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ABSTRACT

Regulation of epigenetic transcription mediated by 5-methylcytosine (SmC) plays a critical
role in eukaryotic development. Demethylation of these epigenetic marks is accomplished
by sequential oxidation by ten-eleven translocation dioxygenases (TET1-3), followed by
thymine-DNA glycosylase-dependent base excision repair. Inactivation of the TET2 gene
due to genetic mutations or other epigenetic mechanisms is associated with poor prognosis
in patients with diverse cancers, especially hematopoietic malignancies. Herein, we
describe an efficient single-step purification of enzymatically active untagged human
TET2 dioxygenase using cation-exchange chromatography. We further provide a liquid
chromatography-tandem mass spectrometry (LC-MS/MS) approach that can separate and
quantify the four normal DNA bases (A, T, G, and C), as well as the four modified cytosine
bases (5-methyl, 5-hydroxymethyl, 5-formyl, and 5-carboxyl). This method can be used to
evaluate the activities of wild-type and mutant TET2 dioxygenases.

In the mammalian genome, cytosine methylation predominantly occurs at CpG
sites. In addition, several recent studies have uncovered extensive C5 cytosine methylation
(5mC) at non-CpG (5mCpH, where H = A/C/T) sites. Little is known about the enzyme
responsible for the active demethylation of SmCpH sites. Using a highly sensitive and

quantitative LC-MS/MS method, we demonstrated that human TET2, an iron (II)- and

iii



20G-dependent dioxygenase, which is a frequently mutated gene in several myeloid
malignancies, as well as in a number of other types of cancers, can oxidize SmCpH sites in
double-stranded DNA in vitro. Similar to the oxidation of SmCpG, the oxidation of SmC
at CpH sites produces 5-hydroxymethylcytosine (5ShmC), 5-formylcytosine (5fC), and 5-
carboxycytosine (5caC) bases in DNA. After SmCpG, which is the preferred substrate,
TET2 prefers SmCpC as a substrate, followed by SmCpA and 5SmCpT. Because the
TDG/BER pathway can convert SfCpH and 5caCpH to an unmodified cytosine base in
DNA!, our results suggest a novel demethylation pathway of SmCpH sites initiated by
TET2 dioxygenase.

TET isoforms (TET1-3) play a critical role in epigenetic transcriptional regulation.
In addition, mutations in TET?2 are frequently detected in patients with glioma and myeloid
malignancies. TET isoforms can oxidize 5-methylcytosine to 5-hydroxymethylcytosine, 5-
formylcytosine, and 5-carboxylcytosine via iterative oxidation. However, little is known
about the preference for DNA length and configuration as the optimum substrates for TET
isoforms. We used a highly sensitive LC-MS/MS-based method to compare the substrate
preferences of the TET isoforms. To this end, four DNA substrate sets (S1, S2, S3, and S4)
with different sequences were chosen. In addition, four different lengths of DNA substrates
comprising 7-, 13-, 19-, and 25-mer nucleotides were synthesized in each set. Each DNA
substrate was further used in three different configurations, that is, double-stranded
symmetrically methylated, double-stranded hemi-methylated, and single-stranded single-
methylated, to evaluate their effects on TET-mediated SmC oxidation. We demonstrated
that mouse TET1 (mTET1) and human TET2 (hTET2) had the highest preference for 13-

mer dsDNA substrates. Increasing or decreasing the length of the dSDNA substrate reduced
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the product formation. In contrast to their dSDNA counterparts, the length of the ssDNA
substrates did not exhibit a consistent pattern of SmC oxidation. Finally, we showed that
the substrate specificity of TET isoforms correlates with their DNA-binding efficiency. Our
results demonstrated that mTET1 and hTET2 prefer 13-mer dsDNA as a substrate over
ssDNA.

The pathogenesis of malignant evolution has been linked to the epigenetic
repression of tumor suppressor genes (TSG). One such epigenetic mechanism observed in
myelodysplastic syndrome (MDS) is the acquired progressive methylation of CpG islands
in gene promoters, leading to transcriptional repression. The TET family of
hydroxylases/dioxygenases, which includes TET1-3, has recently been identified as iron
(II)- and 20G-dependent dioxygenases (2-OGDDs). TET?2 gene mutations occur frequently
in myeloid malignancies, such as myelodysplastic syndrome (MDS), chronic
myelomonocytic leukemia (CMML), myeloproliferative neoplasms, and secondary acute
myeloid leukemia derived from these conditions. In cancer cells, the normal regulation of
2-OGDDs activity is disrupted, leading to changes in gene expression and epigenetic
modifications. The 20G analogs mimic the chemical structure of 20G and modulate the
activity of 2-OGDDs. 20G analogs have been shown to restore the activity of clinically
relevant 2-OGDDs and modulate the epigenetic landscape of cancer cells. The objective of
this study was to develop effective strategies using 20G analogs to enhance the activity of
TET2 harboring point mutations at the R1896 residue. A library of 11 compounds was
designed to mimic the chemical structure of the 20G. By screening these compounds, eight
20G analogs that could specifically rescue the mutant TET2 activity were identified. The

catalytic activity of the TET2 R1896S mutant was enhanced by up to 90% compared with



that of the wild-type enzyme. Furthermore, we demonstrated that TET2 clinical mutations
in the R1896A and R1896F residues could be rescued using this alternate co-substrate
approach.

The crystal structure of the catalytic domain of TET2 revealed that the two zinc
fingers bring together the cysteine-rich domain and the double-stranded B-helix fold
domain, creating a compact catalytic domain. The cysteine-rich domain stabilizes DNA
above the double-stranded B-helix fold domain, and the catalytic cavity allows for insertion
of SmC, with the methyl group positioned towards the catalytic Fe (II) for oxidation. This
cysteine-rich domain is conserved among all three TET family members and catalyzes
substrate oxidation. Numerous TET2 mutations are documented, primarily within the
dioxygenase domain. However, there is limited information regarding the structural and
functional effects of these TET2 missense variants. The TET2-DNA crystal structure
identified 12 amino acid residues in the active site that interact with the DNA substrate. In
this study, these residues were mutated to alanine to disrupt their interaction with DNA and
to investigate the resulting oxidation patterns of CpG and non-CpG substrates. Mutated
residues affected the activity of hTET2, particularly on CpG substrates. Notably, three
active-site mutations (Y1295A, R1302A, and H1904A) showed significantly higher
oxidation efficiencies on CpG substrates than the wild-type enzyme. By performing alanine
scanning on the DNA-interacting residues, it was found that the catalytic cavity of TET2
can accommodate different DNA sequences, and stability of the TET2-DNA complex relies
on multiple amino acid residues. This suggests that a single-point mutation can be
compensated for without rendering the enzyme catalytically inactive. However, further in

vivo studies and molecular dynamics simulations are required to confirm these findings.
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represented by one deoxycytidine residue (AShmC/AC/#C). The amount of each oxidative
product (picomoles) was calculated using the standard curve (Figure 10). As a result, TOE
was calculated by [(1 X number of ShmC molecules) + (2 x number of 5fC molecules) +
(3 x number of 5caC molecules)]. Standard errors were calculated for each oxidative

product from triplicate experiments and are represented in the figures...........c.ccceuvenneeen. 36

Figure 10: Graphical abstract depicting how substrate DNA length regulates TET-mediated
SmC oxidation. Our results demonstrated that 13 mer DNA substrates undergo more
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Figure 11: Standard curve for cytosine (dC) and the modified cytosine bases (5SmC, ShmC,
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of products formed during hTET2-mediated oxidation reactions across different DNA
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dividing it by the area represented by one deoxycytidine residue (AShmC/AC/#C). The
amount of each oxidative product (picomoles) was calculated using the standard curve
(Figure 11). As a result, TOE was calculated by [(1 * number of ShmC molecules) + (2 x
number of 5fC molecules) + (3 X number of ScaC molecules)]. Standard errors were
calculated for each oxidative product from triplicate experiments and are represented in the
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varying length of DNA substrates while the ‘Y’ axes represent total oxidation events. The
amount of products formed during hTET2-mediated oxidation reactions across different
DNA substrates were normalized by calculating the peak area of each product (e.g. ShmC)
and dividing it by the area represented by one deoxycytidine residue (AShmC/AC/#C). The
amount of each oxidative product (picomoles) was calculated using the standard curve
(Figure 11). As a result, TOE was calculated by [(1 x number of ShmC molecules) + (2 x
number of 5fC molecules) + (3 X number of ScaC molecules)]. Standard errors were
calculated for each oxidative product from triplicate experiments and are represented in the
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Figure 15: Effect of substrate DNA length on mTET1 mediated SmC oxidation across
double stranded symmetrically methylated DNA configurations where, 13 mer DNA
substrates undergo the highest number of oxidation events. (A) S1 DSSM substrates, (B)
S2 DSSM substrates, (C) S3 DSSM substrates, and (D) S4 DSSM substrates. The ‘X’ axes
represent varying length of DNA substrates while the ‘Y’ axes represent total oxidation
events. The amount of products formed during hTET2-mediated oxidation reactions across
different DNA substrates were normalized by calculating the peak area of each product
(e.g. 5ShmC) and dividing it by the area represented by one deoxycytidine residue
(AShmC/AC/#C). The amount of each oxidative product (picomoles) was calculated using
the standard curve (Figure 11). As a result, TOE was calculated by [(1 * number of ShmC
molecules) + (2 x number of 5fC molecules) + (3 x number of 5caC molecules)]. Standard
errors were calculated for each oxidative product from triplicate experiments and are
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Figure 16: Effect of substrate DNA length on mTET1 mediated 5SmC oxidation across
double stranded hemi methylated DNA configurations where, 13 mer DNA substrates
undergo the highest number of oxidation events. (A) S1 DSHM substrates, (B) S2 DSHM
substrates, (C) S3 DSHM substrates, and (D) S4 DSHM substrates. The ‘X’ axes represent
varying length of DNA substrates while the ‘Y’ axes represent total oxidation events. The
amount of products formed during hTET2-mediated oxidation reactions across different
DNA substrates were normalized by calculating the peak area of each product (e.g. ShmC)
and dividing it by the area represented by one deoxycytidine residue (AShmC/AC/#C). The
amount of each oxidative product (picomoles) was calculated using the standard curve
(Figure 11). As a result, TOE was calculated by [(1 x number of ShmC molecules) + (2 x
number of 5fC molecules) + (3 x number of 5caC molecules)]. Standard errors were
calculated for each oxidative product from triplicate experiments and are represented in the
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Figure 17: Effect of substrate DNA length on mTET1 mediated SmC oxidation across
single stranded methylated DNA configurations. (A) S1 SSSM substrates, (B) S2 SSSM
substrates, (C) S3 SSSM substrates, and (D) S4 SSSM substrates. The ‘X’ axes represent
varying length of DNA substrates while the ‘Y’ axes represent total oxidation events. The
amount of products formed during hTET2-mediated oxidation reactions across different
DNA substrates were normalized by calculating the peak area of each product (e.g. ShmC)
and dividing it by the area represented by one deoxycytidine residue (AShmC/AC/#C). The
amount of each oxidative product (picomoles) was calculated using the standard curve
(Figure 11). As a result, TOE was calculated by [(1 X number of ShmC molecules) + (2 x
number of 5fC molecules) + (3 x number of 5caC molecules)]. Standard errors were
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calculated for each oxidative product from triplicate experiments and are represented in the
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Figure 18: The effect of ATP and dNTP analogues on TET2 mediated SmC oxidation. The
‘X’ axis represents the different ANTP analogues and ‘Y’ axis represents total oxidation
events. The amount of products formed during hTET2-mediated oxidation reactions across
different DNA substrates were normalized by calculating the peak area of each product
(e.g. 5ShmC) and dividing it by the area represented by one deoxycytidine residue
(AShmC/AC/#C). The amount of each oxidative product (picomoles) was calculated using
the standard curve (Figure 11). As a result, TOE was calculated by [(1 x number of ShmC
molecules) + (2 x number of 5fC molecules) + (3 x number of 5caC molecules)]. Standard
errors were calculated for each oxidative product from triplicate experiments and are

represented 1N the fIGUIES. ........ociiiiiiiiieieceee et ens 63

Figure 19: Panel A provides a graphical depiction of the complete structure of TET2,
highlighting both the cysteine-rich domain and catalytic dioxygenase domain whereas,
panel B presents an active site representation of TET2, emphasizing the presence of eight
antiparallel B-sheets that form the DSBH domain also referred as the jelly roll motif’!. This
motif serves as the binding site for the co-substrate, 20G, as well as the cofactors, Fe (I)
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Figure 20: Chemical structure of 20G analogs used for rescuing mutant TET2 activity. 78

Figure 21: W.T. TET2 activity across the 20G analogs. The enzyme demonstrated highest
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catalytic activity in presence of 20G and replacing 20G with the modified analogs lowered
its activity by > 4 folds. The ‘X’ axis represents total oxidation products in picomoles. The
amount of products formed during hTET2-mediated oxidation were normalized by
calculating the peak area of each product (e.g. ShmC) and dividing it by the area
represented by one deoxycytidine residue (AShmC/AC/#C). The amount of each oxidative
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Figure 22: TET2 R1896G activity across 20G analogs. The mutant enzyme demonstrated
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CHAPTER 1

INTRODUCTON

1.1 2-oxoglutarate dependent dioxygenases and their role in epigenetics:

2-Oxoglutarate dependent dioxygenases (2-OGDD) are a superfamily of enzymes
that play diverse roles in many biological processes. These enzymes are involved in the
regulation of hypoxia-inducible factor-mediated adaptation to hypoxia, extracellular
matrix formation, epigenetic regulation of gene transcription, and regulation of DNA and
histone demethylation®. They are also involved in biosynthesis of secondary metabolites,
such as meroterpenoids in fungi’. The 2-OGDD superfamily is the second largest enzyme
family in the plant genome, and its members are involved in various plant-specific
processes, such as hormone biosynthesis, cell wall modification, and stress response®.

The 2-OGDD enzymes are characterized by their dependence on 2-oxoglutarate
and molecular oxygen for their activity. These enzymes catalyze hydroxylation of a wide
range of substrates, including proteins, nucleic acids, and small molecules. The
hydroxylation reaction is coupled to the decarboxylation of 2-oxoglutarate to succinate and
incorporation of one oxygen atom into the substrate. The reaction is dependent on the
presence of iron and ascorbate, which act as cofactors for the enzyme?®.

The 2-OGDD enzymes are involved in many biological processes, including
cancer. Dysregulation of 2-OGDDs in cancer, by genetic or epigenetic alterations, can lead
to changes in expression of genes involved in cell proliferation, differentiation, and
survival. For example, 2-OGDD enzyme, prolyl hydroxylase domain-containing protein 2
(PHD2), is involved in regulation of hypoxia-inducible factor (HIF) stability. Under

normoxic conditions, PHD2 hydroxylates HIF-a, leading to its degradation by the



proteasome®. Under hypoxic conditions, PHD2 activity is inhibited, leading to the
stabilization of HIF-a and the activation of genes involved in angiogenesis, glucose
metabolism, and cell survival’. Dysregulation of 2-OGDDs in cancer can lead to changes
in expression of genes involved in cell proliferation, differentiation, and survival. For
example, the 2-OGDD enzyme lysine demethylase SA (KDMS5A) is overexpressed in
various types of cancers, including breast, lung, and prostate cancers. KDMSA
demethylates histone H3 lysine 4 (H3K4), leading to activation of genes involved in cell
proliferation and survival®. The 2-OGDD enzyme lysine demethylase 6A (KDM6A) is a
tumor suppressor that is frequently mutated or deleted in various types of cancer, including
ovarian, bladder, and pancreatic cancers. KDM6A demethylates histone H3 lysine 27
(H3K27), leading to repression of genes involved in cell proliferation and survival’.

The 2-OGDD enzymes are also involved in regulation of DNA and histone
demethylation. Enzymes, such as the ten-eleven translocation (TET) family of DNA
demethylases and the Jumonji C (JmjC) family of histone demethylases, catalyze
hydroxylation of methylated cytosine and lysine residues, respectively. The hydroxylation
reaction leads to removal of the methyl group and generation of formaldehyde and
succinate as byproducts. Demethylation of DNA and histones is important for regulation
of gene expression and cellular differentiation®.

In conclusion, 2-oxoglutarate dependent dioxygenases are a superfamily of enzymes
that play diverse roles in many biological processes, including regulation of hypoxia-
inducible factor-mediated adaptation to hypoxia, extracellular matrix formation, epigenetic
regulation of gene transcription, and regulation of DNA and histone demethylation.

Dysregulation of 2-OGDDs in cancer cells can lead to changes in expression of genes



involved in cell proliferation, differentiation, and survival. These enzymes are also
involved in biosynthesis of secondary metabolites in fungi and in various plant-specific
processes. The hydroxylation reaction catalyzed by 2-OGDD enzymes is dependent on the
presence of iron and ascorbate and is coupled to decarboxylation of 2-oxoglutarate to
succinate and incorporation of one oxygen atom into the substrate’.

1.2 Structure of 2-oxoglutarate dependent dioxygenases:

The structure of 20GDDs is important for their functions. These enzymes have a
conserved double-stranded beta-helix (DSBH) fold that supports residues coordinating
iron. The DSBH fold comprises eight anti-parallel B-strands, forming a B-sandwich
structure composed of two four-stranded anti-parallel B-sheets (Figure 1). The DSBH fold
is common to all 2-OGDD enzymes and is responsible for the ability of these enzymes to
activate oxygen in an iron-dependent manner. The DSBH fold is also found in enzymes
other than 2-OGDDs, such as ribonucleotide reductases and DNA polymerases. The DSBH
fold is thought to provide a scaffold for binding of metal ions and substrates, as well as for

protein-protein interactions®”!1%!1,
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The highly conserved HXD/E...H motif consists of two histidine residues and one
aspartic or glutamic acid residue separated by a variable number of amino acids, followed
by another histidine residue. The HXD/E motif is involved in coordinating the iron ion in
the active site of the enzyme, which is essential for enzyme activity. The iron ion is
coordinated by two histidine residues and an aspartic or glutamic acid residue, which act
as ligands, and the second histidine residue, which stabilizes the iron ion. The HXD/E motif
is conserved in all 2-OGDD enzymes, including prolyl hydroxylases (PHDs), lysine
demethylases (KDMs), and the ten-eleven translocation (TET) family of DNA
demethylases. This motif is important for the ability of enzymes to catalyze hydroxylation
of a wide range of substrates, including proteins, nucleic acids, and small molecules. The
hydroxylation reaction is coupled with the decarboxylation of 2-oxoglutarate to succinate
and the incorporation of one oxygen atom into the substrate. The reaction is dependent on
the presence of iron and ascorbate, which act as enzyme cofactors'®13:14,

In conclusion, the structure of 20GDDs is characterized by a conserved double-
stranded B-helix fold that supports residues coordinating iron. The DSBH fold is common
to all 2-OGDD enzymes and is responsible for the ability of these enzymes to activate
oxygen in an iron-dependent manner. The DSBH fold is also found in other enzymes that

are not 2-OGDDs and is thought to provide a scaffold for the binding of metal ions and

substrates, as well as for the formation of protein-protein interactions.

