 °C was not used because the rate constant of product formation
catalyzed by Pol ¢ was too fast (kpoi > 500 s™') to be accurately determined using a rapid
chemical quench apparatus.? 3>3% Final concentrations are reported after 1:1 mixing in

the rapid chemical quench.

Table 1: DNA Substrates used in this kinetic investigation.

D-1 5'-TTGGATGACAGAAACACTTT

3’ -AACCTACTGTCTTTGTGAAAAGCTGTATCACACCACCACGG
D-2 5"-CGCAGCCGTCCAACCAACTCA

3’ -GCGTCGGCAGGTTGGTTGAGTAGCTGCTAGGTTACGGCAGG

3.4.5 Pre-steady-State Kinetic Assays

In the burst assays, a pre-incubated of solution of 20 nM Pol € and 100 nM 5’-
radiolabeled DNA (D-1) in reaction buffer was rapidly mixed with varying concentrations
of dCTP and 8 mM Mg?*. All reactions were quenched with the addition of 0.37 M EDTA.
All reactions were performed using a rapid chemical quench-flow apparatus (KinTek).

3.4.6 Product Analysis

Reaction products were separated on a 20% denaturing polyacrylamide gel
containing 8 M urea and 1X Tris-Borate-EDTA running buffer (TBE). The gel was
quantified with a Typhoon FLA 9500 scanner (GE Healthcare) and ImageQuant
(Molecular Dynamics). There was no detectable activity with this construct (Figure 7B).
Despite troubleshooting efforts of changing the concentration of dNTP, increasing
reaction time, increasing the temperature to 37 ‘C, measuring the CD spectrum of the
protein to ensure proper folding, using a size exclusion column to assess aggregation,
and varying the pH and buffer component of the reaction buffer, there was still no

detectable activity. Lack of catalytic activity in this construct forced us to use a second
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construct that was successfully used for kinetic assays previously.”> 3 The second
construct is described below. | ran the activity assays and performed the product

analysis.

TEV site

|

Construct 3 ZHN—LGST | Exonuclease | | Polymerase I | 6xHis '—COOH

Figure 8: Schematic representation of cDNA construct 3.

3.5 Materials and Methods for Second Pol € Bacterial cDNA Construct

3.5.1 Materials

A truncated construct of the catalytic subunit of human Pol € encoding for residues
1 —1189 of the large p261 subunit was graciously donated by Dr. Zachary Pursell (Tulane
University). The Pol ¢ catalytic domain construct was cloned in the pET60-DEST vector
and has a cleavage site recognized by TEV protease to generate GST(TEV)/Pole(1 —
1189)-Hiss (Figure 8). The vector pRK603 encoding for TEV protease was also donated
by Dr. Zachary Pursell. Tris-hydrochloric acid, Tris base, NaOH, NaCl, EDTA, acetic acid,
Mg(C2H302)2, DTT, BL21(DE3) Rosetta competent cells, LB-Agar, rabbit polyclonal anti-
hexahistidine tag antibody, ampicillin sodium, kanamycin sulfate, potassium sulfate
(K2S0s4), Luria Broth, IPTG, EDTA-free protease inhibitor tablets, glycerol, ammonium
persulfate (APS), tetramethylethylenediamine (TEMED), boric acid, sodium acetate
(NaC2H302), and cobalt resin were all obtained from Fisher Scientific (Hampton, NH). -
Mercaptoethanol (B-ME) was obtained from MP Biomedicals in Santa Ana, CA. Imidazole

was obtained from Acros Organics (Fisher Scientific Hampton, NH). Sequel Parts A and
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B were obtained from American Bio (Canton, MA). Deoxy nucleotide triphosphates
(dNTPs) were obtained from Thermofisher Scientific, and HPLC purified and 5’-TET-
(tetrachlorofluorescein) labeled DNA substrates were purchased from Integrated DNA
Technologies. This fluorophore was chosen because it had been previously used in pre-
steady kinetic measurements with yeast Pol € and was compatible with our Typhoon FLA
9500 Imager (Figure 9).3°

3.5.2 Plasmid Mutagenesis
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Figure 9: Structure of TET, the fluorescent label.
An open reading frame encoding residues 1 — 1189 of the p261 subunit of human
Pol € was cloned into pET60-DEST. This construct contains a TEV site between the N-
terminal GST tag and Pol ¢, and a lysine linker between the C-terminal Hiss tag and Pol
¢ to generate GST(TEV)/Pole(1 — 1189)-Hise. To inactivate the proofreading activity of
Pol ¢, two highly conserved residues D275 and D277 were changed to alanine and
previously shown to have negligible exonuclease activity (Pol ¢ exo-).3¢ To generate the

different polymerase domain mutants, directed mutagenesis (Kapa Bioscience,
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Wilmington, MA) was wused to generate F815L (forward primer 5 -
CGCACAAATGTATCCTGAACAGTCTCTACGGCTACG - 3, reverse primer 5 -
CGTAGCCGTAGAGACTGTTCAGGATACATTTGTGCG - 3’). Mutations were verified
via sequencing to confirm accuracy. Notably a residual cloning artifact remained from
previous cloning work. The vector contained an extra guanine-guanine-cytosine triplet
(GGC) that codes for a glycine at the N-terminus. This cloning vestige is a common
artifact from using a restriction enzyme like Nde1 to create the start codon. When the
extra GGC was deleted from the sequence we could no longer purify active Pol & exo-.
When the GGC was retained in the DNA sequence, the activity of Pol € exo- matched the
literature.? 35-3% | designed all primers and performed all the mutagenesis.

