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Abstract

The post translational modification (PTM) of histone proteins is a highly
dynamic process that is utilized in the control of gene transcription. This epigenetic
x UOET UUwbOYOOYI Uwi O4a0EUPEwWs PUDUI UUZ WEOEwWs 1 UEU
modifications to the unstructured tails of histone proteins which protrude out from the
nucleosomal core. In a highly dynamic manner, each PTM is spatiotemporally regulated
and combinations of PTMs at a gene promotor or enhancer region leads to
transcriptional enhancement or repression. The gene targets as well as selectivity and
specificity of epigenetic enzymes is regulated by the multimeric complexes each enzyme
is co-opted. Each complex contains a unique set of coregulatory proteins with RNA and
DNA binding domains EOEw/ 3, ws Ul EETl Uz wEOOEDPOUWUOWEDUI EUwC
specific subset of genes. The coregulatory proteins also affect the specificity and
selectivity of the enzyme through mechanisms which are only beginning to be explored.
Our interest is in elucidating the role of coregulatory proteins and IncRNA with
respect tolysine-specific demethylase 1 (LSD1/KDM1A). A flavin -dependent mono-and
di-demethylase of H3K4mel/2 and H3K9me1/2, KDM1A has been implicated in many
different multimeric enzymatic comple xes which, in some cases such as the REST and
NuRD complexes, function on opposing pathways. This disparity in the downstream

outcome being coordinated by the same enzyme highlights the need to understand not



only epigenetic enzymes, but to consider the canplexes as a whole towards therapeutic
targeting.

The specific aims of my thesis were to (a)interrogate the role of individual and
multiple coregulatory partners in enzyme selectivity and specificity (b) establish tools to
study the mechanisms of biochemical and biophysical of protein:protein and
protein:IncRNA interactions and (c) elucidate key characteristics of protein:protein and
protein:IncRNA interfaces towards targeted disruption. To this end, | have utilized
cloning and mutagenesis methods towards heterologous expresson and purif ication of
coregulatory partners of KDM1A in E. coli | chose coregulatory partners found in a
common catalytic core as well as several additional coregulatory proteins from a stable
KDM1A -containing 5-mer complex. | have produced multiple constructs for four of
these proteins to allow for multiple affinity purification routes as well as for future
binding studies. | have further expressed each of these constructs and have made
significant efforts towards the purification o f each construct based on solubility.

| furthermore established HDX -MS and SELEX protocol in our lab as tools to
allow us to explore the dynamics of these epigenetic interactions. | further demonstrated
and confirmed that there is no hotspot along the bin ding interface between KDM1A and
CoREST, but that COREST stabilizes the apical end of the KDM1A tower domain via
HDX -MS with the highest change in deuterium uptake, over 20%, long KDM1A 3 Y w

residues 440451



| also made significant efforts towards elucida ting the interaction between
KDM1A and HOTAIR. Firstly, | established an RNA radiolabeled EMSA assay for the
lab which allowed us to test the binding of HOTAIR to KDM1A. With this assay, we saw
that CORES Tzss4s2, specifically the linker region (residues 293-380), must be bound to
KDM1A for HOTAIR to bind and that the dissociation constant was unchanged at
1.71°0.38 uM and 1.29+0.34puM , respectively. Further, | confirmed that the first 320 nt of
domain 4 of HOTAIR (nt 1500-1820) contain the critical binding and that the dissociation
constant was slightly higher at 2.9740.96 M.

I have also optimized SHAPE-MaP and crosslinking strategies to explore the
binding interface between KDM1A:CoREST2ss4s2and INCRNA. | determined that there
were 83 nt that displayed at least a 1.5fold change in SHAPE reactivity of HOTAIR D4
due to the presence ofKDM1A:CoRESTa2ss4s2. | also utilized a free-energy based
secordary structure model to establish a secondary structure for HOTAIR D4 based on
my SHAPE-MaP data. | noted that 44% of the significant nt were confined to a stretch of
RNA (nt 1538-1610, 17791844) that is predominantly dsRNA . Further usage of
photochemical crosslinking strategies revealed a propensity for G:C paired nt to be
crosslinked to KDM1A:CoRESTa2ss4s2. A similar nt sequence around these paired nt

suggests a binding motif .
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1. Introduction
1.1 Epigenetics
, 1 EOPOT w?EEOYI wi 1l Ol UPEU? wi xpPT1 Ol UPEUwWI OEOOX
number of available genes and the transcription and translation of only those required
i OUWE wUx I EDIi DrBeadist ulifatob ofithd) @in(¢pigdrieticsuwas in 1942 by
Conrad Hal Waddington to discuss the mechanisms employed to enable a zygote, which
PUw? 00UI wOUwWOI UUwI gUDYEOI OUwUOOwUT i(1uHd OOUax1 2 wU
employed this term in order encompass the disparity between genotype and a
phenotype (2,3).
6EEEDPOT UOOzUWPETI EUwWUI T EUEDPOT wUI 1T UGEUOUawOI E
information and what would now be considered transcription and translation of that
information still hold true at the basis of what epigenetics encompasses. However, it was
David Nanney who first proposed that cellular genetic material was maintained via a
201 OxWOWBEUOBREEUDOT wdOl ET EOPUO? whi 1 Ul DPOWEOOUUOOWOI
OUwUI xUl UUT EwPEUVUWEOOUUOOO! BwEAa wEOW?EURDPOPEVUA WO
While the current field of epigenetics has a firmer grasp on the molecular
auxiliary mechanisms to affect the expression of a gene, these initial attempts to depict
and describe the variation and differentiation between not only cell types within an

organism, but more broadly the apparent influence of the environment on genotype and

phenotype are still the basis for epigenetics. The current field of epigenetics



encompasses the regulation of gene transcription and translatin.” UUUI OUOa Ow
E O1 OE z wE IhéjpfotedsiHrolgin B gene is transcribed into an mRNA product
which is then processed, shuttled to the cytoplasm and then translated to protein.

Our interest lies in the ability of a cell to express and repress genes in a
spatiotemporal manner across various cell types. There are many mechanisms through
which this occurs, but they can broadly be characterized into: (a) DNA modification, (b)
RNA modif ication, and (c) histone modification. Our focus for the remainder of this
dissertation will be (c) the post -translational modification (PTM) of histone proteins and
we direct the readers to several comprehensive reviews regarding epigenetic DNA and

RNA modifications (5% 8).

1.2. Post-translational Modification of Histones

1.2.1. DNA packaging

With over 2 meters of genomic DNA per normally dividing somatic cell, there is
a clear and present need for packaging of DNA within the nucleus. The nucleosome core
particle consists of four histone proteins form an octameric core which roughly 146 bp of
DNA is wound around as shown by the original structure solved by Richmond and
Luger in 1997 (9). Each d the four-histone protein s contain a high level of basic lysine
and arginine residues which contribute to interactions with the phosphate backbone of

the DNA and stabilization of the nucleosome (Figure 1) (10t 12).

Oi
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The assembly of the nucleosome @curs via placement of an (H3-H4). tetramer
followed by subsequent H2A -H2B dimers to cap the tetramer to form the globular
structured histone octamer core (11,13 18). In vitro, the protein NAP1 is able to interact
with and deposit first the H3/H4 tetramer and then subsequently each H2A/H2B dimer
in succession; however,in vivo there are a series of proteins believed to be utilized
through this process (14,16) The placement of nucleosomes in regularly spaced
increments allows for higher order condensation into 30 -nanometer chromatin fibers,
which loop averaging 300 nm in length. These loops can be further compressed to a 250

nm width and coiled intoanx -UT Ex 1 Ews ET WF@Q&© @D 6 7z w

H3

Figure 1: Overall nucleosome structure . The nucleosome consists of roughly 146
bp of DNA (grey) wrapped 1.7 times around an octameric core of two copies of histone
proteins: H2A (green), H2B (purple), H3 (red), H4 (blue). The assembly of the
nucleosome occurs via placement of an (H3H4)2 tetramer followed by subsequent H2A -
H2B dimers to cap the tetramer to form the globular structured histone octamer core.
(PDB 1AQl) (9)



Figure 2: Basic schemeof condensation of DNA within the nucleus. As DNA
(black) is wound around core histone octamers (purple), this creates what is referred to
EUwsEIl EEVwWOOWEwWUUUDOT zwb1 PET WEEQWET wi UUUT 1T UwWE
DNA and the basic histone residues within the nucleus (light tan) of the cell (dark tan).
The condensation of DNA around histone proteins is highly compact and

requires local structural remodeling to allow for gene transcription to occur.
(11,16,20,21)In cases of heterochromatin, the nucleosomes are more closely spaced, and
the region of DNA is more condensed resulting in transcriptionally silenced genes. In

the case of euchromatin, the additional spacing between nucleosomes allows for genes
to be transcriptionally activated (Figure 3) (20,22) To initiate the removal of histone
octamers to allow for gene transcription, or subsequent replacement of histone octamers
to silence a gene, multimeric nucleosome remodeling as well as RNA polymerase

protein complexes must be signaled to a gene promoter site (23,24) The signaling
cascade of gene activation and repression is regulated via posttranslational

modification (PTM) of the histone proteins.



Figure 3: Representation of hetero - and euchromatin. In cases of
heterochromatin, the nucleosomes are more closely spaced, and the region of DNA is
more condensed resulting in transcriptionally silenced genes. In the case of
euchromatin, the additional spacing between nucleosomes allows for genes to be
transcriptionally activated.

1.2.2 Histone post-translational modification (PTM)

The majority of the histone proteins are involved in the formation of the core
octamer, the unstructured amino -terminus of each histone protein protrudes out from
the nucleosome,as shown by H3 and H2B histones in Figure 1. Each histone N-terminal
s UE D Oz wb U wi-tansiationaly wnodided @T M) Vil methylation, acetylation,
phosphorylation, ubiquitination, and SUMOylation via epigenetic enzymes in a site

selective and specific manner (Figure 4).
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EOE ws | PEosphotyldtidr, acetylation, and methylation are only three of many

reported modifications to the tails, eac h with spatio - and temporal -specific qualities
and impact on gene regulation

PTM of histone tails affect transcriptional regulation through targeting necessary
remodeling and other enzymatic complexes or by altering DNA:histone interactions .
Acetylation of lysine residues histones is generally regarded as a gene activating mark,
and deacetylation as a gene repressing mark.This is due to the positively charged lysine
and arginine residues contributing to interactions with the negatively charged DNA
phosphate backbone. Experimental studiesand computational models have shown that
charge loss atone lysine residue can destabilize the nucleosome by up to 15 kcal/mol
loosening the association of protein to DNA. This enables remodeling complexes to
more easily transition the local chromatin structure to euchromatin for activation of gene
transcription (25t 29). Thus, acetylation of histones is generally regarded as a gene
activating mark, and subsequentdeacetylation as a gene repressing mark.
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Unlike acetylation, methylation of lysine residues proves to be less
straightforward and has been demonstrated to be both activating and repressive
depending on the residue (30t 32). For example, H3K4me2 has been linked to gene
activation and only five residues away, H3K9me2 is associated with gene repression
(30t 32). It is likely that methylation acts in concert with additional PTMs on a
nucleosome to target and recruit specific remodeling complexes or transcription factors .

The presence of one mark may preclude the addition of a secondary mark due to
steric hindrance (33t 35). For example, the repressive H3K9me2 mark does not allow for
the addition of a potentially activating H3S10ph mark. If the two marks are in
opposition with respect to gene activation or repression, the first mark would need to be
removed before the second could be deposited. Not only is this an additional layer of
regulation, it speaks to the high level of balance that occurs on the nucleosomes and that
transitioning from an active to repressed gene state is highly controlled.

In addition to steric hinderance playing a role in the positioning and placement
of PTMs, and potentially gene regulation, there is an increasing number of studies to
suggest a high level of interplay between specific marks at a single histone tail. This is
UTTTUUI EwOOwUT T wsT PUUOOT wEOET wi axoOU0T 1 UPUzuwbi 1 U
which leads to an overall change in gene activation or repression (36). On a broader
scale, this suggests an interplay between theenzymes which catalyze the addition and

removal of each PTM.



1.3 Epigenetic 6readers, 6 oOwriters,o

The enzymes which catalyze the reactions for histone PTMs can be classified as
sPUPUI UUzwbl PET WwET xOUDPUwWUT 1 wh emmeaite®tiM EackE Ul UU z w
epigenetic enzyme is catalytically specific, and most are specific for a select number of
histone residues (Table 1). The regulation of these enzymes is what drives the correct
placement of each PTM at not only the correct residue kut also in a temporal manner
with respect to cellular response. Each epigenetic enzymefunction on specific residues
at subsets of gene loci The origin of this selectivity and specificity remains unclear in
OEQAawEEUI UBw Owl O04aadi zywiEde 9dn¥ substiae$électiviy UUE U U UT w
whereas additional gene targeting, and refined substrate selectivity arises from protein -
protein interactions.
There have been many cases where the dysregulation of an epigenetic enzyme
has beendemonstrated to be a driver in cancer cell proliferation , extensively covered in
these reviews (37 41). Historically, efforts to restore the balance of gene expression in
these cancerous cells have been focused on inhibiting the active site of the enzyme.
There are several drug therapeutics currently approved for clinical use that target a
specific epigenetic enzyme. One example is the histone deacetylase (HDAC) inhibitors
SAHA and depsipeptide (vorinostat and romidepsin, respectively) in several different
cancers wherean increased level of HDAC activity has been demonstrated to drive

cancer progression and inhibition decreases proliferation (42t45). In addition to HDAC s,



demethylase lysine-specific demethylase 1 (LSD1/KDM1A) is commonly reported to be
overexpressed in cancer phenotypes and is of interest for inhibition (41,4@ 50).

Table 1: Histone posttranslational modifications, positions, and repres  entative
associated enzymes (adapted from (10,51,52)

Histone Modifications Residues Positions Enzymes
Modified Modified
Acetylation(ac) | Kac H3K9 KAT2A
H3K14 KAT2A/B, KAT8
H3K18 KAT2A/B
H3K23 KAT2A/B, KAT8
H3K27 KAT2A
H4K5 KAT2B, KAT7, KAT8, HAT1
H4K8 KAT2B, KAT7, KATS8
H4K12 KAT7, KAT8, HAT1
H4K16 KAT2A, KAT8
H2AK5 KAT2B, KAT8
H2BK12 KAT2B, ATF2
H2BK15 KAT2B, ATF3
Deacetylation(ac) | Kac H3K9 Class Il HDACs
H3K14 Class Il HDACs
Multiple Class | HDACs (1, 2, 3, and
positions 8)
Multiple Class Il HDACs (4, 5, 6, 7,
positions and 9)
Methylation (me)(K) | Kmel/2/3 H3K4 MLL, Set7/9, KMT2D, Setl
H3K9 SUV38H1, SUV39H2, G9a,
SETDB1, EHMT1, KMT1F
H3K27 EZH2
H3K36 SETD2, SMYD2, NSD1
H3K70 KMT7
H4K20 KMT5B, SETDS8
Demethylation(me)(K) | Kmel/2/3 H3K4 KDM1A, KDM1B, KDM5A -
D
H3K9 KDM1A, KDM3A, KDM4A -
D
H3K27 KDM6A, KDM6B
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H3K36 KDM2A, KDM2B, KDM4A -
C
Methylation (me)(R) | Rmel, H3R2/R17/R26 PRMT4
Rme2

H4R3 PRMT1
Phosphorylatior{ph) | Sph, Tph H3S10 AURKB

H3T3 GSG2

H3S28 RPS6K5A, RPS6KA4

H4S1 CSNK2A1

1.3.1 Lysine-specific demethylase 1 is an eraser with important
biological functions

1.3.1.1 KDM1A is comprised of three distinct domains which mediate catalysis and
coregulatory protein interactions

Lysine-specific demethylase 1 (BHC110/LSD1/KDM1A) is an FAD-dependent
mono- and di-demethylase comprised of three domains: a SWIRM domain (residues
172-272), an amine oxidase catalytic domain AOD) (residues 272415, 515852), and a
OOYI OQws UOPI Uz wE O8LE vAal didiuptt) theEADD (Figiitenbia) (53,54)
KDM1A has been demonstrated to demethylate at H3K4 and H3K9 and additionally has
non-histone substrates such as p5355t 59). The three-dimensional structure of KDM1A
has been solved via Xray crystallography in unliganded as well as in complex with
peptide ligands and inhibitors (Figure 5b) (53,54,6063). The AOD of KDM1A contains a
single, non-covalently bound FAD molecule and the AOD can be separated into
substrate binding (357-415, 515558, and 658769) and cafactor binding (residues 272-

356, 559657, and 770852) lobes
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Demethylation of a lysine residue by KDM1A occurs via direct hydride transfer
by the flavin to oxidate the substrate. This step is proceeded byhydrolysis by bulk
solvent of the iminium intermediate . This produces ahemiaminal that decomposes into
formaldehyde (Scheme 1} (32,64) A molar equivalent of H 202 is produced upon
reoxidation of the flavin (65).