1.3. Discovery of TET enzymes:
The discovery of the ten-eleven translocation (TET) family of enzymes is a major

breakthrough in epigenetics. TET enzymes are known for their common translocation in



cancers'®. The TET family comprises three members: TET1, TET2, and TET3. These
enzymes indirectly remove epigenetic marks on cytosine by converting SmC to 5-
hydroxylcytosine, which can then be further oxidized to 5-formylcytosine and 5-
carboxylcytosine. TET enzymes are a-ketoglutarate (aKG)-dependent dioxygenases that
oxidize 5-methyldeoxycytosine, thereby participating in passive and active
demethylation'®!7. The catalytic domains of TET enzymes contain specific regions and
binding sites that are crucial for their function. It consists of multiple functional domains,
including the CXXC, cysteine-rich (Cys-rich), and double-stranded fB-helix (DSBH)
domains (Figure 2). The CXXC domain, found at the N-terminus of TET enzymes, is
responsible for DNA recognition and binding. This domain plays a critical role in targeting
TET enzymes to specific genomic regions, allowing them to modify their DNA
methylation patterns. The Cys-rich domain, located within the catalytic domain, contains
conserved cysteine residues that coordinate binding of iron (Fe2+) ions. These iron ions
are essential for hydroxylation reactions performed by TET enzymes. The DSBH domain,
also known as the J-binding domain, is involved in binding of a-ketoglutarate (a-KG), a
co-substrate required for TET enzyme activity. Binding of a-KG is necessary for catalytic
conversion of 5-methylcytosine (5SmC) to S5-hydroxymethylcytosine (5ShmC) and
subsequent steps in the active DNA demethylation process. Furthermore, all three TET
enzymes share a similar overall three-dimensional structure, characterized by a central
catalytic core surrounded by various functional domains. This structural conservation is

consistent with the enzymatic activities and biological functions of 20GDDs.
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TET enzymes are involved in immune cell development, affecting stem cell self-
renewal and lineage commitment to terminal differentiation. Loss-of-function mutations in
genes encoding TET enzymes occur frequently in hematopoietic malignancies. In the
oxidation reaction, TET proteins coordinate one oxygen atom from the molecular oxygen
(02) to the hydroxyl group of the substrate (hydroxylation) and the other oxygen atom to

2-0G, leading to the formation of succinate and carbon dioxide!®2!.

1.4. Role of 5-methylcytosine in epigenetics:

Cytosine methylation is a process in which a methyl group is added to the 5th
carbon of the cytosine ring of DNA. This process is catalyzed by DNA methyltransferase
enzymes (DNMTs) and occurs at the cytosine bases of eukaryotic DNA, which are
converted to 5-methylcytosine. The methylation of cytosine residues can affect gene
expression and cellular differentiation. When DNA is methylated, nearby histones are
deacetylated, resulting in compounded inhibition of transcription (Figure 4). Conversely,
DNA demethylation can lead to increased gene expression®?. Cytosine methylation can also
affect the binding of transcription factors (TFs) to DNA?*->*, Methylation of cytosine in a
gene regulatory element can change DNA conformation and affect the binding of TFs.
Methylation can also provide a mechanism for regulating gene expression by directly
affecting the binding. Methylation changes DNA structure and dynamics, and high levels

of methylation can induce cooperative effects®>%¢.
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DNA methylation decreases the propensity of DNA to form nucleosomes and can affect
the arrangement of nucleosomes near the beginning of transcription. Methylation has the
potential to modify the configuration of nucleosomes, resulting in more compact wrapping
of DNA around histones. Additionally, methylation can influence various aspects of
nucleosome behavior, including the assembly, movement, stability, positioning, and three-
dimensional structure of chromatin?’?°. Methylation can also alter the structure of
nucleosomes, leading to tighter wound configuration of DNA around histones®*3!.

1.5 Role of TET2 in developmental diseases and cancer:

TET2-mediated DNA demethylation influences the accessibility of transcription
factors to target gene promoters either by directly affecting their binding sites or by
remodeling the chromatin structure®’*. TET2 loss impairs normal gene expression
programs, leading to altered cellular function and disrupted hematopoiesis. Secondly,
TET2 interacts with other epigenetic modifiers and transcription factors to maintain
chromatin integrity and regulate gene expression. For instance, TET2 collaborates with
Polycomb Repressive Complex 2 (PRC2) to ensure appropriate gene silencing and
differentiation of hematopoietic cells*>*%. TET2 mutations can disrupt this interaction,
resulting in abnormal gene silencing and impaired cellular differentiation.

The tumor suppressor role of TET2 is evident in various cancer types, particularly
hematopoietic malignancies. TET2 mutations and deletions have been identified in
myeloid malignancies such as myelodysplastic syndrome (MDS), myeloproliferative
neoplasm (MPN), and acute myeloid leukemia (AML)*7¥. These mutations often lead to

loss of TET2 function, resulting in abnormal DNA methylation patterns and altered gene
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expression profiles (Figure 5). Dysregulation of key genes involved in cell proliferation,
differentiation, and apoptosis contributes to the initiation and progression of these cancers.
Furthermore, TET2 mutations are associated with poor prognosis and adverse clinical
outcomes in myeloid malignancies*®*°. TET2-deficient cells exhibit increased self-renewal
capacity and skewed differentiation potential, leading to expansion of abnormal

hematopoietic stem/progenitor cells®**!

. Dysregulated hematopoiesis promotes clonal
evolution and development of malignant clones. Although TET2 mutations are most
observed in hematopoietic malignancies, recent studies identified TET2 alterations in solid
tumors. TET2 mutations are observed in various cancers, including breast, lung, colon, and

bladder*>*. These findings suggest a broader role for TET2 in tumorigenesis of

hematopoietic tissues.
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Figure 5: Effect of TET2 mutation on the genomic level of ShmC 4. Patients with
mutant TET2, regardless of the constellation, had reduced levels of ShmC as
compared to controls, as did a proportion of patients with WT TET2. The ‘X’ axis
represents patients with and without TET2 mutations whereas the ‘Y’ axis represents

presence of ShmC marks in the genomic DNA.
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Furthermore, TET2 has been implicated in other diseases including cardiovascular
disorders, neurodegenerative diseases, and immune dysregulation*>*. Altered TET2
expression or function can influence the pathogenesis of these conditions by affecting DNA
methylation patterns and gene expression profiles. During embryonic development, TET2
plays a critical role in maintaining cellular pluripotency and in orchestrating lineage
specification. TET2 helps establish and maintain DNA methylation patterns that are
essential for proper cell fate determination and differentiation. Dysregulated TET2
expression or function can disrupt these processes and lead to developmental
abnormalities. For instance, TET2 mutations are observed congenital heart defects, neural
tube defects, and other structural anomalies*’*.

In the context of neurodevelopmental disorders, TET2 has gained attention because
of its involvement in regulation of neuronal development and synaptic plasticity. TET2-
mediated DNA demethylation is crucial for proper expression of genes involved in
neuronal maturation, synaptic formation, and synaptic plasticity. Disruptions in TET2
function, caused by mutations or altered expression levels are associated with
neurodevelopmental conditions, including autism spectrum disorders (ASDs), intellectual
disability, and schizophrenia®®-*°.

Furthermore, TET2 is implicated in regulation of immune and inflammatory
responses during development. Immune dysregulation is observed in various
developmental disorders, including autoimmune diseases and immunodeficiency. TET2
influences differentiation and function of immune cells through its effect on DNA
methylation and gene expression. Alterations in TET2 activity may contribute to immune

dysregulation and development of immune-related disorders®"->2.
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The precise mechanisms by which TET2 dysfunction contributes to developmental
diseases remain unclear. However, the role of TET2 in regulating DNA methylation
dynamics and gene expression is critical for normal development. Disruptions in TET2-
mediated epigenetic regulation can result in altered cellular differentiation, impaired neural
development, and aberrant immune response. Understanding the role of TET2 in
developmental diseases holds great promise for the advancement of diagnostic and
therapeutic strategies. Further research is needed to uncover the specific molecular
pathways influenced by TET2 and to identify potential therapeutic targets to mitigate the
impact of TET2-related developmental disorders.

In conclusion, TET2 plays a critical role in maintaining normal cellular functions
through its involvement in DNA demethylation and gene regulation. TET2 mutations and
deletions are tumor suppressor genes that contribute to development and progression of
various cancers, particularly those of the hematopoietic system. Additionally, TET2
alterations have been identified in non-hematopoietic tumors and other diseases, indicating
their broad significance in disease pathogenesis. Further research on the molecular
mechanisms underlying TET2 function will enhance our understanding of its role in cancer

and disease, potentially leading to the development of targeted therapies.

1.6 Aim of the thesis
The aim of the dissertation is functional characterization of TET2 mutations and

rescue of mutant TET2 activity by 20G analogs. In chapter 2, we developed a one-step
cation exchange chromatography method for hTET2 and optimized its in vitro assay
conditions. In chapter 3, we determined substrate preference of human TET2 (hTET2) and
investigated the effect of substrate DNA length and sequence on hTET2 mediated SmC

oxidation. By systematically varying length and configuration of DNA substrates, we
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demonstrated that mTET1 and hTET2 have an optimum activity with 13-mer double
stranded DNA (dsDNA) substrates. Although hTET2 is versatile enough to recognize
single stranded DNA (ssDNA) and dsDNA both as its substrates, dSDNA clearly is a
preferred substrate when it comes to higher oxidation products such as 5fC and, 5caC.
Using a sensitive LC-MS/MS-based method, we also demonstrated multiple lines of
evidence that the human TET2 can oxidize SmCpH sites in DNA. In chapter 4, we rescued
TET?2 clinical mutations in R1896S, R1896A, and R1896F residues using an alternate co-
substrate approach. We identified three 20G analogs in which the 5-carboxylate group was
replaced with an aliphatic chain, and these compounds enhanced the activity of hTET2
R1896S by up to 70-80% compared to the wild-type enzyme. Finally, in chapter 5, we
performed alanine scanning on hTET?2 active site residues and characterized these mutant
TET2 activity on CpG as well as non-CpG substrates. TET isoforms are particularly
important in embryonic development and stem cell maintenance, where they regulate the
dynamic changes in DNA methylation patterns that are critical for proper cell fate
specification and tissue differentiation. Therefore, understanding the significance of TET
enzymes has important implications for our understanding of both normal development
and disease. Overall, this dissertation contributes to our understanding of TET mediated
5mC oxidation in various length and sequence of DNA substrates and also exhibits a

strategy to enhance mutant TET2 activity by structurally modified 20G analogs.

16



CHAPTER 2

CLONING, EXPRESSION, PURIFICATION OF TET METHYLCYTOSINE

DIOXYGENASE 2 AND DEVELOPMENT OF AN /N VITRO ASSAY SYSTEM

2.1 Introduction

The predominant site for methylation (SmCpG) in mammalian genomes is the C5
position of cytosine bases within CpG dinucleotides®®. Recent studies have also discovered
extensive cytosine methylation (SmC) at non-CpG sites (SmCpH, where H = A, T, or
C)’***. The modification of 5mC acts as a transcriptional silencer at endogenous
retrotransposons and gene promoters, and plays crucial roles in various processes, such as
X chromosome inactivation, gene imprinting, nuclear reprogramming, and tissue-specific
gene expression®® . DNA methyltransferases carry out cytosine methylation at the C5
position, whereas TET1-3 5SmC oxidases initiate the removal of SmC marks by converting
them into sequential oxidation steps:5-hydroxymethylcytosine (ShmC), 5-formylcytosine
(5fC), and 5-carboxylcytosine (5caC)%!"%. Thymine-DNA glycosylase then replaces 5fC
or 5caC with unmodified cytosine via the base excision repair pathway®*-%.

In humans, the TET2 gene is frequently mutated in various hematopoietic
malignancies, including myelodysplastic syndromes (MDS), myeloproliferative
neoplasms (MDS-MPN), and acute myeloid leukemia (AML) originating from MDS and
MDS-MPN*¢7:68  Patients with TET2 mutations exhibit lower levels of 5hmC
modification in their bone marrow DNA than those with the wild-type TET2 gene. TET2-
knockout mouse models have been developed to understand the role of TET2 in normal

hematopoiesis and myeloid transformation***>*7%°_ These mice initially show normal and

viable characteristics, but develop diverse hematopoietic malignancies as they age, leading
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to early death. Studies in these mouse models have revealed the significance of wt-TET2
in normal hematopoietic differentiation, demonstrating that both heterozygous
hematopoietic stem cells (TET2+/- HSCs) and homozygous TET2-/- HSCs result in
various hematopoietic malignancies. Therefore, haploinsufficiency of TET2 dioxygenase
alters HSC development, leading to hematopoietic malignancies!®264-47.70,

Similar to TET2 mutant mice, patients with leukemia exhibit haploinsufficiency of
TET2 dioxygenase activity. These patients have mostly heterozygous somatic mutations,
including frameshift and nonsense mutations scattered throughout the TET2 gene body,
while missense mutations tend to cluster in the dioxygenase domain’"’?>. However, there is
limited characterization of both wild-type and mutant forms of TET2 in the literature,
mainly because of challenges in producing TET2 dioxygenase and conducting its assay. In
this study, we present a straightforward purification method for native TET2 dioxygenases

using ion exchange chromatography. Additionally, we optimized and utilized a quantitative

LC-MS/MS assay to measure the enzymatic activity of the native TET2 dioxygenase.

2.2 Materials and methods
Cloning of GST tagged TET2: A human TET2 (1129-1936) clone with residues 1481-

1843 replaced by a 15-residue GS linker (designated as TET2 1129-1936 A1481-1843
DNA) was obtained as we have previously described”®. Briefly, after PCR and purification
on the agarose gel, the TET2 1129-1936 A1481-1843 DNA fragment was cloned into the
pJET1.2 vector and verified by DNA sequencing.

Forward primer sequence:

5’GAATTCCATATGTCTGTTCTCAATAATTTTATAG3’

Reverse primer sequence:

5’CTCGAGGCGGCCGCGTCGACTCAGCCATACTTTTCACACY’
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To produce the GST-tagged human TET2 protein, the minimal catalytic domain of
human TET2 (TET2 1129-1936 A1481-1843 DNA) was inserted into pGEX4T-1 vector
using EcoR1 and Xhol restriction enzymes. The final recombinant clone was sequence
verified. The recombinant vectors were transformed into E. coli BL21(DE3) cells for
protein expression. Cells were grown in Luria-Bertani broth containing 100 pg/ml
ampicillin at 37°C, until the O.D.¢00 of the culture reached 0.8. The optimized condition
for recombinant protein expression was found to be 0.25 mM IPTG induction of bacterial
culture (0.D.s00 = 0.8) for 16 hrs at 17°C.

Purification of GST-TET2 protein: The recombinant TET2 protein was purified from 18
liter of culture. Bacterial cells were pelleted and either stored at —80°C or lysed
immediately for protein purification. This step onwards, all the steps of protein purification
were performed on ice. The cells were resuspended in 30 ml of lysis bufter (PBS-10 mM
Na;HPO4, 1.8 mM KH>PO4, 140 mM NaCl, pH 7.5) and sonicated at an intensity of 20 for
6 mins with 6 pulses every 1 minute (Sonic Dismembrator 550, Fisher Scientific). The
lysate was spun down at 4700 rpm for 60 min (Beckman J2-HS centrifuge) and the soluble
fraction was collected and filtered through 0.45p filter. Glutathione Agarose resin was used
for purification of GST tagged proteins. The resin (100 ml) was packed into a XK26/20
FPLC column (Pharmacia now GE Healthcare, Piscataway, New Jersey) and equilibrated
in 10 bed volumes of wash buffer (PBS-10 mM NaxHPOj4, 1.8 mM KH>POs, 140 mM
NaCl, pH 7.5) by a Akta FPLC system (Pharmacia/GE Healthcare). Soluble fraction was
loaded on the equilibrated column at 0.2ml/min of flow rate. Following this, the column
was washed with 5-10 bed volumes of wash buffer (flow rate Iml/min) till the flow through

was clear. Elution of the bound protein was carried out using a gradient (flow rate 1 ml/min)
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from the wash buffer to the elution buffer (50 mM Tris-HCl, 33 mM Reduced Glutathione,
pH 7.5). 0 to 100 % of elution buffer was reached in 10 min, followed by holding at 100%
elution buffer for 90 min and then at 0% elution buffer for 30 min. Samples of cell lysate
before and after column loading, along with all the wash and elution fractions (30 ml each)
were collected and analyzed by SDS-PAGE (Figure 6). Selected fractions containing the
desired protein were concentrated to 20 ml using Labconco Freeze dry system, Freezone

4.5 (Kansas City, Missouri).

180 kDo wm—)

100 kDa 20

GST-TET2 (80 kDa)



72 kDa m—)
60 kDo m——)

45 kDa m——)

35 kDa m—)

Figure 6: Purified fractions of GST-TET2 on a 10% SDS-PAGE gel. Lane 1 shows
the molecular marker whereas, lanes 2, 3, and 4 are different fractions of the

purified GST-TET?2 protein.
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Purification of untagged TET2 dioxygenase: hTET2 catalytic domain ((TET2 1129-
1936, 1481-1843) was already cloned already into pDEST14 vector by site specific
recombination technique. This study was performed previously by other laboratory
members. The pDEST14 expression vector containing untagged hTET2 dioxygenase
(TET2 1129-1936, A1481-1843) was transformed into chemically competent E. coli BL21
(DE3) cells. Following transformation, cells were plated on LB agar containing ampicillin.
Isolated colonies were chosen from LB agar plates and grown in LB media containing
ampicillin. The bacterial cells were harvested for plasmid DNA isolation. Transformation
of recombinant DNA was confirmed by DNA sequencing.

Purification of the untagged hTET2 was performed using cation-exchange
chromatography. The isoelectric point of the hTET2 catalytic domain is 7.49. Thus, we
used MOPS buffer pH 6.5 as the mobile phase, where hTET2 was weakly positively
charged. SP Sepharose, a strong cation exchanger, was used as the stationary phase.
Binding was performed on pre-equilibrated SP Sepharose for 2 h, followed by 10 column
volumes of washing (MOPS pH 6.5). Finally, the protein of interest was eluted using
300mM NaCl. Purified fractions of the protein (W"TET2 M. W= 54.6 kDa) were subjected

to SDS-PAGE analysis (Figure 7).
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Figure 7: Purified untagged hTET2 fraction (M. W= 54.6 kDA) on a 10% SDS-
PAGE gel. Lane A is the marker and lane B is the purified fraction of hTET2

(54 Kda).
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SmC oxidation reactions: The TET2-mediated in vifro oxidation reactions were
performed using a 25-mer double stranded symmetrically methylated DNA. dsDNA
substrates were generated by hybridizing single stranded oligomers (sense strand: 5'-
AGCCCGCGCCG/iMe-dC/GCCGGTCGAGCGG-3!, antisense strand: 5'-
CCGCTCGACCGGCG/iMe-dC/GGCGCGGGCT-3") on a thermal cycler using a
stepdown PCR method (95 °C to 37 °C with 5 °C stepwise decrease and a hold for 5
minutes at every step). The in vitro TET enzymatic reactions were performed in a reaction
mixture containing 50 mM HEPES (pH 8.0), 75 uM FeS0O4, 1 mM 20G, 2 mM ascorbate,
1 mM ATP and 1 mM DTT in 100 pl of total volume. An equal amount of DNA substrate
(0.2 pM) and purified TET2 enzyme (20 uM) were added to each reaction mixture. After
1 hour of incubation at 37 °C, TET2 catalyzed oxidation reactions were quenched with 5
pl of 500 mM EDTA. Total DNA from the reaction mixture was separated using the
superior oligo purification kit (Superior Scientifics, Lenexa, KS) following manufacturer’s
protocol. The isolated DNA (20 pl) was digested with 2 units of DNase I and 60 units of
S1 nuclease in 40 pl at 37 °C for 12 hours to produce individual nucleotide
monophosphates. Following the digestion, 2 units of calf intestinal alkaline phosphatase
(CIAP) were added in the samples followed by incubation for an additional 4 hours at 37
°C to remove the terminal phosphate groups to obtain nucleosides. The nucleosides
mixture weas quantified by LC-MS/MS. LC-MS/MS assay was developed and performed

by Navid J Ayon and Aninda S. Dey.

