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ABSTRACT

Targeting DNMT3A Regulatory Interactions for Selective Epigenetic Inhibition

by

Ben Manfred Felix Schmelmer

DNA Methyltransferase 3A (DNMT3A) is an epigenetic enzyme known to drive gene
silencing, genomic imprinting, and X-chromosome inactivation in a variety of organisms,
including humans. By catalyzing the de novo methylation of DNA at CpG sites, DNMT3A
establishes the methylation pattern imperative for transcriptional regulation and cellular
differentiation during embryonic development. DNMT3A achieves this through interactions
with other cellular partners (ncRNA, nucleosomes, p53, and EZH2) to precisely methylate
the human genome. Dysregulation of DNMT3A, whether through overexpression, mutation,
or loss of regulatory control, leads to aberrant hypermethylation and contributes to various
forms of cancer development. For instance, DNMT3A mutations are found in 20-30% of all
acute myeloid leukemia (AML) cases, making DNMT3A the most mutated gene in AML
patients. Current FDA-approved mechanism-based inhibitors targeting DNMT3A
(Azacitidine and Decitabine) are nucleoside analogs that are highly toxic due to their non-
discriminant incorporation into the DNA. Considering that AML typically affects older
patients, there is a crucial need for more selective, non-cytotoxic DNMT3A inhibitors to

control overexpression and aberrant hypermethylation.



In this work, we develop fluorescence anisotropy and AlphaLISA assays for high-
throughput screening of small-molecules capable of selectively disrupting DNMT3A
interactions with histone-tails, central to chromatin recruitment and enzyme activation.
Furthermore, we investigate biologically relevant allosteric inhibition of DNMT3A through

RNA-mediated epigenetic regulation.
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I. Introduction

A. Human DNA Methyltransferases

DNA methylation is one of the most studied epigenetic modifications in mammalian cells
and plays a central role in regulating gene expression, genomic imprinting, X-chromosome
inactivation, and cellular differentiation!~>. The epigenetic modification adds of a methyl
group at the C5 position of cytosine, generating 5-methylcytosine (SmC), which serves as an
epigenetic mark that influences chromatin structure and transcriptional activity +°. Proper
establishment and maintenance of DNA methylation patterns are essential for cellular
development, whereas aberrant methylation is associated with various diseases including
neuronal development disorders and cancer®”. In mammals, DNA methylation patterns are
established and maintained by a family of DNA methyltransferases (DNMTs) consisting of
DNMTI1, DNMT3A, DNMTS3B, and the catalytically inactive DNMT3A-like (DNMT3L)
(Figure 1). DNMTT1 functions as a maintenance methyltransferase, restoring methylation
patterns following DNA replication by preferentially recognizing hemimethylated DNA
substrates'®!!. In contrast, DNMT3A and DNMT3B are de novo DNA methyltransferases
that establish methylation patterns during embryonic development and cellular
differentiation'2. Although DNMT3A and DNMT3B share sequence homology and catalytic
mechanisms, they exhibit distinct genomic localization patterns and biological functions!?
DNMT3L lacks catalytic activity but functions as an important regulatory partner that
stimulates DNMT3A and DNMT3B activity through formation of higher-order oligomeric
complexes'?.

The DNMT family possess multidomain architectures composed of N-terminal regulatory

domains and a C-terminal catalytic methyltransferase domain (MTase). While DNMT1



primarily functions in maintenance methylation, DNMT3A and DNMT3B establish de novo
DNA methylation patterns during development and cellular differentiation and therefore
share conserved N-terminal regulatory domains'? (Figure 1). DNMT3A and DNMT3B’s N-
terminal regulatory region consisting of the ubiquitin-dependent recruitment (UDR) domain,
the Pro-Trp-Trp-Pro (PWWP) domain, and the ATRX-DNMT3-DNMT3L (ADD)
domain!>!®, These regulatory domains dictate recruitment mechanisms by coordinating the
localization and activity of DNMT3A in response to the surrounding chromatin environment.
DNMT3A exists as two major isoforms, DNMT3A1 and DNMT3A2. The longer DNMT3A1
differs by an extended N-terminal region (NTR), which is involved in nonspecific DNA
binding and H2A histone interactions!”!3. Although the methyltransferase domain performs
the methyl transfer reaction, the N-terminal regulatory domains largely determine where and
when DNA methylation occurs within the genome. Consequently, disruption of these
regulatory interactions can profoundly alter DNA methylation patterns and has been
implicated in developmental disorders, cancer, and other diseases associated with epigenetic

dysregulation’s,
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Figure 1. Gene map homology of various human DNMTs. N-terminal regions are primarily
associated with enzyme regulation, whereas the C-terminal methyltransferase domain is
responsible for catalysis.

The C-terminal methyltransferase (MTase) domain contains the catalytic machinery
responsible for DNA methylation. This domain is highly conserved among cytosine
methyltransferases and contains motifs required for DNA binding, target cytosine
recognition, S-adenosyl-L-methionine (SAM) cofactor binding, and catalysis'® (Figure 1).
Within the MTase domain resides the target recognition domain (TRD), a flexible loop that
inserts into the major groove of DNA and mediates sequence-specific recognition of CpG
dinucleotides?. Together with catalytic-loop residues that facilitate target base flipping, the
TRD positions the target cytosine for methyl transfer. Because the TRD is essential for DNA
recognition and catalysis, proteins lacking this region are unable to perform their own
catalysis. Among the DNMTs family members, DNMT3B3 and DNMT3L are catalytically
inactive because they lack critical portions of the target recognition domain?!-?2, Although
these proteins retain the ability to interact with histones and partner proteins through their

PWWP and ADD domains, they cannot independently methylate DNA. Instead, DNMT3L
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acts as an auxiliary partner-protein that stimulates DNMT3A and DNMT3B activity through
formation of heterotetrameric complexes, whereas DNMT3B3 is thought to contribute to
chromatin recruitment and regulatory functions independent of catalytic activity. DNMT3
enzymes function as oligomeric complexes in vivo, with DNMT3A and DNMT3B forming
homotetramers through interactions within their MTase domains??. Although homodimeric
DNMT3 complexes retain catalytic activity, tetramerization enhances processivity,
cooperativity, and overall methylation activity?}. Notably, formation of DNMT3A/3L and
DNMT3A/3B3 heterotetramers further stimulates catalytic activity beyond that observed for
DNMT3A homotetramers alone, highlighting the important regulatory role of DNMT3L and
DNMT3B3 in de novo DNA methylation?3-24,

DNA methyltransferases catalyze the transfer of a methyl group from the SAM cofactor
to the C5 position of cytosine, generating 5-methylcytosine (SmC) and S-adenosyl-L-
homocysteine (SAH). The reaction proceeds through a conserved base-flipping mechanism
in which the target cytosine is rotated out of the DNA helix and inserted into the enzyme
active site>. A cysteine residue inside the methyltransferase domain nucleophilically attacks
the C6 position of cytosine, generating a covalent enzyme-DNA intermediate that activates
the C5 carbon for methyl transfer. Following transfer of the methyl group from SAM,
elimination restores aromaticity of the pyrimidine ring and releases SmC (Scheme 1). The
resulting SmC marker is responsible for transcriptional silencing. Through the coordination
of DNMT3A, DNMT3B, DNMTT1, and their other regulatory partners, mammalian cells
establish and maintain DNA methylation landscapes that govern cellular identity and genome

stability.
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Scheme 1. Reaction scheme for SmC DNA methylation.

B. Histone regulation of DNMT3A

DNA methylation and histone modifications are intertwined epigenetic mechanisms that
collectively establish gene regulation. Rather than functioning independently, DNA
methylation and histone modifications engage in extensive molecular crosstalk that guides
cellular differentiation, gene silencing, genomic imprinting, and maintenance of genome

nn

stability?>-2%, This coordinated regulation is dictated by "writers," "readers," and "erasers" that
deposit, recognize, and remove chromatin modifications. DNA Methyltransferase 3A

(DNMTS3A) is strongly influenced by its recruitment and activation through various histone

post-translational modifications (PTMs) (Figure 2).
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Figure 2. Histone modifications regulate DNMT3A activity and recruitment. Histone
methylation and ubiquitination markers either promote or inhibit DNMT3A recruitment
directly through interactions with chromatin reader domains or indirectly through associated
partner proteins. Figure created with BioRender.

Histone H3 lysine 4 methylation (H3K4me) serves as one of the best-characterized
regulators of DNMT3A. H3K4 can exist in unmethylated, mono-, di-, or trimethylated states,
each associated with distinct chromatin environments?’. H3K4 trimethylation (H3K4me3) is
highly enriched at active promoters and transcription start sites, whereas unmethylated H3K4
(H3K4me0) is commonly found in inactive chromatin regions. The ADD domain of
DNMT3A specifically recognizes H3K4me0 through hydrogen-bonding interactions with
residues D529 and D53128, ADD domain-binding of H3K4me0 induces a conformational
rearrangement that relieves autoinhibition of the methyltransferase domain and stimulates
DNA methylation activity. Conversely, H3K4 methylation disrupts ADD-domain recognition

and prevents DNMT3A activation. Through this mechanism, H3K4 methylation protects



active promoters from aberrant DNA methylation while directing DNMT3A activity toward
transcriptionally silent genomic regions?.

Histone H3 lysine 36 methylation functions as a major recruitment signal for DNMT3A.
Di- and trimethylated H3 lysine 36 residues (H3K36me2/3) are deposited by nuclear SET
domain-containing (NSD) family methyltransferases and SET domain-containing 2
(SETD2), respectively®*32. Recognition of H3K36me2/3 occurs through the PWWP domain
of DNMT3A, which binds methylated H3K36 using an aromatic cage that accommodates the
modified di/trimethylated lysine residue®’. Recent genomic and biochemical studies have
demonstrated that H3K36me2 serves as a dominant recruitment signal for DNMT3A
throughout intergenic regions, whereas H3K36me3 can recruit DNMT3A to actively
transcribed gene bodies**. These interactions position DNMT3A adjacent to chromatin
regions requiring de novo DNA methylation and help establish cell-type-specific methylation
landscapes.

In contrast to H3K36 methylation, histone H3 lysine 9 trimethylation (H3K9me3)
promotes DNA methylation indirectly through recruitment of chromatin-associated
regulatory proteins®. Histone methyltransferases such as suppressor of variegation 3-9
homologs 1 and 2 (SUV39H1 and SUV39H2) deposit H3K9me3, which subsequently
recruits heterochromatin protein 1 (HP1) and additional silencing factors®¢-”. These proteins
facilitate the localization of DNMT3A and DNMT3B to heterochromatic regions, resulting in
coordinated deposition of DNA methylation and stabilization of long-term transcriptional
repression.

Histone H3 lysine 27 trimethylation (H3K27me3) represents another important chromatin

mark involved in DNMT3A regulation. H3K27me3 is deposited by Polycomb Repressive



Complex 2 (PRC2) whose catalytic subunit, enhancer of zeste homolog 2 (EZH2), functions
as the primary H3K27 methyltransferase’®*°. Polycomb-mediated repression is essential for
silencing developmental genes during differentiation and lineage commitment. Although
DNMT3A does not directly recognize H3K27me3 through a dedicated reader domain,
increasing evidence suggests substantial functional crosstalk between Polycomb complexes
and DNA methylation machinery. EZH2 can physically interact with DNMT proteins and
promote recruitment of DNA methyltransferases to target loci, resulting in cooperative gene
silencing®!.

Histone H2A lysine 119 monoubiquitination (H2AK119ub) is an additional chromatin
signal capable of recruiting DNMT3A. H2AK119ub is deposited by Polycomb Repressive
Complex 1 (PRC1) and functions downstream of Polycomb-mediated gene silencing*>*3.
Unlike H3K27me3, which serves primarily as a transcriptional repression mark, H2AK119ub
directly participates in chromatin recruitment of DNMT3A through the ubiquitin-dependent
recruitment (UDR) domain located within the N-terminal region of DNMT3A%4,
Recognition of H2AK119ub enables DNMT3A localization to Polycomb-regulated
chromatin and facilitates de novo methylation of CpG-rich regions.

The complex interactions between histone PTMs and DNA methylation are coordinated
by a diverse network of chromatin-modifying enzymes. Histone methyltransferases such as
EZH2, NSD1, NSD2, SETD2, and SUV39H1 function as epigenetic writers that establish
histone methylation landscapes’?*%3840 The epigenetic eraser histone deacetylases (HDACs)
remove acetyl groups from histone tails, promoting chromatin compaction and facilitating

recruitment of repressive complexes*®. These histone modifications later recruit DNMT3A to



specific genomic locations or activate DNA methylation, ultimately leading to gene
silencing.

C. RNA Epigenetic Regulation

In addition to DNA methylation and histone modifications, RNAs have emerged as
regulators of chromatin structure and epigenetic inheritance*”*¥. Once considered passive
intermediates between DNA and protein synthesis, non-coding RNAs (ncRNAs) are now
recognized as active participants in epigenetic signaling®->!. These RNAs operate through
multiple distinct mechanisms, including recruitment of chromatin-modifying enzymes,
regulation of transcription factors, modulation of chromatin architecture, and direct
interactions with epigenetic proteins. Overall, RNA-mediated pathways provide another layer
of epigenetic regulation that works complementary and in parallel to DNA methylation and
histone modifications.