Scheme 1. Catalytic mechanism of KDM1A

OH

Me . +.CH,

FADH2

HZO

CO + o
NH,+ NH,+ 2 HsN

The SWIRM domain is comprised primarily of Y-helices and creates a
hydrophobic interface with the C -terminus of the AOD. Decreased catalytic activity and
stability of KDM1A were demonstrated when mutations were introduced to this
interface (53). Found commonly in chromatin associated proteins, SWIRM domains have
been demonstrated to bind DNA (66). The conserved DNA-binding residues (Yt O w
residues 247259 are occluded by the AOD domain and accordingly, KDM1A has not
been demonstrated to bind DNA (67,68)

The Tower domain of KDM1A is comprised of two antiparallel Y-helices, TYa
and TYB, bridged by the five residue sequence KPPRD Figure 5b) (54). Previously

believed to be unique amongst demethylases, recenthydrogen -deuterium exchange
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with mass spectrometry (HDX -MS) and small angle X-ray scattering (SAXS)evidence
suggests that KDM5B may also contain a Towerlike domain (69). The Tower-like
domain of KDM5B may be important for nucleosomal binding, though the exact role has
yet to be established(70). In KDM1A, the functional ro le of the Tower domain is as the
site of association with proteins such as REST cerepressor 1 (CoREST1)Figure 5a) and
metastasis associated tumor protein (MTAL) (32,53,71,72)The structure of KDM1A with
CoREST has been established with Xray crystallography (53,56) It is the linker region of
CoREST Figure 5b) which makes the most extensive contacts with KDM1A along the

tower domain forming a coiled -coil motif (Figure 5c).

12



1 174 27 428 515 852
KDM1A (LSD1) SWIRM AOD TOWER AOD

485

CoREST (RCoR1) AN S ANT:

SANT2 C
domain
Tower
domain

TaA linker
region

y
s
IKT S,
S
Amine Oxidase V\“‘ £ T e
domain Doy " &
,%g;s'}’ 3 - domain CoREST
S A8 linker region
2 %"\\‘v;; r/)

Figure 5: Overview of KDM1 A interaction with binding partner COREST.
KDM1A is a FAD -dependent mono - and di-demethylase and specifically
demethylates histone residues H3K4 and H3K9 (a) KDM1A contains a SWIRM, AOD,
and Tower domain. Binding partner COREST contains an ELM2, SANT1 and SANT2
domains and in intervening linker region. (b) the structure of KDM1A and KDM1A
with CoREST have been solved to reveal a long -binding interface along the tower
domain. (c) The interactions between KDM1A and CoREST Y-helices represent a
coiled -coil mo tif.

1.3.1.2 Functional roles of KDM1A in cells through the complexes which utilize the
demethylase

The role of KDM1A in repression of neuronal genes in non -neuronal cells is one
of the first reported functions of KDM1A (73,74) Since then, KDM1A has been further

linked to the cellular differentiation of various cell types including pi tuitary, osteogenic,
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and embryonic (75t 78). In pluripotent stem cells, regions of chromatin around genes

OPOOI EwUOWET OOUOEUWODPOI ETT wEUT wil OEwPOwEwWs xODU
H3K27me3 mark as well as the activating H3K4me3 mark (79). KDM1A is a component

of cellular machinery that act to rapidly activa te or silence long-term the lineage-specific
genesdepending upon upstream differentiation cues (80). KDM1A is additionally

integral in maturation of several hematopoietic ce Il lines (76,84 85) and is involved as

well in the monocyte -to-macrophage transition (86).

In addition to its role in cellular differentiation, KDM1A has also been linked to
the epithelial -to-mesenchymal transition (EMT) (87,88) In this process, cells transition
from adhesive epithelial cells a to a mobile mesenchymal phenotype . In addition to
regulating upstream promoters of the EMT such asWnt, NF-kB and Notch, KDM1A is
also an established partner of SNAI1 which functions to silence epithelial genes to
promote the EMT pathway (50,8%92).

The EMT is an essential pathway for development; however, a transition to a
mesenchymal state is a key rate of metastatic and aggressive cancer&8,92) Inhibition
or knockdown of KDM1A in several cancer types such as esophageal squamous cell
carcinoma, small cell lung carcinoma, lung cancer, and colon cancer decreases motility
of the metastatic cells (93t 96).

KDMZ1A has been widely implicated in the development and progression of

many cancer types and is well-documented in neuroblastoma (97 100), colorectal cancer
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(101 103), leukemia (85,104 107), and hormone-dependent cancers such as breast and
prostate cancer(50,57,58,108111) Similar to the EMT state, in many cases there are
reports that KDM1A knockdown or inhibition decreases the viability of the cancer cell
survival (47,93,104,112)

There are a series of active site inhibitois of KDM1A, as cited above however, to
date there are no FDA approved KDM1A -inhibitors on the market. This may be due in
part to the wide -range of functionally important interactions that KDM1A makes within
each cell.A pan-inhibitor of KDM1A will non -selectively target KDM1A. The aberrantly
functioning KDM1A will be inhibited; however, so will the fraction of enzyme which is
still functioning normally. Each function of KDM1A is dictated by recruitment by
coregulatory proteins. Establishing the mechanisms for the pathobiological functions of
KDM1A will enable a targeted approach through specific disruption of protein
interactions over active site inhibition.

CoREST is the most wellestablished binding partner of KDM1A. This protein
functions as a scaffolding protein in several complexes containing both KDM1A and
HDAC1/2 wherein the linker region and SANT 2 domain contribute to the binding
interface with KDM1A and binding to HDAC1/2 occurs via the N -terminal ELM/SANT1
domains of CoREST ¢igure 6) (74,113 116). Our lab has previously reported that the
linker region is predominantly responsible for the low nanomolar affinity to KDM1A (K 4

=7.79 nM) with no significant change of binding affinity upon inclusion of the SANT2
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domain (117). The SANT2 domain of COREST facilitates demethylation of nucleosomes
and was demonstrated by the Mattevi lab to bind nucleosomal DNA (118). CoREST has
been demonstrated to be required for KDM1A activity on a nucleosomal substrate. It
may be that COREST is required to bind and direct KDM1A to its substrate (118) The
interaction with CoREST is at the core of several KDM1A-containing multimeric

complexes (Figure 7) and the role of these complexes are outlined below.

1 100 185 235 387 429 485
CoREST (RCOR1) ELM2 J\'if| linker region

HDAC1/2 KDM1A

Figure 6: REST Corepressor 1 (RCoR1/CoREST) domain map. CoREST
contains two SANT domains, which historically bind DNA, an ELM2 domain
PDOYOOYI EwbOwxUOUI POWEDPOI UDPAEUPOOWEUwWPI OOWE U WE w
majority of the binding a ffinity between KDM1A and CoREST.
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Figure 7: KDM1A has been established, with COREST and HDAC1/2, in a
series of complexes including REST, CtB P and NuRD .

The REST complex
REI-silencing transcription factor (REST) is involved in neuronal differentiation

as a transcriptional repressor in neuron-specific genes(119). In a pluripotent cell state,

OT1T Ul wil Ol UwEUT wil OEwPOwWEwWs xOPUI EZ wUUEUT wEBE W1
and N -terminal domains respectively. Post-differentiation of non-neuronal cells, the

CoREST complexpersists to alter the local chromatin structure via KDM1A -driven

H3K4 demethylation (119). Further stabilization of REST-mediated repression is

imparted by additional REST -associated coregulatory proteins such as BHC80 which
UUEEPOP&Tl Uw*#, v wOOWET UOOEUDPO @Y)PABatherUz Uw' + * KOIT Y

coregulatory protein, Braf35 (HMG20B) is sumoylated and recruited specifically to the
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CoREST complex(113,120) The specific mechanism of Braf35 is not clear, however,
dimerization with iBraf (HMG20A) disrupts Braf35 sumoylation and binding leading to
an suppression of the REST complex activity (121)

TheCtBP complex
The C-terminal binding protei ns (CtBPs) are generally considered to be

repressors of mammalian gene expression driven to specific contexts by recruitment of
different sets of coregulatory proteins (30,122) KDM1A has been associated with several
CtBP functions such as suppression of the tumor suppressor BRCAL, development of the
pituitary gland, activation of gastrointestinal endocrine -specific genes, and suppression
of the epithelial phenotype-associatedgene Ecadherin (123t 126).

CtBPs interact with coregulatory proteins through a hydrophobic pocket with
the sequence motif PXDLS as well as a surface structure which bind to a corresponding
RRT motif (127,128) CoOREST does not contain a PXDLSnotif but has still been reported
to bind directly to CtBP1 to direct KDM1A to the complex (129). Separately, KDM1A
recruitment to the CtBP complex may be driven by an interaction with ZNF217 which
localizes to the complex for transcriptional repression of several genes including E-
cadherin and BRCA1 (125,130) Furthermore, ZEB1 and RREB1, both DNA-binding
proteins, may separately recruit KDM1A towards repression of pituitary cell
differentiation as well as CtBP-mediated gene activation, respectively (126,131)

*#, v zZUwWEEUDPYDPUawbDUIT b Oreadthing hislogital imphcétions,O1 R wi E U wi
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though the exact mechanisms of recruitment and gene loci targeting still remain largely
unknown.

The SNAI1/2 complexes
Regulators of EMT, SNAI1 and SNAI2 bind to E -box motifs of epithelial genes in

order to repress transcription and induce a mesenchymal phenotype (132,133) KDM1A
is recruited by the SNAG domains of these proteins (134,135) The SNAG domain
mimics the H3 tail and binds the active site of KDM1A in order for these complexes to
co-opt its demethylation activity at H3K4me2. SNAI1 has been coprecipitated with the
KDM1A:CoREST:HDAC1/2 catalytic core as well as Braf35 and BHC80(136). It is
unclear whether these coregulatory proteins play an additional role at these gene loci in
regulation of gene expression.

The Gfil/lb complexes
Also containing SNAG -domains are Gfil and Gfilb which play a role in

hematopoiesis of lymphocytes, granuloctes, macrophages (Gfil) as well as
megakaryocytes and erythrocytes (Gfilb) (1374 141). KDM1A is recruited by these
proteins to promote transcriptional representation through H3K4me2 demethylation
(142). It remains unclear if additional coregulatory proteins or complexes are associated
with KDM1A when it is recruited by Gfil/1b complexes.

The NuRD complex
The nucleosome remodeling and histone deacetylase conplex (NuRD) has been

implicated in a variety of cellular processes including development and cancer

progression (131). KDM1A was first linked to the NuRD complex through repr ession of
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the TGF¢ signaling cascade to repress the EMT pathway and inhibit the metastatic
phenotype of a breast cancer cell line(70,72) KDM1A was demonstrated to bind MTAL,
which contains similarities with COREST. The three MTA isoforms each possess a BAH,
ELM2, SANT, and zinc finger domains, and the ELM2/SANT domains have been
demonstrated to recruit HDAC1/2 (73,143) It is unclear if MTA proteins recruit KDM1A
in a manner analogous to CoREST. Furthermore, KDM1A has not been demonstrated to
be a unit of the NURD complex in HeLa cell extracts, which suggests that the interaction
is context-specific (144).

The androgemand estrogemneceptos
A nuclear hormone receptor (NHR), the androgen receptor (AR) is tightly

associated with normal tissue development to the initiation and development of prostate
cancers(145). KDM1A was first reported to be associated with the AR by Metzger and
context was H3K9me2 (146), activating gene expression.Interestingly, there is evidence
that in the absence of the AR, KDM1A resides at the target genes of the AR to repress
these geneg(58,146) There is also evidence that the AR recruits KDM1A to the AR gene
loci to initiate a negative feedback loop through H3K4 demethylation (147).

Another NHR, the estrogen receptor, the estrogen receptor alpha (ERY) is the
main estrogen regulator in estrogen-responsive tissue types and dysregulation results in
the initiation and progression of several cancer types(148). Similar to the AR, there is

evidence that KDM1A demethylates H3K4 at ERY target genes when not recruited by
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and directly interaction with the ER Y (149,150) Upon estrogen addition, ERY is
recruited to these promoters and subsequent gene activation occurs, likely via
demethylation of H3K9me2 by KDM1A (150,151)

For both androgen and estrogen receptors, it remains unknown how the
substrate targeting of KDM1A is shifted from H3 K4 to H3K9. It may be that upon
recruitment by the coregulatory NHRs, KDM1A is repositioned . It is unclear whether
there is a conformational shift in the active site of KDM1A to redirect substrate
specificity.

IncRNA and KDM1A
In addition to being direc ted by protein complexes, KDM1A may be recruited to

specific gene loci via non-coding RNA (ncRNA) such as HOTAIR and TERRA. First
reported by the Chang lab, HOTAIR is a long -noncoding RNA (IncRNA) that is
dramatically upregulated in a wide variety of cance r phenotypes including ovarian,
breast, oesophageal, colon, and gastric cancer§l52 162). HOTAIR recruits the PRC2
EOOx Ol RWEOEwW* #, v wEUwP U U wk HAXE @dheddcizfandefeE UOwWUIT Ux |
repression (163). Targeted disruption of the intera ction between PRC2 and HOTAIR in

ovarian and prostate cell models has demonstrated the decreased viability of the cancer

cell type as well as xenograft tumor growth (164,165) Little work has been reported on

the molecular mechanism of the HOTAIR:KDM1A interaction, though it is likely based

on the PRC2 results, that disruption of this interaction would provide similar results.
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Another INcRNA, TERRA, is associated with the shortening of telomers in the
absence of telomere repeatbinding factor 2 (TRF2). TERRA recruits KDM1A to telomeric
DNA via a G -quadruplex repeat UUAGGG which binds the SWIRM domain. KDM1A
in turn recruits and enhances the activity of the nuclease MRE1, promoting telomere
shortening (166,167) The histone methylation levels in these regions do not change, so it

is unclear if KDM1A has a catalytic role, or functions to recruit MREL to the telomeres.