3.5.3 Expression and Purification of Human DNA Polymerase Epsilon

E. coli expression strain BL21(DE3) Rosetta were co-transformed with pET60-
DEST encoding for Pol ¢ and vector pRK603 encoding for TEV protease. The
transformed cells were incubated at 37 “C in 6 L of LB media in the presence of 50 ug/mL
ampicillin and 25 pg/mL of kanamycin with shaking until the optical density at 600 nm
(ODeoo) of the cultures reached 0.6-0.7. Protein expression was induced by the addition
of IPTG to a final concentration of 4 uM, and the temperature was lowered 20 °C for 15
hours. Cell cultures were pelleted by centrifugation at 8,000 rpm for 10 minutes at 4 °C.
The pellets were resuspended in lysis buffer containing 300 mM Tris pH 7.8 at 4 °C, 100
mM NaCl, 0.5 mM EDTA, 20 mM K2SOs4, 10% glycerol, and supplemented with EDTA-
free protease inhibitor tablet. Cells were lysed by passing the resuspension through a
microfluidizer at 16,000 psi. The cell lysate was clarified by centrifugation at 18,000 rpm

for 45 minutes at 4 °C. Clarified cell lysates were loaded on a cobalt column and washed
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with wash buffer containing 150 mM Tris pH 7.8 at 4 °C, 200 mM NaCl, 20 mM K2SOs4, 5
mM B-mercaptoethanol, and 10% glycerol. Bound protein was eluted from the column
with elution buffer containing 150 mM Tris pH 7.8 at 4°C, 200 mM NaCl, 5 mM pB-
mercaptoethanol, 10% glycerol, and 300 mM imidazole. The cobalt elution was then

passed through a Superdex 16/600 size exclusion column in size exclusion buffer

MWMarker A B C D

250 kDa
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75 kDa
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37 kDa
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Figure 10: SDS-PAGE analysis to
evaluate the purity of WT h Pol .
The final protein sample was run on
a4-20% SDS-PAGE gel. Molecular
weight (MW) marker is shown in the
left most lane. Lane A is crude WT
h Pol ¢ bacterial cell lysate, Lane B
is the flowthrough from the cobalt
column, Lane C is the wash from
the cobalt column, and lane D is the
purified protein.

containing 150 mM Tris pH 7.8 at 4°C, 200 mM NaCl, 1 mM DTT, and 5% glycerol.
Fractions were collected and protein absorbance was monitored at 280 nm. Fractions
containing Pol € were then pooled and dialyzed against storage buffer containing 50 mM
Tris pH 7.8 at 4 °C, 15% glycerol, 1 mM DTT, and 300 mM NaCyHz02. Pol ¢ was

determined to be ~95% pure by SDS-PAGE analysis (Figure 10). The concentration of
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purified protein was measured by UV spectrophotometry at 280 nm using a calculated
molar extinction coefficient at 155,510 M-'cm-'. Anna Uvarova and | optimized the
purification of WT Pol ¢. | performed the purification of both wild-type WT exonuclease
deficient Pol € and exonuclease deficient F185L Pol ¢.

3.5.4 Reaction Buffers

All assays using Pol ¢ exo- and F815L Pol ¢ exo- were performed at 20 °C using
reaction buffer (50 mM Tris Acetate pH 7.4 at 20°C, 0.1 mg/mL BSA, 10% glycerol, and
1 mM DTT). Reactions were carried out on a rapid chemical quench flow apparatus
(KinTek). Notably, 37 °C was not used because the rate constant of product formation
catalyzed by Pol ¢ is reportedly too fast at this temperature to be accurately determined
using a rapid chemical quench apparatus (kpoi > 500 s7').2 3539 Final concentrations are
reported after 1:1 mixing. | tested various protein concentrations, DNA concentrations,
reaction temperatures, reaction timepoints, polyacrylamide and crosslinker percentages
in denaturing gels, running buffers used in gel electrophoresis, and the effect of additives
such as sodium acetate and glycerol in purification and storage buffers in order to
optimize protein solubility, stability, activity, and product analysis.

3.5.5 Primer Template Annealing

HPLC-purified DNA substrates (Table 1) were purchased from Integrated DNA
Technologies. The 21-mer primer strand was purchased with a 5’-TET fluorescent label
(D-2). The 5’-fluorescent primer was annealed to 41-mer template by incubating the 21-
primer with 1.5-fold molar excess template at 95 °C for 5 minutes before cooling slowly to
room temperature. For these studies, the DNA substrate D-2 (Table 1) was used. |

performed the primer-template annealing experiments.
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3.5.6 Pre-Steady State Burst Assays

In the burst assays, a pre-incubated solution of 100 nM Pol € and 400 nM 5-TET
DNA in reaction buffer, described above, was rapidly mixed with varying concentrations
of ANTP and 8 mM Mg(C2H3032)2. All reactions were quenched with the addition of 0.37
M EDTA. All reactions were performed using a rapid chemical quench-flow apparatus
(KinTek). | performed the burst assays with WT exonuclease deficient Pol ¢ with dTTP
and dATP and | performed the burst assays with F815L exonuclease deficient Pol ¢ with
dTTP.

3.5.7 Single Turnover Assays

The single turnover assays, a pre-incubated solution of WT Pol ¢ exo- and 5’-TET
DNA substrate at various concentrations was rapidly mixed with 8 mM Mg(CH3COO).
and varying concentration of dTTP in reaction buffer. In all cases, enzyme concentration
was in excess to DNA substrate concentration. All reactions were quenched with the
addition of 0.37 M EDTA. All reactions were performed using a rapid chemical quench-
flow apparatus.