2.3 Results and discussion

Dynamic modulation of SmC in DNA by TET-family dioxygenases plays a crucial

47,49,52,71

role in epigenetic transcriptional regulation . TET2 dioxygenase is commonly
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mutated in hematopoietic malignancies. To investigate the function of TET2 in normal
development and disease, we cloned its minimal catalytically active domain into pGEX4T1
vector and expressed it in E. coli. GST tagged hTET2 was purified by affinity
chromatography. Untagged TET2 dioxygenase was produced in E. coli BL21 (DE3) cells,
constituting approximately 5% of the total soluble protein, as determined by SDS-PAGE
analysis. Given the relatively high isoelectric point (~7.49) of the catalytic domain of
TET2 compared to that of most native E. coli proteins, we devised an efficient purification
process employing cation exchange chromatography, resulting in >90% purity of the TET2
enzyme in a single step’* 6.

Mutations in TET2 are among the most frequently observed genetic alterations in
patients with diverse hematopoietic malignancies. Numerous TET2 mutations, including
nonsense, frameshift, and missense mutations, have been identified in patients®”’"-%
Patients harboring TET2 mutations exhibit reduced levels of genomic ShmC in the bone
marrow compared to those harboring wild-type TET2. Experimental studies using mutant
TET2 knock-in replicated the impact of these mutations on ShmC levels in transfected
cells. Insights from TET2-knockout mouse models have demonstrated an inverse
correlation between TET2 enzyme levels and the progression of hematopoietic
malignancies. Consistently, recent research by Zhang et al. revealed downregulation of
TET2 expression serves as a potential prognostic and predictive biomarker in
cytogenetically normal acute myeloid leukemia. Despite mounting evidence highlighting
the fundamental role of TET2 in normal hematopoiesis and myeloid transformation, the

biochemical characterization of wild-type and mutant TET2 remains limited owing to

challenges associated with the production and assay of active TET2.
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Figure 8: Mass spec chromatogram (panel A) and HPLC chromatogram (panel B)
showing separated peaks of all four natural nucleosides as well as the modified

cytosine bases.

26



Additionally, challenges persist in quantifying the activities of wild-type and
mutant TET2 dioxygenases. Most studies have relied on antibody-based assays such as dot
blots and enzyme-linked immunosorbent assays (ELISA), which employ a single antibody
to detect specific cytosine modifications. However, these assays do not offer a
comprehensive understanding of the catalytic reactions facilitated by the TET isoforms.
Consequently, LC-MS/MS-based assays have emerged as the sole means for quantifying
different cytosine modifications. In this study, we developed a novel liquid
chromatography method capable of separating four normal DNA bases (A, T, G, and C) as
well as four modified cytosine bases (SmC, ShmC, 5fC, and 5caC). To quantify the eight
nucleosides resulting from TET2-catalyzed reactions, we integrated our improved liquid
chromatography method with tandem mass spectrometry (Figure 8). This highly sensitive
LC-MS/MS assay was employed to determine the activity of the recombinant untagged

human TET2 enzyme and its mutants.
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CHAPTER 3

CHARACTERIZATION OF TET METHYLCYTOSINE DIOXYGENASE 2

MEDIATED 5MC OXIDATION IN NON-CpG CONTEXT

3.1 Introduction

The methylation of cytosine at carbon-5 (5mC) in the CpG dinucleotide (5SmCpGQG)
of DNA plays crucial roles in various processes, such as X-chromosome inactivation, gene
imprinting, nuclear reprogramming, and tissue-specific gene expression in mammalian
cells®’ . Dynamic regulation of SmCpG methylation also has significant implications for
pluripotency, differentiation, and development®**!>38! The human genome contains more
than 20 million CpG dinucleotides, with 70-80% of CpG cytosines methylated®. The
delicate balance between cytosine methylation and demethylation within CpG
dinucleotides is vital for establishing the epigenetic pattern of a cell, and any disruption in
methylation patterns can lead to pathological conditions including cancer®?#!:8384,

Recent genome-wide bisulfite sequencing studies at single-base resolution have
revealed a considerable amount of 5SmC at CpH sites in almost all human cells®>%¢, Notably,
in human embryonic stem cell lines, approximately 67.85%, 6.68%, 1.48%, and 0.63% of
all CpG, CpA, CpT, and CpC sites are methylated, respectively®’. CpH methylation marks,
including those on CpA, CpT, and CpC, account for a significant portion of the methylation
marks in brain cells, neurons, and different embryonic stem cells (ESCs). Similar to
SmCpG, the presence of SmCpH marks is generally associated with reduced
transcription?’#5282-84 These markers are also linked to genomic imprinting, regulation
of inter-chromosomal interactions, and prediction of genes that escape X-inactivation®®°,

Moreover, non-CpG methylation has been correlated with gene expression in various
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cancer types, and the presence of ShmC in the context of CpH has been reported in human
cells”' . Taken together, these initial studies indicate the important roles of SmCpH marks
in the mammalian genome.

The methylation of SmC within CpG dinucleotides is carried out by DNA
methyltransferases (DNMTs), while its removal is initiated by the ten-eleven translocation
(TET) family of dioxygenases, specifically TET1-3%>%>%_ TET proteins are a class of
dioxygenases that depend on iron (II) and 2-oxoglutarate (20G) to catalyze the stepwise
oxidation of 5SmC to generate 5-hydroxymethylcytosine (5ShmC), 5-formylcytosine (5fC),
and 5-carboxycytosine (5caC)’"*%, The 5fC and 5caC residues are ultimately replaced by
unmodified cytosine bases through the thymine DNA glycosylase (TDG)/base excision
repair (BER) pathway. While the role of TET2 (and its homologs TET1 and TET3) in
oxidizing SmC at CpG sites has been extensively studied, its involvement in SmC oxidation
at non-SmCpG (or SmCpH) sites remains unestablished.

Notably, in vitro studies using oligonucleotides have shown that DNMT3A, an
enzyme responsible for methylation, can methylate CpH markers®”%. In vivo studies have
also demonstrated a strong correlation between the presence of SmCpH markers and the
expression of DNMT3A, DNMT3B, and DNMT3L” %!, Additionally, research on ESCs
has provided compelling evidence that DNMT3A and DNMT3B methylate CpH sites (51,
123)102:103 = Although passive demethylation of SmCpH sites may occur during cell
division, dynamic active demethylation has been observed in some instances. However, it
has been shown the human TET2 enzyme efficiently oxidizes SmCpG sites but shows
negligible oxidation of SmCpA and SmCpC sites’?. In contrast, a TET homolog called

NgTET1 from N. gruberi, which is structurally similar to human TET2, can oxidize DNA
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containing both SmCpG and 5SmCpA sites with comparable efficiency!*

. These conflicting
results raise questions regarding the bases tolerated at the +1 position in TET-mediated
5mC oxidation of DNA substrates.

This study presents findings from a highly sensitive LC—MS/MS-based assay,
demonstrating that human TET2 can oxidize SmCpH sites in double-stranded DNA.
Similar to the oxidation of SmCpG, the oxidation of SmC in CpH leads to the formation of
ShmC, 5fC, and 5caC marks. As the human TDG enzyme can remove 5fC and 5caC from
CpH sites, allowing their replacement with unmodified cytosine along with the recently
discovered deformylation and decarboxylation pathways, our results indicate a novel
demethylation pathway of SmCpH sites initiated by TET2 dioxygenase!'®1%. These

findings contribute to our understanding of the emerging role of non-CpG methylation in

gene expression and cancer.

3.2 Materials and methods
Purification of GST-tagged Human TET2 catalytic domain: A human TET2 (1129-

1936) clone with residues 1481-1843 replaced by a 15-residue GS linker (designated as
TET2 1129-1936 A1481-1843 DNA) was obtained as we have previously described (33).
Briefly, after PCR and purification on the agarose gel, the TET2 1129-1936 A1481-1843
DNA fragment was cloned into the pJET1.2 vector and verified by DNA sequencing. To
produce the GST-tagged human TET2 protein, the minimal catalytic domain of human
TET2 (TET2 1129-1936 A1481-1843 DNA) was inserted into pGEX4T-1 vector using
EcoR1 and Xhol restriction enzymes. The final recombinant clone was sequence verified.
The recombinant vectors were transformed into E. coli BL21(DE3) cells for protein
expression. Cells were grown in Luria-Bertani broth containing 100 pg/ml ampicillin at

37°C, until the O.D.¢00 of the culture reached 0.8. The optimized condition for recombinant

30



protein expression was found to be 0.25 mM IPTG induction of bacterial culture (O.D.so0

=0.8) for 16 hrs at 17°C.

The recombinant TET2 protein was purified from 18 liter of culture. Bacterial cells
were pelleted and either stored at —80°C or lysed immediately for protein purification. This
step onwards, all the steps of protein purification were performed on ice. The cells were
resuspended in 30 ml of lysis buffer (PBS-10 mM NaxHPOg4, 1.8 mM KH>POs4, 140 mM
NaCl, pH 7.5) and sonicated at an intensity of 20 for 6 mins with 6 pulses every 1 minute
(Sonic Dismembrator 550, Fisher Scientific). The lysate was spun down at 4700 rpm for
60 min (Beckman J2-HS centrifuge) and the soluble fraction was collected and filtered
through 0.45p filter. Glutathione Agarose resin was used for purification of GST tagged
proteins. The resin (100 ml) was packed into a XK26/20 FPLC column (Pharmacia now
GE Healthcare, Piscataway, New Jersey) and equilibrated in 10 bed volumes of wash buffer
(PBS-10 mM Na;HPOy4, 1.8 mM KH>PO4, 140 mM NacCl, pH 7.5) by a Akta FPLC system
(Pharmacia/GE Healthcare). Soluble fraction was loaded on the equilibrated column at
0.2ml/min of flow rate. Following this, the column was washed with 5-10 bed volumes of
wash buffer (flow rate 1ml/min) till the flow through was clear. Elution of the bound
protein was carried out using a gradient (flow rate 1 ml/min) from the wash buffer to the
elution buffer (50 mM Tris-HCI, 33 mM Reduced Glutathione, pH 7.5). 0 to 100 % of
elution buffer was reached in 10 min, followed by holding at 100% elution buffer for 90
min and then at 0% elution buffer for 30 min. Samples of cell lysate before and after column
loading, along with all the wash and elution fractions (30 ml each) were collected and

analyzed by SDS-PAGE. Selected fractions containing the desired protein were
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concentrated to 20 ml using Labconco Freeze dry system, Freezone 4.5(Kansas City,
Missourt).

In vitro TET2 assay: The TET2-mediated in vitro oxidation reactions were performed
using 25-mer double stranded hemimethylated substrates. dsDNA substrates were
generated by hybridizing single stranded oligomers on a thermal cycler using a stepdown
PCR method (95 °C to 37 °C with 5 °C stepwise decrease and a hold for 5 minutes at every
step). Substrate DNA sequences are provided in Table 1. The in vitro TET2 enzymatic
reactions were performed in a reaction mixture containing 50 mM HEPES (pH 8.0), 75 uM
FeSO4, 1 mM 20G, 2 mM ascorbate, | mM ATP and 1 mM DTT in 100 pl of total volume.
An equal amount of DNA substrate (0.2 pM) and purified TET2 enzyme (20 puM) were
added to each reaction mixture. After 1 hour of incubation at 37 °C, TET catalyzed

oxidation reactions were quenched with 5 pl of 500 mM EDTA.
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Table 1: Sequence of DNA substrates used in this study.

DNA substrates Sequence

5mCpG substrate 5’GCGCCGGTCGTA/iMe-dC/GGCCGCTCCCGC3’
5’GCGGGAGCGGCCGTACGACCGGCGCS?

5mCpA substrate 5’GCGCCGGTCGTA/ iMe-dC/AGCCGCTCCCGC’
5’GCGGGAGCGGCTGTACGACCGGCGC3?

SmCpC substrate 5’GCGCCGGTCCTG/ iMe-dC/CCCCGCTCCCGC3?
5’GCGGGAGCGGGGGCAGGACCGGCGC3?

SmCpT substrate 5’GCGCCGGTCCTG/ iMe-dC/TCCCGCTCCCGC3’
5’GCGGGAGCGGGAGCAGGACCGGCGL3?
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Quantitative LC-MS/MS-based analysis of TET?2 activity: An LC-MS/MS method was
developed for the separation and quantification for different cytosine nucleotides using a
Phenomenex Gemini 5u C18 column (Phenomenex, Torrance, CA). A gradient elution
method was employed with solvent A (10 mM ammonium acetate, pH 3.5) and solvent C
(100% acetonitrile with 0.1% acetic acid) as mobile phase solvents. The chromatographic
elution was performed with a gradient of 0% solvent C in 4.5 min followed by 0-90%
solvent C in 4.5-7.5 minutes and a post equilibration with solvent A for 7 minutes using a
flow rate of 0.3 mL/min. The UV detector was set at 280 nm. MS detection was done in
the positive ESI mode on an AB Sciex API 3200 Q-Trap tandem mass spectrometer
(Concord, Ontario, Canada) equipped with an ESI source. The mass-spectrometry
parameters were optimized by infusing different cytosine nucleosides and using the
automated quantitative optimization routine in the Analyst software. The optimized source
parameters were as follows: heater temperature 550°C, ion source voltage 5500 V, curtain
gas 50.00, nebulizer gas (GS1) 50.00, and sheath gas (GS 2) 50.00. Tandem mass-
spectrometric analyses were performed using nitrogen as the collision gas (CAD--
Medium). For each parent ion nucleoside (Q1), the most intense product ion (Q3) was
selected and used in an LC-MS/MS analysis.

The TET2 reaction was quenched and prepared for LC-MS/MS analysis by
separating the DNA from the reaction mixture using Zymo Oligo purification columns
(Zymo research, Irvine, CA) according to the manufacturer’s protocol. The separated DNA
was denatured by heating at 55C for 2 min and digested with 2 units of DNAse I and 60
units of S1 nuclease at 37°C for 12 h to produce individual nucleotide-monophosphates.

Following the digestion, 2 units of calf intestinal alkaline phosphatase (CIAP) was added
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at 37°C for 12 h to remove the terminal phosphate groups from nucleoside-
monophosphates to obtain nucleosides. All modified cytosine nucleosides were quantified
using the LC-MS/MS method described above. ShmC formation in our reactions is
expressed as ShmC peak area/ peak area of cytosine/ no. of cytosine residues in the
substrate (AhmC/AC/#C). We used this formula for ShmC quantification to nullify any

inconsistency in our mass spec data.

3.3 Results and discussion

Non-CpG methylation includes methylation at cytosines followed by adenine,
thymine, or another cytosine. Non-CpG methylation was initially described in the plant
genome. It is suggested to be prevalent in human embryonic stem cells (ES cells) and brain
tissue and comprises 0.02% of total methyl-cytosine in differentiated somatic
cells!®1% The genome of H1 (male) human ESCs is heavily methylated at non-CG sites:
25% of methylated sites are in a non-CG context. The DNA methylation profile of human
ESCs revealed a strong correlation between non-CG methylation and
pluripotency!!!. However, non-CpG methylation has been far less extensively studied than
CpG methylation. The prevalence of non-CpG methylation in the human genome is still
not entirely clear, but it is suggested to be far more prevalent within the methylome than
previously thought!!?. The Ten-eleven-translocation (TET) family of enzymes can oxidize
the fifth base of DNA, 5-methylcytosine (mC) sequentially, to 5-hydroxymethylcytosine
(hmC), 5-formylcytosine (fC), and 5-carboxylcytosine (caC). The discovery that TET
proteins are biochemically able to oxidize SmC made it possible to test if this enzyme

protein may be responsible for the specific loss of SmC in non-CpG islands.
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Figure 9: Oxidation of SmCpG and SmCpH (here H refers to A/C/T) substrates by
hTET?2. SmC oxidation at the non-CpG substrates by hTET2 exhibits that the enyme
is versatile enough to oxidize metylation marks in CpG as well as non-CpG substrates.
‘Y’ axis corresponds to total oxidation events (TOE). The amount of products formed
during hTET2-mediated oxidation reactions across different DNA substrates were
normalized by calculating the peak area of each product (e.g. ShmC) and dividing it
by the area represented by one deoxycytidine residue (AShmC/AC/#C). The amount
of each oxidative product (picomoles) was calculated using the standard curve (Figure
10). As a result, TOE was calculated by [(1 X number of ShmC molecules) + (2 x
number of SfC molecules) + (3 X number of ScaC molecules)]. Standard errors were
calculated for each oxidative product from triplicate experiments and are represented

in the figures.
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To test this hypothesis, we designed 25 mer double stranded hemimethylated
substrates, in which the 5SmC site was followed by an adenine, thymine, or another cytosine.
The DNA substrates were incubated for an hour with TET2, and the reaction was quenched.
The substrate DNA was purified from the reaction mixture, and the DNA was digested into
nucleosides. The formation of the 5mC products was quantified using LC-MS/MS.
Surprisingly, similar to the oxidation of 5SmC at CpG sites, three product peaks with
identical mass characteristics and elution profiles to the ShmC, 5fC, and 5caC bases were
detected by LC-MS/MS. Oxidation of 5SmC in non-CpG sites was significant breakthrough,
because a previous study reported that the human TET2 predominantly oxidized SmCpG
sites (>85% 5SmC oxidized), while the oxidation of SmCpA was negligible (<2% 5mC
oxidized). The previous observation was reasoned by a specific hydrogen bond between
the phosphate group of guanine with TET2 active site residue S129072. We observed that
TET2 can significantly oxidize SmC in CpA (~70%) compared to SmCpG. Specifically,
little difference was observed in the formation of ShmC and 5fC, while the amount of 5caC,
in the case of SmCpA, was significantly less than in the case of SmCpG. Intrigued by these
results, we further tested the activity of the TET2 catalytic domain with dsDNA sequences
containing one SmC residue in CpC and CpT sites. Our experiments demonstrated that the
TET?2 catalytic domain can oxidize 5SmC in CpH sites. Taken together, our results suggest
that TET2 can initiate the oxidation cascade at SmCpH sites which may further lead to

complete demethylation by the TDG/BER pathway.
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CHAPTER 4
SUBSTRATE DNA LENGTH REGULATES THE ACTIVITY OF TET 5-

METHYLCYTOSINE DIOXYGENASES

4.1 Introduction

Methylation of cytosine residues (5SmC) in DNA plays critical roles during
metazoan development by regulating gene expression. The 5mC marks constitute
approximately 4% of all cytosine residues present in a human genome and are
predominantly present in the CpG islands!!*!!%. This reversible epigenetic mark when
present upstream of a promoter region generally causes transcriptional repression of the
downstream genes, whereas its removal restores transcription?>3!:114_ Cytosine methylation
is catalyzed by S-adenosylmethionine dependent DNA methyl transferases (DNMT), while
the demethylation cascade is initiated by the TET enzymes. TET enzymes belong to a class
of iron (II) and 2-oxoglutarate (20G) dependent dioxygenases that catalyze oxidation of
5SmC into 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-
carboxylcytosine (5caC) sequentially in a three-step oxidation reaction. In the active
demethylation pathway, thymine-DNA glycosylase hydrolyses the N-glycosidic bond to
convert 5fC and ScaC into basic sites that are further processed through the base-excision
repair pathway to reinstate unmodified cytosine *°. Recent studies have shown that 5fC
and S5caC can also undergo direct deformylation and decarboxylation to reinstate
unmodified cytosine!?”!15,
In eukaryotes, DNA is wrapped around histone isoforms to form nucleosomes.