1.3.1.3Current gap in knowledge

In each of these complexes, KDM1A is able to selectively and specifically target a
specific substrate and subset of gene loci to affect cellular function and disease
progression. # Ul wOOwUT 1 whPPET Ux Ul E E wO Btisinportandtb w* #, v 7z Uw
establish the specific role of KDM1A within each complex. Thus, there is a clear and
present need to produce disrupters of complex-specific interactions with KDM1A.
Disruption of KDM1A from being recruited by only one complex will allow us to
elucidate how the cell is affected by KDM1A in that specific context.

In addition to producing targeted inhibitors, it is important to understand the
basic molecular mechanisms of recruitment and substrate specificity and selectivity. As
we saw with the NHR, KDM1A can function on both H3K4 as well as H3K9 residues at
the same gene lociand it is unclear what dictates this change in substrate.

There are likely allosteric conformational changes to the enzyme, as well as

additional substrate intractions by coregulatory proteins that have yet to be fully
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elucidated in KDM1A. There are examples in other epigenetic complexes and enzymes

which demonstrate allosteric regulatio n by coregulatory proteins.

1.4 Epigenetic complexes provide selectivity and specificity to
writer and eraser enzymes

Similar to KDM1A, e ach enzyme functions as catalytic machinery within the
context of large multimeric complexes composed of varying combinations of
coregulatory proteins . Each coregulatory protein contains histone PTM recognition
sUIl EEl Uz wEOOEPOUOQuw#- wWEDPOEDPOT wEOOEPOUOWOUWL- w
permutations of coregulatory proteins enable multiple complexes to co -opt the same
enzyme while targeting genes specific to each complex. The coregulatory proteins
involved in many complexes have been established by pull-down assays. The manner
these complexes assemble have broadly been characterized by domain mapping to
regionally assign protein-protein interactions. However, precise interfaces between
proteins within the complex remain widely unknown. It is also not known how the
complexes are able to selectively target gene loci.

Within an epigenetic complex, the interfaces formed between coregulatory
proteins and enzyme can alter the catalytic efficiency of the enzyme (Figure 8) (168,169)
In extreme cases, enzymes exist in an ofistate where the conformation of the enzyme
occludes access to the active site and only uporbinding coregulatory proteins is the
active site available for cofactor or substrate binding (170t 174). This acts as a mecharsm

for regulation ensuring that the enzymes are not aberrantly affecting the epigenetic
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landscape (68). Other enzymes exist in an on-state where the catalytic efficiency further
enhanced through coregulatory proteins. The tunable nature of the catalytic efficiencies
could arise from minor conformational shifts of the active site, or the by -product of
additional substrate binding interactions by t he additional complex partners. In order to
best understand the current knowledge in the field , we use EZH2, KDM1A, and UCH37
to further explore how catalytic efficiency is affected by non -catalytic coregulatory

proteins.

(1)Binding partners induce conformational shifts of enzyme active sites

- 4

- )
D 1. Inactive
j
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, ) 2tnactve

y is imparted via multiple

(3)Enzyme:product i ions may affect lytic efficiency

Figure 8: A general scheme of the alteration of enzyme catalysis and kinetic
rates. (a) There are a series of epigenetic enzymes that must be activated by
coregulatory proteins for the active site to be accessible for cofactor or substrate. This
activation is d ue to a conformational shift in the active site. (b) Each complex is
formed by coregulatory proteins each with domains which impart specificity and
selectivity via a series of reader, RNA/DNA/protein binding domains. (c) In some
cases, the product binds more tightly than the substrate resulting in a decreased off -
rate altering the catalytic efficiency of the enzyme.
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1.4.1 Coregulatory complex proteins control enzyme activity
1.4.1.1EED and SUZ12 are necessary for EZH2 activity

Enhancer of zeste homolog 2(EZH2) is a SETdomain histone methyl transferase
(HMT) most commonly associated with the polycomb repressive complex 2 (PRC2)
wherein the enzyme trimethylated histone 3 lysine 27 (H3K27me3) in vivo (175 179).
EZH2 is autoinhibited unless bound to coregulatory proteins SUZ12 and EED which,
together, form the PRC2 catalytic core (Figure 9a,e) (178,188 182). Suppressor of zeste 12
(SUZ12) is a zincfinger containing protein which is essential for E ZH2 to be catalytically
active based on kinetic and knockdown studies (Figure 9d) (183t 185). Embryonic
ectoderm development protein (EED) is a reader protein critical for EZH2 activity. The
seven WDA40 repeats of EED assemble into #&-propeller structure forming an aromatic
cage at the center of the proten and utilization of electrostatic and cation -wjinteractions
by the aromatic cage allow for recognition of trimethyllysine residues (Figure 9b,c)
(179,186 189). Confirming initial activity assays, crystal structures of an incomplete
PRC2 complex, both human and orthogonal proteins in different organisms, revealed
that EED and SUZ12 make extensive contacts with EZH2(Figure 9a), and upon binding
induce a conformatio nal shift to expose the EZH2 SET domain to cofactor and histone
substrate allowing for catalysis to occur (173,190 192).

Most recently, the Nogales lab published a cryo-EM assembly overlaid with
crystal structures to reveal a complete PRC2 complex(Figure 9a) (193). Congruent with

x Ul YPOUUOawUIl x OU BhelieauNHerohidus of BZH2 Wraps &réuhduhe
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front face of EED (Figure 9b) which extends EZH2 residues 106-125 to form the EZH2
SEEUPYEUDOOwWOO O x z Fywe®ad (e Cebidies D eudedh repoded B0 w
play a key role activating the EZH2 SET domain (192). While more extensive dynamic
biophysical experiments are required, it is currently believed that, as a SET domain
methyltransferase (MTAse), EZH2 likely exists in an off -state wherein the activation
loop and overall SET-domain conformation sterically preclude cofactor or substrate
binding. Upon EED binding, the N -terminus of EZH2 clamps around EED, extending
the activation loop, which can be engaged and stabilized by EED resulting in a major
conformational shift to reveal an activated binding pocket for cofactor and substrate.
Whil e the role of SUZ12 is less established compared to that of EED, mutation of a
residue found at the interface of SUZ12 and the EZH2 activation loop, W591, has been
reported in patients with cancers including AML (194 196).

Kinetic studies of EZH2 have revealed catalytic activity depends on the binding
of EED to a trimethyllysine and a small molecule binding the aromatic cage of EED has
been shown to act as an allosteric inhibitor (Figure 9c) (187,19% 199). The EED aromatic
cage can accommodate trimethyllysine residues with various sequences; however,
binding affinity of a peptide is not directly related to the activit y of EZH2 (187) While
EED may be promiscuous in certain in vitro assays, EED has not been shown to be
promiscuous when other coregulatory proteins are present. This suggests that the

coregulatory proteins function as a whole to position EZH2 at the correct substrate . Two
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$ 9 ' |-heNes, SRM ard SET-, span the gap between the EED reader domain and the
SET domain forming several distinct interactions, such as a salt bridge between
D142(SRM) and K660(SET), (Figure 9d) which may allow further communication
between EED and EZH2 (173,191,193)There are likely additional conformational
changes that occur upon trimethyllysine:EED binding that have yet to be elucidated,;
however, it is clear that an intact EED bound to a trimethyllysine -containing peptide is
crucial for EZH2 activity and require ment of EED binding a trimethyllysine adds an

additional layer of control over the selectivity of EZH2.
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Figure 9: The catalytic core of the PRC2 complex. (a) Two orientations of the PRC2
complex with EZH2 (blue), EED (purple), and SUZ12 (old gold) highlighted over the
additional coregulatory proteins in grey (AEBP2, RBBP4, JARID2). (b) C-terminal
residues of EZH2 (39-62) extend around the WDA40 protein, EED. (c)The seven WD40
domains of EED form a hydrophobic cage which utilizes cation-" interactions to
recognize trimethylated lysine residues. (d) The catalytic SET domain of EZH2 (dark
blue) is in front of an activation loop which allows for substrate to bind (d ark grey
sticks, JARID2). EED and EZH2 may also communicate via two h-helices (SRM is
light blue, SET -I is dark blue). (e) Domain maps of EZH2, EED, and SUZ12. (PDB
6C23)

1.4.1.2UCH37 activation and inactivation is dependent on coregulatory proteins

One of the few known cases of an enzyme being activated or inhibited by its
coregulatory proteins is the deubiquitinase Ubiquitin carboxyl -terminal hydrolase
isozyme L5 (UCH37). UCH37 exists in an off-state that can be activated by RPN13(200).

In vitro binding studies and crystal structures illustrate an active site cr ossover loop
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(ASCL) which extends over the active site to preclude substrate binding (201). A C-
terminal domain of UCH37 can fold over the ASCL to expose the active site for substrate
binding. The interaction between the C-terminal domain and ASCL is stabilized upon
RPN13 binding. This stabilization catalytically actives UCH37.

Conversely, the binding of NFRKB to UCH37 has been shown to decrease the ka
of UCH37 by over 200-fold (169,202) Crystal structures between UCH37 and either
RPN13 or NFRKB demonstrate that each binds BAP1 along the same regior(169).
However, upon NFRKB binding, there is a 4 -5A shift of the C-terminal domain of
UCH37 which occludes the active site from ubiquitin binding. An  Y-helix of NFRKB also
binds around the globular region of UCH37 which may act as a clamp increasing the
UUEEDPODPUa WOl wUOT 1 wx U QL) Edgdatingiadd@icha) dteraciodsUl UEEUD OO
with each coregulatory protein will require expression and purification of the full -length
proteins for utilization in further x -ray crystallography or dynamic interaction studies.

As both proteins bind in a similar region, it would be of potential interest to produce
chemical biology probe, such as an aptamer or peptide mimetic able to either increase or

decrease stability of one coregulatory protein for differential outcomes.

1.4.2 Coregulatory proteins tune enzyme activity

Both of the examples above, and others referenced inTable 2, demonstrate that

coregulatory proteins can induce major conformational shifts to affect active site
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availability. The effects of coregulatory prot eins can also be limited to a change in
catalytic efficiency without a major conformational shift as we demonstrate below. These
changes in activity are likely due to either uncharacterized long -range contacts between
coregulatory protein and the substrate or an increased stabilization of the substrate

through additional electrostatic interactions.

1.4.2.1Coregulatory proteins of KDM1A and LSD2 enhance enzyme activity
311 wOEOOI UwUT UOUT T whi PET w" O1$23 wWwEI I T E0OUw* #,
by our lab and others. In vitro, LSD1 requires at least a 1émer peptide to be active, but is
incapable of demethylating full nucleosomes without the presence of the minimal
2 -31 wEOOE DO 7z OD(@03) LiketynCOREST riaked additional contacts
such as those to nuceosomal DNA with the SANT2 domain, with the full nucleosome to
direct KDM1A to its substrate (118). This, however, does not explain the observed 2fold
increase in keat Of a peptide substrate when CoREST binds KDM1A (117). An increase in
keat could result from a change in the activation energy due to a conformational shift of
the active site. As outlined in Figure 10b, KDM1A Y-helix bridges interactions between
CoREST and the H3 peptide via electrostatic and cationwjinteractions (56). Crystal
structures only provide a static view of a protein -protein interaction and dynamic
studies such as HDX-MS would establish the dyOE ODE wOOY 1T O1 QU wOi w* #, v z U
site due to the presence of COREST. We acknowledge that while Zold is not a dramatic

change in keat, No current kinetic studies or crystal structures utilize full -length COREST,
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which is due, in part to an inability to express soluble CoREST from E. coli(Figure 10c).
It is possible that full -length CoOREST makes additional contacts further tuning the
catalytic rate of KDM1A in response to CoREST binding. Other KDM1A binding
partners may also alter the activity of the enzyme but there is little data currently in the

literature regarding this.
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Figure 10: Interactions between KDM1A:CoREST interface bridge histone
substrate interactions. (a) KDM1A bound to the linker -SANT2 region of COREST
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which create a handle through which coregulatory protei ns such as COREST can bind.
The linker region (dark blue) is critical for KDM1A:CoREST and (b) the C  -terminal
region of the linker domain forms contacts with the amine oxidase domain (AOD) of
KDM1A which in turn interacts with the H3 peptide substrate (bri ght green, residues
1-16). (c) Domain map of KDM1A and CoREST. (PDB 2V1D)

It is worth noting that LSD2 (KDM1B) is an ortholog of KDM1A (Table 2).
Similar to KDM1A, LSD2 targets H3K4me2 and H3K9me2; however, each enzyme

targets different genes and are recruited by different coregulatory proteins (48). In fact,
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an overlay of LSD2 and KDM1A reveals that the structures of the two are very similar
despite the marked absence of a tower comain in LSD2 (204).

While less is known about LSD2, the enzyme is not activein vitro towards
nucleosome substrates without a coregulatory protein, NPAC/GLYR1, which is a
putative H3K36me3 reader protein with a potential DNA binding domain  (205,206) A
2013 study produced a crystal structure with NPAC residues 214-225 structured and
shown to bind in a groove between the AOD and SWIRM of LSD2 (68). Further assays
revealed that these 12 residues were the minimal functional unit with F217 being critical
for activity within the dodecapeptide (68).

It is currently unclear how the minimal unit of NPAC enables enzyme activity
against a nucleosome. In the case of both COREST and NPAC, there is not a significant
change in active site due to binding, suggesting that changes in activity are due to long-

range contacts that each coregulatory protein makes with the substrate.

1.4.2.2JARID and AEPB2 enhance EZH2 activity

Binding selectivity and catalytic activity of EZH2 is mediated by additional
coregulatory partners AEBP2 and JARID2(Figure 11d) (2074 210). Adipocyte enhancer-
binding protein 2 (AEBP2) and Jumonji/ARID domain -containing protein 2 (JARID2)
each bind to DNA and enhance gene targeting of the PRC2 complex(20% 210). AEBP2
and JARID2 have additionally been shown to enhance EZH2 activity above the catalytic

efficiency of EZH2:EED:SUZ12 as well as stabilize the PRC2 complex192,211,212)
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on the bottom half of the PRC2 complex (Figure 11a,b)(193). The placementof AEBP2
and JARID2 is much farther from the active site than EED; however, both of these
proteins, along with a nother reader protein, RBB4/7 (RbAp46/48) make stable
interactions with the central SUZ12 (Figure 11¢)(192,213) We hypothesize that the
AEBP2 and JARID2 interactions with SUZ12 may function to stabilize and rigidify
SUZ12 which traverses through the entire PRC2 complex(Figure 11b). The stabilization
of SUZ12 might then allow for the active site to experience an increased catalytic
activity.

Interestingly, JARID2 has been postulated to be a substrate of PRC2 as well as a
coregulatory protein (210). The Nogales lab utilized a minimal binding unit of JARID2
(106-450) trimethylated at 116 revealing JARID2 at two positions within the structure.
The first is bound to SUZ12 and AEBP2(Figure 11c) and the second is involved in the
EED aromatic cage(Figure 11b). Whether PRC2 utilizes JARIDZ2in vivo for activation has

yet to be established.
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Figure 11: PRC2 coregulatory proteins can modulate EZH2 catalytic activity via
long -range contacts. (a) JARID2 (red), RbAP48 (teal), and AEBP2 (light purple) are
positioned around the catalytic core of PRC2. (b),(c) Rotating the complex 180° on the
y-axis highlights that SUZ12 spans through PRC2 and makes contacts with each of the
three additional coregulat ory proteins. (d) Domain maps of JARID2, RbAP48, AEBP2.