Non-coding RNAs are generally classified according to their size and biological function.
Small non-coding RNAs include microRNAs (miRNAs), small interfering RNAs (siRNAs),
and PIWI-interacting RNAs (piRNAs). Long non-coding RNAs (IncRNAs), typically defined
as transcripts longer than 200 nucleotides that lack protein-coding potential, yet represent a
diverse class of epigenetic regulators®>>3. Small interfering RNAs (siRNAs) are double-
stranded RNAs approximately 21-23 nucleotides in length that function through the RNA
interference (RNAI) pathway>*>. Following processing by the RNase I1I enzyme Dicer,
siRNAs are loaded into the RNA-induced silencing complex (RISC) where they guide
sequence-specific recognition and degradation of their messenger RNAs counterparts.
Through this mechanism, siRNAs mediate post-transcriptional gene silencing and play

important roles in antiviral defense, transposon suppression, and experimental gene



knockdown strategies®®. MicroRNAs (miRNAs) are endogenous small RNAs that similarly
function through RISC-mediated targeting of mRNAs>’. Unlike siRNAs, miRNAs exhibit
partial complementarity to their targets and often regulate multiple transcripts
simultaneously>®. By repressing translation or promoting mRNA degradation, miRNAs
influence multiple cellular pathways. Dysregulation of miRNA expression has been
implicated in numerous diseases, especially cancer, where improper miRNA content
contributes to aberrant gene expression. PIWI-interacting RNAs (piRNAs) are a distinct class
of small RNAs that associate with PIWI proteins to silence transposable elements within
germ cells. Unlike siRNAs and miRNAs, piRNAs are generated independently of the Dicer
enzyme and are generally 24-32 nucleotides in length>%¢%, The piRNA pathway is essential
for maintaining genome stability during gametogenesis by suppressing transposon activity
through both post-transcriptional and epigenetic mechanisms. In many organisms, piRNAs
can recruit DNA methyltransferases and histone-modifying enzymes to transposable
elements, thereby establishing heritable transcriptional silencing®!-62,

Among non-coding RNAs, long non-coding RNAs have emerged as particularly
important regulators of epigenetic processes. LncRNAs function through diverse molecular
mechanisms including scaffolding of protein complexes, recruitment of chromatin-modifying
enzymes, and inhibiting transcription factors®3. Many IncRNAs act locally at their sites of
transcription, while others operate in frans to regulate distant genomic loci®*. Through these
mechanisms, IncRNAs establish cell-type-specific gene expression programs and contribute
to developmental transitions. One of the most extensively studied IncRNAs is X-inactive
specific transcript (Xist), which orchestrates X-chromosome inactivation (XCI) in female

mammals®>-6, XCI is a dosage-compensation mechanism that equalizes X-linked gene
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expression between XX females and XY males by transcriptionally silencing one X
chromosome during early embryonic development. Xist is transcribed exclusively from the
future inactive X chromosome and accumulates across the chromosome from which it is
produced, functioning in cis to establish chromosome-wide gene repression®®. Xist mediates
X-chromosome inactivation through multiple mechanisms in paralell®’. Following
transcription, Xist spreads along the inactive X chromosome and recruits numerous
chromatin-modifying proteins through distinct structural domains®’. The A-repeat region of
Xist interacts with the transcriptional repressor SPEN, which subsequently recruits histone
deacetylase complexes to initiate gene silencing. Additional regions of Xist recruit hnRNPK,
which facilitates localization of PRC1 and deposition of H2AK119ub. PRC1 activity then
promotes recruitment of PRC2, resulting in accumulation of H3K27me3 across the inactive
chromosome®”-68, Rather than relying on a single regulatory pathway, Xist exhibits how
IncRNAs can integrate multiple chromatin-modifying mechanisms simultaneously.

Recent evidence further suggests that non-coding RNAs can directly regulate DNA
methyltransferases**%%70, Several extra-coding RNAs (ecRNAs) have been shown to interfere
with DNA methylation, some of which bind directly with DNMTs, impacting their catalytic
activity’®’!, ECRNAs are sense-strand, non-polyadenylated transcripts that overlap the
boundaries of their protein-coding genes®. Unlike many repressive IncRNAs, ecRNAs
frequently correlate with low DNA methylation and elevated gene expression’’. Studies have
demonstrated that ecRNAs can inhibit DNA methylation by binding to the DNMT3A
tetramer interface, providing a mechanism through which actively transcribed genes may

protect themselves from de novo methylation!.
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Together, small and long non-coding RNAs form a diverse regulatory network that
influences gene expression through both post-transcriptional and chromatin-based
mechanisms. Through interactions with chromatin-modifying enzymes, transcription factors,
and DNA methyltransferases, RNA molecules establish and maintain epigenetic states during
development and cellular differentiation. Understanding these RNA-mediated pathways is
therefore essential for elucidating the mechanisms by which chromatin structure and DNA
methylation are coordinated in normal physiology and disease.

D. DNMT3A Dysregulation in AML and Current Therapeutic Strategies

DNA methylation patterns are tightly regulated during hematopoietic development to
ensure proper lineage commitment, self-renewal, and cellular differentiation’>. Among the
proteins responsible for establishing these methylation patterns, DNMT3A plays a prominent
role in hematopoietic stem and progenitor cells’>’*. Consequently, mutations in DNMT3A
are among the most frequently observed epigenetic alterations in hematological malignancies
such as acute myeloid leukemia (AML)’°. These mutations disrupt normal DNA methylation
programs, resulting in aberrant gene expression and impaired cellular differentiation that
contribute to malignant transformation.

DNMT3A mutations are detected in approximately 20-30% of AML patients, making
DNMT3A the most frequently mutated gene in the disease’® 8. Although mutations have
been identified throughout the DNMT3A coding sequence, a large proportion occur within
the catalytic methyltransferase domain. The most common mutation is the loss-of-function
substitution of arginine 882, which accounts for approximately 60-70% of all DNMT3A
mutations identified in AML patients”. Structural studies have shown that R882 resides

within the dimer interface of DNMT3A, where it participates in intermolecular interactions
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required for formation of catalytically active oligomeric complexes®®. Mutation of this
residue, most common being with histidine (R882H), disrupts tetramerization, effectively
disabling DNMT3A’s methylation capability by 80%°®!. The R882H mutation alters flanking
sequence preferences surrounding CpG sites and generates a methylation pattern that
resembles DNMT3B more closely than wild-type DNMT3A. As a result, R882H produces
aberrant methylation patterns rather than simple reductions in overall DNA methylation®?.
This explain why AML-associated DNMT3A mutations generate highly specific changes in
the methylation landscape despite retaining partial catalytic activity.

Consequently, pharmacological inhibition of DNA methyltransferases has emerged as an
effective strategy for treating hematological cancers characterized by dysregulated epigenetic
landscapes®®. Currently, two FDA-approved therapies target DNA methylation in patients
with acute myeloid leukemia (AML): azacitidine®* and decitabine®. Both compounds are
cytidine analogs that function as hypomethylating agents by inhibiting DNA
methyltransferases. Following cell uptake, azacitidine and decitabine are incorporated into
newly synthesized nucleic acids during DNA replication. Decitabine is incorporated into
DNA, whereas azacitidine is incorporated into both DNA and RNA. Once incorporated into
DNA, these analogs exploit the conserved catalytic mechanism of cytosine

methyltransferases to induce suicide inhibition (Scheme 2).
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Scheme 2. Mechanism of azacitidine and decitabine inhibition of DNA methyltransferases.
Nucleoside analogs become incorporated into DNA during replication and form irreversible
covalent complexes with DNA methyltransferases, resulting in enzyme depletion and loss of
DNA methylation.

Although azacitidine and decitabine have demonstrated adequate clinical benefit in AML
patients, these therapies suffer from several important limitations®. Because they act by
incorporating into replicating DNA, their activity is restricted primarily to rapidly dividing
cells®’. This lack of specificity for DNMT3A results in substantial cytotoxicity due to off-
target effects from nonspecific incorporation into DNA and RNA®, The pharmacokinetic
properties of these drugs also present significant challenges. Both compounds exhibit poor
chemical stability and are rapidly degraded by cytidine deaminase, resulting in short plasma
half-lives and limited bioavailability. Azacitidine and decitabine have a terminal half-life of
less than one hour, requiring repeated dosing to maintain therapeutic efficacy®. Additionally,
because these drugs induce global DNA hypomethylation rather than selectively targeting

pathogenic methylation events, treatment can disrupt normal epigenetic regulation
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throughout the genome. The resulting loss of specificity may contribute to adverse effects
and variable therapeutic responses among patients.

The limitations of nucleoside analogs have stimulated considerable interest in the
development of non-nucleoside inhibitors that selectively target individual DNA
methyltransferases. However, designing selective active-site inhibitors has proven
challenging because the methyltransferase domains of mammalian DNMTs are highly
conserved, increasing the likelihood of off-target effects and cytotoxicity. Recent efforts have
demonstrated the feasibility of this approach®®”!. Small-molecule screens have identified
non-nucleoside compounds capable of selectively inhibiting DNMT3A while exhibiting
minimal activity toward DNMT1 and unrelated methyltransferases®®!. In particular,
phthalazinone-derived compounds were shown to inhibit DNMT3A through a
noncompetitive mechanism consistent with allosteric regulation®'. Because these compounds
do not rely on incorporation into DNA, they avoid many of the liabilities associated with
nucleoside analogs and represent promising leads for the development of next-generation

epigenetic therapeutics.

15



I1. Optimizing Recombinant Expression and Purification of DNMT3A

A. Abstract

DNMT3A is an epigenetic de novo DNA methyltransferase that plays a crucial role in
establishing the methylation patterns for transcriptional regulation and cellular differentiation
during embryonic development. Biochemical and structural investigations of DNMT3A
require the recombinant production of soluble, full-length protein; however, expression of
DNMT3AI1 in E. coli is complicated by truncation or proteolytic degradation products that co-
elute with standard Ni*" IMAC purification. In this work, western immunoblot assays were
optimized to evaluate the expression and stability of the DNMT3A1 enzyme and associated
truncation products under varying induction temperatures and duration. Western blot analysis
revealed that induction at 16°C for 15 hours produced the highest yield of DNMT3A1 and
highest ratio of the intact enzyme relative to its truncation products, suggesting that low-
temperature expression improves dynamic protein folding and stability. Additionally, protease
inhibitor treatments and a codon-optimized expression vector were explored to assess the
contribution of proteolytic degradation or rare codon usage to DNMT3A1 truncations; neither
treatment reduced nor impacted the truncation pattern observed for DNMT3A1. All together,
these findings establish an optimized expression workflow for the recombinant expression of
DNMT3AL1 in E. coli required for future biochemical and structural studies of DNMT3A’s
methylation and regulatory mechanisms.

B. Introduction

Epigenetic regulation plays an intrinsic role in governing gene expression, cellular
differentiation, genomic imprinting, and X-chromosome inactivation' . Among the major

epigenetic modifications, DNA methylation is a critical mechanism for establishing stable
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transcriptional states during embryonic development and cellular specialization®. In
mammals, de novo DNA methylation is primarily carried out by DNA methyltransferase 3A
(DNMT3A) and DNA methyltransferase 3B (DNMT3B), which catalyze the transfer of a
methyl group from S-adenosyl methionine (SAM) to cytosine to form 5-methylcytosine
(5mC)*3. This DNMT3A-mediated methylation contributes to gene silencing and
maintenance of genomic integrity. Aberrant DNA methylation patterns resulting from
DNMT3A dysfunction have been implicated in numerous diseases and cancers, particularly
hematological malignancies such as acute myeloid leukemia (AML), where DNMT3A is the
most frequently mutated gene®.

DNMT3A contains multiple conserved domains that contribute to chromatin recognition,
allosteric regulation via partner proteins, and catalytic activity. These include the N-terminal
regulatory domains which include the Pro-Trp-Trp-Pro (PWWP) domain, the ATRX-
DNMT3-DNMT3L (ADD) domain, and the ubiquitin-dependent recruitment (UDR)) domain;
as well as the C-terminal methyltransferase (MTase) domain responsible for cytosine

10-14 DNMT3A forms higher-order oligomeric complexes with itself or partner

methylation
proteins and, with the N-terminal regulatory domains, interacts with histone modifications
and nucleosome substrates that modulate enzymatic activity and genomic targeting!>-!°. The
coordinated folding of these domains during protein expression in E. coli are essential for
biochemical investigation of DNMT3A’s function and regulation.

Although the full-length DNMT3A (DNMT3A1) is required to investigate chromatin
recruitment, allosteric regulation, and interactions with regulatory proteins or histone

20-22

modifications, many biochemical studies utilize the isolated methyltransferase domain of

DNMT3A (DNMT3AMTa¢) due to its improved recombinant expression and stability.
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Previous studies have demonstrated that DNMT3AMT#¢ retains catalytic activity and exhibits
kinetic properties comparable to DNMT3A1 on naked DNA substrates?*-?*, making it a
useful model for mechanistic enzymology and inhibitor characterization. Because DNMT3A
regulation depends heavily on the N-terminal regulatory domains such as the PWWP, ADD,
and UDR domains, investigations into epigenetic crosstalk and nucleosome-mediated
regulation ultimately require reliable recombinant production of the full-length enzyme
(DNMT3A1). However, expression of large multidomain human proteins in E. coli is often
challenging due to limitations in protein folding®>*6. Recombinant DNMT3A expression in
E. coli frequently results in the formation of truncated protein products!?, likely arising from
misfolding, translational instability, or proteolytic degradation by endogenous bacterial
proteases. These truncation products complicate downstream purification and biochemical
analyses, limiting the ability to obtain homogeneous preparations of DNMT3A1.