3.5.8 Processivity Assays

This assay was attempted three times. In the first attempt, a preincubated solution
of 500 nM enzyme (WT Pol ¢ or F815L Pol € mutant) and 50 nM DNA was rapidly mixed
with 8 mM magnesium acetate and 200 uM of each dNTP (final concentrations reported)
for various time points. In the second attempt, a preincubated solution of 800 nM Pol ¢
WT and 400 nM DNA was rapidly mixed with 8 mM magnesium acetate and 200 pyM of
each dNTP for various time points (final concentrations reported). In each case, the

reactions were quenched by the addition of 0.37 M EDTA.
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3.5.9 Product Analysis

10 uL of Formi dye containing 10 mL formamide, 10 mg xylene cyanol, and 10 mg
bromophenol blue was added to the quenched incubations from the burst assays. A
total of 6 uL of this ~150 reaction was loaded on a 15% denaturing polyacrylamide gel
containing 8 M urea and 1X Tris/borate/EDTA in lithium borate running buffer. The 2
processivity assay was run in the dye described above without xylene cyanol and loaded
on a 10% denaturing polyacrylamide gel containing 8 M urea and 1X Tris/borate/EDTA in

lithium borate running buffer. The gel was scanned with a Typhoon FLA 9500 (GE
WT h Pol ¢ exo- Burst Assay 200 uM dTTP
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Figure 11: Annotated analysis of time-dependent formation of product, using a burst assay as an
example. A preincubated solution of 100 nM WT h Pol € and 400 nM D-2 DNA substrate was rapidly
mixed with 8 mM Mg(CHsCOO)z and 200 uM dTTP and quenched with 0.37 M EDTA after various
time intervals. One nucleotide extended product was separated from unreacted substrate by gel
electrophoresis using a 15% acrylamide gel with 8 M urea with lithium borate running buffer. Time-
dependent amount of product formation was calculated using ImageQuant by determining the total
pixel intensity of each lane, then dividing the intensity of the product band by the total pixel intensity
to calculate the percent of extended product formed at that time. The amount of product formed at
the zero-time point was subtracted from the others, then multiplied by the total concentration of DNA
substrate used in the assay (400 nM) to calculate the concentration of product formed at that time.
The time-dependent formation of product was then fit to the burst equation (Eq 1) to determine kinetic
constants kobs and Kss.

Healthcare) at the Alexa 532 nm setting to excite the TET fluorophore that was covalently
bound to the 5-end of the primer DNA. The band intensities were quantified with
ImageQuant software (GE Healthcare) and relative intensities were calculated by dividing
the intensity of a specific band by the total intensity of the observed bands (Figure 10). |

optimized product analysis.
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3.5.10 Data Analysis
All pre-steady-state kinetic data under burst conditions, DNA substrate in excess
to enzyme, were fit by nonlinear regression using GraphPad Prism (GraphPad Software,

La Jolla, California). Data for the burst assays were fit to Eq. 1

[product]=A[(1-eopst)+ksst (1)

Where A is amplitude of active enzyme, kobs is the observed burst rate constant, and Kss
is the observed steady-state rate constant. When kss is divided by the A, it is converted
a first-order rate constant that defines the rate of product release. The kobs Values were
plotted against dNTP concentrations and the data were fit the following hyperbolic

equation (Eq 2) using GraphPad Prism:

_ ko [dNTP]
%0ST KINTP L{INTP]

(2)

where kpo is the maximum rate constant of dNTP incorporation and KN is the
equilibrium dissociation constant of the dNTP. Single turnover assays were fit to single

exponential equation (Eq 3) using Graphpad Prism:

[product]=A[(1-e™osst)  (3)
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The fidelity (F) of WT Pol € was calculated as a ratio of catalytic efficiencies incorrect

dNTP incorporation to correct dNTP incorporation using the following relationship:

Kool
( P Kd)incorrect

F

- kpol kpol (4)
( Kd)incorrect + ( Kd)correct

| performed data analysis of WT exonuclease deficient Pol ¢ incorporating the correct
dTTP and incorrect dATP, exonuclease deficient F815L Pol ¢ with the correct dTTP, and
processivity assays.
3.6 Results

3.6.1 Expression and Purification of Human WT Pol ¢

The purification of the endogenous DNA Pol € complete with 4 additional subunits
from both yeast and human cells is very labor intensive and not practical for rapidly
screening tumor-relevant Pol ¢ mutants.'820. 38 Various groups have circumvented this
difficulty by expressing the N-terminal truncated fragment of the p261 catalytic subunit.?
35, 36,38, 39 |mportantly, this 140 kDa fragment contains all conserved polymerase and
exonuclease motifs and has previously been shown to be as active as the full-length
catalytic subunit and essentially retains the same processivity.3%: 3839 This fragment also
possesses active exonuclease activity.3® % The convention in nucleotide incorporation
analysis is to ablate exonuclease activity so rates of correct and incorrect dNTP insertion
can be measured without complication from nucleotide incision. Here, an exonuclease
deficient mutant of the 140 kDa fragment was generated by substituting the two highly

conserved catalytic residues D275 and D277 with alanine.3% 38 Substitution of these
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residues has been shown to generate a successful exonuclease deficient mutant.3® In
addition, the rate of incorrect nucleotide incorporation would be too slow to be observed
with an active exonuclease domain. This is because the rate of incorrect excision is faster
than the rate of incorrect nucleotide incorporation.? Therefore, the exonuclease deficient
variant of Pol ¢ was generated in order to perform experiments in absence of proofreading
activity.