(PBD 6C23)

1.4.3 Enzyme products can modulate catalytic activity

Just as coregulatory proteins can affect protein activity via conformational shift,
the product of each enzyme could alter the enzymatic activity. If an enzyme has a slow

off-rate from its product, the catalytic efficiency of the protein will decrease. This

35



protects the newly modified nucleosome from another enzyme reversing this and
provides a handle for additional complexes or transcrip tion factors to bind to the

promoter region.

1.4.3.1A full -length H3 protein can alter the catalytic efficiency of KDM1A

Our lab has shown that a full length unmodified H3 protein, the product of
KDM1A demethylation, can act as a competitive inhibitor ov er a 21-mer dimethylated
substrate (214). This is likely via long -range contacts increasing the binding affinity of
the histone to the enzyme which suggests that the ko between LSD1 and its product
could be biologically relevant.

There is no crystal structure or dynamic interaction binding data between LSD1
and a full length H3 histone protein; however, there are several crystal structures with
an H3 peptide (60,63) These structures depict the peptide exiting the active site towards
a negatively charged grove between the AOD and SWIRM domain of KDM1A (Figure
12). The electronegative charge of this cavity would provide the interactions necessary to
observe an increased linding with the positively -charged full -length H3 histone.
Whether this diminished off -rate persists in the more biologically relevant tetramer,
octamer, or nucleosome has yet to be established. In order to establish the orientation of
KDM1A with respect t o its substrate, it is also important to utilize techniques such as

crosslinking, x -ray crystallography, or HDX -MS.
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Figure 12: Electrostatics of the surface of KDM1A provide insight into
potential binding interface of H3  substrate. (a) KDM1A:CoREST:H3 in the same
perspective as Figure 10a with electrostatic surface as predicted by PyMOL v 1.7.4.5
Edu. (b) A zoomed in view of the KDM1A active site with the H3 peptidel  -16 with
(top) the electrostatic surface or (bottom) a s pace-filling surface model. (c) A side view
of KDM1A revealing a potential interface for the H3 substrate to bind with (top) the
electrostatic surface or (bottom) a space-filling surface model. (d) A full view of the
KDM1A:CoREST:H3 structure at the side a ngle. (Electrostatics of PDB 2WI5 were
calculated with PDB 2W!I5 imposed upon PDB 2VID)

1.4.3.2Long-range HDACS interactions affect specificity

Histone deacetylases 1 and 2 (HDAC1/2) are Class | histone deacetylases and are
of particular interest due to th eir upregulation in various cancers (40,43,44,215)
Suberoylanilide hydroxamic acid (SAHA), also known as vorinostat, can inhibit Class |

HDACSs and is approved in treatment with cutaneous T -cell ymphoma (CTCL) (216).
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However, there is still much about the activity of these enzymes that is unclear
due to difficulty obtai ning large quantities required for many biochemical
characterizations. HDAC1/2 require phosphorylation and inositol phosphate for
catalytic activity making them much less accessible via E. coliexpression (217,218)
Another Class | HDAC enzyme, HDACS, does not require phosphorylation to be active
and has been actively expressed via recombinantE. coliexpression (219). While HDACS8
does not reside in the same complexes as HDAC1/2 it does provide insight on how Class
| HDACs interact with their substrate as the globular active -sites of HDAC1 and HDACS8
are virtually indistinguishable. The Fierke lab has recombinantly expressed HDACS8 and
performed extensive kinetic studies to establish metal dependency, likely Fe (1) in vivo,
as well as to assess the overall activity of the enzyme(220t 223).

In 2017, the Fierke lab published a paper to establish the selectivity of HDACS8
from 7-mer peptides to full nucleosomes (224) They demonstrated that the active site of
the enzyme displays a local sequence preference surrounding the PTM. This study also
established that between 7~mer and 17-mer peptides, the rates were within a 3-fold
change, with the slight increase in kca'km towards the longer peptides. This trend in
increasing kiz/km continued for the tetramer and octamer due to a much lower K m. This
implies that larger HDACS8 substrates have an increase affinity due to long range
contacts critical for enzyme binding and selectivity. The kiz/km of HDACS8 against a

nucleosome falls back to roughly the rate of the 7-mer peptide. It may be that, lik e
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KDM1A, there are coregulatory proteins required for HDACS to bind the nucleosome
over the other substrates. Overall, we observe a generally amplified affinity of HDACS8
towards increasingly biologically relevant substrates which results in a decreased

catalytic efficiency.

1.4.4 Long range complex contacts mediate selectivity

Each coregulatory protein in a complex contains reader domains, DNA binding
domains, RNA binding domains, or protein binding domains which target specific
PTMs, DNA sequences, or long non-coding RNA (IncRNA). As evidenced by EED, each
coregulatory protein may obtain some level of promiscuity and it is only through the
formation of a complete complex is the true selectivity revealed. We hypothesize that
each coregulatory protein adds a level of selectivity and binding affinity and only when
most, if not all, of the coregulatory proteins bind is the enzyme positioned properly at its

substrate for catalysis.

1.4.4.1PRC2 coregulatory proteins impart EZH2 selectivity

Looking first at the PRC2 complex, PRC2 substrate specificity is towards
H3K27me3 in vivo suggesting that the observed EED promiscuity is an artifact of in vitro
studies not utilizing the full PRC2 complex (187,191) It is thus the culmination of the
additional coregulatory proteins which target genes and position EZH2 and EED.

The 5mer PRC2 complex (EZH2, EED, SUZ12, RBBP4/7, and AEBP2) binds

dinucleosomes 23’9 nM over 280° 19 nM (Kq2°) mononucleosomesin vitro (212,225)
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Further inv estigation revealed that the 5-mer preferentially binds to dinucleotides with
over 50 bp length between each nucleosome with H3K27methylation significantly
increased at a 50 bp linker over 100 or 10 bp linker length(212). This suggests that the
PRC2 complex is more likely to interact with euchromatin over heterochromatin. This
preference could be due to the ability of AEBP2 to bind DNA. The binding motif of
AEBP2 has been determined to be CTT(N)s23CAG GCC with a co-occupancy rate with
SUZ12 of 7080% (207). This motif would enable AEBP2 to aid in PRC2 targeting specific
genes. Based on current evidence it is unclear if AEBP2 binds to linker DNA over DNA
bound to a histone octamer, though the PRC2 preference for long DNA linkers could
provide a clue to this.

While JARID2 is commonly associated with the PRC2 complex, it is not always
associated with PRC2in vivo (226). PRC2 has been implicded in binding several IncRNA
(2274 229). While there is currently a debate about the selectivity PRC2 binding INCRNA,
it may be that the IncRNA serve to add an additional method of gene targeting for PRC2
with a mechanism similar to JARID2.

Overall, there are several models and hypotheses that PRC2 spans two
nucleosomes with EED interacting with a pre -existing H3K27me3 at an adjacent
nucleosome to PRC2 and additional IncRNA or coregulatory proteins aiding in gene

targeting of PRC2.
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1.4.4.2KDM1A -containing complexes target different histone residues and gene
promoters

KDM1A is found within the C -terminal binding protein (CtBP) and nuclear
remodeling complex (NuRD) which target opposing pathways (32,48,72,23Q)The CtBP
complex promotes the epithelial -to-mesenchymal transition (EMT) via repression of E -
cadherin and related proteins; whereas the NURD complex functions, in part, to repress
the EMT (72,231 233). Elucidation of the role of KDM1A within each complex will
require selective inhibition of one complex, notpan-DOT PEDPUDOOwWOI w* #, v z UwE
Chemical biology probes such as aptamers or peptide inhibitors would allow for
disruption of key interfaces within a complex to establish its cellular role.
The residue selectivity of KDM1A can also be altered from H3K4me2 to
H3K9me2. When associated with the estrogen receptor, KDM1A targets H3K4me2 in
complex with COREST, whereas there is evidence that the substrate selectivity of
KDM1A is H3K9me2 when in complex with the androgen receptor (32,56,58,71)While it
is possible that this change in residue selectivity is due to conformational shift, there is
OOwl YPEI OETl wOOwWUUxxOUUwUT PUS w! EUI EwOOw*in#, v z Uw
vitro, we hypothesize that KDM1A exists in an active state and is directed and
positioned to a substrate by its coregulatory proteins.
KDM1A was firs t reported within a stable 5-mer subunit of the REST complex.
This 5-mer complex contained CoREST, HDAC1/2, DNA binding Braf35, and reader

domain protein BHC80 (113). While the only crystal structures that exist are of the
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aforementioned KDM1A:CoRESTa0s440, and few kinetic or binding assays have been
performed to establish the role of coregulatory proteins, t here are several indications as
to the orientation of the complex in vivo. First, based on the potential orientation of the
H3 tail to KDM1A, a molecular dynamics simulation was produced that models
KDM1A and CoREST wrapping around a mononucleosome on the same face as the
DNA (123). Secondly, BHCS80 interacts with unmethylated H3K4 residues which could
be critical for this COREST complex to span multiple nucleosomes, similar to PRC2, or to
allow for an increased residence time at a nucleosome post KDM1A demethylation (31).
Each would provide increased stability and gene targeting specificity of the complex.
Additionally, KDM1A has been reported to bind IncRNA which, similar to PRC2,
may aid the complex in targeting specific genes and pathways (163,166) However, there
is little evidence as to how IncRNA bind KDM1A. Overall, elucidation of the orientation
of KDM1A, and KDM1A -containing complexes and the importance of each coregulatory
protein in affecting not only KDM1A activity but selectivity is currently lacking
compared to PRC2 and requires significant work. Establishing these interfaces and
dynamic protein interactions could aid in the disco very of chemical biology tools to

examine the role of KDM1A within disease states.
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Table 2: Comprehensive overview of epigenetic enzymes and their coregulatory
interactions

Enzyme Enzyme Common Product of  Selectivity Coreg.
Activity Residue(s) enzyme via protein
of Interest affects multiple alters
catalytic contacts  active site
efficiency
SIRT2 HAT H3, H4 Yes (234)
peptides
KDM7A KDM H3K4me3, Yes (235)
H3K9me2
H3K27me2
PHF8 KDM H3K4me3, Yes (235)
H3K9me2
H3K27me2
BAP1 DUB Yes (236
238)
G9a MTase H3K9 Yes Yes (239)
Rtt109 ACT H3K56 Yes Yes (240)
KMD6A KDM H3K27 Yes Yes (241)
CBP HAT H3, H4 Yes (242,24
peptides 3)
Gcenb HAT H3K9/14/23 Yes (244)
HBO1 HAT H3K14 Yes (245,24
6)
KMD4A KDM H3K23me3 Yes (247)
KMD4B KDM H3K23me3 Yes (247)
KMD5 KDM H3K4me3 Yes (248)
family
KMD6B KDM H3K27 Yes (241)
LSD2 KDM H3K4mel/2 Yes (68)
PRMT5 | MTase H3/4R3, Yes (249)
H2AR3
Pr-Set7 | MTase H4K20 Yes (171)
p300 ACT H3, H4 Yes (242,24
peptides 3)
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1.4.4.3Long non -coding RNA can additionally impart selectivity on epigenetic
complexes

While each PTM may be associated with either transcriptional activation or
Ul xUT UUDPOOwWI OUWEwWT 1 01 OwbUwhbUwbhOwi EEVCOWEWEOOET U
promoter regions which sum together to either promote or repress transcription. This
s BOOUEOET wi axOU0T 1 UPUzwUI OPT UwOOWUExPEWEOEwWx UI E
PTM to match the ever-changing landscape of the cellular environment requiring
multiple epigenetic enzymes to function together. As has been discussed above, e
method the cells have adopted to increase the efficient turnover of multiple PTMs is
through multimeric complexes which contain multiple enzymes. Thus, a singular
complex can interact with a histone and lead to changes at multiple histone residues,
potentially even spanning multiple nucleosomes (250).
We will provide a more comprehensive over view of the role of non -coding RNA
(ncRNA) as well as various roles of long-noncoding RNA (IncRNA) in Chapter 4;
however, INncRNA have been shown to be important in gene regulation through several
mechanisms including scaffolding whereby multiple epigenetic complexes with RNA
binding regions interact with different regions of the same IncRNA which is capable of
targeting a specific subset of genes.
One of the best studied examples of this is also one of the first examples of not

only a trans-acting INcCRNA w as of HOX transcript antisense RNA (HOTAIR) which is a
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2146nt IncRNA transcribed from the HOXC locus which functions along HOXD loci
targeting both PRC2 and KDM1A -containing complexes. The Chang lab at Harvard
utilized pull -down assays with segments of HOTAIR to establish that nt 1-300 were
critical for PRC2 binding and that nt 1500-2146 were important for binding KDM1A -
containing complexes (163). They further demonstrated that nt 1820-2146 could not
interact with KDM1A -containing complexes alone, suggesting that the majority of the
binding affinity lies in nt 1500 -1820(163). The Pyle lab utilized several RNA footprinting
techniques which will be further discussed in Chapter 5 and established that HOTAIR
contained four distinct domains wherein Domains 1 and 4 interacted with the PRC2 and
KDM1A -containing complexes, respectively (251).

To date, there has been significant work to explore the interface of the
HOTAIR:PRC2 complex but not that of HOTAIR:KDM1A. EZHZ2 alone can bind to
HOTAIR w300at a Ka of 755 + 45 nM this was lower than the minimal active 3-mer PRC2
unit of EZH2:EED:SUZ12 at 165 + 16 nM(252). With HOTAIR:PRC2, nt 212-300 have
been established to be the minimal nucleic acid sequence required for a comparable
binding affinity to the EZH2:SUZ12:EED 3 -mer (252). From this work, there have been
several studies producing inhibitors of the PRC2:HOTAIR interface which have
demonstrated both in vivo and in mouse xenograft models that disruption of this
interface hinders cancer cell survival rate and tumor growth (165,253) Toward the

'3 (10*#, v wboOUI UEE UDP 00 OdoddaedSsayuderohsmdtes thed T wOEE z U
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interaction between KDM1A -containing complexes and HOTAIR. It is unclear what the
affinity is, nor what the minimal nt or protein contributions are necessary for the
interaction to be formed.
Even though the work performed demonstrates a utility for the disruption of the
PRC2:HOTAIR interface, there has been significant debate as to how selective PRC2 is
for binding RNA as the complex has been demonstrated to bind a significant number of
other ncRNA non -selectively (212,254257% w' OP1 Y1 UOwIl Y1 Owbhi w/ 1" 1 wbUO
HOTAIR, it is clear that there is a significant effect of disrupting their interaction. To
OPUPT EUI wUT | wEPUXxEUPUAWET UPT T OwUT T Ul wOPOwWUI U w
been suggesed wherein INcCRNA rest along chromatin and sample epigenetic complexes
as they interact along the chromatin. When the local chromatin landscape is compatible
with the complex interacting with the IncRNA is able to impart additional contacts with
reader and DNA -binding domains in the complex to increase the binding affinity and
stability of the complex at a gene locus. When this occurs, the catalytic machinery of the
complex is able to initiate its chemistry and alter the epigenetic landscape as necessary.
Conversely, when the epigenetic landscape is not compatible, the binding between
complex and IncRNA alone is not enough and the complex will continue past that
specific gene loci. This is an attractive hypothesis, particularly when looking at the uM

binding affinity of PRC2 to HOTAIR, that multiple lower affinity interactions are
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required to fully target a specific gene locus and imparts the potential importance of

looking at these complexes and substrates in more biologically relevant contexts.