Previous efforts from our group'? and others!® to express and purify DNMT3A1 in E. coli
resulted in substantial truncation following Ni** immobilized metal affinity chromatography
(IMAC) purification. This work aims to establish a western blotting workflow capable of
distinguishing DNMT3A and associated truncation species to ultimately optimize
recombinant expression conditions for improved recovery of the DNMT3A1 enzyme.
Expression parameters — including induction temperature and induction duration — were
systematically evaluated to identify conditions that minimize truncation while preserving
protein expression. Additionally, protease inhibitors were investigated to assess the
contribution of proteolytic degradation to DNMT3A instability during expression and sample
preparation. These studies provide a foundation for improving the recombinant production of

DNMT3AI1 for future mechanistic and structural investigations.
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C. Results & Discussion

Optimization of DNMT3A Methyltransferase Domain Purification and Storage
Conditions

Purification storage conditions for the isolated DNMT3A methyltransferase domain
(DNMT3AMTas¢) were investigated to establish improved workflows for recombinant
DNMT3A protein preparation. Although DNMT3AMTa¢ [acks the N-terminal regulatory
domains required for chromatin recruitment and allosteric regulation, the methyltransferase
domain retains robust methyltransferase activity and serves as a valuable biochemical model
for mechanistic and inhibitor studies?>?*. Compared to DNMT3A1, DNMT3AMTas¢ jg
substantially more tractable for recombinant expression and purification in E. coli due to its
smaller size and reduced flexibility?'.

Recombinant His-tagged DNMT3AMT¢ was expressed in 8 L of NiCo21(DE3) E. coli
culture. Following induction and harvest, collected cell paste (17.5 g) was and lysed in buffer
conditions containing Triton X-100, PMSF, and DTT to improve protein solubility and
minimize aggregation. Soluble lysate was clarified by centrifugation and purified using Ni**
immobilized metal affinity chromatography (IMAC) with a 1 mL HisTrap Excel column. To
reduce contaminating proteins, sequential wash conditions with increasing imidazole
concentrations (50 mM and 75 mM) were executed prior to gradient elution (75 mM - 500
mM). Following elution, fractions corresponding to the primary DNMT3AMTas¢ peak were
pooled then buffer-exchanged and ultrafiltered into storage buffers of varying pH (pH 7.2,
7.5, 8.0, and 8.5). These storage conditions were motivated by the predicted isoelectric point
(pKa = 8.73, determined with Expasy) of DNMT3AM®s¢ and the possibility that pH

influences protein-protein interactions that govern solubility. Proteins are generally least
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soluble near their isoelectric point since the reduction in net surface charge minimizes
electrostatic repulsion, allowing attractive hydrophobic and van der Waals interactions to
dominate; this leads to protein aggregation, precipitation, and a reduced protein recovery
during ultrafiltration?’. pH values below 7.2 were not examined since the objective was to
evaluate storage conditions near physiological pH and approaching the predicted isoelectric
point.

Comparison of the final purified protein preparations demonstrated that storage pH had
minimal impact on overall purity, with all preparations exhibiting purities between
approximately 91-94% following IMAC purification and ultrafiltration (Table 1, Figure S1).
However, differences in final protein yield and concentration were observed across storage
conditions. Storage at pH 7.2 produced the highest adjusted final yield (14.92 pg) and highest
final protein concentration (9.44 uM), while pH conditions closer to the DNMT3AMTase
isoelectric point (pKa = 8.73) resulted in reduced recovery.

Table 1. Purity, yield, and final monomer concentration of DNMT3AMTas¢ at different
storage pH conditions.

Storage Buffer pH Purity (%) Yield (ug) Monomer Concentration (uM)

7.2 93.1 14.92 9.44
7.5 92.5 12.22 8.84
8.0 90.8 10.48 7.08
8.5 93.6 9.65 7.52

As anticipated, conditions closer to the predicted isoelectric point of DNMT3AMTas¢ did
not improve protein recovery. Instead, slightly acidic storage conditions relative to the
protein pKa appeared to better preserve soluble protein. The likely explanation is that storing
DNMT3AMTa¢ gt pH values increasingly removed from its isoelectric point, the protein is

expected to carry a greater net charge, thereby enhancing intermolecular repulsion and
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potentially improving long-term colloidal stability and solubility?’. Notably, final protein
concentration generally followed the same trend observed in total protein yield, further
highlighting the ability of pH to solubilize the enzyme into the storage buffer (Table 1).
Although all samples subjected to the same ultrafiltration cycles, a modest difference in final
concentration was observed between the pH 8.0 (7.08 uM) and pH 8.5 (7.52 uM) storage
conditions. This discrepancy may be attributed to subtle differences in the protein’s non-
specific adsorption to the ultrafiltration membranes. Regardless, the total protein yield
remains the ultimate indicator of recovery since it reflects the total amount of soluble protein
retained throughout purification and storage.

To determine whether storage pH could influence the catalytic activity of DNMT3AMTase,
methylation assays were performed on protein samples buffer-exchanged into pH 7.2, 7.5,
8.0, and 8.5 storage buffers. Assays were conducted using 50 nM DNMT3AMTa¢ and 5 uM
substrate DNA, a concentration previously established to reside within the Vmax region of the
enzyme’s Michaelis-Menten kinetics?!, thereby enabling direct comparison of maximal
catalytic rate between storage pH conditions (Figure S2). No statistically significant
differences in DNMT3AMTas¢ gctivity were observed across the storage pH conditions tested.
Storage pH within this range does not measurably affect the catalytic competence of
DNMT3AMTae suggesting that the recovered and stored protein at all storage pH conditions
remains predominantly in its active native conformation. Furthermore, the comparable
activities observed across all conditions imply that protein recovered at each storage pH
consists largely of properly folded DNMT3AMT#¢ rather than inactive or misfolded species.

While the presence of minor amounts of aggregated protein cannot be excluded, the retention

21



of catalytic activity indicates that aggregation is not a substantial contributor to the recovered
protein population.

In sum, storage buffer pH significantly impacts recovery of soluble DNMT3AMTase
following purification, even when purity remains largely unchanged. Importantly, the
optimized pH 7.2 storage condition improved overall recovery of DNMT3AMTa¢ enabling
quality high-yield recovery of DNMT3AMTa¢ for downstream biochemical characterization.

Optimization of Western Blot Detection for DNMT3A1

Reliable detection of DNMT3A1 and associated truncation products from whole-cell
lysates was necessary to evaluate recombinant expression conditions in E. coli. For this
western blot method, 0.45 um polyvinylidene difluoride (PVDF) membranes were selected
due to their increased protein-binding capacity and transfer efficiency relative to cellulose
membranes?S.

DNMT3AI1 has a molecular weight of approximately 130 kDa?’, a 0.45 um membrane is
well suited for the transfer and retention of this relatively large protein, as larger-pore PVDF
membranes are generally preferred for proteins >100 kDa*°. Compared to smaller-pore
membranes (i.e. 0.2 um), 0.45 um PVDF membranes provide efficient retention and transfer
of higher-molecular-weight proteins while minimizing transfer losses, making them well-
suited for the detection of DNMT3AI and its truncation products. Since PVDF membranes
exhibit autofluorescence, detection of DNMT3A1 and truncation species were performed
with an anti-His primary antibody followed by a horseradish peroxidase (HRP)-conjugated
secondary antibody for chemiluminescent detection.

Initial western blot optimization experiments were performed using our lab’s standard

12,21

DNMT3A expression conditions'~' consisting of 1 L cultures induced with 1 mM IPTG at
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28°C for 5 hours followed by centrifuging cell culture at 8,000 x g and storing resulting cell
pellet at -80°C. The frozen cell pellet was then lysed by sonication and varying amounts of
total lysate protein (0.1-5 pg) were resolved on 8% SDS-PAGE gels and transferred onto a
PVDF membrane for chemiluminescent detection. Under these conditions, bands
corresponding to DNMT3AT1 (~130 kDa) as well as several lower molecular weight
truncation products were observed (Figure 1). Notably, this result demonstrates that the
optimized immunoblotting workflow can selectively detect DNMT3A and several
truncations from all proteins in the lysate without the need for large-scale expressions and

labor-intensive protein purifications.
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Figure 1. Whole-cell lysates from 1 L cultures expressing DNMT3A1 were induced with 1
mM IPTG at 28°C for 5 h and analyzed by SDS-PAGE (left) and anti-His western blotting
(right). Increasing amounts of total lysate protein (0.1-5 pg) were loaded to each well. Bands
corresponding to DNMT3A1 (~130 kDa) and lower-molecular-weight truncation products
were detected from the crude lysate.

To further investigate the viability of the immunoblot workflow, the same western blot
analysis was performed on a previously purified DNMT3A sample. The resulting Western
blot banding pattern closely resembled that observed in SDS-PAGE gel, with several

truncation products consistently detected alongside DNMT3A 1. Because detection was
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performed using an anti-His antibody and the His-tag is located at the N-terminus of the
DNMT3A expression construct, all observed truncation products must retain the N-terminal
region of the protein (Figure 2). Protein degradation post-purification from improper storage
conditions would be expected to generate fragments lacking the N-terminal His-tag and
therefore escape western blot detection while still detectable with the SDS-PAGE gel.
Because DNMT3A was purified using Ni** IMAC, all detected truncation species must retain
the N-terminal His-tag required for affinity capture. Observed fragments are therefore
consistent with either premature translational termination or ribosomal stalling that produces
truncation products or proteolytic cleavage events rather than protein degradation from

storage conditions.
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Figure 2. Purified DNMT3A1 was analyzed by SDS-PAGE (left) and anti-His western
blotting (right). Multiple truncation products were detected alongside DNMT3A1.
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To assess of DNMT3A expression and truncation patterns during cell harvest, the
expression workflow was adapted from 1 L cultures to 25 mL cultures with 1 mL aliquots
collected for analysis. Rather than subjecting samples to cell lysis via sonification, frozen cell
pellets were directly resuspended in 2x Laemmli buffer and incubated at 95°C for 10 min
prior to electrophoresis (Figure 3). This approach rapidly denatures cellular proteins and
irreversibly inactivates endogenous proteases, thereby preserving the protein population
present at the time of cell harvest. As a result, any observed truncation products are more
likely to reflect events occurring during protein expression rather than proteolytic
degradation during cell lysis or sample preparation. The western blot analysis of these
directly denatured samples yielded reproducible detection of DNMT3A1 and its associated

truncation products, allowing for future evaluation of expression conditions.
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Figure 3. Whole-cell pellets obtained from 1 mL aliquots of recombinant DNMT3A1 from
E. coli cultures were directly resuspended in 2x Laemmli buffer and heated at 95°C for 10
min prior to SDS-PAGE and western blot analysis. Sample loading volumes (5-15 pL) were
increased from left to right as indicated above each lane.
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Optimization of Induction Temperature and Expression Duration

Expression of large multidomain eukaryotic proteins in E. coli is frequently complicated
by misfolding and proteolytic instability. Because reduced growth temperatures can reduce
misfolding and aggregation of recombinant proteins?’, induction temperature and duration
were systematically evaluated to identify conditions that favor recovery of DNMT3A1.
Cultures expressing DNMT3AT1 were induced at 16°C, 28°C, or 37°C, and samples were
collected at 1, 5, 10, and 15 hours post-induction. Western blot analysis revealed differences
in the levels of DNMT3A1 and truncated species across all conditions (Figure 4).

If truncation were driven exclusively by proteolytic degradation occurring after
expression of full-length protein, longer induction times would be expected to produce
progressively greater accumulation of truncated species relative to DNMT3A1. However,
this trend was not observed across all temperatures and time points. Instead, the relative
abundance of truncation products varied in a more complex manner, suggesting that
truncation likely arises from multiple contributing factors including translational stalling or
protein misfolding which both can lead to premature termination?®. Quantification of western
blot band intensities demonstrated that low-temperature expression conditions generally
favored accumulation of the intact DNMT3A1 relative to its truncation products (Figure 4).
Among all conditions tested, induction at 16 °C for 15 hours produced the highest amount of
DNMT3AI1 (Figure 4b) as well as the highest ratio of DNMT3A1 to truncated species
(Figure 4c). Reduced temperature expression likely improves DNMT3A1 stability by
slowing translational rates and cellular metabolism, thereby allowing additional time for
proper folding of the multidomain protein. This interpretation is consistent with previous

reports?’ demonstrating that low-temperature induction can improve solubility and stability
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of sensitive eukaryotic proteins expressed in E. coli. The PWWP, ADD, and MTase domains
of DNMT3A likely require coordinated folding interactions that may not occur efficiently
under rapid expression conditions at elevated temperatures. Similar low-temperature,
overnight induction strategies have been reported by other groups expressing DNMT3A in E.
coli*!. Although these conditions are generally considered favorable for promoting proper
protein folding and reducing aggregation, substantial levels of DNMT3A truncation products
were still observed. Furthermore, purification by size-exclusion chromatography using a
Superdex 200 pg resin was insufficient to fully resolve the DNMT3A1 from its associated
truncation species (Figure S3). The persistence of these species throughout both expression
and purification which prevent the isolation of pure DNMT3A1 hinder biochemical
investigation of DNMT3A; yet, additional strategies to improve the production of

DNMT3AL1 in E. coli are still needed.
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Figure 4. a) Western blot analysis of DNMT3A expression following induction at 16°C,
28°C, or 37°C. Samples were collected after 1, 5, 10, and 15 h of expression. b-c)
Quantification of b) total and c) relative band intensity of intact and truncated DNMT3A1
species normalized to total DNMT3A signal. Colored segments (purple, green, and orange)
correspond to DNMT3AL1 expressed at 16°C, 28°C, and 37°C, respectively, while gray
segments represent the combined contribution of all truncation products. Low-temperature
expression at 16°C for 15 h produced the highest accumulation of DNMT3A1 and the
greatest ratio of full-length protein to truncation products.