Tightly wrapped DNA around the nucleosome is called the core DNA whereas the DNA

connecting two nucleosomes is referred as the linker DNA. Normally the nucleosomal
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DNA is less accessible to enzymes and transcription factors compared to the linker
DNA!!'S, However, nucleosomal architecture is highly dynamic in nature as sliding of
nucleosomes regulate accessibility of the linker DNA. A methylation study demonstrated
that the maintenance DNA methyltransferase, DNMT1 possesses DNA-length sensing
ability as it preferentially recognizes nucleosomes with symmetric linker DNA with a
minimum length of 20 nucleotides'!”. Another study compared the activity of de novo
methyltransferases DNMT3A and DNMT3B on reconstituted nucleosomes''®. This study
demonstrated that DNMT3A preferentially methylates the linker DNA region of
nucleosomes whereas DNMT3B targets the core nucleosomal DNA for cytosine
methylation. Although the linker DNA contains significantly higher methylation marks
compared to the core DNA region.

Similarly, methylase assisted bisulfite sequencing was used to detect strand specific
distribution of TET mediated 5mC oxidation products in the mouse genome”!!.
Interestingly, 5fC and 5caC marks, which are higher order oxidation products of SmC, were
enriched at the enhancers of accessible chromatin regions suggesting that local chromatin
structure can regulate TET mediated SmC oxidation. Consistent with these results, a study
with mTET1 has found the enzyme to be more efficient in oxidizing SmC marks located in
the linker DNA region due to their higher accessibility'?’. Together, these findings suggest
that the linker region of nucleosomes harboring SmC sites is the preferred substrate for
TET enzymes because of their higher accessibility. This also suggests that the length of the
linker DNA may also regulate TET mediated SmC oxidation. A previous study by Kizaki
et al using mTET1 has revealed that the enzyme prefers a 6-mer dsDNA as a substrate

compared to a longer 20-mer counterpart'?!. In addition, they claimed that ssDNA was a
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preferred substrate over dsSDNA. However, this evaluation was exclusively based on the
formation of ShmC using reverse phase HPLC. To this end, by systematically varying
length and configuration of DNA substrates, we demonstrate that mTET1 and hTET2 have
an optimum activity with 13-mer dsDNA substrates. Increasing or decreasing the length of
dsDNA substrates reduce TET-mediated product formation. Furthermore, contrary to the
results of Kizaki et al, our results demonstrate that mTET1 and hTET2 prefer dsDNA as a

substrate over ssDNA.
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Figure 10: Graphical abstract depicting how substrate DNA length regulates TET-

mediated SmC oxidation. Our results demonstrated that 13 mer DNA substrates

undergo more oxidation events than their smaller and longer counterparts (7-, 19,

and 25 nucleotide long DNA substrates). 13 mer dsDNA also produces higher levels

of oxidation products, such as 5fC and ScaC, which can be further replaced with

unmodified cytosines.
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4.2 Materials and methods

Chemicals and reagents: All chemicals and reagents were purchased from Sigma-Aldrich
(St. Louis, MO) unless otherwise stated. Escherichia coli (E. coli) expression strain BL21
(DE3) was purchased from Novagen (now EMD Millipore, Billerica, MA).
Chromatography solvents such as water and methanol were purchased from Fisher
scientific (Waltham, MA). All growth media were from Difco Laboratories (Detroit, MI).
SP Sepharose fast flow was purchased from GE Health Care (Chicago, IL). 3-(NV-
morpholino) propanesulfonic acid was purchased from Carbosynth US LLC (San Diego,
CA). DNA oligomers were purchased from Integrated DNA Technologies (San Diego,
CA). Ultrafiltration membranes were purchased from Millipore (Bedford, MA).

Cloning, expression, and purification of hTET2: The C-terminal dioxygenase domain
of hTET2 (hTET2 1129-1936, A1481-1843, the minimal catalytically active domain), was
cloned into the pDEST14 vector using the site-specific recombination technique as
described previously’®. Untagged hTET2 was purified by cation exchange chromatography
on SP Sepharose, as described in our previous article'?*. Fractions containing purified
untagged hTET2 were pooled together and concentrated using ultrafiltration membranes
(NMWL 30 KDa).

Cloning, expression, and purification of his-tagged mouse TET1 catalytic domain: A
plasmid encoding the His-tagged mTET1 catalytic domain (mTET1 1367- 2057) was
purchased from Addgene (plasmid #81053). For overexpression, the mTET1 construct was
transformed into BL21 (DE3) cells. The cells were grown in LB medium with streptomycin
antibiotic until an OD 0.6 was reached, and protein expression was induced for 16 hours at

20 °C by the addition of 0.5mM isopropyl-1-thio-D-galactopyranoside. For the
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purification, the cell pellet was resuspended in a sonication/wash buffer (S0mM HEPES
pH 6.8, 500mM NaCl, ImM DTT, 35mM imidazole, 10mM alpha ketoglutarate). The cell
lysis was done by sonication (8 cycles, 30 seconds with 20% power, 3 minutes off). The
lysate was centrifuged for 1 hour at 4,700 rpm at 4 °C. After that, binding to Ni-NTA beads
(GE) was performed with constant rotation for 1.5 hour. After washing with the
sonication/wash buffer, the bound mTET1 was eluted an elution buffer (S0OmM HEPES pH
6.8, 500mM NaCl, 1 mM DTT, 300mM imidazole, 10mM alpha ketoglutarate) and
dialyzed against a dialysis buffer (S50mM HEPES pH 6.8, 300mM NaCl, 1 mM DTT).
Aliquots of the dialyzed mTET1 protein were stored at —80 °C. The quality of the mTET1
protein was verified using SDS polyacrylamide gels. Expression and purification of
mTET]1 was carried away by Aninda S. Dey.

In vitro TET reactions: All dsDNA substrates were generated by hybridizing single
stranded oligomers on a thermal cycler using a stepdown PCR method (95 °C to 37 °C with
5 °C stepwise decrease and a hold for 5 minutes at every step). The in vitro TET enzymatic
reactions were performed in a reaction mixture containing 50 mM HEPES (pH 8.0), 75 uM
FeSO4, 1 mM 20G, 2 mM ascorbate, | mM ATP and 1 mM DTT in 100 pl of total volume.
An equal amount of DNA substrate (0.2 pM) and purified TET enzyme (2.5 pg) were added
to each reaction mixture. After 1 hour of incubation at 37 °C, TET catalyzed oxidation
reactions were quenched with 5 pul of 500 mM EDTA. Total DNA from the reaction mixture
was separated using the superior oligo purification kit (Superior Scientifics, Lenexa, KS)
following manufacturer’s protocol. The isolated DNA (20 pl) was digested with 2 units of
DNase I and 60 units of S1 nuclease in 40 pl at 37 °C for 12 hours to produce individual

nucleotide monophosphates. Following the digestion, 2 units of calf intestinal alkaline
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phosphatase (CIAP) were added in the samples followed by incubation for an additional 4
hours at 37 °C to remove the terminal phosphate groups to obtain nucleosides.

Liquid chromatography of nucleosides under different MS/MS modes: The LC-
MS/MS analysis was performed on a Sciex 3200 QTrap mass spectrometer (Foster City,
CA) coupled to a Shimadzu UFLC LC-20 system (Columbia, MD) using electrospray
ionization source (ESI) and run with Analyst v 1.6.2 software. For chromatographic
separation of nucleosides in ion-switching mode, a water/methanol based solvent system
was used where solvent A was water (adjusted to pH 3.5 using formic Acid) and solvent B
was methanol (adjusted to pH 3.0 using formic Acid). The gradient used was 0% B (0-1
minute), 0-2% B (1-12 minute), 2-30% B (12-17 minute), 30% B (17-18 minute), 30-0%
B (18-18.5 minute), followed by an equilibration at 0% B for 4.5 minutes at a flow rate of
0.3 mL/minute. Nucleosides were separated on a C18 column (Dimension 150%2 mm,
particle size 5uM, Pore Size 100 A). Standard curves, the limit of detection (LOD), lower
limit of quantification (LLOQ) and matrix effect for all eight nucleosides in the positive
and negative mode has been calculated by our developed method. Optimization of mass
spectrometric parameters and standard curves for modified cytosines have been published

in our previous work'?>,
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Figure 11: Standard curve for cytosine (dC) and the modified cytosine bases (SmC,
ShmC, 5fC, 5caC). The ‘X’ axes represent nucleoside concentration, and the Y’ axes
represent peak area. These standard curves were used to quantify SmC oxidation

products from in vitro TET reactions.
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The hTET2 substrate preference was compared using “total-oxidation-events
(TOE)”. The amount of products formed during hTET2-mediated oxidation reactions
across different DNA substrates were normalized by calculating the peak area of each
product (e.g. 5ShmC) and dividing it by the area represented by one deoxycytidine residue
(AShmC/AC/#C). The amount of each oxidative product (picomoles) was calculated using
the standard curve (Figure 10). Furthermore, the catalytic cycle of TET2 dioxygenase
generates ShmC after one oxidation reaction, 5fC after two oxidation reactions, and ScaC
after three oxidation reactions. As a result, TOE was calculated by [(1 * number of ShmC
molecules) + (2 x number of 5fC molecules) + (3 X number of 5caC molecules)]. Standard
deviations and standard errors were calculated for each oxidative product from triplicate

experiments and are represented in the figures.

4.3 Results and discussion
In addition to the fundamental roles played by TET isoforms in normal

developmental processes (described earlier), mutations in the hTET2 enzyme are
frequently observed in myeloid malignancies such as MDS-myeloproliferative neoplasms
(MDS-MPN) and acute myeloid leukemia derived from MDS and MDS-MPN (sAML)'%,
Dysregulation of hTET2 activity is also detected in early stages of other types of leukemia
and glioma*!. Further, TET2 homozygous null mice demonstrates a significant decrease in
the levels of ShmC and a corresponding increase in the levels of SmC in the genomic DNA
of bone marrow cells®’. Despite these critical emerging roles of TET dioxygenase in health
and diseases, little is known about the effect of substrate DNA length on TET-mediated
SmC oxidation. Studying the optimum substrate of TET enzymes is important for
understanding their enzymatic efficiency, functional properties, epigenetic regulation,

dsease implications, and for enabling targeted modifications of DNA methylation. These
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insights contribute to our overall understanding of epigenetic processes and may have

broad implications for both basic research and potential therapeutic applications.

Therefore, it is important to identify factors that regulate hTET2-mediated SmC
oxidation. To determine if hTET2 has any preference for DNA length as a substrate, four
DNA sets (S1, S2, S3, S4) of different sequences were chosen. The DNA sequence for
each set was chosen from previously reported TET substrates in the literature. In addition,
in each set, four different lengths of DNA substrates comprising 7-, 13-, 19-, and 25-mer
nucleotides were synthesized. Thus, in each substrate set (S1, S2, S3, and S4), there were
five different substrate DNA molecules (1 molecule of DSDM, 2 molecules of DSHM, and
2 molecules of SSSM) of each length (7,13,19 and 25 nucleotides). Each DNA substrate
was further used in three different configurations, i.e. double stranded symmetrically-
methylated (DSSM substrates i.e., S1-795m, S1-139m S1-199%m S1-259M and so on),
double stranded hemi-methylated (DSHM substrates i.e., S1-7Fdshm -~ §1_7Rdshm Q1.
13F%hm S1-13R%M™ S1-19F4hm S1-J9RYMM S1-25Fdhm  S1-25R¥ M and so on), and
single stranded single-methylated (SSSM substrates i.e., S1-7F%", S1-7R*™ S1-13F%™,
SI-13R*™ S1-19F™ S1-19R*™ S1-25F*™, S1-25R%**™ and so on) to evaluate their
effect on 5SmC oxidation (Table 2). All DNA substrates were designed such that the SmC

residue was present at the center of every DNA substrate.
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Table 2: List of substrate DNA sequences, used in this study. Substrate sets: S1, S2, S3,

S4.
DNA substrate nomenclature DNA sequence
S1-7Fssm 5’-CCG/iMe-dC/GCC-3’
S1-7RS%M 5’-GG/iMe-dC/GCGG-3’
S1-13Fsssm 5’-GCGCCG/iMe-dC/GCCGGT-3
S1-13R*%M 5’-ACCGG/iMe-dC/GCGGCGC-3’
S1-19Fsssm 5’-CCCGCGCCG/iMe-dC/GCCGGTCGA-3’
S1-19Rs%M 5’-TCGACCGG/iMe-dC/GCGGCGCGGG-3’
S1-25Fsssm 5'-AGCCCGCGCCG/iMe-dC/GCCGGTCGAGCGG-3'
S1-25Rs%m 5'-CCGCTCGACCGGCG/iMe-dC/GGCGCGGGCT-3'
S1-7Fdshm 5’-CCG/iMe-dC/GCC-3’
- GGCGCGGR°
S1-7Rdshm 5’-CCGCGCC-3’
5’-GG/iMe-dC/GCGG-3°
S1-13Fdshm 5’-GCGCCG/iMe-dC/GCCGGT-3’
5’-ACCGGCGCGGCGC-3’
S1-13Rdshm 5’-GCGCCGCGCCGGT-3’
5’-ACCGG/iMe-dC/GCGGCGC-3’
S1-19Fdshm 5’-CCCGCGCCG/iMe-dC/GCCGGTCGA-3’
5’-TCGACCGGCGCGGCGCGGG-3
S1-19Rdshm 5’-CCCGCGCCGCGCCGGTCGA-3’
5’-TCGACCGG/iMe-dC/GCGGCGCGGG-3’
S1-25Fdshm 5'-AGCCCGCGCCG/iMe-dC/GCCGGTCGAGCGG-3'
5'-CCGCTCGACCGGCGCGGCGCGGGCT-3!
S1-25Rdshm 5-AGCCCGCGCCGCGCCGGTCGAGCGG-3'
5'-CCGCTCGACCGGCG/iMe-dC/GGCGCGGGCT-3!
S1-7dssm 5’-CCG/iMe-dC/GCC-3’
5’-GG/iMe-dC/GCGG-3’
S1-13dssm 5’-GCGCCG/iMe-dC/GCCGGT-3’
5’-ACCGG/iMe-dC/GCGGCGC-3
S1-19dssm 5’-CCCGCGCCG/iMe-dC/GCCGGTCGA-3
5’-TCGACCGG/iMe-dC/GCGGCGCGGG-3’
S1-25dssm 5'-AGCCCGCGCCG/iMe-dC/GCCGGTCGAGCGG-3'
5'-CCGCTCGACCGGCG/iMe-dC/GGCGCGGGCT-3'
S2-7Fssm 5°-GAG/iMe-dC/GGC-3’
S2-7RS¥m 5°-GC/iMe-dC/GCTC-3’
S2-13Fsssm 5’-GTCGAG/iMe-dC/GGCCGC-3’
S2-13Rs%m 5’-GCGGC/iMe-dC/GCTCGAC-3’
S2-19Fsssm 5’-CCGGTCGAG/iMe-dC/GGCCGCTCC-3’
S2-19Rs¥M 5°-GGAGCGGC/iMe-DC/GCTCGACCGG-3’
S2-25Fsssm 5'-GCGCCGGTCGAG/iMe-dC/GGCCGCTCCCGC-3'
S2-25Rs¥M 5'-GCGGGAGCGGCCG/iMe-dC/TCGACCGGCGC-3'
S2-7Fdshm 5’-GAG/iMe-dC/GGC-3’
3’-GCCGCTC-3
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82_7Rdshm

5’-GAGCGGC-3°
5°-GC/iMe-dC/GCTC-3°

S2-13Fdshm 5’-GTCGAG/iMe-dC/GGCCGC-3’
5’-GCGGCCGCTCGAC-3’

S2-13Rdshm 5’-GTCGAGCGGCCGC-3’
5’-GCGGC/iMe-dC/GCTCGAC-3’

S2-19Fdshm 5’-CCGGTCGAG/iMe-dC/GGCCGCTCC-3’
5’-GGAGCGGCCGCTCGACCGG-3’

S2-19Rdshm 5’-CCGGTCGAGCGGCCGCTCC-3’
5’-GGAGCGGC/iMe-DC/GCTCGACCGG-3’

S2-25Fdshm 5'-GCGCCGGTCGAG/iMe-dC/GGCCGCTCCCGC-3'
5'-GCGGGAGCGGCCGCTCGACCGGCGC-3'

S2-25Rdshm 5-GCGCCGGTCGAGCGGCCGCTCCCGC-3'
5'-GCGGGAGCGGCCG/iMe-dC/TCGACCGGCGC-3'

§2-7dssm 5’-GAG/iMe-dC/GGC-3’
5’-GC/iMe-dC/GCTC-3’

S2-13dssm 5’-GTCGAG/iMe-dC/GGCCGC-3’
5’-GCGGC/iMe-dC/GCTCGAC-3’

S2-19dssm 5’-CCGGTCGAG/iMe-dC/GGCCGCTCC-3’
5’-GGAGCGGC/iMe-DC/GCTCGACCGG-3°

§2-25dssm 5'-GCGCCGGTCGAG/iMe-dC/GGCCGCTCCCGC-3'
5-GCGGGAGCGGCCG/iMe-dC/TCGACCGGCGC-3'

S3-7Fsssm 5’-CTC/iMe-dC/GGT-3’

S3-7Rss™ 5’-AC/iMe-dC/GGAG-3’

S3-13Fssm 5’-CAGCTC/iMe-dC/GGTCAC-3’

S3-13Rss™ 5’-GTGAC/iMe-dC/GGAGCTG-3’

S3-19Fssm 5’-TTTCAGCTC/iMe-dC/GGTCACGCT-3’

S3-19Rss™ 5’-AGCGTGAC/iMe-dC/GGAGCTGAAA-3’

S3-25Fsssm 5’-AGCTTTCAGCTC/iMe-dC/GGTCACGCTCGC-3’

S3-25Rss™m 5’-GCGAGCGTGAC/iMe-dC/GGAGCTGAAAGCT-3’

S3-7Fdshm 5’-CTC/iMe-dC/GGT-3’
5’-ACCGGAG-3’

S3-7Rdshm 5’-CTCCGGT-3’
5’-AC/iMe-dC/GGAG-3’

S3-13Fdshm 5’-CAGCTC/iMe-dC/GGTCAC-3’
5’>-GTGACCGGAGCTG-3’

S3-13Rdshm 5’-CAGCTCCGGTCAC-3’
5’-GTGAC/iMe-dC/GGAGCTG-3’

S3-19Fdshm 5’-TTTCAGCTC/iMe-dC/GGTCACGCT-3’
5>-AGCGTGACCGGAGCTGAAA-3’

S3-19Rdshm 5-TTTCAGCTCCGGTCACGCT-3’
5’-AGCGTGAC/iMe-dC/GGAGCTGAAA-3’

S3-25Fdshm 5’-AGCTTTCAGCTC/iMe-dC/GGTCACGCTCGC-3’
5>-GCGAGCGTGACCGGAGCTGAAAGCT-3’

S3-25Rdshm 5’-AGCTTTCAGCTCCGGTCACGCTCGC-3’

5’-GCGAGCGTGAC/iMe-dC/GGAGCTGAAAGCT-3’
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S3 _7dssm

5’-CTC/iMe-dC/GGT-3’
5°-AC/iMe-dC/GGAG-3’

S3-13dssm 5’-CAGCTC/iMe-dC/GGTCAC-3’
5’-GTGAC/iMe-dC/GGAGCTG-3’