1.4.5 Allosteric modulation by epigenetic enzymes

Overall, we begin to see a model emerge from these individual studies. While the
catalytic core of each epigenetic complex drives the change of the PTM landscape at a
gene locus, this is predicated by the involvement of the additional coregulatory partners
within each complex. If we envision a specific gene locus with a specific set of PTM and
a IncRNA, even before reaching the chromatic landscape, coregulatory proteins within
the complex affect the overall conformatio n of the enzymes leading to important
changes in the substrate specificity and catalytic activity. Each conformational shift can
affect the binding and efficacy of a small molecule inhibitor in vivo, leading to a
decreased viability of a therapeutic compared to in an isolated in vitro system. We
envision that the complexes travel along gene loci, testing different gene loci to find
those which enable (a) a high-binding affinity through multiple low -affinity interactions
and (b) the proper positioning of the catalytic machinery to its substrate. Once multiple
coregulatory partners within the complex are able to bind to their ligand, such as a PTM,
DNA, or a IncRNA, the additive effect of the affinities enables the complex to have a
longer residence time at that gene loci. At this time, the catalytic machinery should be
able to function upon its correct substrate. Post-catalysis the enzyme:product as well as

complex:product interactions dictate the residence time and the overall enzyme activity
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and selectivity. We hope to gain a more complete understanding of the molecular
mechanisms within this potential model system as well as elucidate if there are critical
interactions within a complex which may dictate complex formation, or the targeting of

a specific geneset. This information will drive future discovery of targeted therapeutics.

1.5 Dissertation overview

As we begin to grasp the full complexity of the interplay between epigenetic
enzymes and their coregulatory partners, it is clear there is still much about the
molecular mechanisms between these interactions that have yet to be elucidated. Within
the context of this dissertation, we have made progress towards establishing
protein:protein and protein:IncRNA interactions utilizing the demethylase KDM1A.
Herein we report efforts towards (a) the expression and purification of a core KDM1A -
containing complex, (b) utilization of technigues including HDX -MS and SELEX to
probe and potentially disrupt protein interfaces, (c) establishing and disrupting a
KDM1A:IncRN A interface.

First, to fully understand how enzyme activity and conformation was affected
via each coregulatory partner, we chose a bottom-up approach wherein each
coregulatory partner would be expressed and purified separately as opposed to whole -
complex pull -down from mammalian cells. We chose a well-established core complex of

5-subunits which was stable over a series of six affinity purification columns (113). We
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have been able to express each member of the core complex via recombinani. coli
expression and will discuss the progress towards purification in Chapter 2.

Our next goal was to establish methods through which we could systematically
disrupt specific protein:protein interactions within a complex. As protein:protein
PDOUI Ul EET Uwi EYTI wOOOT wel I OQwEIlI 1 O1 Ews UOEUUT T EEOI 7
utilize biophysical and biochemical characteriza tion of these protein:protein interactions
between coregulatory proteins. Our rationale was that if the binding affinity was spread
EOCOOT wUI 1 whbOUI Ul EET WEU WO x x O-P feditluey, this OB BepD &1 EwU O
inform whether a peptide or RNA aptamer would be better suited for targeted
EPUUUxUDOOWOYI UWEWUOEOOWOOOI EUOI wOT EQwODT T DwEI
sought to establish a model system through which to assess our approach. KDM1A has a
well -defined interface with COREST, which had been previously explored in our lab by
Sunhee Hwang to establish if any hotspots resided along the long interface between the
two proteins. | furthered her research via hydrogen -deuterium exchange mass
spectrometry to demonstrate a lack of hotspots along the interface. This led me to
establish a protocol for utilization of an RNA aptamer to disrupt protein:protein
interfaces.

Finally, in addit ion to changes to specificity and selectivity by coregulatory

partners, it is becoming increasingly clear that IncRNA are able to scaffold and direct

epigenetic complexes to specific gene loci. KDM1A had been demonstrated to interact
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with HOTAIR; however, there have been no efforts to our knowledge to elucidate this
interaction at a molecular level nor disrupt it. | have utilized a variety of techniques
including binding assays, RNA footprinting, photochemical crosslinking, and

proteomics to establish the molecular basis for the KDM1A:HOTAIR interface towards a
targeted disruption of the interface. | have defined the interface on both a nucleotide and
peptide level which will inform future studies involving this interface.

While not included in the main text, | also report systematic proteomic analysis
of a Chlamydia trachomati€C. trachomatisproteomic data set by myself and Dr.
Katherine Alser Kim in Appendix b. The protease chlamydial proteaselike activity
factor (CPAF) has been of interest to our lab for its potential small molecule inhibition.
Utilizing(+/ - CPAF) isogenic strains, we were able to establish proteins which changed
due to the presence of CPAF, implicating them in host co-option pathogenic pathways in
whi ch CPAF has been previously implicated. As the targets of CPAF have been under
debate, my work allows for a more defined set of pathways and systems to probe for
CPAF involvement. In future work by members of our lab and others, we will begin to
assess CPA-dependent cleavages based on the established pathways and proteins by

this proteomic dataset analysis.
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2. Expression and purification of a core demethylase
complex

Epigenetic enzymes regulate the PTM of histones, DNA, and RNA which results
in changesto gene expression and mRNA translation. In addition to interest in
understanding the molecular mechanisms of epigenetic regulation, there are many
reports of enzymatic dysregulation being a critical factor in pathobiological progression.
There has beensignificant progress in establishing the kinetics of many of these enzyme
classes as well as focus on producing small molecules towards catalytic inhibition.

As | outlined in Chapter 1, there are many cases wherein specificity and
selectivity of an enzyme is impacted by coregulatory protein and IncRNA interactions.
The widespread impact of coregulatory subunits on an enzyme are only now being fully
realized in complexes such as PRC2 and is likely true for most epigenetic complexes My
goal was to express and purify coregulatory proteins which could be used in an
increasingly complex system to assess communication and regulation of epigenetic
enzymes.

| envisioned being able to assess: binding and timing events for complex
formation, effect on enzymatic activity, and changes to substrate specificity. This could
be accomplished via pre-established activity assays for KDM1A in our lab as well as a
readily available HDAC1/2 activity assay. Stoichiometric binding could be assessed via
pull -down assays and gelfil tration assays and biophysically probed with hydrogen -

deuterium exchange with mass spectrometry (HDX -MS), surface plasmon resonance
51



(SPR), and isothermal calorimetry (ITC). Understanding the interfaces between the
subunits of the complex, as well as gaining and appreciation for critical interfaces will
potentially enable us to produce targeted probes to disrupt or enhance a specific
protein:protein interaction to gain a clearer understanding of the specific function of a
complex within a cellular environmen t. Thus, | also envisioned establishing a versatile
and readily accessible method to produce high-affinity targeted interaction inhibitors.

The attractiveness of each of these techniques and this bottomup approach
overall is that it enables us to test eah protein interaction individually as well as assess
an increasingly complex system. Furthermore, | believe this approach will provide an
unparalleled method to assess protein:protein interfaces (PPI) via biochemical and
biophysical techniques.

KDM1A is a biologically important histone demethylase towards H3K4me1/2
and H3K9mel/2. KDM1A is overexpressed in a series of cancer types including breast,
prostate, ovarian, leukemia, and has inhibitors under clinical investigation for treatment
of small cell lun g carcinoma. This may be due, in part to the various complexes KDM1A
is co-opted by within even a single cellular environment. Each complex which utilizes
KDM1A targets a specific gene set and, in some cases, opposing biological roles such as
the C-terminal binding protein (CtBP) and the nucleosome remodeling deacetylase
(NURD) complexes (32,48,72,23Q)CtBP complex acts to repress Ecadherin expression,

promotin g the epithelial-to-mesenchymal transition (EMT); whereas the NURD complex
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represses the EMT pathway. KDM1A is overexpressed in various cancers and other
disease states and has been targeted for activaite inhibition; however, as an enzyme in
both pathway s, pan-inhibition of KDM1A would target both complexes and mitigate the
potential benefit of the NURD complex over the CtBP complex (46,88,95,258,259)

The expression and purification of KDM1A and the region of COREST critical for
binding (residues 286-493) have been established, our first goal was to establish
procedures through which to express and purify additional coregulatory proteins of
KDM1A. With CoREST as an initial coregulatory protein having been well-established,
we sought to utilize other coregulatory proteins which were (a) involved in COREST -
containing complexes and (b) formed stable interactions.

In addition to KDM1A:CoREST, there is a common demethylase-scaffold-
deacetylase core catalytic complex with histone deacetylases 1 and 2 (HDAC1/2) that
exists within several complexes that have been extensively reviewed previously (48).
This core demethylase-scaffold protein -deacetylase has been subject to inhibition studies
and there are reports that a dual-inhibition strategy of both a demethylase and
deacetylase promotes a synergistic effect on gene expressiori258,2®,261)While this
core has been expressed and purified from Sf9 and HEK293F cells, | desired to develop a
protocol for heterologous expression and purify this core in E. coli(261,262) There are
several benefits to anE. coliexpression system which | found attractive including a

much quicker growth time which would result in a higher yield of cells and protein in a
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more rapid amount of time. Additionally, the HDAC proteins have been demonstrated
to dimerize and in mammalian cell purifications, both are purified even if only HDAC1
or HDAC?2 is expressed (217,263) Assessing the effect of HDAC12 dimerization on
demethylase and deacetylase activity was of interest and would require the expression
and purification of each HDAC individually.

Expanding from the catalytic core, the first complex that reported the presence of
KDM1A established that a 5-mer complex was able to stably pass over six
chromatography columns (113). This 5-mer was comprised of the catalytic core of
KDM1A, CoREST, and HDAC1/2. In addition to the catalytic core of the 5mer, there
were two additional proteins, BRCA associated factor 2/High mobility group
20B/SWI/SNF-related matrix -associated actindependent regulator of chromatin
subfamily E member 1-related (Braf35, HMB20B, SMARCEZrelated protein), and
BHCB80/PHD finger domain 21A (BHC80/PHF21A), which may impart additional
selectivity or specificity to the catalytic core due to their reader domains (31,113) BHC80
and Braf35 fit our two criteria for being involved in a CoOREST -containing complex as
well as a clear interaction stability as they were able to stay bound over a non-trivial
number of purification step s.

| envisioned working towards expression and purification of each of these
components. The interaction between each of these proteins and KDM1A has not yet

been fully elucidated. Expression and purification of each individual protein would
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provide unpr ecedentedaccess towards utilization of these proteins in the activity assays
as well as the biochemical and biophysical assays | outlined above. With each additional
protein, |1 would be able to assess the changes to an increasingly complex KDM1A
containin g epigenetic structure.

Herein | report my efforts in cloning, expression, and purification of HDAC1/2,
BHCS80, Braf35, and MTAL.| have outlined two methods to obtain a KDM1A:CoREST
heterodimer as well as multiple methods to access HDAC1/2. | have additionally cloned
and expressed both BHC80 and Braf35 in multiple expression constructs. | have
additionally expressed and purified an additional scaffold protein, MTAL, to assess the
commonality of scaffold proteins in KDM1A binding. Overall, | have made significant
progress towards our expression and purification goals to will enable us to assess how

KDM1A is affected by coregulatory p roteins.

2.1 Co-expression and purification of KDM1A and full-length
CoREST

REST cerepressor 1 (RCOR1,CoREST) a scaffolding protein in several complexes
containing both KDM1A and HDAC1/2 wherein the linker region and SANT 2 domain
contribute to the bindi ng interface with KDM1A and binding to HDAC1/2 occurs via the
ELM/SANT1 domains of COREST (Figure 13) (74,113 116). The SANT2 domain of
CoREST was demonstrated by the Mattevi lab to bind nucleosomal DNA (118). CoREST
has been demonstrated to be required for KDM1A activity on a nucleosomal substrate. It

may be that COREST is required to bind and direct KDM1A to its substrat e. (118).
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All of the current knowledge in the literature regarding the binding of KDM1A
to its scaffold partner, COREST, is based on the linker region and SANT2 domain
(residues 286493).The major contribution of binding affinity to KDM1A is made
through the linker domain as previously established by our lab and others (53,117,203)
Previously unidentified regions of COREST may make additional contact with KDM1A
to impart conf ormational changes that are not yet establishedthey may still make
additional contacts with KDM1A . Additionally, the ELM2/SANT1 domains of COREST
interact with HDAC1/2 and accessing these regions of COREST would allow us to probe
the CoOREST:HDAC1/2 interface (115,217)

The expression and purification of KDM1A has been well established both in our
lab and by several other labs(53,117) However, there are currently no published
methods for heterologous expression and purification of COREST. Attempts by previous
lab members resulted in expression of protein, but none of the expression or purification

methods resulted in soluble protein.
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Previous lab member Jonathan Burg in hand generated two pET-DUET1
constructs containing KDM1A n, 17eand CoREST | se. Each construct utilized tandem
affinity purification (TAP) tags wherein each protein was orthogonally tagged. The
underlying principle behind TAP is that each protein has a separate affinity handle
enabling for the complex to be run over multiple columns to increase purity but also
ensure a 1:1 ratio between each of the construct componentsThis method of co-
expression enables KDM1A to function as a stabilizing protein for COREST to bind upon
translation.

The secondgeneration construct that he produced utilized a hexahistidine
(6xHis) tag on KDM1A and a maltose binding protein (MBP) tag on COREST, each with
a tobaccaoetch virus (TEV) protease cleavage site between the tag and the protein. We
utilized expression conditions established by Dr. Burg to opti mize a purification strategy
which results in 0.126 mg/LKDM1A:CoREST to 90% purity. However, this strategy is
lengthy and did not produce high yields of protein. The third -generation construct that
Dr. Burg produced utilized, again, a 6xHis tag on KDM1A; however, COREST was
preceded by a glutathione s-transferase (GST) tag in this construct. loptimized

expression conditions for this construct as well as a purification strategy.

2.1.1. Expression and purification of a second generation
KDM1A:CoREST complex

A pET-DUET1 vector with ampicillin resistance, a T7 promoter, lacoperon,

KDM1A . 17eand COREST _se were each tagged N-terminally with a 6x , is and MBP tag,
57



respectively. Each protein was full length except for the nuclear localization signal at the
N-terminus of KDM1A (1 -179) and the first 60 residues of COREST which were predicted
to be unstructured.

While the construct could be induced via Dr. Burg reported a leaky expression of
protein from a BL21(DE3) cell line (Novagen) when incubated at iU O x U O-04-Ow¢d
thiogalactopyranoside (IPTG) for 40 hours at 30°C in a shaking incubator at 200 rpm. |
have worked to optimize an initial purification strategy run on a small -scale by Dr. Burg

and have accessed low yields of KDM1A/CoREST at 0.126 mg/L and>90% purity .

2.1.1.1Heterologous e xpression of a second generation KDM1A:CoREST complex in
E. coli

The secondgeneration pET-DUETL1 vector was electrochemically transformed
into a BL21 Star(DE3) (ThermoFisher) cell line and grown on an ampicillin resistant
lennox broth (LB, GeneseeScientific 14125 medium overnight. A swipe of colonies was
utilized to inoculate a 100 mL starter culture. Upon reaching confluency, the large -scale
culture flasks were inoculated to a final 0.1% starter culture and then incubated in a
shaking incubator (200 rpm, 30 °C, 40 hrs.). The resulting cells were harvested via SLA
3000 rotor (5000 rpm, 4°C, 10 min), transferred to a 50 mL conical and stored in the-20

°C freezer until use.