Evaluation of Protease Inhibitors During DNMT3A Expression
Initially, we hypothesized that the DNMT3AI truncation products arose primarily
through proteolytic cleavage at structurally flexible regions of the protein. Proteases

preferentially cleave disordered or solvent-accessible regions due to their increased
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conformational mobility and accessibility*2. To investigate this possibility, truncation product
positions identified from western blot analysis were mapped onto the DNMT3A amino acid
sequence and compared against predicted disorder regions using predictor of natural
disordered regions (PONDR) analysis* as well as experimentally derived crystallographic B-
factors from available DNMT3A protein crystal structures (PDB: 4U7T, 3LLR)***> (Figure
5, Figure S4). Comparison of the truncation positions with predicted disorder regions
revealed no clear relationship between truncation position and protein flexibility. While
several truncation sites occurred near regions of elevated disorder or solvent accessible
regions, multiple truncation products also mapped to relatively ordered regions of the protein.
Notably, no consistent enrichment of truncation sites within disordered domains was
observed. These findings suggested that proteolytic cleavage at structurally disordered

regions alone does not fully account for the truncation pattern.
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Figure 5. Truncation positions (red dashed) estimated from western blot molecular weights
were mapped onto the DNMT3A1 amino acid sequence and compared with PONDR (blue)
and crystallographic B-factor values (black) (PDB: 4U7T, 3LLR).

Proteolytic cleavage is unlikely to be a major contributor to DNMT3A’s truncation

products since the observed truncation sites do not consistently correspond to structurally
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flexible regions of the protein (Figure 5). However, because DNMT3A truncation products
were observed across all expression conditions tested and some truncation sites are
associated with flexible or solvent accessible regions of the protein (Figure 5, Figure S4), the
contribution of proteolytic degradation was investigated using serine protease inhibitors
during cell lysis. PMSF has been previously used in our lab’s standard expression and
purification protocol'?2!, To test the capability of other serine protease inhibitors, AEBSF
and an EDTA-free protease inhibitor cocktail were selected. Whole-cell pellets were
resuspended directly into 2x Laemmli buffer containing the respective protease inhibitors
prior to denaturation and western blotting. Western blot analysis revealed no noticeable
difference in the band pattern of truncation products across conditions (Figure 6). These
findings further suggest that the truncation pattern arises before cell lysis, likely during

protein expression.
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Figure 6. Western blot analysis of DNMT3A1 expression in the absence of protease
inhibitors, in the presence of AEBSF, or in the presence an EDTA-free protease inhibitor
cocktail. No substantial changes in the truncation pattern were observed following protease
inhibition.
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Investigation of Codon Usage in Recombinant DNMT3A1 Expression

One potential explanation for the truncations of recombinant DNMT3A1 in E. coli is the
incompatibility between human codon usage and bacterial translational machinery. Human
proteins frequently contain codons that are considered rare in E. coli, where the
corresponding tRNAs are present at substantially lower abundance?®¢. Translation through
these rare codons can promote translational stalling or premature termination®¢. Because
DNMT3AI1 is a large, multidomain human enzyme containing 912 amino acids, codon bias
represents a plausible mechanism contributing to the observed truncation products.

Because the truncation products did not strongly correlate with predicted structural
flexibility (Figure 5), rare codon usage contributing to truncation products were investigated.
Approximate truncation positions were estimated from the molecular weights of the western
blot bands observed in Figure 4 and mapped onto the DNMT3A1 amino acid sequence.
Analysis of codon usage surrounding these truncation sites revealed the presence of multiple
codons considered rare in E. coli. Specifically, codons with frequencies below either 10% or
16% relative abundance in E. coli were identified in close proximity to several truncation
positions (Table 2). These rare codons were located near residues corresponding to truncation
products at approximately amino acids 221, 362, 469, 581, 745, and 851.

Table 2. Rare E. coli codons located near estimated DNMT3A truncation positions.

E. Coli Codon Frequency

Truncation Position <10% Frequency <16% Frequency
221 R212 G223
362 R320 P363
469 R476 P465
581 R556 P580
745 R736 R742
851 n/a L859
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The apparent association between truncation positions and nearby rare codons supported
the hypothesis that ribosomal pausing may contribute to premature truncation during
recombinant DNMT3A1 expression. Prolonged ribosomal pausing at rare codons can
destabilize translation complexes and increase susceptibility to incomplete protein synthesis
or co-translational misfolding®®-3¢, Additionally, translational stalling within large
multidomain proteins may impair proper folding coordination between domains, increasing
the likelihood of degraded or partially translated intermediates.

To test whether codon usage was a major determinant of DNMT3A1 truncation products,
a codon-optimized DNMT3A1 construct was purchased in which rare human codons were
replaced with codons most frequently utilized in E. coli while preserving the amino acid
sequence. Western blot analysis comparing expression of the original DNMT3A1 construct
and the codon-optimized construct revealed no substantial reduction in truncation products
(Figure 7). The codon-optimized construct exhibited a truncation pattern highly similar to
that observed with the original DNMT3A1 plasmid, indicating that codon optimization alone
does not rescue expression of the intact DNMT3A1. These findings suggest that although
translational pausing at rare codons may contribute to expression instability, codon bias is
unlikely to represent the sole mechanism driving DNMT3A truncation. Instead, DNMT3A 1
instability during recombinant expression likely arises from a combination of factors such as
translational stalling, multidomain folding complexity, co-translational misfolding, or
intrinsic instability of large eukaryotic proteins in bacteria. The inability of codon
optimization to substantially improve DNMT3A1 recovery further highlights the difficulty of

expressing large chromatin-associated human proteins in prokaryotic systems.
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Figure 7. Western blot comparison of the DNMT3A1 expressed from either the native
human coding sequence or a codon-optimized construct designed for expression in E. coli.
Overall truncation pattern remained highly similar between constructs.

Future studies may benefit from combining low-temperature induction with additional
approaches such as co-expression with molecular chaperones, alternative expression strains,
or eukaryotic expression systems. Recombinant expression of DNMT3A1 using the
Baculovirus Expression Vector System (BEVS) in Spodoptera frugiperda (S19) insect cells
has previously been shown to yield intact DNMT3A 1 with >95% purity’. Although
baculovirus expression is generally ideal for recombinant expression of complex eukaryotic
proteins, recombinant expression in E. coli is far more rapid and cost effective. The co-
expression of GroEL/ES in DNMT3A1 could aid in proper domain folding during protein
expression, as it has demonstrated greater efficiency of correct folding of both prokaryotic

and eukaryotic recombinant proteins expressed in E. coli*®¥. Alternative expression strains
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such as Rosetta(DE3), which supplies tRNAs for rare codons in E. coli; C41(DE3), which
aids in folding dynamic proteins; and Lemo21(DE3), which promotes slow protein
production and proper folding; may improve DNMT3A1 purity by reducing truncation
events**2, However, co-expression with molecular chaperones, alternative expression
strains, or eukaryotic expression systems are not explored in this work but may help optimize
DNMT3A1 recombinant expression in E. coli.

D. Methods

Protease Inhibitors
AEBSF Protease Inhibitor (Thermo Scientific, Cat. No. 78431)
Pierce™ Protease Inhibitor Tablets, EDTA-free (Thermo Scientific, Cat. No. A32965)

DNMT3A4M1se Expression

The DNMT3A methyltransferase domain (DNMT3AMTae: residues 634-912) was
transformed and expressed in NiCo21(DE3) Escherichia coli cells (New England Biolabs)
with a codon-optimized pET28a-hDNMT3AMT#¢ expression plasmid containing a N-terminal
His-tag. Cell cultures were grown in LB medium at 37°C to ODsoo of 0.8, cooled to 16°C, and
induced with 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG). Following 16 hours of
expression, cells were harvested by centrifugation at 8,000 x g, flash frozen in liquid nitrogen,
and stored at -80°C.

DNMT3A4M1as¢ Protein Purification

Frozen cell pellets were resuspended in lysis buffer containing 50 mM Tris-HCI, 500 mM
NaCl, 50 mM imidazole, 0.5 mM DTT, 1 mM PMSF, 10% glycerol (v/v), and 0.2% Triton-
X100 (v/v) at pH 7.8. Cells were lysed by sonication and clarified by centrifugation at 18,000

x g for 2x 30 min. Following equilibration in 50 mM Tris-HCIl, 500 mM NaCl, 50 mM
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imidazole, and 10% glycerol (v/v) at pH 7.8; the resulting soluble extract was loaded onto an
AKTA Start FPLC system (GE Healthcare) equipped with a 1 mL HisTrap Excel Ni*" IMAC
column (Cytiva). The column was washed with 50-75 mM imidazole to remove
nonspecifically bound proteins prior to elution with an imidazole gradient from 75-500 mM.
Fractions corresponding to the primary DNMT3AMT¢ peak were pooled, concentrated with a
15 mL 10 kDa MWCO Amicon filter, and buffer-exchanged into storage buffer containing 50
mM Tris, 200 mM NaCl, ]| mM EDTA, 1 mM DTT, 20% glycerol (v/v) at pH 7.2, 7.5, 8.0 or
8.5. Purified protein was flash frozen in liquid nitrogen and stored at -80°C. Protein
concentrations were determined spectrophotometrically at 280 nm using a calculated
extinction coefficient of 38,180 M-! cm™! for the monomeric subunit of DNMT3AMTase,

DNMT3A1 Expression

DNMT3A1 (DNMT3ATI; residues 1-912) was transformed and expressed in NiCo21(DE3)
Escherichia coli cells (New England Biolabs) with a pET28a-hDNMT3A 1 expression plasmid
or a codon-optimized pET28a-hDNMT3A1 expression plasmid (Twist Bioscience) containing
a N-terminal His-tag. Cell cultures were grown in LB medium at 37°C to ODsoo of 0.7, cooled
to 16°C, and induced with 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) for 16 h unless
otherwise noted. Cells were harvested by centrifugation at 8,000 x g, flash frozen in liquid
nitrogen, and stored at -80°C.

DNMT3A1 Protein Purification

Frozen cell pellets were resuspended in lysis buffer containing 50 mM HEPES, 500 mM
NaCl, 50 mM imidazole, 0.5 mM DTT, 1 mM PMSF, 25ug/mL DNAse 1, 1% glycerol (v/v),
and 0.2% Triton-X100 (v/v) at pH 7.8. Cells were lysed by sonication and clarified by

centrifugation at 18,000 x g for 2x 30 min. Following equilibration in 50 mM Tris-HCI, 500
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mM NaCl, 50 mM imidazole, and 1% glycerol (v/v) at pH 7.8; the resulting soluble extract
was loaded onto an AKTA Start FPLC system (GE Healthcare) equipped with a 5 mL HisTrap
HP Ni?* IMAC column (Cytiva). The column was washed with 50-75 mM imidazole to remove
nonspecifically bound proteins prior to elution with an imidazole gradient from 75-500 mM.
Fractions corresponding to the primary DNMT3A1 peak were pooled, concentrated with a 15
mL 100 kDa MWCO Amicon filter, and buffer-exchanged into storage buffer containing 50
mM Tris, 200 mM NaCl, | mM EDTA, 1 mM DTT, 10% glycerol (v/v) at pH 7.8. Purified
protein was flash frozen in liquid nitrogen and stored at -80°C. Protein concentrations were
determined spectrophotometrically at 280 nm using a calculated extinction coefficient of
142,010 M-! cm™! for the monomeric subunit DNMT3A1.

Western immunoblot

1 mL Escherichia coli culture aliquots were collected at the desired induction time points
and pelleted by centrifugation at 6,000 x g. Cell pellets were directly resuspended in 100 pL
of 2x Laemmli sample buffer and heated at 95°C for 10 min. Samples were resolved by SDS-
PAGE using 8% polyacrylamide gels at 120 V. Following electrophoresis, proteins were
transferred to 0.45 pm polyvinylidene difluoride (PVDF) membranes (Thermo Fisher
Scientific 88518). Prior to transfer, PVDF membranes were activated in methanol for 1 min
and equilibrated in Towbin transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol, pH
8.3) for 10-15 min. Wet transfer was performed at 100 V for 1 hour at 4°C. Membranes were
dried at 37°C for 30 min, reactivated in methanol for 1 min, and equilibrated in Tris-buffered
saline containing 0.1% Tween-20 (TBST; 20 mM Tris, 150 mM NaCl, 0.1% Tween-20, pH
7.6). Membranes were blocked for 1 hour at room temperature with 5% non-fat dry milk

prepared in TBST (w/v). DNMT3AL1 proteins were detected using a mouse monoclonal anti-
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6xHis primary antibody (Invitrogen MA1-21315) diluted 1:2,500 in blocking buffer and
incubated overnight at 4°C with gentle agitation. Membranes were subsequently washed three
times for 5-10 min in TBST and incubated for 1 hour at room temperature with a goat anti-
mouse IgG horseradish peroxidase (HRP)-conjugated secondary antibody (Thermo Fisher
Scientific 31430) diluted 1:2,500 in blocking buffer. Membranes were then washed three
additional times with TBST. Protein bands were visualized using enhanced
chemiluminescence (ECL) reagent as per manufacturer instructions (Thermo Fisher Scientific
32209) and imaged using an iBright 1500 imaging system.