S3-19dssm 5’-TTTCAGCTC/iMe-dC/GGTCACGCT-3’
5’-AGCGTGAC/iMe-dC/GGAGCTGAAA-3’

§3-25dssm 5’-AGCTTTCAGCTC/iMe-dC/GGTCACGCTCGC-3’
5’-GCGAGCGTGAC/iMe-dC/GGAGCTGAAAGCT-3’

S4-7Fsssm 5’-GAC/iMe-dC/GGA-3’

S4-7RSS™ 5’-TC/iMe-dC/GGTC-3’

S4-13Fsssm 5’-CGTGAC/iMe-dC/GGAGCT-3’

S4-13Rss™m 5’-AGCTC/iMe-dC/GGTCACG-3’

S4-19Fsssm 5’-CAGCGTGAC/iMe-dC/GGAGCTGAT-3’

S4-19RSs™ 5-ATCAGCTC/iMe-dC/GGTCACGCTG-3’

S4-25Fsssm 5’-AGCCAGCGTGAC/iMe-dC/GGAGCTGATCGC-3’

S4-25RSssm 5’-GCGATCAGCTC/iMe-dC/GGTCACGCTGGCT-3’

S4-7Fdshm 5°-GAC/iMe-dC/GGA-3’
5’-TCCGGTC-3’

S4-7Rdshm 5’-GACCGGA-3’
5’-TC/iMe-dC/GGTC-3’

S4-13Fdshm 5’-CGTGAC/iMe-dC/GGAGCT-3’
5’-AGCTCCGGTCACG-3’

S4-13Rdshm 5’-CGTGACCGGAGCT-3’
5’-AGCTC/iMe-dC/GGTCACG-3’

S4-19Fdshm 5’-CAGCGTGAC/iMe-dC/GGAGCTGAT-3’
5’-ATCAGCTCCGGTCACGCTG-3’

S4-19Rdshm 5’-CAGCGTGAC/iMe-dC/GGAGCTGAT-3’
5’-ATCAGCTC/iMe-dC/GGTCACGCTG-3’

S4-25Fdshm 5’-AGCCAGCGTGAC/iMe-dC/GGAGCTGATCGC-3’
5’>-GCGATCAGCTCCGGTCACGCTGGCT-3’

S4-25R dshm 5’-AGCCAGCGTGACCGGAGCTGATCGC-3’
5’-GCGATCAGCTC/iMe-dC/GGTCACGCTGGCT-3’

S4-7dssm 5’-GAC/iMe-dC/GGA-3’
5’-TC/iMe-dC/GGTC-3’

S4-13dssm 5’-CGTGAC/iMe-dC/GGAGCT-3’
5’-AGCTC/iMe-dC/GGTCACG-3’

S4-19dssm 5’-CAGCGTGAC/iMe-dC/GGAGCTGAT-3’
5’-ATCAGCTC/iMe-dC/GGTCACGCTG-3’

S4-p5dssm 5’-AGCCAGCGTGAC/iMe-dC/GGAGCTGATCGC-3’

5’-GCGATCAGCTC/iMe-dC/GGTCACGCTGGCT-3
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DNA substrates were subjected to in vitro oxidation by hTET2 and mTETI
catalytic domains as described in the experimental section. After enzymatic reactions,
DNA was purified on silica columns, and its concentrations were measured on nanodrop.
These analyses demonstrated lower recovery for shorter DNAs compared to their longer
counterparts. The recovery loss for every DNA sequence was adjusted later. Purified DNA
was enzymatically converted to produce nucleosides, which were subjected to mass
spectrometry analysis using our previously described ion switching method!?*. In this
method, the positive ion mode was used for the detection of ShmC and 5fC while S5caC
was detected in the negative ion mode. The amount of SmC oxidation products (5ShmC,
5fC, and 5caC) were quantified by calculating the peak area of each product. At this stage,
the percentage of DNA loss for every reaction during the purification process was
normalized in our mass spectrometry data. The normalized peak areas were used to
calculate TOE, as described in the experimental section. The substrate preference of TET
isoforms was compared using TOE values.

Oxidation of double stranded symmetrically methylated DNA substrates by hTET2:
Due to base complementarity CpG islands are palindromic in nature, and when both DNA
strands contain SmCpG sites it’s called symmetrically methylated DNA. Previous studies
have established that symmetric methylation of palindromic CpG dyads is most prevalent
in the mammalian genome!®. To evaluate the substrate preference of hTET2, dsDNA
containing SmCpG sites on both strands were synthesized and used as DSSM substrates.
Results from these experiments demonstrated that TET2-mediated SmC oxidation varies
according to the substrate DNA length (Figure 12). The 7-mer dsDNA substrate produced

the lowest amount of products across all four substrate sets (TOE: S1-7%™ = 7 17E+12,
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S2-7%Mm= 6.63E+13, S3-79™ = 5.12E+12, S4-7%™ = 1.33E+13). On the other hand, 13-
mer DSSM substrates produced the highest amount of oxidation products (TOE: S1-139s™m
= 4.18E+13, S2-139%m = 3 7]1E+14, S3-13%™ = 6.57E+13, S4-139m = 8 48E+13). As
substrate length increased to 19- and 25-mer the amount of oxidation products went down
(TOE: S1-199m = 2 4E+13, S2-199™ = 1.65E+14, S3-199%™ = 3 61E+13, S4-199m =
2.81E+13) (S1-25%m = 1 89E+13, S2-25%m= | 45E+14, S3-25%m=2 13E+13, S4-254sm
=2.78E+13), respectively. Based on these results, we conclude that 13 nucleotides DSSM
substrate is the optimum length for hTET2-mediated SmC oxidation compared to its shorter

and longer counterparts.
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Figure 12: Effect of DNA length on hTET2-mediated SmC oxidation of double
stranded symmetrically methylated (DSSM) substrates sets where, 13 mer DNA
substrates undergo the highest number of oxidation events. (A) S1 DSSM substrates,
(B) S2 DSSM substrates, (C) S3 DSSM substrates, and (D) S4 DSSM substrates. The
‘X’ axes represent varying length of DNA substrates while the ‘Y’ axes represent total
oxidation events. The amount of products formed during hTET2-mediated oxidation
reactions across different DNA substrates were normalized by calculating the peak
area of each product (e.g. ShmC) and dividing it by the area represented by one
deoxycytidine residue (AShmC/AC/#C). The amount of each oxidative product
(picomoles) was calculated using the standard curve (Figure 11). As a result, TOE
was calculated by [(1 x number of ShmC molecules) + (2 X number of SfC molecules)
+ (3 X number of ScaC molecules)]. Standard errors were calculated for each

oxidative product from triplicate experiments and are represented in the figures.
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Oxidation of double stranded hemimethylated DNA substrates by hTET2: More than
80% of 5hmC located in the palindromic 5SmCpG islands are asymmetrically
oxidized!'*>!% This suggests that selective oxidation of ShmC marks can occur in one of
the strands of the dsDNA. Furthermore, double stranded hemimethylated DNA can also
result from passive demethylation by replicative dilution within the cell. To evaluate the
substrate preference of hTET2, dsDNA containing SmCpG sites on one of the strands
keeping the complementary strand unmethylated was synthesized and used as DSHM
substrate. Results of these studies also demonstrated that 13-mer dsSDNA undergoes highest
number of oxidation events (TOE: S1-13F%" = 3.74E+13, S1-13R%" = 3.52E+13, S2-
13F®hm = 4 64E+13, S2-13R%M™ = 5.18E+13, S3-13F®'™ = 598E+13, S3-13R%M™ =
7.25E+13, S4-13F%hm = 3 19E+13, S4-13R%M™ = 2 6E+13) among all four substrate sets
compared to 7-, 19-, and 25-mer DSHM substrates. However, no significant difference was
observed in 5SmC oxidation between the forward and complimentary DSHM substrates
(Figure 13). These results suggest that SmC oxidation by hTET2 is not strand specific,

which aligns with the previous literature'%S,
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Figure 13: Effect of DNA length on hTET2-mediated SmC oxidation of double
stranded hemi-methylated (DSHM) substrates sets where, 13 mer DNA substrates
undergo the highest number of oxidation events. (A) S1 DSHM substrates, (B) S2
DSHM substrates, (C) S3 DSHM substrates, and (D) S4 DSHM substrates. The ‘X’
axes represent varying length of DNA substrates while the ‘Y’ axes represent total
oxidation events. The amount of products formed during hTET2-mediated oxidation
reactions across different DNA substrates were normalized by calculating the peak
area of each product (e.g. ShmC) and dividing it by the area represented by one
deoxycytidine residue (AShmC/AC/#C). The amount of each oxidative product
(picomoles) was calculated using the standard curve (Figure 11). As a result, TOE
was calculated by [(1 x number of ShmC molecules) + (2 x number of 5fC molecules)
+ (3 x number of ScaC molecules)]. Standard errors were calculated for each

oxidative product from triplicate experiments and are represented in the figures.
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Oxidation of single stranded single methylated DNA substrates by hTET2: Single
stranded DNA is prevalent during cellular events such as replication and transcription.
Interestingly, the presence of SmC marks in ssSDNA can stimulate the de novo methylation
of downstream CpG marks'?”12%, To evaluate the substrate preference of hTET2, ssDNA
sequences containing SmCpG sites were synthesized and used as single stranded single
methylated DNA substrates. Results from these experiments demonstrated that the length
of SSSM substrates did not have a consistent pattern of SmC oxidation by hTET2 in
contrast to their dsSDNA counterparts (Figure 14). This could be due to secondary structures
formed by Watson-Crick hydrogen bonding as well as non-canonical base pairings in
ssDNA, which may interfere between the SmC target site and the hTET2 dioxygenase.
Further, in the case of SSSM substrates, hTET2 predominantly produced 5ShmC as a
product while the levels of higher order oxidation products (i.e., 5fC and 5caC) were
negligible. Thus, although hTET2 was able to catalyze SmC oxidation in both ssDNA and

dsDNA substrates, it preferred dSDNA substrates to its single stranded counterparts.
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Figure 14: Effect of DNA length on hTET2-mediated SmC oxidation of single
stranded single methylated (SSSM) substrates sets. (A) S1 SSSM substrates, (B) S2
SSSM substrates, (C) S3 SSSM substrates, and (D) S4 SSSM substrates. The ‘X’ axes
represent varying length of DNA substrates while the ‘Y’ axes represent total
oxidation events. The amount of products formed during hTET2-mediated oxidation
reactions across different DNA substrates were normalized by calculating the peak
area of each product (e.g. ShmC) and dividing it by the area represented by one
deoxycytidine residue (AShmC/AC/#C). The amount of each oxidative product
(picomoles) was calculated using the standard curve (Figure 11). As a result, TOE
was calculated by [(1 x number of ShmC molecules) + (2 x number of 5fC molecules)
+ (3 x number of ScaC molecules)]. Standard errors were calculated for each

oxidative product from triplicate experiments and are represented in the figures.
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Effect of substrate DNA length and configuration on mTET1-mediated SmC
oxidation: A previous study by Kizaki et al on mTET]1 reported that 6-mer DNA is a better
substrate compared to 20-mer counterpart, and it preferred ssDNA over dsDNA based on
the formation of only ShmC'?!. Therefore, experiments were performed with mTET1 and
7-,13-, 19-, and 25-mer DSSM, DSHM, and SSSM substrates. Results of these experiments
demonstrated, in agreement with our hTET2 results, that mTET1 preferred 13-mer DSSM
and DSHM substrates compared to their shorter and longer counterparts (Figures 15-17).
Although mTET1 recognized both ssDNA and dsDNA as substrates, the length of SSSM
substrates didn’t have a predictable effect on the oxidation of SmC by mTET1, like hTET?2.
These discrepancies in results by Kizaki et al could be due to the detection of ShmC only
in their study'?!. Since ShmC itself is a substrate in TET-mediated stepwise oxidation,

depletion of ShmC could correlate with production of higher order oxidized products, i.e.,

5fC and/or 5caC.
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Figure 15: Effect of substrate DNA length on mTET1 mediated SmC oxidation across
double stranded symmetrically methylated DNA configurations where, 13 mer DNA
substrates undergo the highest number of oxidation events. (A) S1 DSSM substrates,
(B) S2 DSSM substrates, (C) S3 DSSM substrates, and (D) S4 DSSM substrates. The
‘X’ axes represent varying length of DNA substrates while the ‘Y’ axes represent total
oxidation events. The amount of products formed during hTET2-mediated oxidation
reactions across different DNA substrates were normalized by calculating the peak
area of each product (e.g. ShmC) and dividing it by the area represented by one
deoxycytidine residue (AShmC/AC/#C). The amount of each oxidative product
(picomoles) was calculated using the standard curve (Figure 11). As a result, TOE
was calculated by [(1 x number of ShmC molecules) + (2 x number of 5fC molecules)
+ (3 x number of ScaC molecules)]. Standard errors were calculated for each

oxidative product from triplicate experiments and are represented in the figures.
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Figure 16: Effect of substrate DNA length on mTET1 mediated SmC oxidation across
double stranded hemi methylated DNA configurations where, 13 mer DNA substrates
undergo the highest number of oxidation events. (A) S1 DSHM substrates, (B) S2
DSHM substrates, (C) S3 DSHM substrates, and (D) S4 DSHM substrates. The ‘X’
axes represent varying length of DNA substrates while the ‘Y’ axes represent total
oxidation events. The amount of products formed during hTET2-mediated oxidation
reactions across different DNA substrates were normalized by calculating the peak
area of each product (e.g. ShmC) and dividing it by the area represented by one
deoxycytidine residue (AShmC/AC/#C). The amount of each oxidative product
(picomoles) was calculated using the standard curve (Figure 11). As a result, TOE
was calculated by [(1 X number of ShmC molecules) + (2 X number of 5fC molecules)
+ (3 X number of ScaC molecules)]. Standard errors were calculated for each

oxidative product from triplicate experiments and are represented in the figures.
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Figure 17: Effect of substrate DNA length on mTET1 mediated SmC oxidation across
single stranded methylated DNA configurations. (A) S1 SSSM substrates, (B) S2
SSSM substrates, (C) S3 SSSM substrates, and (D) S4 SSSM substrates. The ‘X’ axes
represent varying length of DNA substrates while the ‘Y’ axes represent total
oxidation events. The amount of products formed during hTET2-mediated oxidation
reactions across different DNA substrates were normalized by calculating the peak
area of each product (e.g. ShmC) and dividing it by the area represented by one
deoxycytidine residue (AShmC/AC/#C). The amount of each oxidative product
(picomoles) was calculated using the standard curve (Figure 11). As a result, TOE
was calculated by [(1 X number of ShmC molecules) + (2 X number of SfC molecules)
+ (3 x number of ScaC molecules)]. Standard errors were calculated for each

oxidative product from triplicate experiments and are represented in the figures.
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A report by Kizaki et al claimed that mTET1 prefers 6-mer DNA over a 20-mer
substrate. In addition, this study showed that mTET1 prefers ssDNA over dsDNA as a
substrate and has a specific requirement of ATP in TET-mediated SmC oxidation. Our
results demonstrate that the length and configuration of substrate DNA can regulate TET-
mediated SmC oxidation. The 13-mer DSSM and DSHM DNA substrates produced the
highest amount of oxidative products compared to its shorter and longer counterparts
suggesting that the 13-mer nucleotide is the optimum length of DNA for TET interaction
and catalysis. However, the effect of DNA length in case of SSSM substrates on TET-
mediated SmC oxidation was less predictable. This could be due to the secondary structures
formed by SSSM DNA substrates. Furthermore, our results demonstrate that mTET1 and
hTET2 prefer dsDNA as a substrate over ssDNA. We also demonstrate that substrate
specificity of TET isoforms correlates with their binding efficiency to dsDNA substrates.
Finally, several other studies have reported that ATP stimulates TET-mediated 5SmC
oxidation in vitro’>'?!1% However, in the proposed TET reaction mechanism there is no
specific role of ATP in the oxidation reaction °. Therefore, to evaluate any specific role of
ATP in the TET-mediated SmC oxidation, ATP was replaced with dATP and other ANTP
analogues (i.e., dGTP, dCTP, and dTTP) in the in vitro assay. Results from these
experiments demonstrated that along with ATP the activity of hTET2 was also enhanced
in the presence of all four ANTP analogues (Figure 18). Therefore, our hypothesis is that
ATP and ANTP analogues enhance TET activity by maintaining the iron-(II) homeostasis

using the negative charge present on the phosphate group.
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Figure 18: The effect of ATP and dNTP analogues on TET2 mediated SmC oxidation.
The ‘X’ axis represents the different ANTP analogues and ‘Y’ axis represents total
oxidation events. The amount of products formed during hTET2-mediated oxidation
reactions across different DNA substrates were normalized by calculating the peak
area of each product (e.g. ShmC) and dividing it by the area represented by one
deoxycytidine residue (AShmC/AC/#C). The amount of each oxidative product
(picomoles) was calculated using the standard curve (Figure 11). As a result, TOE
was calculated by [(1 X number of ShmC molecules) + (2 X number of SfC molecules)
+ (3 x number of ScaC molecules)]. Standard errors were calculated for each

oxidative product from triplicate experiments and are represented in the figures.
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Although, it has been reported that TET isoforms can oxidize SmC present in
dsDNA along with ssDNA and RNA, little is known about the minimum substrate length
required for the optimum activity of TET isoforms. Here, by systematically varying length
and configuration of DNA substrates combined with a highly sensitive LC-MS/MS
method, we demonstrate that mTET1 and hTET2 have highest preference for 13-mer
dsDNA substrates. Increasing or decreasing the length of dsSDNA substrate reduces product
formation. In contrast to their dSSDNA counterparts, the length of ssSDNA substrates did not
have a predictable effect on SmC oxidation. Furthermore, our results demonstrate that
mTET1 and hTET2 prefer dsDNA as a substrate over ssDNA. Finally, we show that
substrate specificity of TET isoforms correlates with their DNA binding efficiency.