2.1.1.2 Purification of a second generation KDM1A:CoREST complex

In an initial attempt, a thawed pellet was resuspended in 50 mM Tris -HCI buffer

system at pH 7.4 containing 350 mM NaCl, 10 mM imidazole, 5% glycerol, 1X Halt
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protease inhibitor cocktail (ThermoFisher 78429, lysozyme (1.0 mg/L, Sigma L6876) and
PMSF (0.4 mM, Sigma P7629 and then mechanically lysed in a high -pressure cell
disruption system. The resulting cell lysate was subjected to ultracentrifugation to
remove insoluble material (44,000x g, 4 °C, 45 min). The supernatant was then loaded
onto a 25 mL IDA chelating sepharose column previously charged with nickel at a flow
rate of 2.0 mL/min via benchtop peristaltic pump. After completion of loading, the
column was washed extensively with a 50 mM Tris -HCI buffer system at pH 7.4
containing 350 mM NaCl, 10 mM imidazole, and 5% glycerol utilizing a GE Healthcare
fast protein liquid chromatography (FPLC) AKTA purification system ( AKTA). An
imidazole gradient was then implemented up to 300 mM imidazole over a 15 CV to
elute bound protein from the column ( Figure 143a).

To remove the high levels of imidazole and glycerol from the samples to ensure
compatibility with the amylose resin (NEB), the fractions containing KDM1A and
CoREST were concentrated and buffer exchanged to a buffer containing 20 mM TrisHCI
(pH 7.4), 200 mM NaCl, 1mM EDTA, and 1 mM DTT with an Amicon Stirred Cell
system. The concentrated protein was loaded onto a 10 mL amylose resinbelow 1
mL/min via peristaltic pump. Upon completion of loading, the column was washed
extensively on an AKTA for 7 CV and then eluted with 10 mM maltose (Figure 14b) over
4 CV. The pooled fractions containing a 1:1 ratio of KDM1:CoREST were incubated

overnight with 6xHis TEV protease to cleave the affinity tags from the proteins.

59



The resulting cleaved mixture was loaded onto a 25 mL ID A chelating sepharose
column charged with nickel at a flow rate of 1 mL/min via peristaltic pump. The column
was washed on an AKTA for 4 CV and bound protein was eluted over an imidazole
gradient up to 300 mM over 6 CV. We hypothesized that KDM1A:CoREST would be in
the flow through, but SDS -PAGE revealed that the complex required a low level of
imidazole to be eluted, which has been noted previously with KDM1A alone. We noted
that imidazole was required for the cleaved heterodimer to be eluted from the colu mn
(Figure 14c). The requirement for imidazole to elute KDM1A:CoREST resulted in 6xHis -
TEV protease contamination.

The pooled fractions were concentrated using an EMD Millipore centrifugal filter
unit (10 kba MWCO, 2000x g, 4°C, 20 min) to a volume lessthan 1 mL and then loaded
onto a 16/600 S200 Sephacryl columrihat eluted with 1.5 CV (20 mM HEPES (pH 7.8),
200 mM NaCl, 1 mM DTT) at 0.7 mL/min. The resulting gel had extremely faint bands
corresponding to the correct MW at two different elution points (Figure 14d). Thetwo
MW bands corresponding to KDM1A and CoREST in the green box of Figure 14d
appeared to be in a 1:1 ratio. However, the MW bands corresponding to KDM1A and

CoREST in the second peak (Figure 14d, blue box) did not appear at a 1:1 ratio.
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Figure 14: Initial strategy to purify KDM1A:CoREST from a second -generation
construct. (a) IDA chelating sepharose (50 mM Tris HCI (pH 7.4), 350 mM NacCl, 5%
glycerol, 10 mM imidazole) run on an AKTA with a 10 CV wash and 15 CV  elution.
(b) Amylose resin (20 mM Tris HCI (pH 7.4), 200 mM NaCl, 1 mM EDTA, 1 mM DTT)
run on an AKTA with a 7 CV wash and 4 CV elution of 10 mM maltose.  (b) Post-
overnight TEV protease cleavage, the protein mixture was run over an IDA chelating
sepharose column on an AKTA with a 4 CV wash and 6 CV gradient (same buffer
system as A). (d) Hi-Load 16/600 S200 Sephacryl columnover 1.5 CV (20 mM HEPES
(pH 7.8), 200 MM NaCl, 1 mM DTT)

We next sought to assess if lengthening the elution of the second IDA chelating
sepharose column would allow for separation between KDM1A:CoREST and TEV
protease. We performed the purification utilizing the same protocol as above. At the
second IDA chelating sepharose column, postTEV cleavage, we performed a 20% 4CV
step-wise elution to a concentration of imidazole at 300 mM. SDS-PAGE analysis
revealed apparent separation between KDM1A:CoREST and TEV protease Figure 16d) .
We concentated the protein complex with an EMD Millipore centrifugal filter unit (30
kDa MWCO, 2500x g, 4°C, 20 min) to a concentration of 8.248 uM with a yield of 0.126
mg/L of protein ( Figure 16b).

While this is not an unreasonable level of protein to obtain over a purification
strategy, overall this construct carries several inherent issues. Firstly, the length of the
growth period makes this strategy less attractive over a more standard IPTG expression
timescale and secondly, amylose resin is not able to be egenerated consistently after 5
purifications due to amylase in the cell lysate. Thus we sought to utilize a resin that

retained a higher binding capacity. Interestingly, a recent study reported utilization of
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rice flour in their purification of an MBP -tagged protein due to the high levels of
amylose in rice flour (264). We sought to test if we could utilize a homemade amylose
resin.

A protocol reported by Kellerman and Ferenci in 1982 depicts their method of
crosslinking amylose to produce a homemade amylose resin for purification of MBP
tagged proteins wherein they utilized amylose heated and then crosslinked using strong
base and epichlorohydrin (265) We were curious if we could utilize this crosslinking
strategy with readily accessible rice flour, potato starch, and corn starch. Crosslinking
the material would allow us to more readily filter the resin through mechanical rigidity.

For the crosslinked samples, we heated 10 grams of each sample in 40 mL of
milliQH 20 to 50 °C upon which time 5M NaOH was added to a final volume of 100 mL
followed by 30 mL epichlorohydrin with stirring. The samples were then cooled to room
temperature on the benchtop, the gels broken to pieces and washed 3x with a 50 mM
glycine, 0.5 M NaCl buffer utilizing a fritted filter funnel. The gels were then washed 2x
further with 10 mM Tris -HCI (pH 7.2). The washed gel pieces were carried faward into
a binding test.

In the binding test, equal weights of crosslinked and uncrosslinked homemade
resins were equilibrated in water and then a standard amylose resin binding buffer as
described above to the equivalent of 5 CV. An E. colicell lysate expressed with

6xHisKkDM1A/MBPCOREST was divided amongst the samples and all were incubated

63



overnight with rotation at 4 °C. The samples were spun using a swinging bucket rotor
(2500 rpm, 4°C, 20 min), the supernatants removed. The resins were washed to 5 CV
and then incubated with buffer containing 10 mM maltose for 1 hour, spun down, and
the supernatant removed. SDSPAGE analysis revealed that all of the test resins, except
for uncrosslinked rice flour, were able to bind MBP -CoREST(Figure 15). The
uncrosslinked corn starch and potato starch revealed binding of a retained a high level
of MBP-CoREST. This suggested to us that future attempts to purify MBP-tagged

proteins should utilize a batch elution strategy with corn starch or potato starch.
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Figure 15: Assessment of the ability of crosslinked and non -crosslinked potato
starch, corn starch, and rice flour to bind an MBP -tagged CoREST protein with
KDM1A in complex as compared to the NEB amylose standard
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Figure 16: Second Ni-IDA column post -TEV cleavage and overall purification
strategy. (a) We utilized a 20% step gradient to allow for the separation between TEV

protease and KDM1A:CoREST. (b) Overall purification scheme resulting in 90&

protein at 0.126 mg/L yields.
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2.1.2. Expression and purification of a third generation
KDM1A:CoREST complex

Even with the uncrosslinked resin being successful, we still felt there was benefit
towards utilizing the third -generation KDM1A:CoREST construct due to the benefits of
the expression strategy. Previous lab member, Jonathan Burg, designed and constructed
what we will refer to as a third -generation construct. Containing kanamycin resistance, a
T7 promoter, and lacoperon, KDM1A and CoREST were each tagged N-terminally with
a 6xhis and GST tag, respectively. Each protein was full length except for the nuclear
localization signal at the N -terminus of KDM1A (1 -179) and the first 60 residues of
CoREST which were predicted to be unstructured.

In his hands, Dr. Burg described an expression strategy with an overnight starter
culture (30 °C, 200 rpm) in LB (GeneseeScientific 11125)with kanamycin resistance,
induction of large -scale cultures to a final inoculum of 0.1%, with 1 mM MgCl 2 (30 °C,
220 rpm). Upon reaching an ODeoo 0f 0.8, the cells were induced with IPTG to a final
concentration of 1 mM and allowed to grow overnight (19 °C, 220 rpm). He noted via
SDSPAGE gel that he was able to visualize two overexpressed bands at the MW
corresponding to the expected weights of 6xHis-KDM1A and GST-CoREST.

While | noted these bands as well during expression, upon purification there was
no binding to the glutathione sepharose column . | have thus worked through expression
testing and a purification strategy throu gh which we have been able to obtain

KDM1A:CoREST through this strategy.
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2.1.2.1 Expressionof a third generation KDM1A:CoREST complex

The original expression conditions of the third -generation construct were based
on the previously reported expression conditions for COREST in our lab (117)ns

. We decided to expand the expression conditions to include a slightly higher
and lower expression temperatures of 21 °C and 15 °C at four different IPTG induction
concentrations (1.0 mM, 0.5 mM, 0.25 mM, and 0.1 mM). For these expression tests we
inoculated an overnight starter flask with kanamycin and chloramphenicol resistance
with a glycerol stock of BL21 Star (DE3) cell line that had been electrochemically
transformed and contained the third -generation construct. The induction cultures were
grown at 30 °C to an ODeoo of 0.8, cooled to either 21°C or 15 °C for 10 minutes, induced
with the appropriate amount of IPTG, and allowed to grow overnight to reach
confluency.

We collected samples from each of the test induction flasks and ran SDSPAGE
and Western Blot (WB) analysis for both 6xHis and GST (Figure 17). We noted no
significant changes between the sample taken before induction and the final time point
in most of the samples except for the 0.5 mM and 0.25 mM IPTG at 15C. While the
6xHis tag was shown consistently on the WB for all eight of the conditions, there was no
GST-tag observed (Figure 17b,c). Even though BL21 Star(DE3) cells are designed to limit

proteolysis of proteins, we suspected that GST-COREST was being degraded overnight.
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Thus, | next decided to perform an expression test over shorter time points at higher

induction temperatures.
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Figure 17: Expression test of third -generation construct. A BL21 Star (DES3) cell
line containing the third -generation construct was induced at 15 °C and 21 °C utilizing
4 different IPTG concentrations (1.0 mM, 0.5 mM, 0.25 mM, 0.1 mM). The induced
cultures were grown overnight and then subjected to (a) SDS -PAGE (Bio-Rad 4-20%,
120V 65 min), and subsequent WB analysis utilizing an (b) Y-6xHis (1:5000) or (c)Y-
GST(1:1000). We observed expression of 6xHis-KDM1A across all conditions, but no
expression of GST -CoREST was observed via WB or visually by SDS -PAGE with
comassie staining.
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To examine the possibility that COREST was being degraded, | examined the
effects of reducing the incubation time. | chose induction temperatures of 30 °C and 37
°C with IPTG concentrations at 1.0 mM and 0.25 mM. Similar to above, an overnight
starter flask inoculated with cells from a glycerol stock was utilized to inoculate the
induction flasks. The flasks were grown at 30 °C to an ODeoo 0f 0.8 and then induced
with the appropriate amount of IPTG. Time points were taken at 0, 1, 2, and 4 hours,
samples spun down in a tabletop centrifuge (8000 rpm, 4 °C, 2 min), supernatant
removed, and the pellet stored at -20 °C until use. We subsequently ran SDSPAGE and
WB analysis of the samples for both 6xHis and GST Figure 18). | noted consistent
expression across all GSTCoREST samples, and highest expression for 6xHiskDM1A

after 4 hours post-0.25 mM IPTG induction at 30 °C.
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Figure 18 Expression test of third -generation construct. A BL21 Star (DES3) cell
line containing the third -generation construct was induced at 30°C and 27 °C utilizing
2 different IPTG concentrations (1.0 mM, 0.25 mM). Time points were taken at 0, 1, 2,
and 4 hours and then subjected to (a) SDS-PAGE (Bio-Rad 4-20%, 120V 65 min), and
subsequent WB analysis utilizing an (b) Y-6xHis (1:5000) orY-GST(1:1000). We
observed expression of GST -CoREST across all conditions, but varied expression of
6xHis-KDM1A, with the hig hest observed level after 4 hours at 30 °C with a 0.25 mM
IPTG induction.

2.1.2.2 Purification of a third generation KDM1A:CoREST complex

The adaptation of shortened induction times facilitated production of GST -
CoREST, so | then turned to thedevelopment and expression of a purification protocol. |
envisioned a strategy wherein the cell lysate was run over a Ni-IDA chelating sepharose
column followed by a glutathione agarose column, subsequent overnight TEV -protease
cleavage and then a final sze exclusion chromatography column.

A thawed pellet was resuspended in 25 mM sodium phosphate buffer system at
pH 7.0 containing 300 mM NacCl, 10 mM imidazole, 5% glycerol, 1X protease inhibitor

cocktail (Biotool 1400J), lysozyme (1.0 mg/L Sigma L6876),and PMSF (0.4 mM, Sigma
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P7626 and then mechanically lysed in a high -pressure cell disruption system. The
resulting cell lysate was subjected to ultracentrifugation to remove insoluble material
(43,000x g, 4°C, 45 min). The supernatant was then loaded onto a 25 mL IDA chelating
sepharose column previously charged with nickel at a flow rate of 2.0 mL/min via
benchtop peristaltic pump. After completion of loading, the column was washed
extensively with a 25 mM sodium phospha te buffer system at pH 7.0 containing 300 mM
NaCl, 10 mM imidazole, 5% glycerol utilizing. An imidazole gradient was then
implemented up to 250 mM imidazole over a 20 CV to elute bound protein from the
column (Figure 193).

We next pooled the fractions containing KDM1A:CoREST as assessed via SDS
PAGE and proceed to a 10 mL glutathione agarose column (Genesee Scientifi. The
column was subsequently eluted with 10 mM reduced glutathione ( Figure 19b) over 5
CV. The pooled fractions containing a 1:1 ratio of KDM1:CoREST were incubated
overnight with 6xHis TEV protease to cleave the affinity tags from the proteins.

Following concentration of the mixture by centricon ( 30 kDa MWCO, 2000x g, 4
°C, 20 min), the wasthen loaded onto a previously equilibrated 16/600S200 Sephacryl
and eluted over 1.5 CV (20 mM HEPES (pH 7.8), 200 mM NaCl, 1 mMBME, 0.7 mL/min)
(Figure 19¢). The fractions were analyzed by SDSPAGE (Figure 20a) with Coomassie
staining and confirmed the presence of protein in fractions 11 and 12. (Figure 20b-d).