Methylation Assay

Reactions were performed with S0mM Tris pH 7.8, ImM EDTA, 15mM NaCl, 0.2 mg/mL
BSA, 1 mM DTT, 5 uM SAM (1:50 [?’H]-SAM:SAM), and 50 nM DNMT3AMTas¢ at pH 7.8.
12 pL reactions were initiated with 5 pM DNA substrate (Poly-dI-dC) and incubated at 37°C
for 30 min in triplicate, then quenched with 12 pL 0.3% SDS. 20 pL of quenched reactions
were spotted on Hybond-N+ membranes (Cytiva RPN303B), then washed with gentle
agitation 3x with 50 mM potassium phosphate buffer (KxHPO4/KH2PO4 at pH 7.8) for 5 min,
Ix with 70% ethanol (v/v) for 5 min, and 1x with 100% ethanol for 5 min. Membranes were

dried and counted with a Hidex 300 SL scintillation counter.
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E. Supplementary Information
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Figure S1. SDS-PAGE of DNMT3AMTa¢ following Ni** IMAC purification, ultrafiltration,
and buffer-exchange into storage buffers at pH 7.2, 7.5, 8.0, or 8.5. Comparable purity was
observed across all storage conditions.
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Figure S2. Methylation of DNMT3AM?a¢ stored at pH 7.2, 7.5, 8.0, or 8.5. Reactions were
performed using 50 nM DNMT3AMTa¢ and 5 uM DNA substrate concentrations to compare
maximal catalytic rates. No statistically significant differences were observed among storage
conditions. Values are reported as mean (n = 2 samples) = SD. Data analyzed with unpaired
t-test; comparisons between pH 7.2 and 7.5, 7.2 and 8.0, and 7.2 and 8.5. Analysis revealed
non-significant variated between comparisons (p>0.05, p>0.05, and p>0.05, respectively).
Data comparison performed with Prism v10.6.
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Figure S3. After HisTrap HP elutions, DNMT3A1 samples were concentrated with a 15 mL
100 kDa MWCO Amicon filter, and buffer-exchanged into storage buffer. a) Samples were
then applied to a 16/60 HiLoad column (GE Pharmacia) packed with Superdex 200 pg
(Cytivia) and eluted at 1 mL/min (detection A at 230 nm). Fractions from 50-52 min (Pool 1)
and 53-56 min (Pool 2) were collected and further concentrated before flash freezing and
storing at -80°C. b) Pool 1 and Pool 2 final purified DNMT3A1 samples resolved on an 8%
SDS-PAGE gel showed 46% and 42% purity, respectively. Sample volume (5, 10, and 15

pL) indicated above each lane.
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Figure S4. Surface representation of DNMT3A1 generated in ChimeraX showing residues
corresponding to experimentally observed truncation positions. a) Surface representation of
DNMT3A/3L heterotetramer (PBD: 4U7P). b) Surface representation of the PWWP domain
(PDB: 3LLR). c-f) Surface representation and g-j) ribbon structure of truncation sites. c¢,g)
Q362, d,h) W581, e,i), E745, and f,j) F851surface and ribbon representation. Solvent-
accessible truncation-site residues are indicated in red. Truncation positions 1221 and E469
do not have available resolved protein structures.
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II1. Developing High-Throughput Screening Assays for Small-Molecule

Inhibitors of DNMT3A Regulatory Interactions

A. Abstract

DNMT3A is a critical epigenetic writer enzyme responsible for establishing de novo
DNA methylation patterns during cellular differentiation and development. Recruitment and
regulation of DNMT3A activity are mediated through extensive crosstalk with histone PTMs.
Of note, histone H3 tail PTMs containing H3K4me0 and H3K36me3 interact with
DNMT3A’s ADD and PWWP domains, respectively. Dysregulation of these interactions
contributes to aberrant DNA methylation patterns associated with hematological
malignancies, including AML. While current FDA-approved DNMT inhibitors broadly
inhibit catalytic activity via nucleoside incorporation, these compounds exhibit cytotoxicity
with little selectivity for specific regulatory interactions. Fluorescence anisotropy and
AlphaLISA assays were developed to establish screening platforms for identifying small-
molecule inhibitors that selectively disrupt the PPIs of DNMT3A with histone-tail PTMs.
Preliminary screening of twenty compounds from the NIH Diversity Set VII library using
AlphaLISA did not yield reproducible selective inhibitors, yet these studies establish a
workflow for future high-throughput screening of small molecules targeting DNMT3A
regulatory PPIs.

B. Introduction

Epigenetic regulation of gene expression relies on the dynamic crosstalk between DNA
methylation, histone post-translational modifications (PTMs), chromatin-associated proteins,
and non-coding RNAs!. DNA methyltransferase 3A (DNMT3A) is a de novo DNA

methyltransferase that is responsible for establishing DNA methylation patterns crucial for
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transcriptional silencing, genomic imprinting, X-chromosome inactivation, and cellular
differentiation in a variety of organism including humans®>~7. DNMT3A activity and genomic
recruitment are tightly regulated through interactions with chromatin components, including
interactions with histone H3 tail PTMs. These histone tail PTMs provide a mechanism
through which DNMT3A can selectively target specific genomic loci despite having
relatively low intrinsic sequence specificity in DNA%?,

Among the best-characterized regulatory interactions are the recognition of unmethylated
histone H3 lysine 4 (H3K4me0) by the ATRX-DNMT3-DNMT3L (ADD) domain and the
recognition of the dimethylated or trimethylated H3 lysine 36 (H3K36me2/3) by the Pro-Trp-
Trp-Pro (PWWP) domain. Structural and biochemical investigations!'®!! have demonstrated
that the ADD domain preferentially binds H3 tails lacking K4 methylation, whereas
methylation of H3K4 (i.e. H3K4me3) disrupts this binding interaction and promotes an
autoinhibitory conformation within DNMT3A (Figure 1a-b)!2. Conversely, the PWWP
domain recognizes H3K36me2/3 marks and contributes to DNMT3A recruitment towards
actively transcribed gene bodies (Figure 1c-d) 1*~1°, These histone-mediated recruitment
mechanisms represent critical regulatory pathways controlling locus-specific DNA

methylation patterns.
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Figure 1. a) Protein crystal structure of the DNMT3A/3L bound with H3K4me0 peptide (aa
1-12). Inset displays key interactions between the unmethylated H3K4 and Asp529/Asp531
within the ADD domain binding pocket. (PDB: 4U7T; 3A residues 474-912, 3L residues
177-379) b) Protein crystal structure of the autoinhibited conformation of DNMT3A in the
absence of H3K4me0 binding. Recognition of H3K4meO relieves autoinhibition, undergoing
a large conformational shift to promote DNMT3A activation. (PDB: 4U7P; 3A residues 474-
912, 3L residues 179-378) ¢) Protein crystal structure of DNMT3BPWWP domain bound and
unbound to an H3K36me3-containing histone tail (aa 32-39). (PDB: 5CIU; residues 216-351,
PDB: 3FLG; residues 216-350) d) Aromatic cage responsible for recognition of H3K36me3.

Disruption of DNMT3A regulation can lead to aberrant methylation landscapes,
ultimately contributing to dysregulated cellular differentiation and various forms of cancer

development. For instance, DNMT3A mutations occur in approximately 20-30% of all acute
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myeloid leukemia (AML) cases, making it the most mutated gene in AML patients!®18,
Consequently, DNMT3A has emerged as an important therapeutic target in hematological
malignancies!®. The current FDA-approved drugs targeting DNMT activity are the
nucleoside analogs azacitidine and decitabine!®°, These compounds are incorporated into
DNA and irreversibly trap DNMT enzymes during DNA methylation, driving DNA
demethylation during subsequent cycles of replication?!. Although these nucleoside inhibitors
demonstrate adequate clinical efficacy in certain leukemias and myelodysplastic syndromes,
their therapeutic utility is limited by multiple shortcomings. Decitabine and azacitidine suffer
from poor pharmacokinetic properties like rapid degradation by cytidine deaminase and a
terminal half-life of less than one hour??, which limits bioavailability and therapeutic
efficacy. Furthermore, their mechanism-based inhibition broadly impedes DNA methylation
machinery, resulting in a lack selectivity and ultimately substantial cytotoxicity?!. These
limitations expose an unmet clinical need for next-generation DNMT3A therapeutics that
achieve greater target selectivity and minimize systemic cytotoxicity.

Inhibitors that target DNMT3A outside of the catalytic active site or S-adenosyl-L-
methionine (SAM) binding pocket offer a promising alternative to currently approved
DNMT-targeting therapies. Structure-activity relationship (SAR) studies from our laboratory
identified phthalazinone-derived compounds that selectively inhibit DNMT3A through
allosteric mechanisms instead of competition with DNA or SAM?*. In addition, our group
reported first-in-class small-molecule inhibitors capable of disrupting PPIs at the DNMT3A
tetramer interface?*. Because allosteric sites are generally less conserved than catalytic active
sites, targeting these regions may provide enhanced selectivity and reduced cytotoxicity.

DNMT3A relies on numerous partner proteins for enhanced methylation and locus-specific
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methylation patterns; targeting offer a promising strategy for the development of next-
generation epigenetic therapeutics.

This work explores the disruption of DNMT3A recruitment interactions with chromatin
as a promising strategy for the development of selective and noncytotoxic anti-leukemia
therapies. Epigenetic regulatory pathways have proven to be highly druggable therapeutic
targets, as demonstrated by the clinical success of histone deacetylase (HDAC) inhibitors
such as Vorinostat and Romidepsin®>-2%, as well as the isocitrate dehydrogenase (IDH)
targeting Enasidenib?’, all of which have received FDA approval for the treatment of
hematological malignancies. Unlike nucleoside inhibitors’ suicide inhibition of DNMTs,
selectively modulating DNMT3A recruitment pathways may perturb aberrant methylation
patterns while preserving basal methyltransferase activity required for normal cellular
function. The interactions between DNMT3A and histone H3 tails containing H3K4me0 and
H3K36me3 are compelling targets because both recruitment mechanisms are structurally
characterized and mediated through distinct regulatory domains; the ADD domain recognizes
H3K4me0, whereas the PWWP domain recognizes H3K36me2/3. High-resolution structural
information is available for these complexes®!2, providing a strong foundation for the
rational design of biochemical assays and the identification of small molecules capable of
selectively disrupting individual DNMT3A-histone tail interactions. Such inhibitors could
offer a novel means of modulating disease-associated DNA methylation patterns while

avoiding the broad cytotoxicity associated with current nucleoside-based therapies.
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C. Results & Discussion

Development of AlphaLISA Assays for Monitoring DNMT3A-Histone Tail Interactions

To identify inhibitors capable of selectively disrupting DNMT3A recruitment interactions
with modified histone H3 tails, proximity-based AlphaLISA assays were developed using
biotinylated H3K4me0 (aa 1-21) and H3K36me3 peptides (aa 23-44). AlphaLISA
technology relies on donor and acceptor bead proximity to generate luminescent signal and is
particularly well suited for detecting larger macromolecular interactions and protein
complexes in solution. Compared to fluorescence resonance energy transfer (FRET)-based
methods which measures molecular proximity at approximately 10 nm, AlphaLISA operates
optimally at larger intermolecular distances (i.e. 200 nm)?*-3%, These characteristics make
AlphaLISA attractive for monitoring DNMT3A-histone tail interactions and has been
previously leveraged to investigate DNMT3A-histone tail PTMs on recombinant semi-
synthetic nucleosomes®!-2,

To establish assay conditions suitable for inhibitor screening, ECso binding curves were
generated by titrating increasing concentrations of DNMT3AT1 (0.1-10 nM) against fixed
concentrations of biotinylated H3K4me0 or biotinylated H3K36me3 peptides (12.5 nM).
Streptavidin donor beads and nickel-chelate acceptor beads were used to detect proximity
between the biotinylated peptide and His-tagged DNMT3A. Both H3K4me0 and H3K36me3
peptides produced concentration-dependent AlphalLISA signal upon addition of DNMT3A
(Figure 2). Michaelis-Menten curve-fitting generated ECso values of approximately 0.58 nM
for H3K4meO0 and 0.75 nM for H3K36me3. Based on these binding curves, approximately 1
nM DNMT3A was selected for subsequent screening conditions. At this concentration, the

assay produced a sufficient signal while remaining sensitive to decreases in proximity signal
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caused by PPI disruption, which are necessary for detecting inhibitors capable of modulating

DNMT3A-histone tail recruitment.

-
=
(=]
1
o

N

3
L
o

N
o
|

N
(3]
|

-&- H3K4meO EC50 =0.58 nM
-~ H3K36me3 EC50 =0.75nM

0.1 1 10
DNMT3A1 (nM)

Normalized Alpha Counts (%)

Figure 2. ECso AlphaLISA binding curve of DNMT3A1 with biotin-labeled H3K4me0 (aa
1-21) and H3K36me3 (aa 23-44) tails. Prism v10.6 [Agonist] vs. normalized response --
Variable slope fit generated ECso values of 0.58 nM for H3K4me0 (R? = 0.70) and 0.75 nM
for H3K36me3 (R? = 0.89).