Thus, we undertook a similar approach as previous groups to express and purify
a fragment corresponding to the N-terminal 140 kDa catalytic subunit of Pol .2 35 36, 38,39
We co-expressed TEV protease with Pol € during longer induction times to endogenously
cleave the GST tag. We recovered protein suitable for pre-steady-state kinetic
investigation through our purification process (Figure 9). These results are specific to the
second bacterial construct donated from Zach Pursell (Figure 8). The full-length construct
(Figure 4, Figure 5) and first bacterial expression construct (Figure 6, Figure 7) were
unsuitable for kinetic analysis because yields were too low and purified enzyme was
catalytically dead, respectively.

3.6.2 WT Pol € exo- and Mutant Exhibit Biphasic Kinetics

Due to their processivity, replicative polymerases typically exhibit biphasic kinetics
during single nucleotide incorporation.3® Previous work has demonstrated that a single
nucleotide incorporation event is preceded by a conformational change following
nucleotide binding.>> DNA dissociation from the enzyme-DNA binary complex limits
additional incorporations (Figure 2).3° Two phases, an initial burst of product formation
and a slower linear phase, can be observed by performing a burst assay. In a burst assay,

enzyme is pre-incubated with an excess of DNA substrate to form the stable enzyme-
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DNA complex. We used a rapid chemical quench to examine the incorporation of a
correct dTTP in our D-2 DNA substrate (Table 1) under pre-steady state conditions. The
time course for product formation revealed biphasic kinetics characterized by an initial
burst of product formation that is followed by a slower linear phase (Figure 11). The burst

rate at 10 uM concentration of dTTP was determined to be 7 x 10" + 1 x 10" s" and the
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Figure 12: The burst kinetics of correct dTTP incorporation by WT human Pol ¢ exo- (A) and F815L
Pol ¢ exo- (B) were measured by mixing a preincubated solution of either enzyme (100 nM) and 5'-
TET D-2 DNA substrate (400 nM) with 200 uM dTTP and 8 mM Mg(CH3COO)2 and quenching with
the addition 0.37 M EDTA at various time intervals. The F815L mutant was mixed with 1 mM
dTTPThe data were fit to the burst equation (Eq 1) to yield a fast exponential rate constant of 7x10’
+1x10" s for WT h Pol ¢ and 20 + 4 s for F815L Pol €. The linear steady state rate was found to
be 2 x 102+ 2 x 103 s for WT human Pol ¢ and 1 x 102 + 4 x 102 s”' for F815L Pol ¢ exo-. The
inset shows the exponential phase of each time course.

linear rate constant was 2.0 x 102 + 2 x 103 s for WT exonuclease deficient Pol €. For
F815L exonuclease deficient Pol g, the burst rate at 1 mM concentration of dTTP was
determined to be 20 + 4 s™' and the linear rate constant was 1 x 102 £ 4 x 102 s™'. The
fast, pre-steady state burst phase corresponds to the incorporation of a single nucleotide
during the first enzyme turnover. The steady-state, linear phase corresponds to the
incorporation of a nucleotide during subsequent enzyme turnovers. The observation of a
burst shows that Pol ¢ likely follows the same kinetic mechanism as other characterized

polymerases (Figure 2).3° The observed rates obtained in the burst assay closely
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matched the literature values.? 3%37. 3% The presence of a burst phase provided an
opportunity to examine nucleotide incorporation in the first enzyme turnover to assess the
contributions of the nucleotide binding and incorporation steps toward the efficiency of
Pol € and mutant.

3.6.3 Single Turnover Assays

It is common to obtain ANTP dissociation constants and maximum incorporation
rates using single-turnover assays. These experiments are performed with excess
enzyme to substrate to allow the direct observation of the nearly complete conversion of
substrates to products. In a single turnover experiment, enzyme is in excess to substrate
and only one turnover can occur. Unlike a pre-steady-state burst assay, steady-state

formation of products does not occur. Recall, that the linear phase of the burst assay

Single Tumover Data
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Figure 13: Select single turnover data. Active site concentrations (determined from the amplitude
of the burst curve) were used to determine enzyme concentration in single turnover assays. Various
concentrations of enzyme and DNA were rapidly mixed with 8 mM Mg(CHsCOO)z and a saturating
concentration of dTTP. Reactions products were analyzed on via denaturing polyacrylamide gel
electrophoresis and quantified as previously described. Time-dependent amount of product
concentration was fit to a single exponential equation (Eq 3) to determine observed rates of single
nucleotide incorporation, kobs. Rates with enzyme preps that did not include NaCH3COO in the
storage buffer were ~100-fold slower than observed rates obtained from the exponential phase of
the burst equation. Rates did increase upon the addition of NaCH3COO to the storage buffer, and
when the DNA concentration was about 4-fold lower than the Ky for DNA.%
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represents the steady-state rate and multiple turnovers, and the initial burst phase
represents the rate of a single turnover. Theoretically, the observed rates of single
turnover experiment and the observed rate in the burst phase of a burst assay should be
identical. However, when we performed single turnover assays at saturating

concentrations of dTTP our observed rates did not match those obtained in burst assays

(Figure 12).