Fractions 11-12 were concentrated by a centricon concentrator 80 kDa MWCO 200 g, 4
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°C, 20 min) to a volume of 1 mL and assessed concentration to be 2.088 uM with a yield

of 0.2588 mg/L via Bradford assay.
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Figure 19: Strategy to purify KDM1A:CoREST from a third -generation
construct. (a) IDA chelating sepharose (25 mM sodium phosphate (pH 7.0), 300 mM
NacCl, 5% glycerol, 10 mM imidazole) run on an AKTA with a 15 CV wash and 20 CV
elution. (b) Glutathione agarose resin (PBS with 2 mM BME to wash, 50 mM Tris -HCI
(pH 7.4) with 150 mM NacCl, 10 mM reduced glutathione, 2 MM  BME for elution) run
on an AKTA with a 15 CV wash and 5 CV elution. (c) Post-overnight TEV protease
cleavage, the protein mix ture was concentrated and run over an SEC 16/600 S200
Sephacryl column (25 mM HEPES (pH 7.8), 200 mM NaCl, 1 mM BME) for 1.5 CV
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Figure 20: Assessment of the overall purification strategy for the third -
generation construct . (a) SDS-PAGE (Bio-Rad 4-20%, 120V 65 min), and subsequent
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(1:8000). We observed presence of COREST, and no 6xHis or GST ndicating complete
cleavage of tags.

In conclusion, | developed and optimized a method to produce KDM1A:Corest

via recombinant co-expression in the heterologous hostE. coli.have provided to
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methods through which KDM1A:CoREST can be obtained to sufficient purity for
subsequentinteraction studies such as ITC and HDX -MS as well as in enxymatic assays
with additional coregulatory proteins of not only the REST complex, but any complex

which contains both KDM1A and CoREST.

2.2 Expression and purification of Braf35

BRCA associated factor 2/High mobility group 20B/ SWI/SNF-related matrix -
associated actindependent regulator of chromatin subfamily E member 1 -related
(Braf35, HMB20B, SMARCErelated protein) is one of the proteins within the 5 -mer
complex. It was first noted to be found in complexes containing CoREST and HDACs as
part of a parallel study which was assessing the interaction between BRCA2 and Braf35.
This lab noted that a distinct subpopulation of Braf35 did not interact with BRCA2 and
instead was found with CoOREST-containing complexes (120). They further assessed the
DNA binding ability of Braf35, presumably through its HMG domain  (70-138,Figure
21a) , and found it specifically interacted with 4 -way DNA junctions ( Figure 21b).

While the exact role of Braf35 has yet to be established, a 2012 study by the Reyes
lab established that Braf35 is sumoylated within KDM1A -CoREST containing complexes
(121). A paralog of Braf35, iBraf can form heterodimers with Braf35, inhibiting both
sumoylation and its interaction with the complexes, affecting the ability of the

complexes to function within the cells (121). While it is not clear w hat the cause and
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effect is and what specific role sumoylation plays, it is clear that Braf35 does play a

critical role in KDM1A -CoREST complexesn vivo.
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Figure 21: Overview of Braf35 with domain map and representation of a4 -way
DNA junction (a) domain map of Braf35 depicting the placement of the HMG domain
within the protein and (b) a pictorial representation of a4 -way DNA junction that
Braf35 preferentially binds.

Herein, we report our efforts towards cloning, expression, an d purification of
Braf35 recombinantly in E. coli We were able to produce both a pET15b construct with
an N-terminal 6xHis tag and a TEV protease cut-site preceding the protein as well as a
pPET28-b(+) construct with an N -terminal 6xHis -GST tandem tag followed by a TEV
protease cut site directly before Braf35. | have performed extensive expression testing on

both constructs and demonstrated expression of the protein via both plasmids. While |
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was unable to obtain soluble protein via the pET15-b vector, | anticipate that a

purification protocol for Braf35 from a pET28 -b vector will be rapidly accessible.

2.2.1 Cloning of Braf35 into pET expression plasmids

In order to produce a construct containing Braf35, | first obtained a gBlock from
IDT containing a cod on optimized sequence for E. coliflanked by N -terminal Ndel and
C-terminal Xhol cleavage sequences. The utilization of different codons varies between
strains, and as a result, there are differing levels of tRNAs for each codon between
species(266). If a codon is significantly more frequent in the host species, it is much
more likely for the ribosome to stall while waiting for the correct tRNA, resulting in a
significant number of truncation products.

We chosefirst to access the pET15b construct utilizing restriction digestion of
the backbone and gBlock synthetic Braf35 linear sequenceFollowing the IDT protocol
for gBlock restriction digests, we incubated 1 ug of both backbone and insert, separately,
with Cu tSmart buffer (NEB), and 20 U of Ndel and Xhol (NEB). An additional 20 U of
each enzymewas added halfway through the digest ion (37 °C, 3 hrs.). The backbone
was dephosphorylated to enhance subsequent ligation (37°C, 1 hour). An agarose gel
was run (0.8% agarose, 80V, 30min, 1 kB ladder)to compare the cut backbone to the
original vector and allow for separation between the backbone, and the sequence that
had been digested from the pET15b vector (Figure 22). The digested insert and

backbone were excised arl subsequently purified (Qiagen).
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500 bp

Figure 22 Restriction digest of a pET15 -b vector for Braf35 restriction digest.
Digest was run over the course of 3 hours utilizing CutSmart buffer and 40 U of both
Xhol and Ndel. A 0.8% agarose gel was run (80V, 30 Min, 1kB ladder) of both an
uncut vector and the cut vector. In the cut vector lane, we noted a lower molecular
weight b and corresponding to the original sequence between the two restriction
enzymes ¢+ KDM1A.

For the ligation reaction, we measured the concentrations of the purified pieces
and ran two ligation reactions (NEB) at 3:1 and 4:1 insert:vector molar ratios and
incubated overnight at 16 °C. In order to remove excess enzyme and salts that could

inhibit an electrochemical transformation, we performed a DNA purification utilizing
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EMD Millipore PelletPaint Co -Precipitant. We performed an electrochemical
transformatio n and plated the cells on an ampicillin plate overnight at 37 °C.

Similarly, for the production of a pET28 -b(+) vector containing Braf35, we
utilized Xhol and Ndel in our restriction digest of the pET28 -b(+) backbone and pET15b
containing the Braf35 insert (37 °C, 2 hrs). | observed cleavage via agarose gel and
proceeded to excise and purify the DNA for ligation ( 1.2% agarose gel80V, 30 min,1 kB
ladder) (Figure 23). DNA ligation was performed at 3:1, 4:1 and 6:1 insert:vector molar
ratios and incubated overnight (16 °C, NEB T4 DNA ligase). The ligation mixture was
desalted, transformed into electrocompetent DH10¢ cells, incubated for 1 hour at 37 °C,
and plated on LB agar containing 50 pg/mL kanamycin and incubated overnight. Upon
obtaining both vectors with confirmed sequencing from Eton Biosciences, we proceeded
to expression tests for both vectors to determine the best method to access a purified

Braf35 from E. coli
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Figure 23: Restriction digest of a pET15 -b vector containi ng Braf35 and a
pPET28-b(+) vector containing COREST 2ss493)for restriction digest. Digest was run over
the course of 3 hours utilizing CutSmart buffer and 40 U of both Xhol and Ndel. A
0.8% agarose gel was run (80V, 30 Min, 1kB ladder) of both cut vector s. In both, we
noted two bands corresponding to the MW of the backbone (higher) and the original
insert between the restriction enzymes.

2.2.2 Expression tests for 6xHis-Braf35 (pET15-b)

I next conducted expression tests of the pET15b 6xHis-Braf35 construct. Four
induction temperatures (37 °C, 30°C, 21°C, and 15°C) were examined at two different
IPTG concentrations (1.0 mM and 0.5 mM).

| transformed electrocompetent E. coliBL21(DE3) (Novagen) with pET16b-Braf35
plasmid DNA, as above. Several single mlonies of E. coliBL21(DE3) were used to
inoculate an overnight starter flask (37 °C, 200 rpm). Upon reaching confluency, 100 mL
flasks of LB media with ampicillin were inoculated to 1% v/v and incubated (37 °C, 200
rpm) to an ODsooof 0.6 at which time the flasks were moved to their induction
temperature for 10 minutes and the induced with either 0.5 or 1.0 mM of IPTG. Time

points were taken at 0, 1, 2, and 4 hours for the 30°C and 37 °C samples whereas | only
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took time points for the overnight growth s amples of 15°C and 21 °C due to the slowed
growth of the two lower temperature samples.

The time point samples were assessed bysDSPAGE with Comassie staining
(homemade 12% acrylamide gel, 140V, 90 min) Figure 24). The expected molecular
weight was 38 kDa, which we noted only for the overnight time point for 21 °C
induction temperature with 0.5 mM IPTG. However, with the 21 °C induction at 0.5 mM
IPTG in hand, | decided to expand conditions around this growth to optimize the

amount of protein | was able to collect from an expression.
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Figure 24: Expression test of 6xHis-Braf35. A BL21 (DE3) cell line containing
the 6xHis-Braf35 construct at expression temperatures of 37°C, 30°C, 21°C and 15°C
utilizing 2 different IPTG ¢ oncentrations (1.0 mM, 0.5 mM). Time points were taken at
0, 1, 2, and 4 hoursfor the higher two temperatures and overnight for the lower two
temperatures and then subjected to SDS -PAGE (homemade 12% acrylamide gel, 140V,
90 min). We noted one band at 21 °C induction with 0.5 mM IPTG that contained the
expected MW band at 38 kDa
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Additional optimization of pET -15b-Braf35 expression was performed for the
21°C sample with 0.25 and 0.5 mM IPTG at an ORow of both 0.4 and 0.8, and collected
time points at 0, and overnight. Subsequently, | ran an SDSPAGE gel (Bio-Rad 4-20%,
120V, 65 min) and performed a WB analysis with a 6xHis antibody to assess the level of
expression in these additional conditions (figure 25).

We detected 6xHis at the correct MW (38 kDa) acioss all four conditions,
indicating the presence of protein. While all four conditions contained an apparent
relatively similar amount of protein, we opted for the condition which had a slightly
higher apparent level of protein, 0.5 mM IPTG at an OD oo Of 0.4, for large scale

expressions.
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Figure 25: Expression test of 6xHis-Braf35. (a) SDS-PAGE (Bio-Rad 4-20%,
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observed presence of 6xHis across all four expression conditions, the highest being at
0.5 mM IPTG at an OD e00 0f 0.4.

2.2.3 Purification for 6xHis -Braf35 (pET15-b)

Having established expression conditions in BL21(DE3) cells, | next moved to
attempt puri fication. | envisioned a strategy wherein the cell lysate was run over a Ni -
IDA chelating sepharose column. Depending on purity, with a predicted isoelectric

point (pl) of 9.36, ion exchange chromatography was a potential second step. Abackup
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strategy wou ld be an overnight TEV protease cleavage and a second NilDA chelating
sepharose column.

A thawed E. coliBL21 (DE3) containing pET-15b Braf35 plasmid pellet was
resuspended in a 50 mM Tris-HCI buffer at pH 7.5 containing 350 mM NacCl, 10 mM
imidazole, 5% glycerol, 1X protease inhibitor cocktail (Biotool 14003, lysozyme (1.0
mg/L Sigma L6876), and 0.4 mM PMSF(SigmaP762§. The cells werethen mechanically
lysed in a high-pressure Avestin cell disruption system and the lysate was clarified by
ultracentrifu gation (42,000x g, 4 °C, 45 min). The supernatant was then loaded onto a 25
mL IDA chelating sepharose column previously charged with nickel (ll)sulfate at a flow
rate of 2.0 mL/min via benchtop peristaltic pump. The column was washed extensively
with a 50 mM Tris -HCI buffer system at pH 7.5 containing 350 mM NacCl, 10 mM
imidazole, and 5% glycerol utilizing a GE Healthcare FPLC then eluted with an
imidazole gradient (0 to 300 mM) over 15 CV (Figure 26a).

At this point, | wished to assess the eluted fractions from this column by SDS-
PAGE (Bio-Rad 4-20%, 120V, 65 min)with Coomassie staining and WB analysis (1:5000,
Y-6xHis) (Figure 26a). A band in fractions 20-26 was present at the expected MW for

Braf35, however, there was no protein visualized via WB analysis (Figure 26b).
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Figure 26: Initial purification attempt with pET15 -b 6xHis-Braf35. (a) Utilizing
a Ni-IDA chelating sepharose column (50 mM Tris -HCI, 350 mM NaCl, 5% glycerol,
10 mM imidazole) we eluted over a 15 CV gradient to 300 mM imidazole. We assessed
via (a) SDS-PAGE (Bio-Rad 4-20%, 120V 65 min) and noted a band (black box) at ~38
kDa in fraction 20 -26 via (b) WB analysis (100A, 30 min) for Y-6xHis (1:5000).There
was no observed 6xHis present across soluble protein or fractions from the elution.

2.2.4 Expression tests for pET28b(+) 6xHisGST -Braf35

With a Braf35 containing pET28-b(+) vector in hand, we next moved to establish
which conditions would result in expression of soluble protein. | decided to test across
three induction temperatures (37 °C, 30°C, 20°C) at two different IPTG concentrations
(0.75 mM and 0.25 mM).

| performed an electrochemical transformation to a BL21 (DE3) (Novagen)
expression strain and inoculated an overnight starter flask (37 °C, 200 rpm). Upon
reaching confluency, 100 mL flasks of LB (GeneseeScientific 11125)media with

kanamycin were inoculated to 1% v/v: and incubated (37 °C, 200 rpm) to an ODsooof 0.4
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and induced with IPTG (0.75 or 0.25 mM) Time points were taken at 0, 1, 2, and 4 hours
for the 30 °C and 37 °C samplesand overnight for samples at 20°C.

The time point samples were via SDSPAGE (Bio-Rad 4-20%, 120V, 65 min)with
Coomassie staining (Figure 27). The expected molecular weight was 67 kDa, which we
noted across all conditions (Figure 27a), particularly at the 2- and 4-hour time points for
an IPTG concentration of 0.25 mM at 30°C induction and both of the 20 °C overnight
time points. | further assessed this utilizing WB (100V, 30 min transfer, 1:5000Y-6xHis)
(Figure 27b). The band we noted via Coomassie stain directly below the 75 kDa ladder
marker is consistent with the band which appears via WB, suggesting the presence of

6xHisGST-Braf35.
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Figure 27: Expression test of 6xHisGST -Braf35. A BL21 (DE3) cell line
containing the 6xHisGST -Braf construct was induced at 37 °C, 30°C, 20°C utilizing 2
different IPTG concentrations ( 0.75mM, 0.25mM). Time points were taken at 0, 1, 2,
and 4 hours for the higher two temperatures and overnight for the  lower temperature.
and then subjected to SDS -PAGE (Bio-Rad 4-20%, 120V, 65 min) with subsequent (a)
Coomassie staining and WB analysis (100A, 30 min). Visually, there was a consistent
band across all conditions, WB analysis revealed the presence of a 6xHi s tag at the
appropriate MW, suggesting the presence of 6xHisGST -Braf35.

2.4 Expression and purification of HDAC1/2

Histone deacetylase 1 and 2 (HDAC1/2) are Class | metalloenzymes which likely
utilize zinc to mediate hydrolysis of the acetyl -group from a lysine residue (Scheme 2.
Similar to KDM1A, HDAC1/2 have been implicated in a series of pathophysiological
functions, particularly throughout various cancer phenotypes, and there are currently
several FDA approved HDAC inhibitors (215,26% 269).