Although AlphaLLISA provided a sufficiently robust platform for detecting DNMT3A
recruitment interactions, signal variability and relatively modest signal-to-noise ratios were
observed between experiments (Figure S1). One likely contributor to this limitation is the
relatively small size of the biotinylated histone tail peptides used in these assays. The 21-
amino-acid H3 tail peptides provide fewer opportunities for optimal bead proximity
compared to larger nucleosome substrates, potentially reducing signal intensity. Previous
results from our group® and others?!-*234 have successfully employed AlphaL.ISA to monitor

interactions between DNMT3A and nucleosomes, which provide substantially larger binding
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platforms than isolated histone tail peptides. In principle, AlphaLISA assays with DNMT3A-
nucleosome or DNMT3A-histone PTMs, as opposed to DNMT3A-histone tail PTMs, could
improve assay performance by increasing alpha count detection and thereby increasing the
signal-to-noise ratio. Advances in protein chemistry and semi-synthetic nucleosome
assembly have enabled the generation of nucleosomes bearing site-specific histone PTMs,
allowing precise interrogation of individual chromatin recruitment mechanisms3>-36,
However, despite their physiological relevance and larger complex, modified nucleosomes
remain significantly more expensive to purchase and labor-intensive to produce than small
synthetic biotinylated histone peptides. For the purposes of high-throughput screening at
nanomolar concentration, biotinylated H3 peptides present a practical compromise between
assay throughput, signal detection, scalability, and reagent cost. Nucleosome-substrate
AlphaLISA assays may ultimately prove advantageous for secondary validation studies once
initial compound screenings identify small molecules that disrupt DNMT3A recruitment
interactions.

Rational Design of Fluorescent Histone Tail Peptides for Fluorescence Anisotropy

To further validate future hit and lead compounds identified from the AlphalLISA-based
screening assay, fluorescence anisotropy assays were designed to detect the same modulation
of DNMT3A-histone tail PPIs. Anisotropy assays require fluorescently labeled ligands
whose rotational mobility changes upon protein-binding. To develop an anisotropy assay for
DNMT3A histone tail interactions, fluorescently labeled histone H3 peptides were rationally
designed based on available structural information for DNMT3A-histone tail complexes!!>.

For the H3K4me0 peptide, a protein crystal structure of DNMT3A (amino acids 476-912)

bound to histone H3 tails revealed that the H3K4me0 binds important interactions with
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Asp529 and Asp531 of DNMT3A’s ADD domain, critical for histone recognition (PDB:
4U7T)!2. N-terminal residues of the H3 tail forms hydrophobic interactions with residues of
the ADD domain that are positioned within a cup-like binding pocket formed by residues
including Asp579, Trp581, and Ala575 (Figure 3). Because placement of a bulky fluorophore
near this binding epitope would likely sterically interfere with histone tail binding, the

fluorescent tag was positioned at the peptide C-terminus instead (Figure 3).
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Figure 3. Structural analysis of the DNMT3AAPP domain-H3K4me0 complex (PDB: 4U7T)
identified the N-terminal region of the histone H3 tail as the primary binding epitope. N-
terminal region of the histone H3 tail binds a subtle DNMT3AAPP domain pocket. To
minimize steric interference with DNMT3A recruitment, the fluorescein label was positioned
at the peptide C-terminus with a flexible glycine linker.

A 14-residue H3K4meO peptide containing a three-glycine linker followed by a
fluorescein isothiocyanate (FITC)-labeled lysine residue was designed with the sequence
H>N-ARTKQTARKSGGGK(FITC)-OH. The glycine linker was incorporated to spatially
separate the fluorophore from the histone binding epitope and minimize steric interference

with DNMT3A recognition. The glycine linker was expected to provide sufficient distance
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and flexibility to maintain the fluorophore in a solvent-exposed environment while
preserving the native binding geometry of the histone peptide within the ADD domain. At
the same time, the linker is short enough to avoid introducing excessive rotational freedom
that would diminish anisotropy sensitivity upon protein binding.

In contrast, a crystal structure of the DNMT3B PWWP domain in complex with
H3K36me3 (PDB: 5CIU)"> demonstrate that recognition of the histone tail is mediated
primarily by residues surrounding methylated Lys36, which inserts into an aromatic binding
cage, and by Pro38, which forms an important hydrophobic contact with the PWWP domain
(Figure S2). These interactions occur near the center and C-terminus of the peptide’s binding
epitope. Fluorophore placement at the peptide N-terminus was therefore predicted to
minimize interference with H3K36me3 recognition by the PWWP domain. Similarly to the
H3K4me0 peptide previously described, a 10-resiude H3K36me3 peptide containing a three-
glycine linker with a N-term FITC-label was designed with the sequence (FITC)HN-
GGGTGGVK(me3)KP-OH.

Synthesis and Functional Validation of H3K4meO-FITC Peptide

To generate fluorescent H3K4meO peptides for anisotropy measurements, an Fmoc-
Lys(FITC)-OH amino acid building block was synthesized for incorporation during solid-
phase peptide synthesis (SPPS). The synthesis strategy involved initial deprotection of Fmoc-
Lys(Boc)-OH to expose the lysine g-amine followed by coupling of fluorescein
isothiocyanate (FITC) to generate the fluorescent lysine derivative (Scheme 1). The resulting
Fmoc-Lys(FITC)-OH building block was then incorporated at the peptide C-terminus during
SPPS of the H3K4meO0 peptide sequence (Scheme 2). Incorporation of the FITC-labeled

peptide during peptide synthesis allowed for standard SPPS protocols; however, future
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procedures could incorporate the FITC label during SPPS with a 4-methyltrityl (Mtt)
orthogonal protecting group to allow for the first lysine amino acid to fully bind to the Wang
resin, promoting higher conversion and yield. LC-MS analysis of the final H3K4me0-FITC
peptide was deemed inconclusive, likely due to residual trifluoroacetic acid (TFA) interfering

with electrospray ionization efficiency.
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Scheme 2. Solid-phase synthesis of the H3K4meO-FITC peptide. The synthetic Fmoc-
Lys(FITC)-OH was incorporated during solid-phase peptide synthesis to generate the
H3K4meO-FITC probe.
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Following synthesis, the H3K4meO-FITC peptide was evaluated to determine whether it
produced fluorescence and anisotropy signals suitable for binding measurements. Increasing
peptide concentrations were analyzed to identify conditions that generated robust
fluorescence intensity while maintaining stable polarization measurements (Figure 4a-b).
Fluorescence intensity measurements demonstrated that peptide concentrations of
approximately >5 nM produced strong detectable signal above background (Figure 4).
Likewise, anisotropy measurements became highly reproducible and stable at concentrations
>5 nM, suggesting that this concentration range provided sufficient signal for following

binding experiments.
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Figure 4. a) Fluorescence intensity of the H3K4meO-FITC peptide as a function of peptide
concentration and b) corresponding fluorescence anisotropy measurements. Reproducible
polarization values detected at concentrations >5 nM. Values represent mean + SD (n =3
samples). c¢) Titration of DNMT3A1 against 10 nM H3K4meO-FITC peptide. Values
represent mean + SD (n = 2 samples) except for [ DNMT3A1] > 100 nM due to large material
consumption. Prism v10.6 Michaelis-Mentent fit generated Vimax = 195% and K = 390 nM
(R2=10.99).

To determine whether the fluorescent peptide retained functional binding to DNMT3A,
increasing concentrations of DNMT3A1 (0-400 nM) were titrated against fixed

concentrations of H3K4me0-FITC peptide (10 nM). Increasing DNMT3A1 concentrations
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produced a corresponding increase in fluorescence anisotropy, indicating the formation of the
larger DNMT3A-H3 tail complex consistent with previous reports®’(Figure 4c). Importantly,
labeled peptide remained competent for DNMT3A recognition despite incorporation of the
fluorophore and glycine linker.

Additional control experiments were performed to assess assay specificity (Figure 5).
Free Lys(FITC)-OH was incubated with DNMT3A1 to examine if the starting material had
any non-specific binding interactions with the enzyme. In addition, the synthesized
H3K4meO-FITC peptide was incubated with the DNMT3A1 and the DNMT3A
methyltransferase domain (DNMT3Awmrase) which does not contain the N-terminal regulatory
domains required for H3 tail peptide interactions (Figure 5b). Free Lys(FITC)-OH alone did
not exhibit significant anisotropy changes in the presence of DNMT3A1, demonstrating that
the FITC fluorophore itself does not interact with the protein. Furthermore, the H3K4meO0-
FITC peptide interacted with DNMT3A1 but showed minimal binding to the isolated
DNMT3Awmtase. Since DNMT3Awmrase does not contain the ADD domain responsible for
H3K4me0 recognition, these findings strongly support the specificity of the fluorescently-
labeled peptide and validated the H3K4meO-FITC peptide as a functional fluorescence
anisotropy probe for monitoring DNMT3A recruitment interactions.

To further validate the specificity of the AlphaLISA assay as well as the functionality of
the H3K4meO-FITC peptide, the H3K4meO-FITC peptide was evaluated as a pseudo-
inhibitor capable of competing with biotinylated H3 peptides for DNMT3A binding.
Addition of increasing concentrations of H3K4meO-FITC peptide selectively reduced
AlphaLISA signal generated from DNMT3A interactions with biotinylated H3K4me0

peptides while producing substantially less effect on H3K36me3 interactions (Figure 5a).
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The fluorescent peptide contains the same H3K4me0 recognition sequence, demonstrating
that the AlphaLLISA assay can adequately detect modulation of DNMT3A recruitment
pathways. This further validates the funciton of the H3K4meO-FITC peptide and confirmed
that the fluorescent modifications did not abolish biologically relevant DNMT3A-binding
behavior. The ability of the peptide to selectively compete for H3K4me0 recognition
provides strong evidence that both the AlphaLISA and anisotropy assays can monitor

authentic DNMT3A recruitment interactions.
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Figure 5. a) Addition of H3K4me(-FITC selectively reduced Alphal.ISA signal generated
by DNMT3A1/biotin-H3K4me0 binding. Values represent mean + SD (n = 3 samples). b)
Fluorescence anisotropy controls evaluating H3K4me0-FITC probe specificity. Free
Lys(FITC)-OH exhibited minimal interaction with DNMT3A, whereas the H3K4me0-FITC
peptide displayed substantial binding to DNMT3A1 but not the isolated DNMT3AMTas¢
domain. Values represent mean + SD (n = 3 samples). Data analyzed with unpaired t-test;
comparisons between Lys(FITC)-OH with Lys(FITC)-OH/DNMT3A1, H3K4me0O-FITC
with H3K4me0-FITC/DNMT3AMTa¢ and H3K4me0-FITC with H3K4meO0-
FITC/DNMT3ALI. Analysis revealed non-significant and significant variation between
comparisons (p>0.05, p>0.05, and p<0.001, respectively). Data comparisons performed with
Prism v10.6.
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Preliminary Screening of the NIH Diversity Set VII Compound Library

To assess the feasibility of identifying selective inhibitors of DNMT3A-histone tail
interactions with AlphaLISA for high-throughput screening, twenty compounds from the
NIH Diversity Set VII library were screened. Compounds were evaluated for their ability to
selectively disrupt interactions between DNMT3A and either H3K4me( or H3K36me3
peptides (Figure 6). Because these histone marks are recognized by distinct DNMT3A reader
domains — the ADD domain and the PWWP domain — a compound that selectively inhibits
one interaction while leaving the other unaffected would suggest domain-specific inhibition
rather than nonspecific interference of DNMT3A PPIs with histone tails. Consequently, this
dual-screen strategy provides an internal selectivity control that can distinguish bona fide
modulators of DNMT3A chromatin recognition from false-positive hits. Although several
compounds initially appeared to modulate AlphalLISA signal, follow-up experiments
revealed poor reproducibility. At present, no compounds have demonstrated robust and
reproducible selective inhibition of DNMT3A interactions with either H3K4me0 or

H3K36me3.

55



200 200

Bl H3K4meO E Bl H3K4meO
B H3K36me3

B H3K36me3

150 150

100

100

50

2.
o
1
Normalized Alpha Counts (%)

Normalized Alpha Counts (%)

C(-) C(+) A2 A3 A4 A5 A6 A7 A8 A9 A10 A1l C(-) C(+) B2 B3 B4 B5 B6 B7 B8 B9 B10 B11

Figure 6. Preliminary screening of compounds from the NIH Diversity Set VII library
against DNMT3A recruitment interactions. Twenty compounds were evaluated for their
ability to disrupt DNMT3A interactions with H3K4me(0 and H3K36me3 peptides using
AlphaLISA. Although several compounds exhibit apparent modulation of AlphaLISA signal,
repeat experiments failed to reproduce selective inhibition. Values are reported as mean (n =
3 samples) + SD.