Table 2: Select single turnover assay rate constants
Single Turnover Assay Kobs (s1)
conditions

100 nM WT Pol, 25 nM D-2, 9.0 x102
300 uM dTTP, 8 mM MgOAc, |+2x 10’
300 mM NaOAc
100 nM WT Pol, 80 nM D-2, 5.0 x 102
200 uM dTTP, 8 MM Mg OAc, |9

300 mM NaOAc
500 nM WT, Pol 100 nM D-2, | 3.0x 100
200 uM dTTP, 8 MM MgOAc | +3 x 10"
400 nM WT, Pol 50 nM D-2, 2.0x10°
200 uM dTTP, 8 MM MgOAc | +1 x 10"

Initial rates were obtained to be~2 s at saturating dNTP concentration. This is ~140-fold
lower than the observed rate in the burst experiments. Altering the amount of excess
enzyme in our single turnover assays also did not increase the observed rate. Only when
sodium acetate was added to the storage buffer did the observed rates in the single
turnover assays increase to ~90 s'. This still represents a 3-fold decrease from the
observed rates in the burst assays at saturating conditions, but a 45-fold improvement
over previous single turnover assays (Table 2). The observed rates of the single turnover
assays also did not match the literature values.? 35-37:3% | have not elucidated the reason

behind the discrepancy in rates, but some ideas are mentioned in the discussion.
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3.6.4 Determination of K49T™? and kpo for Nucleotide Incorporation by WT Pol
¢ exo- and F815L mutant

To examine rates of nucleotide incorporation, | started by measuring the rate of
correct dTTP and incorrect dATP incorporation opposite dAMP in the DNA template. In
these experiments, | measured the rate of product formation over time at varying dNTP
concentrations under burst conditions (DNA substrate in excess to enzyme). The product
is the primer/template DNA substrate extended by one nucleotide. The observed rates
of the pre-steady-state burst phase were then plotted as a function of ANTP concentration
and fit to a hyperbolic equation (Eq 2). The maximal rate of single nucleotide
incorporation, kpol, is a rate constant made up of dNTP binding, a conformational change,
and polymerization chemistry . Due to rapid equilibrium between the enzyme-DNA binary
complex and dNTP binding, the dNTP concentration at half kyo is an apparent dissociation
constant (Ky®NTP). The efficiency of nucleotide incorporation can be measured by
calculating kpo/Kd. This parameter can be used to assess fidelity by the following
relationship: (Kpol/ Ka)incorrect/[(Kpol/ Kd)correct + (Kpol/ Kd)incorrect] (€quation 4 in Methods section).
The data for the correct dTTP incorporation are shown in Figure 13 and yielded a kpos of
288 + 8 s for WT Pol £ exo- and a Ks°™™P of 36 + 3 uM. For the F815L exo- mutant, the
kpol Was 21 + 1 s and the K497 was 96 + 30 uM (Figure 13, Table 3). Thus, the F815L
Pol £ exo- mutant had a ~14-fold decrease in kyoi, a 3-fold increase in Kq4''F, and a ~37-
fold decrease in enzymatic efficiency for correct dTTP incorporation opposite dAMP.

The rate of misincorporation of a dATP across a template dAMP for Pol ¢ was
examined next. The experiments were performed under burst conditions (enzyme

concentration limiting to DNA concentration) and fit to a burst equation (Eq 1) (Figure 13
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Figure 14: Kinetics of correct dTTP incorporation. A preincubated solution of WT h Pol ¢ exo- (left) or
F815L Pol ¢ exo- (right) (100 nM) and 5’TET labeled D-2 DNA substrate was rapidly mixed with varying
concentrations of dTTP and 8 mM Mg(CHsCOO): for varying time intervals before quenching the
reaction with 0.37 M EDTA. Product concentration was plotted against time and data were fit to the
burst equation (Eq 1). The observed exponential rate constants (kos in Eq 1) at each dTTP
concentration were plotted against their respective dTTP concentration. The plot of kobs vs [dTTP] was
fit to the hyperbolic equation (Eq 2) to yield a ko of 288 + 8 s and a K«°™" of 0.036 + 0.003 mM for
WT h Pol € exo- and a kpoi0f 21 + 1 57" and a Kq®™™P of 0.10 + 0.03 mM for F815L Pol ¢ exo-.
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Figure 15: Nucleotide concentration dependence on the pre-steady-state kinetic parameters of
incorrect dATP incorporation opposite a template deoxyadenosine catalyzed by WT h Pol ¢ exo-. A.
An example of the burst kinetics of dATP misincorporation. A preincubated solution of100 nM WT h
Pol ¢ exo- and 400 nM 5'TET labeled D-2 substrate was mixed with 800 uM of dATP(shown) and 8 mM
Mg(CHsCOO): for various time intervals before quenching with 0.37 M EDTA. The data of product
formation versus time at each dATP concentration were fit to the burst equation (Eq 1) to yield kobs. B.
The resulting kobs values were plotted versus dATP concentration and fit a hyperbolic equation (Eq 2)
to yield a kpol 0f 0.26 + 0.02 s and a Kq of 0.142 + 0.044 mM.

A). The kinetics of the formation of a A:A mismatch by WT Pol ¢ are shown at various
nucleotide concentrations in (Figure 13B). The observed rates were plotted as a function

of the dATP concentration to fit a hyperbola to yield a Kq of 1.4 x102 + 4 x 10" uyM and a
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kpol Of 2.6 x 107 £ 2 x 107 s'. More points should be obtained for the F815L mutant to
reduce the error in the Kq value. The fidelity of WT Pol € exo- base substitution was then
calculated as (kp/Ka)incorrect/[(Kpol/ Kd)correct  +  (Kpol/Kd)incorrect) to be 2.4 x 10,
Misincorporation assays for the F815L mutant will be performed in the future. The results

of the kinetic investigation is shown in Table 3.

Table 3: Kinetic Parameters of Pol ¢ and F815L mutant.

Pol ¢ exo- dNTP Koot (s71) Ka (mM) Kpol/ Ka (MM~ Fool'
151)
WT dTTP 288+ 8 3.6x102+3| 8.0x10%+
x 103 7x102
WT dATP 0.26+0.02 {14x10"+4| 2+6x 10" 2.4 x10*
x 1072
F815L dTTP 21 +1 1x107+3x| 22x10%%+
102 7 x 10!