It is important to note that the length of linker DNA can vary from 5-60 nucleotides
depending on the context and specific protein-DNA interactions involved!*’. Therefore,
identifying that hTET2 and mTET1 prefer double-stranded 13-mer DNA as substrates is
significant because it provides insight into the minimal substrate DNA length, probably
within the linker region, with which TET proteins interact for optimum oxidative product
formation. It is worth mentioning that TETs work in conjunction with various regulatory
proteins and factors that influence their binding and activity. These factors encompass
DNA-binding proteins, chromatin structure, and specific DNA sequence motifs. The
presence of these additional factors can impact the specific DNA length and context
required for optimal TET activity. TETs exhibit their effects on individual DNA molecules
as well as larger genomic regions like CpG islands, which consist of frequently methylated
CpG sites. Additionally, the DNA sequence context, including neighboring nucleotides and

specific DNA motifs, can impact TET activity. Certain DNA sequences can facilitate the
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binding and recognition of TET enzymes and other associated DNA-binding proteins,
thereby altering the minimum DNA length required for their activity. Thus, the minimum
length of DNA required for DNA demethylase activity in vivo may vary depending on the
specific TET enzyme and its associated factors. Importantly, our results demonstrate that
the size of the target region can influence the SmC oxidation states (i.e., ShmC, 5fC, and
5caC) which can dictate fundamental epigenetic regulatory processes in health and

diseases.
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CHAPTER 5

USE OF 2-OXOGLUTARATE ANALOGS FOR RESCUING MUTATIONS IN TET

METHYLCYTOSINE DIOXYGENASE 2

5.1 Introduction
Cytosine methylation is a chemical modification that occurs in eukaryotic DNA, in

which a methyl group (-CH3) is added to the carbon 5 position of the cytosine base. This
modification can occur in specific regions in the DNA sequence called CpG sites, where a
cytosine base is followed by a guanine base in the 5' to 3' direction. Cytosine methylation
(5mC) plays an important role in gene regulation by affecting the accessibility of DNA to
transcription factors and other regulatory proteins. Methylation at CpG (5SmCpG) sites is
associated with gene silencing as it can inhibit the binding of transcription factors and
recruit proteins that repress transcription'*""132, In contrast, unmethylated CpG sites are
typically associated with active gene expression. In addition to its role in gene regulation,
cytosine methylation plays a critical role in genomic imprinting, X-chromosome
inactivation, and DNA repair. Aberrant methylation patterns, such as global
hypomethylation or hypermethylation at specific CpG sites, are associated with various
diseases, including cancer and developmental disorders. Overall, cytosine methylation is a
crucial epigenetic modification that contributes to the regulation of gene expression and
maintenance of genomic stability®!**!*!_ Although 5SmC sites have primarily been found
at CpG sites, recent studies have shown that cytosine methylation marks can occur at non-
CpG sites (SmCpH; H refers to A, C, or T) where the 5SmC base is followed by adenine,
cytosine, or thymine. The SmCpH marks are cell type-specific and are enriched in the

enhancers, promoters, and gene bodies of the eukaryotic genome. However, the role of
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SmCpH methylation in development and disease conditions remains to be

elucidated91,92,102,1 10,1337136-

TET proteins (TET1, TET2, and TET3) belong to the family of non-heme iron (II),
20G-dependent dioxygenases (2-OGDDs). TET enzymes catalyze the oxidation of 5-
methylcytosine (SmC) to 5-hydroxymethylcytosine (5ShmC), as well as to other oxidized
derivatives of 5SmC, including 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC). 5fC
and 5caC undergoes further excision by the DNA repair enzyme thymine DNA glycosylase
(TDG) leading to the restoration of the unmodified cytosine base. This process is known
as active DNA demethylation, as it can reverse the DNA methylation mark and facilitate
gene expression®!. Interestingly, recent studies by us and other research groups have
demonstrated that TET?2 is sufficiently versatile to oxidize 5SmC marks in both CpG and
non-CpG contexts'?-133, Epigenetic repression of tumor suppressor genes (TSG) has been
implicated in pathogenesis of malignant evolution. One such epigenetic mechanism,
observed in MDS, is acquired progressive methylation of CpG islands of gene promoters,
leading to transcriptional repression. In contrast to studies on genomic lesions, the
mechanisms regulating aberrant epigenetic silencing and the causes of putative epigenetic
instability have not yet been conceptualized’”-'*”!8, The TET family (TET1-3) of
hydroxylases/ dioxygenases was recently identified as an iron (II), 20G-dependent
enzymes. TET2 gene mutations occur frequently in myeloid malignancies such as MDS
(=10% of cases), chronic myelomonocytic leukemia (CMML, =50%), myeloproliferative
neoplasms (=20%), and secondary acute myeloid leukemias derived from these conditions

(sAML, =20%). Human TET2 converts SmC to ShmC; consequently, patients with TET2
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mutations show low levels of genomic ShmC in the bone marrow compared to those with
WT-TET2*.

Non-heme iron (II), 20G-dependent dioxygenases (2-OGDDs), constitute the
largest subgroup of dioxygenases and oxidases in humans that regulate numerous
processes, including gene expression and chromatin structure®. These enzymes were first
identified in prokaryotes, where they catalyze diverse oxidation reactions'®'?. However,
recent studies in human cells have shown that these proteins primarily utilize hydroxylation
reactions to control a number of epigenetic processes and transcription. Oxidation of the
prime substrate by these enzymes is coupled to the conversion of 20G into succinate and
CO,. However, in cancer cells, normal regulation of 2-OGDDs activity is disrupted,
leading to changes in gene expression and epigenetic modifications. 2-oxoglutarate (20Q)
analogs are molecules that mimic the chemical structure of 20G and can modulate the
activity of 2-OGDDs. 20G analogs have been shown to restore the activity of clinically
relevant 2-OGDDs and modulate the epigenetic landscape of cancer cells'**'4’, For
instance, cancer-associated 2-oxoglutarate analogs (e.g., succinate, fumarate, 2-
hydroxyglutarate) have been shown to inhibit histone lysine demethylases, suggesting that
these enzymes are susceptible to inhibition by naturally occurring 20G derivatives™!*!,
The objective of this study was to develop effective strategies using 20G analogs to
enhance the activity of TET2 harboring point mutations at the R1896 residue. In this study,
a library of 11 compounds was designed which mimic the chemical structure of 20G. By
screening these compounds, eight 20G analogs were identified that could specifically
rescue mutant TET2 activity. The catalytic activity of the TET2 R1896S mutant was

enhanced by up to 90% compared with that of the wild-type enzyme. Furthermore, we
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were able to rescue TET2 clinical mutations in the R1896A and R1896F residues using

this alternate co-substrate approach.

5.2 Materials and methods:
Chemicals and Reagents: All chemicals and reagents were purchased from Sigma-

Aldrich (St. Louis, MO) unless otherwise stated. Escherichia coli (E. coli) expression strain
BL21 (DE3) was purchased from Novagen (now EMD Millipore, Billerica, MA).
Chromatography solvents such as water and methanol were purchased from Fisher
scientific (Waltham, MA). All growth media were from Difco Laboratories (Detroit, MI).
SP Sepharose fast flow was purchased from GE Health Care (Chicago, IL). 3-(N-
morpholino) propanesulfonic acid was purchased from Carbosynth US LLC (San Diego,
CA). DNA oligomers were purchased from Integrated DNA Technologies (San Diego,

CA). Ultrafiltration membranes were purchased from Millipore (Bedford, MA).

Cloning, Expression, and Purification of WT TET2 and mutants: The C-terminal
TET2 dioxygenase domain (TET2 1129-1936, A1481-1843, the minimal catalytically
active domain), was cloned into the pDEST 14 vector using the site-specific recombination
technique as described previously’>. In protein engineering, site-directed mutagenesis is
used to generate DNA sequences with mutated codons, insertions, or deletions. In this
widely used method, mutations are generated by PCR using a pair of oligonucleotide
primers designed with mismatching nucleotides at the center of the primers as shown in

Table 3.
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Table 3: Primer DNA sequences used in site directed mutagenesis.

List of mutations

Primer DNA sequence

R1896A forward 5’CACCCCACCGCGATCTCCCTCGTCTTTTACCAGCAT3’
R1896A reverse 5 GAGGGAGATCGCGGTGGGGTGATTCCTATTGGGATTC 3’
R1896C forward 5’ CACCCCACCTGCATCTCCCTCGTCTTTTACCAGCAT 3’
R1896C reverse 5 GAGGGAGATGCAGGTGGGGTGATTCCTATTGGGATTC 3’
R1896D forward 5" CACCCCACCGACATCTCCCTCGTCTTTTACCAGCAT 3°
R1896D reverse 5 GAGGGAGATGTCGGTGGGGTGATTCCTATTGGGATTC 3’
R1896E forward 5" CACCCCACCGAGATCTCCCTCGTCTTTTACCAGCAT 3’
R1896E reverse 5 GAGGGAGATCTCGGTGGGGTGATTCCTATTGGGATTC 3°

R1896F forward

5 CACCCCACCTTCATCTCCCTCGTCTTTTACCAGCAT 3’

R1896F reverse 5" GAGGGAGATGAAGGTGGGGTGATTCCTATTGGGATTC 3’
R1896G forward 5" CACCCCACCGGGATCTCCCTCGTCTTTTACCAGCAT 3’
R1896G reverse 5" GAGGGAGATCCCGGTGGGGTGATTCCTATTGGGATTC 3’
R1896H reverse 5 CACCCCACCCATATCTCCCTCGTCTTTTACCAGCAT 3’

R1896H forward

5 GAGGGAGATATGGGTGGGGTGATTCCTATTGGGATTC 3’
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R1896I reverse

5" CACCCCACCATCATCTCCCTCGTCTTTTACCAGCAT 3’

R1896I forward

5 GAGGGAGATGATGGTGGGGTGATTCCTATTGGGATTC 3°

R1896K forward

5" CACCCCACCAAGATCTCCCTCGTCTTTTACCAGCAT 3’

R1896K reverse

5" GAGGGAGATCTTGGTGGGGTGATTCCTATTGGGATTC 3°

R1896L forward

5’ CACCCCACCTTGATCTCCCTCGTCTTTTACCAGCAT 3’

R1896L reverse

5" GAGGGAGATCAAGGTGGGGTGATTCCTATTGGGATTC 3°

R1896M forward

5 CACCCCACCATGATCTCCCTCGTCTTTTACCAGCAT 3’

R1896M reverse

5 GAGGGAGATCATGGTGGGGTGATTCCTATTGGGATTC 3’

R1896N forward

5" CACCCCACCAACATCTCCCTCGTCTTTTACCAGCAT 3°

R1896N reverse

5’GAGGGAGATGTTGGTGGGGTGATTCCTATTGGGATTC 3’

R1896P forward

5" CACCCCACCCCGATCTCCCTCGTCTTTTACCAGCAT 3’

R1896P reverse

5’GAGGGAGATCGGGGTGGGGTGATTCCTATTGGGATTC 3°

R1896Q forward

5" CACCCCACCCAGATCTCCCTCGTCTTTTACCAGCAT 3°

R1896Q reverse

5" GAGGGAGATCTGGGTGGGGTGATTCCTATTGGGATTC 3’

R1896S forward

5" CACCCCACCACGATCTCCCTCGTCTTTTACCAGCAT 3°
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R1896S reverse

5" GAGGGAGATCGTGGTGGGGTGATTCCTATTGGGATTC 3°

R1896T forward

5" CACCCCACCACGATCTCCCTCGTCTTTTACCAGCAT 3°

R1896T reverse

5’GAGGGAGATCGTGGTGGGGTGATTCCTATTGGGATTC 3°

R1896V forward

5" CACCCCACCGTG ATCTCCCTCGTCTTTTACCAGCAT 3’

R1896V reverse

5" GAGGGAGATCACGGTGGGGTGATTCCTATTGGGATTC 3’

R1896W reverse

5" CACCCCACCTGGATCTCCCTCGTCTTTTACCAGCAT 3’

R1896W reverse

5’ GAGGGAGATCCAGGTGGGGTGATTCCTATTGGGATTC 3’

R1896Y forward

5" CACCCCACCTACATCTCCCTCGTCTTTTACCAGCAT 3’

R1896Y reverse

5’ GAGGGAGATGTAGGTGGGGTGATTCCTATTGGGATTC 3’
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The R1896 residue of WT TET2 was mutated into all other 19 amino acids and

these TET2 mutants were cloned into the same pDEST14 vector. WT TET2 enzyme and
its mutants were purified by cation exchange chromatography on SP Sepharose, as
described in our previous article!??. Fractions containing purified untagged TET2 were
pooled together and concentrated using ultrafiltration membranes (NMWL 30 KDa).
In vitro TET2 Reaction: A 25-mer double stranded DNA used as TET2 substrate was
generated by hybridizing single stranded oligomers on a thermal cycler. The in vitro TET2
enzymatic reactions were performed using a reaction matrix containing 50 mM HEPES
(pH 8.0), 75 uM FeSO4, 1 mM 2-oxoglutarate, 2 mM ascorbate, | mM ATP and 1 mM
DTT in 100 pl of total reaction volume. Equal amount of DNA substrate was added
according to designated concentration and the reaction was started by addition of 2.5 pug
purified TET2. After 1 hour of incubation at 37 °C, TET2 catalyzed oxidation reactions
were quenched with 5 pl of 500 mM EDTA. Total dsDNA from the reaction mixture was
separated using the superior oligo purification kit following manufacturer’s protocol
(Superior Scientifics, Lenexa, KS). The isolated DNA (20 pl) was digested with 2 units of
DNase I and 60 units of S1 nuclease in 40 pl at 37 °C for 12 hours to produce individual
nucleotide monophosphates. Following the digestion, 2 units of calf intestinal alkaline
phosphatase (CIAP) was added in the samples followed by incubation for an additional 4
hours at 37 °C to remove the terminal phosphate groups to obtain nucleosides.

The amount of oxidation products formed during hTET2-mediated oxidation
reactions across different DNA substrates were normalized by calculating the peak area of
each product (e.g., ShmC) and dividing it by the area represented by one deoxycytidine

residue (AShmC/AC/#C). The amount of each oxidative product (picomoles) was
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calculated using the standard curve (Figure S1). The activity of mutant TET2 enzymes
were quantified the same way and the amount of total oxidation product (picomoles) was
presented in comparison with the WT TET2 activity. Standard deviations and standard
errors were calculated for each oxidative product from triplicate experiments and are
represented in the figures.

Liquid Chromatography of Nucleosides under different MS/MS modes: The LC-
MS/MS analysis was performed on Sciex 3200 QTrap mass spectrometer (Foster City, CA)
coupled to a Shimadzu UFLC LC-20 system (Columbia, MD) using electrospray ionization
source (ESI) and run with Analyst v 1.6.2 software. For chromatographic separation of
nucleosides in ion-switching mode, water/methanol based solvent system was used where
solvent A was water (adjusted to pH 3.5 using formic Acid) and solvent B was methanol
(adjusted to pH 3.0 using formic Acid). The gradient used was 0% B (0-1 minute), 0-2%
B (1-12 minute), 2-30% B (12-17 minute), 30% B (17-18 minute), 30-0% B (18-18.5
minute), followed by a 4.5-minute equilibration at 0% B at a flow rate of 0.3 mL/minute.
Nucleosides were separated on C18 column (Dimension 150%2 mm, particle size SuM,
Pore Size 100 A). Standard curves, the limit of detection (LOD), lower limit of
quantification (LLOQ) and matrix effect for all eight nucleosides in the positive and
negative mode has been calculated by our developed method. Optimization of mass
spectrometric parameters and standard curves for modified cytosines have been published

in our previous work'?>,

5.3 Results and discussion
Tet2 mutations are commonly found in myeloid cancers, including myelodysplastic

syndromes, chronic myelomonocytic leukemia, and myeloproliferative neoplasm?®2°.

These mutations can be caused by various factors such as splice site mutations, out-of-
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frame insertions or deletions and base substitutions'**~4>. The reported crystal structures
of 20G-dependent dioxygenases allowed prediction of hTET2 active site showing a B-
strand core containing eight sheets folded into a distorted “jellyroll” motif with an active
site containing two histidine and a carboxylate ligand, occupying one face of the iron (II)
coordination sphere!®!%®. Of the remaining three sites of the iron (II) coordinate, the
carboxyl, and keto oxygens of 20G bind to the metal center in bidentate manner. The last
sites were occupied by O, trans to any one of three ligands of the 2-His-1-carboxylate
facial triad. The 5-carboxylate group of 20G binds to guanidino group of arginine-R1896
and hydroxyl group of serine-1898 (present on the eighth B-sheet of the “Jellyroll”) from
the hTET2 enzyme (Figure 19). Several clinical mutations have been identified in the
hTET2 R1896 and S1898 residues (e.g., R1896M and S1898F) which leads to higher SmC
levels in patients*!. However, limited characterizations of these mutations have been

reported in the literature partly due to lack of a quantitative assay.
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Figure 19: Panel A provides a graphical depiction of the complete structure of TET?2,
highlighting both the cysteine-rich domain and catalytic dioxygenase domain
whereas, panel B presents an active site representation of TET2, emphasizing the
presence of eight antiparallel f-sheets that form the DSBH domain also referred as
the jelly roll motif ’'. This motif serves as the binding site for the co-substrate, 20G,

as well as the cofactors, Fe (II) and O2.
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Recent studies have reported that modified 20G analogs can rescue or inhibit the
catalytic activity of various 20GDD family mutants'**!*°. Successful attempts have been
made to modify 20G (natural cofactor for 20GDDs) at carbons 3, 4, and 5, resulting in
natural and nonnatural 20G analogs. For instance, Phytanoyl-CoA 2- hydroxylase (PAHX)
is frequently mutated in Refsum’s disease where point mutations occur in the R275 residue.
This arginine residue is involved in interaction with the 5-carboxylate of 20G. 20G
analogs have been used to rescue mutations in R275 residue of PAHX by replacing the 5-
carboxylate group of 20G with aliphatic chains’. Similarly, another recent study has
reported that mutant enzymes of the KDM4 family of histone lysine demethylases
(KDM4A-E) can utilize 20G analogs and the 20G derivatives do not alter activity of the
wild type (WT) enzymes. By performing alanine scanning, this study identified point
mutations in the active site of KDM4A-E which can be rescued by 20G derivatives,

carrying aliphatic modification at C4'%.
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Figure 20: Chemical structure of 20G analogs used for rescuing mutant TET2
activity.



The crystal structure of the TET2-DNA complex showed that the 5-carboxylate
moiety of 20G is stabilized by residues H1416, R1896, and S1898 of TET272. Mutations
in the residue R1896 have been repeatedly identified in patients with myeloid cancers®!.
Interestingly, some of the most frequently mutated residues, i.e., TET2- R1896M, -
R1896G, and -R18968S, (-R1896M/S/G) bind the 5-carboxylate group of 20G in the TET2
dioxygenase active site. The clinical mutations of TET2 in R1896 residue result in an
unfavorable interaction between sidechains of M1896/ G1896/S1896 and 5-carboxylate of
20G. It is tempting to speculate that the impaired binding of 20G in these mutants possibly
account for the loss of TET2 activity in patients with myeloid malignancies. Previous
attempts to rescue mutations in the 20GDD family of enzymes inspired us to investigate
the effect of 20G analogs in TET2 R1896 mutations. For the initial screening, three clinical
mutations at the R1896 residue were selected: R1896G, R1896M, and R1896S. The mutant
enzymes were cloned by site-directed mutagenesis on the minimum catalytically active
domain of human TET2 (1129-1936, A1481-1843). Next, we designed a set of 20G
analogs (Figure 20) and used them as replacements for 20G in our in vitro assay. Catalytic
activity of the mutants in the presence of 20G analogs was measured based on the total
oxidation products formed in the in vitro reactions. Preliminary screening of 20G analogs
revealed that W.T. TET2 activity is most efficient in presence of 20G. Replacing 20G
with its derivatives significantly diminished the oxidation efficiency of W.T. TET2 to 25%

or lower. W.T. TET2 loss of activity was evident across all 11 20G analogs (Figure 21).
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WT TET2 activity across 20G analogs
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Figure 21: W.T. TET2 activity across the 20G analogs. The enzyme demonstrated

highest catalytic activity in presence of 20G and replacing 20G with the modified

analogs lowered its activity by > 4 folds. The ‘X’ axis represents total oxidation

products in picomoles. The amount of products formed during hTET2-mediated

oxidation were normalized by calculating the peak area of each product (e.g. ShmC)

and dividing it by the area represented by one deoxycytidine residue

(AShmC/AC/#C). The amount of each oxidative product (picomoles) was calculated

using the standard curve (Figure 11). Standard errors were calculated from triplicate

experiments and are represented in the figures.