These preliminary experiments establish proof-of-concept for the screening platform and
provide a foundation for future expansion towards other larger compound libraries. Overall,
both AlphaLLISA and fluorescence anisotropy assays can robustly monitor DNMT3A
recruitment interactions with modified histone tails and provide complementary platforms for
identifying selective inhibitors targeting DNMT3A protein-protein interactions. AlphalLISA
assays required relatively small quantities of protein to generate proximity-based signal
suitable for potential high-throughput screening applications. Additionally, AlphaLISA
tolerated the large size and multidomain architecture of DNMT3A1. However, AlphalLISA
assays exhibited some limitations, such increased experimental variability and relatively
modest signal-to-noise. In contrast, fluorescence anisotropy directly measures peptide
binding in solution and produced highly reproducible binding measurements with clear
concentration-dependent anisotropy increases. The orthogonal nature of anisotropy
measurements provides an important validation platform for future screening hits identified

by AlphaLISA as well as providing its own platform for small molecule compound
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screening. A major drawback of fluorescence anisotropy, however, is the substantial quantity
of purified protein required for titration experiments. Because recombinant purification of
DNMT3A1 remains technically challenging, labor intensive, and relatively low yields; large-
scale anisotropy screening may be difficult.

These preliminary experiments establish proof-of-concept for the screening platform and
provide a foundation for future expansion towards other larger compound libraries. Overall,
both AlphaLLISA and fluorescence anisotropy assays can robustly monitor DNMT3A
recruitment interactions with modified histone tails and provide complementary platforms for
identifying selective inhibitors targeting DNMT3A protein-protein interactions. AlphalLISA
assays required relatively small quantities of protein to generate proximity-based signal
suitable for potential high-throughput screening applications. Additionally, AlphaLISA
tolerated the large size and multidomain architecture of DNMT3A1. However, AlphalLISA
assays exhibited some limitations, such increased experimental variability and relatively
modest signal-to-noise. In contrast, fluorescence anisotropy directly measures peptide
binding in solution and produced highly reproducible binding measurements with clear
concentration-dependent anisotropy increases. The orthogonal nature of anisotropy
measurements provides an important validation platform for future screening hits identified
by AlphaLISA as well as providing its own platform for small molecule compound
screening. A major drawback of fluorescence anisotropy, however, is the substantial quantity
of purified protein required for titration experiments. Because recombinant purification of
DNMT3AI1 remains technically challenging, labor intensive, and relatively low yields; large-

scale anisotropy screening may be difficult.
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D. Methods

DNMT3A1 Expression

DNMT3A1 (DNMT3AI; residues 1-912) was transformed and expressed in NiCo21(DE3)
Escherichia coli cells (New England Biolabs) with a pET28a-hDNMT3A 1 expression plasmid
or a codon-optimized pET28a-hDNMT3A 1 expression plasmid (Twist Bioscience) containing
a N-terminal His-tag. Cell cultures were grown in LB medium at 37°C to ODsoo of 0.7, cooled
to 16°C, and induced with 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) for 16 h unless
otherwise noted. Cells were harvested by centrifugation at 8,000 x g, flash frozen in liquid
nitrogen, and stored at -80°C.

DNMT3AI Protein Purification

Frozen cell pellets were resuspended in lysis buffer containing 50 mM HEPES, 500 mM
NacCl, 50 mM imidazole, 0.5 mM DTT, 1 mM PMSF, 25ug/mL DNAse 1, 1% glycerol (v/v),
and 0.2% Triton-X100 (v/v) at pH 7.8. Cells were lysed by sonication and clarified by
centrifugation at 18,000 x g for 2x 30 min. Following equilibration in 50 mM Tris-HCI, 500
mM NaCl, 50 mM imidazole, and 1% glycerol (v/v) at pH 7.8; the resulting soluble extract
was loaded onto an AKTA Start FPLC system (GE Healthcare) equipped with a 5 mL HisTrap
HP Ni?" IMAC column (Cytiva). The column was washed with 50-75 mM imidazole to remove
nonspecifically bound proteins prior to elution with an imidazole gradient from 75-500 mM.
Fractions corresponding to the primary DNMT3A1 peak were pooled, concentrated with a 15
mL 100 kDa MWCO Amicon filter, and buffer-exchanged into storage buffer containing 50
mM Tris, 200 mM NaCl, 1 mM EDTA, 1 mM DTT, 10% glycerol (v/v) at pH 7.8. Samples
were then applied to a 16/60 HiLoad column (GE Pharmacia) packed with Superdex 200 pg

(Cytivia) and eluted at 1 mL/min. Fractions. Associated with DNMT3A1 were collected and
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further concentrated before flash frozen in liquid nitrogen and stored at -80°C. Protein
concentrations were determined spectrophotometrically at 280 nm using a calculated
extinction coefficient of 142,010 M™! cm! for the monomeric subunit DNMT3A1.

AlphaLISA Assay

20 pL final-volume reactions in 384-well AlphaPlates containing of | nM DNMT3A1, 12.5
nM H3K4me0-biotin or H3K36me3-biotin peptide, and 10 puM test compound in binding
buffer (20 mM Tris, pH 7.8, 100 mM NaCl, 0.01% BSA, 0.01% NP-40, 0.5 mM DTT, and 1%
DMSO). Protein and peptide were preincubated for 15 min on ice prior to compound addition,
followed by incubation at room temperature for 30 min. A bead mixture containing streptavidin
donor beads (2.5 pg/mL final conc.) and nickel-chelate acceptor beads (1.25 pg/mL final conc.)
in bead buffer (20 mM HEPES, pH 7.8, 100 mM NacCl, 0.01% BSA, and 0.01% NP-40) was
added. Plates were then incubated for an additional 1 hour at room temperature before analysis.
AlphaLISA signal was measured using a Tecan Spark microplate reader in Alpha Technology
mode with a detection window of 610-635 nm. Vehicle (1% DMSO) and positive inhibition
controls containing 1% SDS were included in each experiment, and all measurements were
performed in triplicate.

Fmoc-Lys(FITC)-OH Synthesis

In a round-bottom flask, 6.42 mL of 20% (v/v) trifluoroacetic acid in dichloromethane
was added to Fmoc-Lys(Boc)-OH (603.9 mg, 1.289 mmol, 1 equiv.). Reaction progressed for
3 hours at room temperature. Solution was diluted in 25 mL ethyl acetate and then wash 3x
with 25 mL water, dried over MgSOs, and solvent was removed under reduced pressure to
afford white crude Fmoc-Lys-OH, which was used in the subsequent FITC-coupling reaction

without need for further purification.
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In a round-bottom flask under N> and subdued light, 50% (v/v) tetrahydrofuran in
dimethylformamide was added to FITC (453.0 mg, 1.163 mmol, 1 equiv.), and Fmoc-Lys-
OH/TFA (622.0 mg, 1.289 mmol, 1.1 equiv.). Reaction was initiated with N,N-
diisopropylethylamine (202.6 pL, 1.745 mmol, 1.5 equiv.) and progressed for 14 hours at
room temperature. Solution was then diluted in 100 mL ethyl acetate and 100 mL H>O and
extracted 3x with ethyl acetate, dried over MgSOs, and solvent was removed under reduced
pressure. Crude product was purified via column chromatography (SiO2; eluent:
dichloromethane/methanol = 9:1) to afford yellow product (599.2 mg, 68%).

Solid Phase Peptide Synthesis

Wang resin (0.20 g) was swollen in dimethylformamide (DMF), and iterative cycles of
Fmoc deprotection and amino acid coupling were performed according to the Symphony X
peptide synthesizer (Gyros Protein Technologies) instrument protocol. Activated amino acid
solutions were prepared using HCTU (11.417 g, 0.6 M) and N-methylmorpholine (NMM,
6.069 mL, 1.2 M) dissolved in DMF to a final volume of 40 mL. Coupling reactions were
performed in a 10 mL reaction vessel. Coupling reaction progressed for 20 min per coupling
cycle. Following each coupling step, excess reagents were removed by DMF washing, and
Fmoc protecting groups were removed using 20% (v/v) piperidine in DMF.

Peptide elongation proceeded C-terminus to N-terminus to afford the desired H3K4meO-
FITC peptide sequence; HoON-ARTKQTARKSGGGK(FITC)-OH. The peptide was cleaved
from the resin and globally deprotected using 4 mL of 2.5% H»0, 2.5% Triisopropyl silane
(TIPS), and 95% TFA. After 45 minutes of gentle agitation, deprotected peptide was syringe
filtered into a vial, rinsed with dichloromethane, and dried under a gentle stream of compressed

air. The crude peptide was precipitated with 40 mL cold diethyl ether and centrifuged 10 min
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at 4,000 x g. Precipitation in cold diethyl ether and centrifuging was done 3x and then dried
under reduced pressure to afford a yellow solid.

Fluorescence Anisotropy Assay

10 pL reactions were carried out in black 96-well microplates containing 50 mM Tris, 1
mM EDTA, 1 mM DTT, 0.2 mg/mL BSA, and 20 mM NacCl at pH 7.8. The H3K4me0-FITC
peptide was used at a final concentration of 10 nM, while DNMT3A1 was titrated from 0-400
nM. Reactions were incubated for 15 min at room temperature prior to data acquisition. All
measurements were performed in triplicate.

E. Supplementary Information

30—

- B H3K4meO
B H3K3me3

Signal-to-Noise Ratio

Figure S1. Signal-to-noise ratio of Alphal.ISA assays for H3K4me0 and H3K36me3 biotin-
tagged peptides.
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Figure S2. Protein crystal structure of H3K36me3 recognition by the PWWP domain. Lys36
and Pro38 contribute to histone-tail recognition.
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IV. RNA-Mediated Regulation of DNMT3A by Fos-1 ecRNA

A. Abstract

DNA methyltransferase 3A (DNMT3A) is a de novo DNA methyltransferase responsible
for establishing DNA methylation patterns during cellular differentiation, development, and
epigenetic gene regulation. Recruitment and modulation of DNMT3A activity are governed
by dynamic crosstalk with multiple components of the epigenetic machinery, including
histone post-translational modifications, regulatory proteins, and non-coding RNAs. Recent
studies have identified ecRNAs as important regulators of DNA methylation, where elevated
ecRNA expression correlates with reduced DNA methylation at associated genomic loci.
Specifically, the Fos-1 ecRNA has previously been shown to selectively inhibit DNMT3A
allosterically by binding near the DNMT3A tetramer interface. Previous kinetic studies
suggested that RNA inhibition of DNMT3A differs depending on oligomeric state, with
DNMT3A homotetramers and homodimers displaying distinct modes of inhibition. Despite
these recent findings, the molecular mechanism by which the Fos-1 ecRNA and other
ecRNAs regulate DNMT3A is still not completely understood. Here, DNMT3A-DNMT3L
heterotetramers exhibit inhibition behavior similar to DNMT3A homodimers, suggesting that
ecRNA regulation may involve multiple simultaneous inhibitory mechanisms rather than the
simple disruption of tetramer formation alone.

B. Introduction

Epigenetic regulation of gene expression relies on coordinated crosstalk between DNA
methylation, histone post-translational modifications (PTMs), partner proteins, and non-
coding RNAs (ncRNAs)!™*. DNA methylation of cytosine to form 5-methylcytosine (5mC) is

a central epigenetic modification involved in transcriptional silencing, genomic imprinting,

64



X-chromosome inactivation, stem cell differentiation, and maintenance of cellular identity®°.
In mammals, de novo DNA methylation is primarily established by DNA methyltransferase
3A (DNMT3A) and DNA methyltransferase 3B (DNMT3B), whose activities are tightly
regulated through interactions with multiple epigenetic factors>!%!!, DNMT3A recruitment is
influenced by histone PTMs including H3K4me0, H3K36me2/3, and H2AK119ub through
interactions with the ADD, PWWP, and UDR domains, respectively!>!6. In addition to
histone-mediated recruitment, increasing evidence suggests that ncRNAs play important
roles in regulating chromatin architecture and epigenetic signaling. ncRNAs comprise a
diverse class of transcripts that regulate transcriptional processes through interactions with
DNA, RNA-binding proteins, chromatin remodelers, and epigenetic enzymes*®!7. One
example are extra-coding RNAs (ecRNAs), which are a class of ncRNAs defined as sense-
strand, non-polyadenylated transcripts that extend across and overlap the boundaries of their
associated protein-coding genes!®!°.

Previous work from the Day lab!® identified a strong relationship between ecRNA
abundance and local epigenetic states. Gene clusters enriched with ecRNA displayed
substantially lower DNA methylation signatures, suggesting that ecRNAs disrupt DNA
methylation machinery. This work also identified the Fos-/ ecRNA as a regulator of the Fos
gene locus by mitigating DNMT3A hypermethylation. Previous work from our lab?° further
demonstrated that the Fos-1 ecRNA selectively bind DNMT3A and inhibit its
methyltransferase activity. Importantly, this inhibition displayed selectivity toward
DNMT3A relative to other mammalian DNA methyltransferases, suggesting that ecRNAs
may regulate DNMT3A through specific structural interactions rather than nonspecific

nucleic acid competition. The proposed mechanism for ecRNA regulation stems from the
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oligomeric architecture of DNMT3A. DNMT3A naturally forms homotetramers through
interactions at both dimer and tetramer interfaces within the methyltransferase domain.
Tetramer formation is essential for processive DNA methylation and contributes to allosteric
regulation by partner proteins such as DNMT3L and p53. Mutations that disrupt the tetramer
interface alter the oligomeric state and thereby the DNA binding affinity as well as
processivity while maintaining varying degrees of catalytic activity>*!-23.