3.6.5 Processivity Assay

The small DNA binding subunits of the Pol ¢ tetramer have been shown to
positively affect processivity in both the human and yeast homologs.?® 3° To see if
processivity of Pol ¢ was affected by the presence of the F815L mutation, | compared the
processivities of WT Pol ¢ and F815L Pol ¢ on the DNA template. Three different
conditions were studied. In the first, a pre-incubated solution of WT Pol ¢ or F815L Pol ¢
(500 nM) and labeled 5’-TET labeled DNA primer/template (50 nM) was mixed with all
four dNTPs (200 uM) and Mg(CH3COOQ): for various time points. In the second, 800 nM
Pol ¢ WT and 400 nM DNA was rapidly mixed with all four dNTPs and Mg?* for various
time points. In both cases, the products were separated by denaturing PAGE. In the first
case, WT Pol ¢ exo- and the F815L Pol ¢ exo- mutant was found to not extend past 2

nucleotides and did not restart extension even at long timepoints (Figure 15). This was
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thought to be due to the high molar excess of enzyme to DNA and the low DNA
concentration. At 10-fold excess enzyme to DNA and 50 nM DNA, substrate may be
consumed too fast and not produce detectable amounts of fully extended product. In
addition, the xylene cyanol dye may mask fully extended product since it migrates to a

similar location as the product. Therefore, | ran the processivity assay again without
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Figure 16: First processivity attempt with WT human Pol ¢ exo- (top)
and F815L Pol ¢ exo- (bottom). A preincubated solution of 500 nM
of either enzyme with 50 nM DNA was mixed with 8 mM
Mg(CH3COOQO)2 and 200 uM of each dNTP. Both enzymes seemed
to be non-processive and stopped incorporation chemistry after 2
insertions.

xylene cyanol in the loading dye, used 2-fold excess enzyme to DNA, analyzed the
products on a 10% acrylamide gel instead of a 15% acrylamide gel, and included longer

reaction times in order to visualize any potential fully extended product. When these
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changes were made, the resolution was improved and a high molecular weight band was

visualized, presumed to be a fully extended DNA substrate (Figure 16).
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Figure 17: Processivity assay with WT human Pol ¢ exo-. A preincubated solution of 800 nM WT h Pol ¢
exo- and 400 nM DNA was mixed with 8 mM Mg(CHsCOO)2 and 200 uM of each dNTP and quenched
with 0.37 M EDTA for the corresponding time interval. WT h Pol ¢ exo- was shown to form fully extended
primer in between 150 and 500 ms.

3.7 Discussion

In this work, we carried out pre-steady-state kinetics to partially characterize the
mechanisms of fidelity between WT Pol ¢ and F815L mutant Pol &, observed in
endometrial cancer. Using the truncated fragment of the N-terminal domain, the burst
assay revealed that both enzymes exhibited biphasic kinetics that were characterized by
a “burst” phase followed a slow linear phase. The initial “burst” phase represents the rate
of nucleotide incorporation and the linear rate represents the steady-state phase of
product formation during multiple turnovers. The F815L mutant was found to insert a

correct nucleotide ~13 fold slower than WT Pol ¢, and exhibited a ~3-fold higher K9P
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of ~100 uM, resulting in in a 40-fold decrease in catalytic efficiency. The difference in
enzymatic efficiency is best determined through a structural analysis combined with pre-
steady-state kinetics. However, no structures of human Pol ¢ exist. Therefore, energy
minimized structures of the F815L mutant were created using the yeast homolog. This
mutation is 10 A away from the enzyme active site and likely doesn’t play a role in directly

selecting the incoming dNTP; however, it may perturb the geometry of the active site

(Figure 3). Interestingly, aligning the active site of the energy minimized F815L mutant

Figure 18: Structural alignment of WT yeast Pol ¢ (colored by element) and energy minimized F815L
(cyan) structure (4M80).2" This highlights the dNTP binding pocket. Y643 and M644 are shown to
have a modified arrangement in the mutant that leads to increased conformational freedom of the
dNTP and templating base.

Pol ¢ (human numbering) structure with that of WT yeast Pol € shows that Y643 and M644

are shifted from their normal position (Figure 17).
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| hypothesize that this mutant increases the degrees of freedom that the template
base can assume, leading to stabilization of incorrect dNTP binding compared to WT Pol
g, as previously shown with RB69 polymerase.> RB69 and Pol ¢ are both replicative
polymerases, though more is known about RB69 due to ease of expression.® Polymerase
domain mutations have been generated in RB69 and their kinetic and structural effects
have been elucidated. Mutating the corresponding tyrosine to an alanine at the RB69
active site creates a large cavity below the incoming dNTP and templating base.® This
cavity provides the templating base and dNTP with more degrees of freedom so that it
can shift to pair with mismatched dNTPs, leading to a decreased incorporation rate and
decreased replicative fidelity.> A similar effect is observed in T7 DNA Polymerase, a
family A replicative polymerase.® Shifting of the templating base is a likely reason why
the incorporation rate and fidelity of repair polymerases is so low compared to those of
replicative polymerases.> Moreover, M644 has been previously shown to important for
fidelity in yeast Pol £.38 Mutation to a glycine residue led to a decrease in fidelity due the
increased space in the hydrophobic pocket as a result of the mutation.®® The combined
effects of the Y643 and M644 shift lead to an increase in conformational flexibility between
the incoming dNTP and the template base that could stabilize the formation of an incorrect
base pair. Additionally, the F815L mutation is not as frequently observed in cancer as
the P286R mutation. Though highly speculative, the tumor may select for P286R
mutation over the F815L because it affects both exonuclease and polymerase activity at
the same time by preventing proper exonuclease function and promoting promiscuous
polymerase activity.?6:27-41 The structure of the P286R mutant in yeast Pol € showed that