80



However, replacing the C5 carboxyl group with 1-2 carbon long aliphatic chain
moderately enhanced the TET2 mutants R1896G and R1895M. For instance, TET2
R1896G in the presence of 20G achieved 30% oxidation efficiency compared with that of
the WT enzyme. However, replacing 20G with 3-methyl 2-oxopentanoic acid rescued its
activity by more than 8% (Figure 22). A few other 20G analogs, such as 2-ketobutyric
acid, 4-methyl 2-oxovaleric acid, and a-keto y-butyric acid, demonstrated similar
enhancement of the TET2 mutant R1896G. In the case of TET2 R1896M, we observed an
almost 13% enhancement in activity when 20G was replaced with 2-ketobutyric acid

(Figure 23).
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TET2 R1896G activity across 20G analogs
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Figure 22: TET2 R1896G activity across 20G analogs. The mutant enzyme

demonstrated a lower catalytic activity than the wild-type enzyme in the presence of

20G. However, replacing 20G with modified analogs such as 2-ketobutyric acid, 3

methyl 2 oxopentanoic acid, and 4-methyl 2-oxovaleric acid slightly enhanced TET2

R1896G activity. The ‘X’ axis represents total oxidation products in picomoles. The

amount of product formed during hTET2-mediated oxidation was normalized by

calculating the peak area of each product (e.g., ShmC) and dividing it by the area

represented by one deoxycytidine residue (AShmC/AC/#C). The amount of each

oxidative product (picomoles) was calculated using a standard curve (Figure 11).

Standard errors were calculated from triplicate experiments and are represented in

the figures.
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TET2 R1896M activity across 20G analogs
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Figure 23: TET2 R1896M activity across 20G analogs. The mutant enzyme
demonstrated a lower catalytic activity than the wild-type enzyme in the presence of
20G. However, replacing 20G with modified analogs such as 2-ketobutyric acid, 4-
methyl 2-oxovaleric acid slightly enhanced TET2 R1896G activity. The ‘X’ axis
represents total oxidation products in picomoles. The amount of product formed
during hTET2-mediated oxidation was normalized by calculating the peak area of
each product (e.g., ShmC) and dividing it by the area represented by one
deoxycytidine residue (AShmC/AC/#C). The amount of each oxidative product
(picomoles) was calculated using a standard curve (Figure 11). Standard errors were

calculated from triplicate experiments and are represented in the figures.



The most remarkable enhancement of catalytic activity was observed for TET2
R1896S when the natural co-substrate 20G was replaced by its derivatives. TET2 catalytic
activity declined by almost 75% when arginine-1896 was mutated to serine because of the
unfavorable interaction between the 5-carboxylate of 20G and serine. Removal of 5-
carboxylate group in 20G or its replacement by 1-2 carbons long aliphatic side chains
significantly rescued catalytic activity of TET2 R1896S (Figure 24). 20G analogs such as
2-ketobutyric acid and 4-methyl 2-oxovaleric acid rescued activity of this mutant enzyme
up to 93% and 84% respectively compared to the activity of the WT enzyme with 20G

(Figure 25).
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TET2 R1896S activity across 20G analogs
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Figure 24: TET2 R1896S activity across the 20G analogs. The mutant enzyme
demonstrated a lower catalytic activity than the wild-type enzyme in the presence of
20G. However, replacing 20G with modified analogs such as 2-ketobutyric acid, 3
methyl 2 oxopentanoic acid, 4-methyl 2-oxovaleric acid, a-keto y-butyric acid, 2
oxovaleric acid, and 2 oxoadipic acid significantly enhanced TET2 R1896G activity.
The ‘X’ axis represents total oxidation products in picomoles. The amount of product
formed during hTET2-mediated oxidation was normalized by calculating the peak
area of each product (e.g., ShmC) and dividing it by the area represented by one
deoxycytidine residue (AShmC/AC/#C). The amount of each oxidative product
(picomoles) was calculated using a standard curve (Figure 11). Standard errors were

calculated from triplicate experiments and are represented in the figures.
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Figure 25: TET2 R1896S activity across the 20G analogs. Total oxidation has been
expressed in comparison with the activity of W.T. TET2 in presence of 20G. The
mutant enzyme demonstrated a lower catalytic activity than the wild-type enzyme in
the presence of 20G. However, replacing 20G with modified analogs such as 2-
ketobutyric acid, 3 methyl 2 oxopentanoic acid, 4-methyl 2-oxovaleric acid, a-keto y-
butyric acid, 2 oxovaleric acid, and 2 oxoadipic acid enhanced its activity by more
than 4 folds. The ‘X’ axis represents total oxidation products in picomoles. The
amount of product formed during hTET2-mediated oxidation was normalized by
calculating the peak area of each product (e.g., ShmC) and dividing it by the area
represented by one deoxycytidine residue (AShmC/AC/#C). The amount of each
oxidative product (picomoles) was calculated using a standard curve (Figure 11).
Standard errors were calculated from triplicate experiments and are represented in

the figures.
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Of'the 11 20G derivatives, we identified six compounds that significantly enhanced
and rescued the catalytic activity of TET2 R18968S. Based on this finding, we identified
four 20G analogs (2-ketobutyric acid, 3-methyl 2-oxopentanoic acid, 4-methyl 2-
oxovaleric acid, and a-keto y-butyric acid) that most efficiently rescued TET2 R1896S
activity and tested these compounds against all possible mutations in the R1896 residue.
Point mutations were created by site-directed mutagenesis on the same DNA backbone as
TET2 1129-1936, A 1481-1843. The catalytic activity of the TET2 R1896 mutants was
characterized in the presence of the natural co-substrate 20G, and its analogs. All mutants
exhibited reduced SmC oxidation efficiency in the presence of 20G compared with that of
the WT enzyme. Additionally, two other mutants, TET2 R1896A and TET2 RI1896F,
exhibited enhanced catalytic activity when the natural co-substrate 20G was replaced with
20G derivatives. TET2 R1896A (Figure 26) produced almost three-fold more 5-mC
oxidation products when conjugated with 20G derivatives whereas R1896F produced two-

fold more oxidation products in the presence of 20G derivatives (Figure 27).
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Figure 26: TET2 R1896A activity across the 20G analogs. Total oxidation has been
expressed in comparison with the activity of W.T. TET2 in presence of 20G. The
mutant enzyme demonstrated a lower catalytic activity than the wild-type enzyme in
the presence of 20G. However, replacing 20G with modified analogs such as 2-
ketobutyric acid, 3 methyl 2 oxopentanoic acid, 4-methyl 2-oxovaleric acid, a-keto y-
butyric acid, 2 oxovaleric acid, and 2 oxoadipic acid enhanced its activity by > 3 folds.
The amount of product formed during hTET2-mediated oxidation was normalized
by calculating the peak area of each product (e.g., ShmC) and dividing it by the area
represented by one deoxycytidine residue (AShmC/AC/#C). The amount of each
oxidative product (picomoles) was calculated using a standard curve (Figure 11).
Standard errors were calculated from triplicate experiments and are represented in

the figures.
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Figure 27: TET2 R1896F activity across the 20G analogs. Total oxidation has been
expressed in comparison with the activity of W.T. TET2 in presence of 20G. The
mutant enzyme demonstrated a lower catalytic activity than the wild-type enzyme in
the presence of 20G. However, replacing 20G with modified analogs such as 2-
ketobutyric acid, 3 methyl 2 oxopentanoic acid, 4-methyl 2-oxovaleric acid, a-keto y-
butyric acid, 2 oxovaleric acid, and 2 oxoadipic acid enhanced its activity by < 3 folds.
The amount of product formed during hTET2-mediated oxidation was normalized
by calculating the peak area of each product (e.g., ShmC) and dividing it by the area
represented by one deoxycytidine residue (AShmC/AC/#C). The amount of each
oxidative product (picomoles) was calculated using a standard curve (Figure 11).
Standard errors were calculated from triplicate experiments and are represented in

the figures.
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Figure 28: TET2 R1896C activity across the 20G analogs. Total oxidation has been
expressed in comparison with the activity of W.T. TET2 in presence of 20G.
Replacing 20G with the other 20G derivatives did not have a significant change in
catalytic activity of the mutant enzyme. The amount of product formed during
hTET2-mediated oxidation was normalized by calculating the peak area of each
product (e.g., ShmC) and dividing it by the area represented by one deoxycytidine
residue (AShmC/AC/#C). The amount of each oxidative product (picomoles) was
calculated using a standard curve (Figure 11). Standard errors were calculated from

triplicate experiments and are represented in the figure.
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Figure 29: TET2 R1896D activity across the 20G analogs. Total oxidation has been
expressed in comparison with the activity of W.T. TET2 in presence of 20G.
Replacing 20G with a-keto y-butyric acid slightly enhanced catalytic activity of the
mutant enzyme. The amount of product formed during hTET2-mediated oxidation
was normalized by calculating the peak area of each product (e.g., ShmC) and
dividing it by the area represented by one deoxycytidine residue (AShmC/AC/#C).
The amount of each oxidative product (picomoles) was calculated using a standard
curve (Figure 11). Standard errors were calculated from triplicate experiments and

are represented in the figure.
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Figure 30: TET2 R1896E activity across the 20G analogs. Total oxidation has been
expressed in comparison with the activity of W.T. TET2 in presence of 20G.
Replacing 20G with 4-methyl 2- oxovaleric acid slightly enhanced catalytic activity
of the mutant enzyme. The amount of product formed during hTET2-mediated
oxidation was normalized by calculating the peak area of each product (e.g., ShmC)
and dividing it by the area represented by one deoxycytidine residue
(AShmC/AC/#C). The amount of each oxidative product (picomoles) was calculated
using a standard curve (Figure 11). Standard errors were calculated from triplicate

experiments and are represented in the figure.
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Figure 31: TET2 R1896H activity across the 20G analogs. Total oxidation has been
expressed in comparison with the activity of W.T. TET2 in presence of 20G.
Replacing 20G with the other 20G derivatives slightly enhanced catalytic activity of
the mutant enzyme. The amount of product formed during hTET2-mediated
oxidation was normalized by calculating the peak area of each product (e.g., ShmC)
and dividing it by the area represented by one deoxycytidine residue
(AShmC/AC/#C). The amount of each oxidative product (picomoles) was calculated
using a standard curve (Figure 11). Standard errors were calculated from triplicate

experiments and are represented in the figure.

93



TET2 R1896I
100.00% ,

80.00%
60.00%
40.00%
20.00%
0.00%

2-Oxoglutaric 2-Ketobutyric  3-Methyl 2- 4-Methyl 2- a-Keto y-

acid acid Oxopentanoic Oxovaleric acid Butyric acid

acid

Figure 32: TET2 R1896I activity across the 20G analogs. Total oxidation has been
expressed in comparison with the activity of W.T. TET2 in presence of 20G.
Replacing 20G with 2-ketobutyric acid lowered the mutant enzyme activity.
However, the other 20G derivatives did not have any significant effect on catalytic
activity of the mutant enzyme. The amount of product formed during hTET2-
mediated oxidation was normalized by calculating the peak area of each product (e.g.,
S5hmC) and dividing it by the area represented by one deoxycytidine residue
(AShmC/AC/#C). The amount of each oxidative product (picomoles) was calculated
using a standard curve (Figure 11). Standard errors were calculated from triplicate

experiments and are represented in the figure.
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Figure 33: TET2 R1896K activity across the 20G analogs. Total oxidation has been
expressed in comparison with the activity of W.T. TET2 in presence of 20G.
Replacing 20G with 2-ketobutyric acid, 3-methyl 2-oxopentanoic acid, 4-methyl 2-
oxovaleric acid slightly enhanced catalytic activity of the mutant enzyme. The
amount of product formed during hTET2-mediated oxidation was normalized by
calculating the peak area of each product (e.g., ShmC) and dividing it by the area
represented by one deoxycytidine residue (AShmC/AC/#C). The amount of each
oxidative product (picomoles) was calculated using a standard curve (Figure 11).
Standard errors were calculated from triplicate experiments and are represented in

the figure.
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Figure 34: TET2 R1896L activity across the 20G analogs. Total oxidation has been
expressed in comparison with the activity of W.T. TET2 in presence of 20G. Replacing
20G with the 20G derivatives did not have any significant effect on catalytic activity
of the mutant enzyme. The amount of product formed during hTET2-mediated
oxidation was normalized by calculating the peak area of each product (e.g., ShmC)
and dividing it by the area represented by one deoxycytidine residue (AShmC/AC/#C).
The amount of each oxidative product (picomoles) was calculated using a standard
curve (Figure 11). Standard errors were calculated from triplicate experiments and are

represented in the figure.
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Figure 35: TET2 R1896N activity across the 20G analogs. Total oxidation has been
expressed in comparison with the activity of W.T. TET2 in presence of 20G.
Replacing 20G with 2-ketobutyric acid slightly enhanced catalytic activity of the
mutant enzyme. The amount of product formed during hTET2-mediated oxidation
was normalized by calculating the peak area of each product (e.g., ShmC) and
dividing it by the area represented by one deoxycytidine residue (AShmC/AC/#C).
The amount of each oxidative product (picomoles) was calculated using a standard
curve (Figure 11). Standard errors were calculated from triplicate experiments and

are represented in the figure.
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Figure 36: TET2 R1896P activity across the 20G analogs. Total oxidation has been
expressed in comparison with the activity of W.T. TET2 in presence of 20G.
Replacing 20G with 2-ketobutyric acid slightly lowered catalytic activity of the
mutant enzyme. However, 3-methyl 2-oxopentanoic acid, 4-methyl 2-oxovaleric acid
and a-keto y-butyric acid did not have any significant effect on TET2 R1896P
activity. The amount of product formed during hTET2-mediated oxidation was
normalized by calculating the peak area of each product (e.g., ShmC) and dividing
it by the area represented by one deoxycytidine residue (AShmC/AC/#C). The
amount of each oxidative product (picomoles) was calculated using a standard curve
(Figure 11). Standard errors were calculated from triplicate experiments and are

represented in the figure.
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Figure 37: TET2 R1896Q activity across the 20G analogs. Total oxidation has been
expressed in comparison with the activity of W.T. TET2 in presence of 20G.
Replacing 20G with 2-ketobutyric acid slightly lowered catalytic activity of the
mutant enzyme. However, 3-methyl 2-oxopentanoic acid, 4-methyl 2-oxovaleric acid
did not have any significant effect on TET2 R1896P activity. The amount of product
formed during hTET2-mediated oxidation was normalized by calculating the peak
area of each product (e.g., ShmC) and dividing it by the area represented by one
deoxycytidine residue (AShmC/AC/#C). The amount of each oxidative product
(picomoles) was calculated using a standard curve (Figure 11). Standard errors were

calculated from triplicate experiments and are represented in the figure.
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Figure 38: TET2 R1896T activity across the 20G analogs. Total oxidation has been
expressed in comparison with the activity of W.T. TET2 in presence of 20G.
Replacing 20G with 3-methyl 2-oxopentanoic acid slightly enhanced TET2 R1896T
activity. The amount of product formed during hTET2-mediated oxidation was
normalized by calculating the peak area of each product (e.g., ShmC) and dividing
it by the area represented by one deoxycytidine residue (AShmC/AC/#C). The
amount of each oxidative product (picomoles) was calculated using a standard curve
(Figure 11). Standard errors were calculated from triplicate experiments and are

represented in the figure.
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Figure 39: TET2 R1896V activity across the 20G analogs. Total oxidation has been
expressed in comparison with the activity of W.T. TET2 in presence of 20G.
Replacing 20G with other 20G derivatives did not have any significant effect on
TET2 R1896V activity. The amount of product formed during hTET2-mediated
oxidation was normalized by calculating the peak area of each product (e.g., ShmC)
and dividing it by the area represented by one deoxycytidine residue
(AShmC/AC/#C). The amount of each oxidative product (picomoles) was calculated
using a standard curve (Figure 11). Standard errors were calculated from triplicate

experiments and are represented in the figure.
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Figure 40: TET2 R1896W activity across the 20G analogs. Total oxidation has been
expressed in comparison with the activity of W.T. TET2 in presence of 20G.
Replacing 20G with other 20G derivatives did not have any significant effect on
TET2 R1896W activity. The amount of product formed during hTET2-mediated
oxidation was normalized by calculating the peak area of each product (e.g., ShmC)
and dividing it by the area represented by one deoxycytidine residue
(AShmC/AC/#C). The amount of each oxidative product (picomoles) was calculated
using a standard curve (Figure 11). Standard errors were calculated from triplicate

experiments and are represented in the figure.
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Figure 41: TET2 R1896Y activity across the 20G analogs. Total oxidation has been
expressed in comparison with the activity of W.T. TET2 in presence of 20G.
Replacing 20G with 2-ketobutyric acid and 4-methyl 2-oxovaleric acid slightly
lowered catalytic activity of the mutant enzyme. However, 3-methyl 2-oxopentanoic
acid and a-keto y-butyric acid did not have any significant effect on TET2 R1896Y
activity. The amount of product formed during hTET2-mediated oxidation was
normalized by calculating the peak area of each product (e.g., ShmC) and dividing
it by the area represented by one deoxycytidine residue (AShmC/AC/#C). The
amount of each oxidative product (picomoles) was calculated using a standard curve
(Figure 11). Standard errors were calculated from triplicate experiments and are

represented in the figure.
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However, replacing the C5 carboxylate moiety with an aliphatic chain, marginally
enhanced the catalytic activity of the mutants R1896C/D/E/H/U/K/L/N/P/Q/T/V/W/Y
(figures 28-41). Functional characterization of these TET2 mutants carrying point
mutations in the R1896 residue helped us identify natural 20G analogs that can specifically
rescue mutant TET2 activity. Furthermore, the identified 20G derivatives are products of
amino acid metabolism and are naturally abundant in eukaryotic cells, suggesting that
chemically modified 20G analogs may act as useful tools to modulate mutant TET2
activity in disease conditions. The importance of such chemical tool is highly significant

in cancer therapeutics as well as in assay development for the TET family of dioxygenases.
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CHAPTER 6