In our lab’s previous work?’, computational docking and mutation analyses investigated
the regulatory mechanism of the Fos-1 ecRNA. Because oligomerization is central to
DNMT3A function, interactions between ecRNAs and oligomeric interfaces were
investigated to provide a mechanism for regulating enzyme activity. HDOCK modeling
predicted that Fos-1 ecRNA binds preferentially near the DNMT3A tetramer interface.
Furthermore, several tetramer interface mutants including R729A, R736A, and E733A
remained susceptible to RNA-mediated inhibition, despite existing as homodimers rather
than homotetramers. Comparison of inhibition models revealed that Fos-/ ecRNA inhibited
DNMT3A homotetramers through a noncompetitive mechanism, whereas inhibition of the
R729A homodimer mutant follows an uncompetitive model. This evidence suggested that the
oligomeric state of the enzyme is crucial in mediating ecRNA-dependent regulation. In
contrast, the tetramer interface mutant R771A displayed resistance to ecRNA inhibition, but
formation of DNMT3A-DNMTS3L heterotetramers restored RNA-mediated inhibition of
R771A. This observation suggests that the regulatory mechanisms governing DNMT3A
activity are shaped by a complex interplay between RNA-mediated and protein-mediated

regulation.
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This work further investigates the relationship between ecRNA binding and DNMT3A
oligomerization. Specifically, HDOCK modeling was extended to examine potential ecRNA
interactions with the DNMT3A homodimer. In addition, kinetic inhibition models were
performed using DNMT3A-DNMT3L heterotetramers to further evaluate how changes in
oligomeric architecture influence ecRNA-mediated regulation. These studies aim to refine
the understanding of the determinants underlying ecRNA recognition by DNMT3A and to
elucidate the method of interplay between ecRNA and other epigenetic machinery.

C. Results & Discussion

ecRNA Regulation Likely Involves Multiple Simultaneous Inhibitory Mechanisms

Previous docking studies?® using the HDOCK server?*?* used the monomeric form of
DNMT3A (PDB: 4U7T; residues 468-912)!? and the Fos-1 ecRNA sequence to predict
DNMT3A-ecRNA interactions. Docking simulations with the monomeric form of DNMT3A
revealed that the Fos-1 ecRNA likely binds along the tetramer interface. This simulated
observation is plausible given the importance of oligomerization for DNMT3A function.
Although both dimeric and tetrameric forms of DNMT3A are catalytically active,
homotetramers exhibit greater methyltransferase activity than homodimers, suggesting that
the perturbation of tetramer assembly could represent an effective mechanism for regulating
enzyme function. Consistent with this model, kinetic analyses of DNMT3A homotetramers
demonstrated a noncompetitive mode of inhibition by Fos-/ ecRNA, indicating that RNA
binding can occur whether the enzyme is bound or unbound to its DNA substrate and affect
catalysis without directly occluding the active site. However, this model cannot explain the
inhibition observed in tetramer-interface mutants, which form a dimeric state and exhibit

mechanistically distinct responses to ecRNA inhibition. The R729A dimer-mutant exhibited
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uncompetitive inhibition by Fos-/ ecRNA, indicating preferential binding to the enzyme-
substrate complex rather than the free enzyme and that the homodimer mutant’s
susceptibility to ecRNA inhibition likely arises through a different regulatory mechanism.

To investigate this discrepancy, additional HDOCK simulations were performed using a
dimeric DNMT3A model (PDB: 8TDR; residues 628-912)%¢ (Figure 1, Table S1).
Interestingly, despite the tetramer interface remaining solvent accessible as a dimer, Fos-1/
ecRNA was predicted to preferentially bind near the dimer interface rather than the putative
tetramerization surface or DNA-binding region. Six of the top ten docking results places Fos-
1 ecRNA near the dimer interface, three near the DNA binding interface, and two along the
tetramer interface (Table S1). The presence of ecRNA docking solutions near the DNA-
binding region is not unexpected given the structural and electrostatic similarities between
RNA and DNA. Likewise, docking along the tetramer interface is consistent with previous
findings?’, which implicated oligomerization-dependent mechanisms in ecRNA-mediated
regulation. However, the predominance of docking solutions at the dimer interface suggests
that this surface may represent a previously unrecognized site of ecRNA interaction. Rather
than a single discrete RNA binding site, the docking models suggested that ecRNAs may
engage multiple dynamic surfaces of DNMT3A. Interactions with the tetramer interface may
contribute to the noncompetitive inhibition observed for wild-type DNMT3A homotetramers,
whereas preferential binding near the dimer interface may underlie the uncompetitive
inhibition observed for dimeric mutants. Although these docking studies cannot definitively
establish the molecular basis of inhibition, they suggest that ecRNA-mediated regulation may

arise from dynamic interactions with multiple regulatory surfaces.
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Dimer Interface

Tetramer Interface

Figure 1. a) Protein crystal structure of DNMT3A homotetramer (PDB: 8TDR; residues 628-
912). DNMT3A subunits colored in light grey and dark grey. b-k) Top ten prediction Fos-1/
ecRNA binding models with DNMT3A homodimer from b) highest confidence to k) lowest
confidence. DNMT3A subunits colored in light grey and dark grey, Fos-1 ecRNA colored in
blue-to-red gradient signifying highest to lowest confidence prediction model.

To further investigate the dynamic regulatory relationship between ecRNA and
DNMT3A, kinetic analyses were performed using DNMT3AMTas¢/31, heterotetramers in the
presence of Fos-1 ecRNA (Figure 2). The methyltransferase domain of DNMT3A was
selected because it exhibits kinetic properties comparable to those of the full-length enzyme
while providing a simplified system for mechanistic analysis™?” and allowed for direct
comparison with previous mechanistic studies?®. DNMT3AMTa¢/3[, heterotetramers were
chosen since DNMT3L was previously shown to restore ecCRNA-mediated regulation to the
tetramer-interface mutant R771A, which otherwise displays resistance to Fos-/ ecRNA
inhibition?. Consistent with the previous findings, varying DNA substrate concentration

demonstrated that Fos-1 ecRNA inhibits DNMT3AMTa¢ homotetramers through a
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noncompetitive mechanism, indicating that RNA binding can occur independently of
substrate binding. Kinetic analysis of DNMT3AMTas¢/31, heterotetramers exposed to the Fos-
1 ecRNA revealed an uncompetitive mode of inhibition, characterized by preferential
inhibition of the enzyme-substrate complex. This inhibition pattern closely resembles that
observed for the R729A homodimer mutant although DNMT3AMT25¢/3] exists as a
heterotetramer rather than a dimeric species. The ecRNA-mediated regulation likely cannot
be explained solely by the oligomeric state of DNMT3A, indicating that more than one path
for DNMT3A inhibition is available for Fos-/ ecRNA. A single 25-nucleotide ecRNA that
can induce multiple modes of inhibition is particularly noteworthy. Most characterized
regulatory RNAs that modulate epigenetic enzymes are long noncoding RNAs (IncRNAs)*?8,
such as the 17 kb Xist RNA, which contains numerous structural domains capable of

interacting with multiple protein partners and regulatory complexes®!”

. In contrast, Fos-1
ecRNA is relatively short, yet appears capable of engaging distinct regulatory mechanisms.
The molecular basis for this behavior remains unclear. It is possible that a specific sequence,
secondary structural elements, or a minimum RNA length are required to support alternative
binding modes and regulatory outcomes. Further investigation will be required to determine
how Fos-1 ecRNA differentially interacts with distinct DNMT3A oligomeric assemblies and
whether this behavior represents a broader mechanism of ecRNA-mediated regulation. While
the underlying molecular mechanism remains unresolved, the possibility that short ecRNAs
may regulate epigenetic enzymes through multiple mechanistically distinct modes of

interaction suggests a level of regulatory complexity that has historically been attributed

primarily to large IncRNAs.
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Figure 2. Michaelis-Menten curves of a) DNMT3AMT#¢ homotetramers (-Fos-1 R? = 0.91;
+Fos-1 R?=0.69) and ¢) DNMT3AMT2¢/3[, heterotetramers in the absence and presence Fos-
1 ecRNA (-Fos-1 R? = 0.90; +Fos-1 R?> = 0.97). Corresponding Lineweaver-Burk plots of b)
DNMT3AMTase homotetramers (-Fos-1 R?=0.95; +Fos-1 R? = 0.82) and d) DNMT3AMTase/31,
heterotetramers in the absence and presence Fos-1 ecRNA (-Fos-1 R? = 0.90; +Fos-1 R? =
0.97). DNMT3AMTas¢ homotetramers exhibit mixed-type inhibition with noncompetitive
character (Vmax: 148.5 to 26.4 nM/h; K 0.814 uM to 0.221 pM). DNMT3AMTas¢/31,
heterotetramers exhibit uncompetetive inhibition (Vmax: 454.7 to 83.9 nM/h; K 1.878 uM to
0.238 uM). All curves generated with Prism v10.6.
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D. Methods

Fos-1 ecRNA sequence

5’-GGGGACACGCCCUCUGUUCCCUUAU-3’

DNMT3A4M1se Expression

The DNMT3A methyltransferase domain (DNMT3AMTae: residues 634-912) was
transformed and expressed in NiCo21(DE3) Escherichia coli cells (New England Biolabs)
with a codon-optimized pET28a-hDNMT3AMT#¢ expression plasmid containing a N-terminal
His-tag. Cell cultures were grown in LB medium at 37°C to ODeoo of 0.8, cooled to 16°C, and
induced with 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG). Following 16 hours of
expression, cells were harvested by centrifugation at 8,000 x g, flash frozen in liquid nitrogen,
and stored at -80°C.

DNMT3A4M1as¢ Protein Purification

Frozen cell pellets were resuspended in lysis buffer containing 50 mM Tris-HCI, 500 mM
NaCl, 50 mM imidazole, 0.5 mM DTT, 1 mM PMSF, 10% glycerol (v/v), and 0.2% Triton-
X100 (v/v) at pH 7.8. Cells were lysed by sonication and clarified by centrifugation at 18,000
x g for 2x 30 min. Following equilibration in 50 mM Tris-HCIl, 500 mM NaCl, 50 mM
imidazole, and 10% glycerol (v/v) at pH 7.8; the resulting soluble extract was loaded onto an
AKTA Start FPLC system (GE Healthcare) equipped with a HisTrap Excel Ni>*" IMAC column
(Cytiva). The column was washed with 50-75 mM imidazole to remove nonspecifically bound
proteins prior to elution with an imidazole gradient from 75-500 mM. Fractions corresponding
to the primary DNMT3AMT#¢ peak were pooled, concentrated with a 15 mL 10 kDa MWCO
Amicon filter, and buffer-exchanged into storage buffer containing 50 mM Tris, 200 mM

NaCl, | mM EDTA, 1 mM DTT, 20% glycerol (v/v) at pH 7.8. Purified protein was flash

72



frozen in liquid nitrogen and stored at -80°C. Protein concentrations were determined
spectrophotometrically at 280 nm using a calculated extinction coefficient of 38,180 M ¢cm™!
for the monomeric subunit of DNMT3AMTase,

Computational docking

The HDOCK docking server was used to predict protein-RNA docking simulations with
DNMT3A homodimer and Fos-1 ecRNA. Receptor molecule DNMT3A homodimer (PDB:
8TDR, chain A/B) and ligand molecule Fos-1 ecRNA sequence were subjected to ab initio
docking to determine the top ten predicted Fos-/ ecRNA-binding surfaces on DNMT3A.

Methylation assays

Reactions were performed with S0mM Tris pH 7.8, ImM EDTA, 15mM NaCl, 0.2 mg/mL
BSA, 1 mM DTT, 5 uM SAM (1:50 [*H]-SAM:SAM), and 50 nM DNMT3AM?as¢ at pH 7.8
with or without 1 uM Fos-1 ecRNA. 12 uL reactions were initiated with 0-5 uM DNA substrate
(Poly-dI-dC) and incubated at 37°C for 30 min in duplicate, then quenched with 12 pL 0.3%
SDS. 20 pL of quenched reactions were spotted on Hybond-N+ membranes (Cytiva
RPN303B), then washed with gentle agitation 3x with 50 mM potassium phosphate buffer
(KoHPO4/KH2PO4 at pH 7.8) for 5 min, 1x with 70% ethanol (v/v) for 5 min, and 1x with
100% ethanol for 5 min. Membranes were dried and counted with a Hidex 300 SL scintillation

counter.
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E. Supplementary Information

Table S1. Top ten predicted models for DNMT3A interaction with Fos-1 ecRNA. Fos-1
ecRNA docked to the DNMT3A homodimer (PDB: 8TDR). Docking models are ranked by
HDOCK docking score and classified according to the DNMT3A interface proposed for
ecRNA-binding. Associated confidence scores and ligand RMSD values are reported for
each model.

Model No.  Binding Region Docking Score  Confidence Score RMSD (A)

i Dimer Interface -325.63 0.9710 92.06
i DNA-Binding Site -321.86 0.9688 71.41
il Dimer Interface -301.89 0.9543 93.99
v DNA-Binding Site -298.39 0.9511 66.84
\% Dimer Interface -283.06 0.9347 88.68
vi Dimer Interface -276.37 0.9260 96.07
vii Tetramer Interface -275.42 0.9247 87.00
viil Dimer Interface -275.27 0.9245 94.90
X Tetramer Interface -267.68 0.9132 77.02
X Dimer Interface -263.53 0.9064 93.45
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Figure S2. SDS-PAGE gel of purified DNMT3AMT#¢, 5x-20x sample dilution indicated
above each lane. Purified DNMT3AMTa¢ is 80% pure.
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