the arginine substitution prevents proper DNA binding to the exonuclease active site and
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proper orientation of the metals necessary for catatysis.#’ Notably, when the P286R
mutation was studied in yeast Pol € (P301R) it was found to have an increased ability to
extend past a mismatch and bypass unusual secondary structures in DNA, such as
hairpins that frequently occur when DNA unwinds during replication.*? Furthermore, it
was more capable of fully extending a DNA primer/template with a combination of a
hairpin and a mismatch when compared to WT yeast Pol €42 When WT yeast Pol ¢
encountered these lesions, DNA replication would normally pause and resume after the
lesion was repaired properly.#? The authors concluded that when P286R Pol € encounters
a mismatch or an unusual secondary structure, DNA replication continues with the lesion
left unrepaired.*> This can lead to a higher mutation rate, genome instability, and an
increased risk of developing cancer. Similarly, the F815L mutant may increase the ability
of Pol € to accommodate these unusual DNA secondary structures at its active site.
Comparatively, the F815L mutant would still have a fully active exonuclease active site
and would theoretically be able to be able to excise an incorrectly placed nucleotide. If
exonuclease activity is affected, the mutation rate of the F815L may still not match that of
P286R, or other documented exonuclease domain mutants.?® 27 A more likely reason is
that the F815L mutant impairs the enzymatic efficiency of the incorporation reaction. The
maximum incorporation rate for the F815L mutant was found to be ~10-fold slower than
the WT enzyme and the mutant possessed a 3-fold higher dissociation constant for dTTP.
At physiological conditions, this F815L mutant would be a poor choice for a rapidly
dividing cancer cell and would favor the selection of an exonuclease domain mutant.
Mechanistically, the presence of a burst suggests that product release or a step

after chemistry is rate limiting. When | performed a burst assay with Pol €, | observed the
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presence of a burst. This indicates that Pol € catalyzes correct nucleotide incorporation
by following a similar mechanism that has been established for numerous polymerases
and reverse transcriptases.®® Interestingly, the rate of single nucleotide incorporation,
kool, in single turnover assays performed with WT Pol ¢ did not match the same parameter
measured in burst assays at saturating dNTP concentrations (Figure 12, Table 2). The
first possible rationale was that the amount of active enzyme in a single turnover was
incorrectly estimated from the amplitude of the burst curve. The active site concentration
of WT Pol ¢ in theory should be able to be determined from the amplitude of the burst
assay. This is typically the case because the rate of nucleotide incorporation is much
faster than product release. In addition, the rate of forming the enzyme-DNA binary
complex is faster than its breakdown. Therefore, the amplitude of the burst represents
the concentration of productive enzyme bound to substrate that is active in a single
turnover. The percent of active enzyme in a single turnover can then be calculated by
dividing the amplitude by the total enzyme concentration used in the burst assay.
However, this model is somewhat inadequate due to the assumed irreversibility of the
formation of the enzyme-DNA binary complex.#> 4 This model can fail when the
dissociation constant of DNA increases due to the rate of dissociation of the binary
complex increasing. The truncated catalytic subunit of WT Pol & exo” was previously
determined to bind to DNA with a dissociation constant of 79 nM, somewhat higher than
seen with other replicative polymerases.3® Therefore, the internal equilibrium arising from
the breakdown of the binary complex may reduce the amplitude of the burst to a value
that is less than that predicted by the burst equation. The concentration of DNA used in

our burst assay was 400 nM. This concentration is about 5-fold higher than the
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dissociation constant and would still allow for tight binding of enzyme and DNA. However,
two assumptions underlie a burst experiment in practice: one is that the rate of DNA
binding is much faster than catalysis, and the second is that the release of product is
essentially irreversible.*>4> In practice, these assumptions do not limit experiments as
long as nonlinear regression is used for curve fitting in order to provide an initial estimate
of the constants.*® 44 These estimates can then be refined by a more complete analysis
based on computer simulation.** 44 Because the rate of DNA dissociation is much slower
than nucleotide incorporation, an active site titration assay can be used to determine the
active site concentration of the enzyme with more rigor, as well as the Ky for DNA.#344 In
this experiment, enzyme is incubated with various concentrations of DNA and reacted
with a saturating amount of dNTP on a fast time scale. The time dependent amount of
product formation is then fit to the burst equation. Only those enzyme molecules with
DNA bound at the polymerase active site will react to form product. The amplitude of the
fast polymerization reaction is now a direct measurement of the concentration of the
enzyme-DNA complexes at the start of the reaction.*3-4> By fitting the variation in burst
amplitude versus DNA concentration to a quadratic equation, one can establish the
concentration of active enzyme sites and measure the dissociation constant for DNA
binding.#?43 This experiment could be performed, and then the active site concentrations
derived from the burst experiment and this titration experiment could be compared. Any
differences between the two would suggest a potential artifact in the less-rigorous burst
experiment.