FUNCTIONAL CHARACTERIZATION OF ACTIVE SITE MUTATIONS IN TET

METHYLCYTOSINE DIOXYGENASE 2

6.1 Introduction
The CS5 position of cytosine bases within CpG dinucleotides (mCG) is the

predominant methylation site in mammalian genomes>. DNA methylation plays critical
roles in tissue-specific gene expression, X chromosome inactivation, gene imprinting, and
nuclear reprogramming>’. 5mCs, especially when clustered, are important transcriptional
silencers at gene promoters and endogenous retrotransposons in the genome>*63%,
Cytosine methylation is catalyzed by a family of DNA methyltransferases, and deficiencies
in these enzymes result in profound developmental defects®®. The removal of SmC marks
is initiated by TET family of dioxygenases (TET1-3)%!%2. TET enzymes oxidize 5SmC into
5-hydroxymethylcytosine (ShmC), 5-formylcytosine (5fC), and 5-carboxylcytosine (5caC)
through iterative oxidation steps. Finally, thymine-DNA glycosylase (TDG) replaces ScaC
with unmodified cytosine via the base excision repair (BER) pathway®*-*>!, The crystal
structure of TET2 bound to dsDNA demonstrates that the dioxygenase active site consists
of three residues (H1382xD1384...H1881) binding to one side of the iron(Il) coordination
sphere. In addition, iron (II) binds to two exogenous ligands (i.e., 20G and O2). Two iron
(I) coordinates are occupied by the carboxyl and keto oxygen atoms of 20G, whereas
oxygen binds to the last available iron (II) coordinate opposite to the TET2 residues

constituting the 2-His-1-carboxylate triad. Thus, TET2 uses iron (II) and atmospheric

oxygen as essential cofactors and 20G as a cosubstrate’?.
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A few recent studies have also uncovered extensive C5 cytosine methylation (5SmC)
in non-CG sites (mCH, where H = A, T, or C), reaching levels similar to that of mCG in
the neuronal genome>*>°. TET2 initiates the SmC oxidation cascade in both CpG and non-
CpG island demethylation'3*. TET2 mutations affect non-CpG island DNA methylation of
enhancers and other regulatory elements, indicating that TET2 also plays a role in non-
CpG island DNA methylation'*®. In a study on chronic myelomonocytic leukemia
(CMML), TET2 mutations were found to affect SmC methylation marks in non-CpG
islands. The distribution of TET2-specific differentially methylated CpGs and non-CpG
islands was determined in a study on chronic myelomonocytic leukemia (CMML). This
study analyzed the methylomes of TET2 wild-type (TET2-WT) and mutant (TET2-MT)
cases of CMML and identified 409 TET2-specific differentially methylated SmC sites
located within non-CpG islands, 86% of which were hypermethylated in TET2-MT
cases'?. TET2, a dioxygenase tumor suppressor, is one of the most frequently mutated
genes in myelodysplastic syndrome (MDS). A high degree of TET2 mutations has been
observed in several myeloid malignancies, such as myeloproliferative neoplasms (MDS-
MPNs) and acute myeloid leukemia derived from MDS and MDS-MPN (sAML)*!-687,
Patients with TET2 mutations show low levels of genomic ShmC in the marrow compared
with those with wild-type TET2. Clinically described TET2 mutations include frameshift,
nonsense, and missense mutations. Studies using a TET2-knockout mouse model have
demonstrated that the progression of myeloid malignancies depends on TET2 activity.
Restoration of TET2 activity reverses aberrant hematopoietic stem and progenitor cell

proliferation in vitro and in vivo and in leukemia*’-%-7%:15,
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TET?2 is located on chromosome 4q24 and consists of 11 exons. The open reading
frame consists of 6009 nucleotides and the protein encoded by this gene comprises 2002
amino acid residues'”!. Crystal structure of TET2 catalytic domain shows that two zinc
fingers bring the cysteine-rich and double-stranded B-helix fold domains together to form
a compact catalytic domain. The cysteine-rich domain stabilizes the DNA above the
double-stranded B-helix fold domain and SmC is inserted into the catalytic cavity with the
methyl group orientated towards the catalytic Fe (II) for oxidation. The methyl group is
not involved in TET2-DNA contacts so that the catalytic cavity allows TET2 to
accommodate SmC derivatives for further oxidation’?. The cysteine-rich domain is highly
conserved among all three TET family members and is involved in substrate oxidation. In
the past ten years, a few hundred TET2 mutations have been documented in scientific

151 Most of the frameshift or nonsense mutations are concentrated within the

literature
dioxygenase domain, rendering the protein inactive. However, limited information is
available regarding the structural and functional consequences of these TET2 missense
variants. TET2-DNA crystal structure was solved in 2013 and this study identified twelve
amino acid residues in the TET2 active site which interact with the substrate DNA (Figure
42)"2. The active site of 20G-dependent dioxygenase TET2 is flexible enough to
accommodate modified nucleotide bases. Here, we mutated these amino acid residues into
alanine, which may in turn perturb their interaction with DNA to produce a differential
oxidation pattern for CpG and non-CpG substrates. We characterized these mutants based
on their efficiency in 5SmC oxidation in CpG and non-CpG contexts. As expected, mutating

the active site residues to alanine altered hTET2 activity. However, this effect was more

prominent for CpG substrates. Notably, three active-site mutations, Y1295A, R1302A,
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and H1904A, demonstrated significantly higher oxidation efficiencies on CpG substrates

than the wild-type enzyme.
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Figure 42: Interaction between TET?2 active site residues and the substrate DNA
within the catalytic cavity of the enzyme’.
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6.2 Materials and methods
Chemicals and Reagents: All chemicals and reagents were purchased from Sigma-

Aldrich (St. Louis, MO) unless otherwise stated. Escherichia coli (E. coli) expression strain
BL21 (DE3) was purchased from Novagen (now EMD Millipore, Billerica, MA).
Chromatography solvents such as water and methanol were purchased from Fisher
scientific (Waltham, MA). All growth media were from Difco Laboratories (Detroit, MI).
SP Sepharose fast flow was purchased from GE Health Care (Chicago, IL). 3-(NV-
morpholino) propanesulfonic acid was purchased from Carbosynth US LLC (San Diego,
CA). DNA oligomers were purchased from Integrated DNA Technologies (San Diego,
CA).

Cloning, Expression, and Purification of WT TET2 and mutants: The C-terminal TET2
dioxygenase domain (TET2 1129-1936, A1481-1843, the minimal catalytically active
domain), was cloned into the pDEST14 vector using the site-specific recombination
technique as described previously’>. In protein engineering, site-directed mutagenesis is
used to generate DNA sequences with mutated codons, insertions, or deletions. In this
widely used method, mutations are generated by PCR using a pair of oligonucleotide
primers designed with mismatching nucleotides at the center of the primers. TET2 active
site residues R1262, N1387, H1904, Y1902, S1290, K1299, S1303, W1291, M1293,
Y1294, Y1295, R 1302 were chosen for site directed mutagenesis. WT TET2 enzyme and
its mutants were purified by cation exchange chromatography on SP Sepharose, as

described in our previous article (Figure 42)'?2,

Table 4: Primer DNA sequences used in site directed mutagenesis.
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List of Primer DNA sequence

mutants
TET2- 5’CTCACCAATCGCGCGTGTGCCTTGAATGAAGAGAGAACT®
R1262A-fwd
TET2- 5’CAAGGCACACGCGCGATTGGTGAGCGTGCCGTATTTCCT3
R1262A-rev
TET2- 5’AGAGACTTGCACGCCATGCAGAATGGCAGCACATTGGTA3’
N1387A-fwd
TET2- 5’ATTCTGCATGGCGTGCAAGTCTCTGTGGGCATGAGCACA3Y’
N1387A-rev
TET2- 5’GTCTTTTACCAGGCTAAGAGCATGAATGAGCCAAAACAT?’
H1904A-fwd
TET2- 5’CATGCTCTTAGCCTGGTAAAAGACGAGGGAGATCCTGGT?’
H1904A-rev
TET2- 5’TCCCTCGTCTTTGCCCAGCATAAGAGCATGAATGAGCCA3Z'
Y1902A-fwd
TET2- 5’CTTATGCTGGGCAAAGACGAGGGAGATCCTGGTGGGGTG3’
Y1902A-rev
TET2- S’TCTTTTGGTTGTGCATGGAGCATGTACTACAATGGATGT3’
S1290A-fwd
TET2- 5’CATGCTCCATGCACAACCAAAAGAGAAGGAGGCACCACAY
S1290A-rev
TET2- 5’TACAATGGATGTGCGTTTGCCAGAAGCAAGATCCCAAGG3’
K1299A-fwd
TET2- 5’TCTGGCAAACGCACATCCATTGTAGTACATGCTCCATGAS’
K1299A-rev
TET2- 5’AAGTTTGCCAGAGCCAAGATCCCAAGGAAGTTTAAGCTG3’
S1303A-fwd
TET2- 5’TGGGATCTTGGCTCTGGCAAACTTACATCCATTGTAGTA3Z’
S1303A-rev
TET2- 5’TTTGGTTGTTCAGCGAGCATGTACTACAATGGATGTAAG3’
WI1291A-
fwd
TET2- 5’GTACATGCTCGCTGAACAACCAAAAGAGAAGGAGGCACCS’
WI1291A-rev
TET2- 5’TGTTCATGGAGCGCGTACTACAATGGATGTAAGTTTGCC3’
M1293A-fwd
TET2- 5’CCATTGTAGTACGCGCTCCATGAACAACCAAAAGAGAAGS’
M1293A-rev
TET2- 5’TCATGGAGCATGGCCTACAATGGATGTAAGTTTGCCAGA3Z’
Y1294 A-fwd
TET2- 5’CATCCATTGTAGGCCATGCTCCATGAACAACCAAAAGAG?S’
Y1294 A-rev
TET2- 5’TCATGGAGCATGTACTACAATGGATGTAAGTTTGCCAGAZ’

Y1295A-fwd
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TET2- 5’CATCCATTGCCGTACATGCTCCATGAACAACCAAAAGAG3’
Y1295A-rev

TET2- 5’TGTAAGTTTGCCGCAAGCAAGATCCCAAGGAAGTTTAAG3’
R1302A-fwd
TET2- 5’GGGATCTTGCTTGCGGCAAACTTACATCCATTGTAGTACS’

R1302A-rev
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In vitro TET2 Reaction: A 25-mer double stranded DNA used as TET2 substrate was
generated by hybridizing single stranded oligomers on a thermal cycler. The in vitro TET2
enzymatic reactions were performed using a reaction matrix containing 50 mM HEPES
(pH 8.0), 75 uM FeSO4, 1 mM 2-oxoglutarate, 2 mM ascorbate, 1 mM ATP and 1 mM
DTT in 100 pl of total reaction volume. Equal amount of DNA substrate was added
according to designated concentration and the reaction was started by addition of 2.5 pg
purified TET2. After 2 hours of incubation at 37 °C, TET2 catalyzed oxidation reactions
were quenched with 5 pl of 500 mM EDTA. Total dsDNA from the reaction mixture was
separated using the superior oligo purification kit following manufacturer’s protocol
(Superior Scientifics, Lenexa, KS). The isolated DNA (20 pl) was digested with 2 units of
DNase I and 60 units of S1 nuclease in 40 pl at 37 °C for 12 hours to produce individual
nucleotide monophosphates. Following the digestion, 2 units of calf intestinal alkaline
phosphatase (CIAP) was added in the samples followed by incubation for an additional 4
hours at 37 °C to remove the terminal phosphate groups to obtain nucleosides.

Table 5: Sequence of DNA substrates.

DNA Substrates Sequence

SmCpA Substrate | Forward strand:5'-GCGCCGGTCCTGmMCACCCGCTCCCGC-3'
Reverse strand:5’-GCGGGAGCGGGTGCAGGACCGGCGC-3’

5SmCpG Substrate | Forward strand:5'-GCGCCGGTCCTGmCGCCCGCTCCCGC-3'
Reverse strand:5’-GCGGGAGCGGGCGCAGGACCGGCGE-3’

The amount of oxidation products formed during hTET2-mediated oxidation
reactions across different DNA substrates were normalized by calculating the peak area of

each product (e.g., ShmC) and dividing it by the area represented by one deoxycytidine
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residue (AShmC/AC/#C). The amount of each oxidative product (picomoles) was
calculated using nucleoside standards. The activity of mutant TET2 enzymes were
quantified the same way and the amount of total oxidation product (picomoles) was
presented in comparison with the WT TET2 activity. Standard deviations and standard
errors were calculated for each oxidative product from triplicate experiments and are
represented in the figures.

Liquid Chromatography of Nucleosides under different MS/MS modes: The LC-
MS/MS analysis was performed on Sciex 3200 QTrap mass spectrometer (Foster City, CA)
coupled to a Shimadzu UFLC LC-20 system (Columbia, MD) using electrospray ionization
source (ESI) and run with Analyst v 1.6.2 software. For chromatographic separation of
nucleosides in ion-switching mode, water/methanol based solvent system was used where
solvent A was water (adjusted to pH 3.5 using formic Acid) and solvent B was methanol
(adjusted to pH 3.0 using formic Acid). The gradient used was 0% B (0-1 minute), 0-2% B
(1-12 minute), 2-30% B (12-17 minute), 30% B (17-18 minute), 30-0% B (18-18.5 minute),
followed by a 4.5-minute equilibration at 0% B at a flow rate of 0.3 mL/minute.
Nucleosides were separated on C18 column (Dimension 150%2 mm, particle size SuM,

Pore Size 100 A).

6.3 Results and discussion
TET2 is a tumor suppressor gene that encodes a 2-oxoglutarate/Fe (II)-dependent

dioxygenase that catalyzes iterative oxidation of SmC marks in eukaryotic DNA. Mutations
in TET2 are associated with various myeloid malignancies, hematological disorders, and
myeloproliferative disorders'**. Full-length TET2 comprises an N-terminal domain and a
C-terminal catalytic domain consisting of a Cys-rich region and a double-stranded beta-

helix (DSBH) fold. The function of the N-terminal domain of TET?2 is not well understood,
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but it has been shown to be heavily post-translationally modified, pointing to the important
regulatory functions of this region in TET2 regulation and function in DNA. The crystal
structure of TET2 bound to methylated DNA showed that the N-terminal domain of TET2
is not involved in DNA binding or catalytic activity’?>. The Cys-rich domain of TET2 is a
part of the C-terminal catalytic domain, which consists of a double-stranded beta-helix
(DSBH) fold and is responsible for substrate oxidation. The Cys-rich domain stabilizes the
DNA above the DSBH core, and two zinc fingers bring the Cys-rich and DSBH domains
together to form a compact catalytic domain. The TET2-DNA complex is further stabilized
by two loops L1 and L2 which are parts of the cys-rich domain. The two loops are highly

conserved among members of the TET subfamily’?.

In this study, we chose DNA-interacting residues in the TET2 active site and
performed alanine scanning on these residues to characterize differential SmC oxidation by
these mutants on CpG and non-CpG substrates. Residue R1262 was from loop L1, and all
other DNA-interacting residues (N1387, H1904, Y1902, S1290, K1299, S1303, W1291,
M1293, Y1294, Y1295, R 1302) were located in loop L2. All these active site residues
were mutated into alanine by site directed mutagenesis and mutant proteins were purified
by cation exchange chromatography as described in the ‘Materials and methods’ section.
Using a sensitive LC-MS/MS technique, we characterized the SmC oxidation pattern of
wild-type and mutant TET2 enzymes on 25-base pair double-stranded hemimethylated
DNA substrates. The substrate DNA was designed such that the SmC site resides in the
middle (Table 5). Following enzymatic reactions with TET2, DNA was isolated and

transformed into nucleosides, which were then subjected to mass spectrometry.
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Point mutations W1291A and S1303A significantly lowered the SmC oxidation of
CpG substrates. However, mutations S1290A, M1293A, K1299A, R1262A, Y1294A,
N1387A, and Y1902A had little or no effect on the catalytic activity. Because TET2 binds
to DNA through extensive hydrophobic interactions and hydrogen bonds, single- or
double-point mutations may not be sufficient to abrogate TET2-DNA interactions.
Interestingly, three active-site mutations, Y1295A, R1302A, and H1904A, demonstrated
significantly higher oxidation efficiencies on CpG substrates than the wild-type enzyme.
This enhancement in the catalytic activity of these mutant enzymes is directly correlated
with the formation of 5fC and 5caC, which are higher-order oxidation products that may

lead to complete demethylation of the substrate DNA (Figure 43).
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Figure 43: Effect of TET2 active site mutations on CpG substrate. “Y” axis represents
total oxidation products in picomoles. The ‘Y’ axes represent total oxidation events.
The amounts of products formed during hTET2-mediated oxidation reactions across
different DNA substrates were normalized by calculating the peak area of each
product (e.g. ShmC) and dividing it by the area represented by one deoxycytidine
residue (AShmC/AC/#C). The amount of each oxidative product (picomoles) was
calculated using the standard curve (Figure 10). As a result, TOE was calculated by
[(1 x number of ShmC molecules) + (2 x number of 5fC molecules) + (3 X number of
S5caC molecules)]. Standard errors were calculated for each oxidative product from

triplicate experiments and are represented in the figures.
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Figure 44: Effect of TET2 active site mutations on CpA substrate. “Y” axis represents
total oxidation products in picomoles. The ‘Y’ axes represent total oxidation events.
The amounts of products formed during hTET2-mediated oxidation reactions across
different DNA substrates were normalized by calculating the peak area of each
product (e.g. ShmC) and dividing it by the area represented by one deoxycytidine
residue (AShmC/AC/#C). The amount of each oxidative product (picomoles) was
calculated using the standard curve (Figure 10). As a result, TOE was calculated by
[(1 x number of ShmC molecules) + (2 X number of SfC molecules) + (3 X number of
S5caC molecules)]. Standard errors were calculated for each oxidative product from

triplicate experiments and are represented in the figures.
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W. T. TET2 demonstrated a similar preference towards CpG and CpA substrates
and produced slightly lower amounts of oxidation products for the CpA substrate. The
TET2 mutants demonstrated an overall reduction in 5SmC oxidation for CpA substrates. The
catalytic activity of the mutants S1290A and M1293A was significantly lower (almost by
2 folds) in the presence of CpA substrates. Mutations in the residues K1299, R1262, and
Y1294 had no significant effect on SmC oxidation, irrespective of CpG or non-CpG
substrates. TET2-Y1295A demonstrated a slight enhancement in catalytic activity
compared to that of the wild-type enzyme, which was consistent with both CpG and CpA
substrates (Figure 44). In conclusion, alanine scanning of DNA-interacting residues
demonstrated that the catalytic cavity of TET2 is flexible enough to accommodate varying
sequences of DNA substrates, and the stability of the TET2-DNA complex is collectively
supported by all these amino acid residues. Thus, the effect of a single point mutation is
compensated for without rendering the enzyme catalytically inactive. However, these
findings need to be supported by in vivo studies, as well as molecular dynamics

simulations.
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CHAPTER 7
CONCLUSIONS

Here, we discuss the role of TET family dioxygenases, particularly TET2, in
epigenetic transcriptional regulation and their involvement in hematopoietic malignancies.
To overcome the challenges of quantifying and comparing mutant TET2 activity, we
developed a novel liquid chromatography method integrated with tandem mass
spectrometry to quantify modified cytosine bases by TET2 mediated SmC oxidation. Our
study also demonstrated that TET2 can initiate the oxidation of SmC not only at CpG sites,
but also at non-CpG sites, which is a significant breakthrough compared to previous
observations. TET2 can significantly oxidize SmC at CpA sites, although the amount of
5caC formed was less than that in the case of SmCpG. Additionally, we showed that the
TET2 catalytic domain can oxidize SmC at the CpC and CpT sites, suggesting that TET2
can initiate the oxidation cascade at the SmCpH sites, leading to demethylation by the
TDG/BER pathway. By investigating the substrate preferences of the TET isoforms, we
found that mMTET1 and hTET2 had a higher preference for 13-mer dsDNA substrates. We
observed that altering the length of the dsDNA substrates reduced product formation,
whereas altering the length of the ssDNA substrates did not result in a consistent pattern of
5mC oxidation.

The crystal structure of the TET2-DNA complex revealed the importance of the
residue R1896 in stabilizing the 5-carboxylate moiety of 20G. Mutations in this residue
are frequently observed in myeloid cancers, leading to impaired 20G binding and a loss of
TET2 activity. We investigated the effect of 20G analogs on rescuing TET2 R1896

mutations and found that certain analogs enhanced the catalytic activity of TET2 mutants.
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We identified specific 20G analogs that efficiently rescued TET2 R1896S activity,
suggesting their potential use in modulating mutant TET2 activity under diseased
conditions. To characterize the differential SmC oxidation by TET2 mutants on CpG and
non CpG substrates, alanine scanning was performed on the DNA-interacting residues in
the TET?2 active site. We found that certain mutations significantly lowered SmC oxidation
of CpG substrates, whereas others had little or no effect. Notably, the mutations Y1295A,
R1302A, and HI904A demonstrated higher oxidation efficiencies on CpG substrates,
leading to the formation of higher-order oxidation products.

Overall, our study provides insight into the function and activity of TET2 and its
mutants in DNA demethylation, substrate preference, and the potential use of 20G analogs
to modulate mutant TET2 activity. These findings contribute to our understanding of
epigenetic regulatory processes and have implications for cancer therapeutics and assay
development involving the TET family of dioxygenases. However, further in vivo studies

and molecular dynamics simulations are required to support these findings.
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