Another possibility is that WT Pol ¢ may be forming higher-order oligomeric

aggregates at higher enzyme concentrations that prevent the enzyme active sites from
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being fully saturated.3” Notably, WT Pol ¢ has been previously documented to form
aggregates even with size-exclusion chromatography was included during the purification
process.?” In addition, our purification strategy lacks an ion-exchange column or heparin
column that is commonly used in Pol € studies.? 3%-37- 3% This additional column may
remove additional impurities, enzyme-bound DNA, or aggregates from enzyme
preparations. | did not perform mobility shift assays or generate SEC-MALS data to test
for the presence of aggregation, but | do not believe that Pol € is co-purifying with
contaminating DNA for a few reasons. First, we use EDTA in our lysis buffer, which
precludes DNA binding to enzyme by chelating magnesium ions required for DNA binding
out of the active site.?’ Second, we measured the ratio of absorbance at 260 nm and 280
nm of the purified Pol € and determined an average value of 0.67, indicating 95-100%
protein is present.*® Any leftover impurities from the enzyme preparations may drive the
formation of nonproductive enzyme states that would first have to first have to converted
to a productive conformation before chemistry can occur.?” This additional conformational
change step could account for the lowered catalytic activity in the single turnover assays.?
38-37 1t is also worth noting that when sodium acetate was included in the storage buffer,
the observed rates in the single turnover assays increased substantially 45-fold (Figure
12, Table 2). Perhaps the solution is as simple as adding more sodium acetate to the
storage buffer for protein used in the nucleotide incorporation assays in order to prevent
aggregates from forming or increase the population of WT Pol € in a productive
conformation, as has been previously used with yeast Pol ¢.3°

The fidelity of WT Pol € when inserting an incorrect dATP over a correct dTTP was

determined to be 2.4 x 10 (Table 3). This is consistent with the fidelity rate of 1.2 x 10-
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4 reported previously.? Misincorporation assays for the F815L mutant, as well as the
fidelities of the other possible misincorporation events, will be completed in the future.
Differences in kyo and Kq will be the major determinants of base substitution fidelity;
however, fidelity may also be sequence-dependent, as has been shown previously.? Pol
¢ mutants in cancer are classified by an ultrahigh mutation frequency dominated by C —
A transversions, as well as C — T transitions.'> 3 The transversion represents a
pyrimidine-to-purine substitution, and the transition represents a pyrimidine-to-pyrimidine
substitution. There was also a degree of sequence specificity since the C — A
transversions were flanked between two T residues and the C — T transitions were
flanked by T and G residues.’ 38 These substitutions also occurred more frequently at
origins of replication.’ 38 Thus, there is evidence of an error signature unique to Pol ¢
and a propensity to make certain errors at specific sites on the DNA strand. It would be
interesting to compare the fidelity of WT Pol € and F815L Pol ¢ in this physiological context
to what we have found here. At the nucleotide insertion site, our DNA substrate contains
a TAG that can be readily modified to the TAT recognition site. Previous pre-steady-state
kinetic investigations also show that dATP is misincorporated with the highest fidelity
relative to the other dNTPs using a similar DNA substrate and with other polymerases.?
3 Based on the unique error signature of tumorigenic Pol ¢ mutants, | would hypothesize
the F815L mutant would possess an increased rate of dATP insertion in pre-steady-state
assays on a physiologically-relevant DNA substrate. The exonuclease domain and post-
replication mismatch repair pathways are known to dramatically improve fidelity and

should be incorporated into future investigations on Pol ¢ fidelity.? 47
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The processivity assays showed that WT Pol € and the F815L mutant seemingly
exhibited the same poor ability to extend past two nucleotides. This result was alarming,
as Pol ¢ is responsible for DNA synthesis on the leading strand as opposed to the
discontinuous DNA synthesis of the Okazaki fragments on the lagging strand.’>'¢ In
addition, human Pol ¢ is assumed to possess the same P-domain found in the yeast
homolog that increased processivity by allowing the enzyme to encircle DNA.?"
Processivity of both truncated yeast Pol € and human Pol ¢ have been previously
investigated.3> 3° Global fitting algorithms used to calculate rates of processive DNA
synthesis by human WT Pol € show that it can incorporate at least 11 nucleotides before
dissociating from DNA.?° Global fitting algorithms performed with yeast Pol € showed that
it can incorporate 35 nucleotides before dissociating from DNA.**  Processive
polymerization experiments performed with yeast WT Pol ¢ used physiological
concentration of each dNTP, whereas, processive polymerization experiments performed
with human WT Pol € used a dNTP concentration of 100 uM for all four dNTPs.3% 39 |
performed this experiment under single-turnover conditions to assess the processivity of
our enzyme. | did not observe full extension with a 10-fold excess of enzyme to DNA. |
then attempted a 2-fold excess of enzyme to DNA, in addition to using 10% acrylamide
in the denaturing gel and removing xylene cyanol from the loading dye. These steps were
taken in an attempt to gain better resolution of the further extended products. Figure 17
shows that these changes did help achieve fully extended product. To further improve
resolution and investigate any potential pause points along the DNA strand, adjusting the
voltages and temperature settings while the gel is running would help eliminate the

smeariness of the bands. Even if the highest molecular weight band in Figure 17 is an
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artifact, which is unlikely as it is not seen in the 0 time point, WT human Pol ¢ exo- is still
inserting 13 nucleotides before dissociating from the DNA strand. This feature matches
well with the literature.3 39

In summary, our kinetic analysis demonstrates that WT Pol ¢ activity and fidelity
provides a critical foundation for understanding Pol ¢ mutants like the the F815L
polymerase domain mutant, and shows that kinetic parameters are consistent among
different primer/template substrates. We met our goal to establish robust expression and
purification protocols for both human WT Pol € and F815L Pol €. These protocols provide
sufficient amounts of protein required for kinetic studies and yield reproducible catalytic
parameters consistent with previously reported values.
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