HDAC1/2 are commonly found in complex with KDM1A and CoREST,

interacting with CoREST through the ELM2/SANT domain, including in the 5-mer
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complex we sought to express and purify in E. coli(73). HDAC1/2 has been expressed
and purified primarily via mammalian cell culture, though there are reports of

utilization of Sf9 cells for obtaining a catalytically active protein (262). To date there are
no reports of a catalytically active HDAC1/2 expressed and purified in E. coli The most
likely reason for a catalytically inactive enzyme from E. coliis that there are no PTM
mechanisms in E. coliand HDAC1/2 have been shown to require phosphorylation for
activity (218)on an unstructured region on the C -terminus of the two proteins. Another
member of the Class | HDAC family, HDACS8, has been shown to be oppositely affected
by phosphorylation, and does not contain the unstructured tail region of HDAC1/2
(Figure 28). Interestingly, the Fierke lab has published a series of papers over the past
decade detailing their efforts and success in expressing and purifying a catalytically

active HDACS from E. coli(220t222270,271)
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Figure 28: Overlay of the active globular domains of HDAC1 (green) and
HDACS (pink). (a) both HDAC1/2 and HDACS8 share an active globular domain.
While HDAC1/2 have an additional C -terminal tail, the (b) active -site containing
globular domains very closely align between the proteins, suggesting a potential for
soluble expression and purification utilizing a construct of HDAC1/2 without the C -
terminal region

In order to access large quantities of active and pure HDAC1/2, | envisioned
multiple routes towards gaining access to these proteins, each of which are detailed
below. Firstly, | established a method of purification utilizing a 6xHis tagged protein

construct. Secondly, | produced constructs which do not contain t he phosphorylated C-
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terminal tail of HDAC1/2 to mimic HDACS. Finally, | produced both MBP and GST
constructs and expression profiles to provide different handles for pull -down assays or

purification methods should a metal -free method be necessary.

2.4.1 Cloning efforts towards HDAC1/2 constructs

Previous lab member Jonathan Burg had previously cloned HDAC1/2 into
pPET30-b(+) constructs with a thrombin cleavage site directly proceeding the protein
sequence and preceding the Gterminal 6xHis tag. With these constructs in hand, we
were able to readily utilize standard restriction digestion cloning protocol towards
production of constructs with both MBP and GST tag systems. In each case, we utilized a
previously utilized backbone of pET28 -b(+) with either an N-terminal MBP or 6xHisGST
tag followed by a TEV protease cleavage and then the protein sequence.

A restriction digest was performed on pET28-b(+) backbones(6xHis GST and
MBP tag) and pET-30b constructs containing HDAC1/2 with restriction enzyme Ndel
and Xhol (NEB, 37°C, 1 hr). The results of the dgest were assessed with by gel (0.8%
agarose,80V, 30 min,1 kB ladder) and the backbones and inserts were subsequently

excised from the gel and purified (Qiagen) (Figure 29) in preparation for ligation .
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Figure 29: Agarose gel following restriction digest of two pET28 -b(+) vectors
containing a 6xHisGST tag (a) and an MBP tag (b) for HDAC2 (a) and HDACL1 (b).
Digest was run over the course of 1 utilizing CutSmart buffer and 20 U of both Xh ol
and Ndel. A 1.2% agarose gel was run (80V, 30 min, 1kB ladder) of the cut pet28 -b(+)
vector and inserts from their original backbone vector (pET30 -b).

The ligation reaction was performed at 3:1and 4:1 insert:vector molar ratios and
incubated overnight (NEB T4K, 16 °C). The products were purified (EMD Millipore
Pellet Paint) and resuspended in 16 UL nucleasefree water. We performed an
electrochemical transformation with 5 pL of the purified ligated DNA and mixed them
with an aliquot of DH10 Y cells. Directly following the electro -shock, we diluted the cells
to 1 mL in super optimal broth with catabolite repression (SOC) and incubated them for
1 hour at 37°C in a rotating incubator, allowing the freshly transformed cells recovery
time before plating them on kanamycin plate overnight at 37 °C.

Single colonies were isolated and the plasmid DNA isolated (Zymo mini -prep)
and sequence confirmed by EtonBiosciences for: pET2&(MBP-HDAC1), pET28-b(MBP-

HDAC?2), pET28-b(GST-HDAC1), and pET -28b(GSFHDAC2).
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2.4.1 Epression of an HDAC -6xHis pET30-b construct

While Dr. Burg had previously reported expression conditions, we sought to
confirm these conditions in our hands as well as establish if in the incorporation of
exogenous zinc would increase the expression of he protein.

Having confirmed the construct sequence, we next moved to expression of the
protein in E. colitowards purification. The published protocol notes a 20 °C induction
temperature, but not an IPTG concentration, so | attempted an initial expression test
with a final IPTG concentration of 0.5 mM IPTG.

| performed an electrochemical transformation with both the peT30 -b HDAC1
plasmid as well as a constitutively active GroESL plasmid to a BL21Star (Novagen)
expression strain and inoculated an overnight starter flask (37 °C, 200 rpm). Upon
reaching confluency, flasks of 2X-YT media with 50 uM kanamycin and 25 pM
chloramphenicol were inoculated to 1% v/v + and incubated (37 °C, 220 rpm) to an ODsoo
of 0.8 at which time the flasks were moved to 19 °C for 10 minutes and then induced to a
final IPTG concentration of either 0.1 mM or 1.0 mM and grown overnight. Cells were
subsequently pelleted (SLA-3000, 5000rpm, £C, 15 min) and stored at-20°C.

To test the solubility, we utilized BugBuster reagentper OEOUIT EEUUUI Uz Uwx UC
and analyzed via SDSPAGE (homemade 12% agarose gel, 140V, 80 min) with
Coomassie staining (Figure 30). An overexpression band at roughly 57 kDa, the expected

MW, was visualized in the induced and soluble protein lanes for the 1.0 m M IPTG
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concentration. Interestingly, at 0.1 mM IPTG, the protein was still expressed, but appears

insoluble.

25kDa

20kDa |

15kDa

Figure 30: Test of solubility of HDAC1 at 0.1 mM and 1.0 mM IPTG in 2X -YT
media. Cells were grown at 37 °C to an OD s 0f 0.8 upon which they were induced at
19°C and grown overnight. We noted over expression at the expected MW for 1.0 mM
IPTG.
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I next sought to assess the potential benefit of exogenous zinc in HDAC1
expression. As HDAC1/2 are metalloenzymes, incorporating additional amounts of zinc
into the growth conditions will allow for less stress on the E. colicells, enabling a
potential higher level of expression to be obtained.

The expression test was performed as above at 1.0 mM IPTG only and with and
witho ut the incorporation of 100 uM Zn(SO 4) at the inoculation of the induction cultures.
There appeared to be no large difference in the plus and minus exogenous zinc samples
suggesting that additional zinc was not required for expression; however, we opted to
retain the usage of exogenous zinc in the event that it would aid solubility upon

purification ( Figure 31).
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Figure 31: Assessing the importance of exogenous zinc on the expression of
HDAC1. We noted no significant changes in protein expression with the introduction
of exogenous zinc into the expression of HDACL1.

2.4.2 Purification of an 6xHisGST -HDAC pET28 -b(+) construct

A thawed pellet of HDAC2 was resuspended in a 25 mM HEPES buffer system

at pH 8.0 containing 300 mM NacCl, 10 mM imidazole, 10% glycerol, 1X protease

inhibitor cocktail (Biotool 14001, lysozyme (1.0 mg/L Sigma L6876),and 0.4 mM PMSF

(SigmaP7629 and then mechanically lysed in a high -pressure cell disruption system.

The resulting cell lysate was subjected to ultracentrifugation to remove insoluble

material (42,000x g, 4 °C, 45 min). The supernatant was then loaded onto a 25 mL IDA
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chelating sepharose column previously charged with nickel at a flow rate of 2.0 mL/min
and column was washed extensively with a 25 mM Tris -HCI buffer system at pH 8.0
containing 300 mM NaCl, 10 mM imidazole, and 10% glycerol. | performed a step 60
mM imida zole hold, a subsequent wash with 0.01% triton X-100, and then a gradient up
to 300 mM imidazole. Fractions collected were analyzed by SDSPAGE (Bio-Rad 4-20%,
120V, 65 min) with Coomassie staining (Figure 32). We noted a band across all of the
fractions that corresponded to the correct MW of 57 kDa, suggesting a slow elution of

the protein over the course of the imidazole gradient.
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Figure 32 Initial purification attempt of HDAC2 utilizing nickel -immobilized
affinity chromatogra phy

Since HDAC2 has a predicted pl of 5.8, we purified HDAC2 additionally using
anion Q sepharose IEC as a secondary purification step. The protein was dialyzed
overnight into a 25 mM HEPES buffer at pH 7.0 containing 50 mM NaCl and 2 mM
BME, loaded onto a 20 mL Q-sepharose column at a rate of 2 mL/minand then eluted
over a gradient up to 1M NaCl. SDS-PAGE (Bio-Rad 4-20%, 120 V, 65 min) with
Coomassie staining (Figure 33) was utilized to visualize this column purification step.

We noted a band at the expected MW across fractions 20 to 24.They were combined and
97



concentrated via centricon concentrator (10 MWCO, 2000x g, 4°C) to 1.3 mg/mL and was

stored at -20°C in 40% glycerol.
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Figure 33: Utilization of IEC to further purify

6xHis-HDAC2. Utilizing a Q

sepharose column, we were able to significantly separate the desired 57 kDa MW
band from the contaminating proteins.

Additional optimization of the protocol was pursued.

As zinc is likely the metal

utilized by HDAC1/2, we wanted to assess utilization zinc-immobilized affinity

chromatography step to avoid introduction of a non -native metal into the protein. We

performed a cell lysis and initial purification step as above and analyzed the purification

step via SDSPAGE (Bio-Rad 4-20% 120 V, 65 min) with Coomassie staining Figure 34).
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Figure 34: Purification profile utilizing zinc  -immobilized affinity
chromatography of 6xHis -HDAC .

This resulted in a significantly less purified protein after the initial puri fication
step. | anticipate that a Q-sepharose column would be a successful second purification
step, though this was not assessed. However, | have demonstrated that if it is found that
nickel is being utilized by HDAC1/2 and it is not the native metal, it could be that this is

a potentially viable initial purification step utilizing a HDAC with a 6xHis tag.

2.43 Purification of an MBP -HDAC protein

Having produced a construct for HDAC1/2 with an MBP tag, we wished to
assess the feasibility of purification of HDAC1 utilizing this tag. As discussed
previously, we have established an in-house method to purify MBP -tagged proteins in a
costeffective manner utilizing potato starch. | utilized this method in a batch elution to

result in relatively pure HDACL; h owever, there was significant loss of protein over
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wash steps, suggesting that another method may be more amenable to purification to
gain access to higher levels of protein.

A thawed pellet of E. coliBL21 (DE3) cells transformed with the pET-28b(+) MBR
HDACL1 plasmid was resuspended in a 25 mM HEPES buffer at pH 8.0 containing 200
mM NaCl, 1 mM EDTA, 1X protease inhibitor cocktail (Biotool 14003, lysozyme (1.0
mg/L Sigma L6876),and 0.4 mM PMSF(SigmaP762§. The cells weremechanically lysed
in a high-pressure Avestin cell disruption system and clarified via ultracentrifugation
(40,000x g, 4 °C, 45 min). The resulting supernatant was incubated with potato starch
and then washed 3x via swinging bucket rotor (500 rpm, 15 min, 4 °C) and then eluted
with the addition of 10 mM maltose. We assessed this purification method via SDS -
PAGE (Bio-Rad 4-20%, 120 V, 65 min) with Coomassie staining Figure 35). While the
expected band (100 kDa) was obtained with relatively high purity, we noted that there
was an apparent significant loss of protein across the initial binding and wash steps.
This loss of protein suggests that we reached the binding capacity of the potato starch
and a significant amount more would be required. It may also be that this protein
construct is not able to bind as tightly to potato starch as we noted with

KDM1A:CoREST, and so may not be the most optimal method for purifying HDAC1/2 .
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Figure 35: Purification of MBP -HDACZ1 utilizing potato sta rch in a batch
elution manner. While we obtained relatively pure protein at the correct MW (100
kDa), we noted significant loss of protein in the wash steps.

2.5 Expression and purification of MTAl1e2-335

The majority of my efforts in protein expression a nd purification were towards
the goal of forming the 5-mer complex KDM1A was initially reported in  (113), however,
as described in Chapter 1, epigenetic enzymes can be coopted by multiple complexes
within cellular environments to target different gene subsets. A core demethylase -
scaffolding protein -deacetylase containing both KDM1A and HDAC1/2 is found within
several complexes. In many of these cases, the scaffold protein is COREST; however, in
the nucleosome remodeling and histone deacetylase(NuRD) complex, the scaffold

protein is metastasis tumor associated protein 1 (MTA1). MTAL contains a bromo-
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adjacenthomology (BAH) domain, a reader domain involved in nucleosomal binding,
ELM2 and SANT domains in a similar layout to COREST, as well as a zinc finger domain
which has been shown to be involved in protein:protein interactions (72,217,272277)
(Figure 36@). Through the ELM2 and SANT domains, MTA1 has been demonstrated via
X-ray crystallography to bind HDACs and has additionally been reported to bind

KDMZ1A through an unestablished mechanism ( Figure 36b) (217).
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Figure 36: Domain map of MTA1 with reported binding sites of KDM1A and

HDAC1/2 in comparison to COREST. (a) MTA1 contains ELM2 (pink) and SANT (teal)

domain s similar to CoREST and additionally zinc finger and bromo
165340 HDAC 8376

homology (BAH) domains. (b) A crystal structure exists of MTA1
depicting the mode of binding between the two proteins.

As both MTA1 and CoREST function as scaffold proteins for KDM1A and

HDAC1/2, | was interested to explore the interaction between KDM1A and MTA1
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further. In the interaction between CoREST:KDM1A, previous lab member Sunhee
Hwang utilized ITC to demonstrate that the majority of the binding affinity originated
from the linker region of COREST to interact with KDM1A. The evidence that KDM1A
binds MTA solely through the SANT domain suggests that MTAL1 may employ a

different binding mode than CoREST (72). This is interesting because it suggests that we
could potentially produce chemical biology tools to either stabilize or obstruct the
interaction of one scaffold protein over another, directing KDM1A towards complexes in
vivo to enable us to establishthe role of KDM1A in specific complexes.

Based on previous reports to express and purify MTAL 162335, | initially produced
an N-terminal 6xHis -tagged MTA1 1s2335With a TEV protease cleavage site directly
preceding the desired protein. In our hands, we were unable to obtain soluble protein
based on the conditions reported and have now been able to express and purify an N-
terminal 6xHis -GST MTAl1s2335 protein with a TEV protease cleavage site directly

preceding the desired protein.

2.5.1 Cloning MTA 162335into a pET15-b and pET28-b(+) backbone

In order to produce a construct containing MTAL 162335, | first obtained a pUC-57
plasmid containing the full -length MTA1 gene codon optimized for E. coli.The obtained
a gBlock from IDT containing a codon optimiz ed sequence forE. coliflanked by N -
terminal Ndel and C -terminal Xhol cleavage sequences. Based on literature preference, |

chose first to access the pET1%H construct utilizing a PCR amplification of the DNA

104



sequence corresponding to residues 162335 fdlowed by a standard restriction digest,
ligation, and transformation. We chose PfuTurbo DNA polymerase (NEB) for our PCR,
amplifying the DNA sequence corresponding to MTA1 residues 162 -335 with Ndel and

Xhol restriction digest sequences at each end of thesequence, respectively Figure 37).

3.0 kb !
M

1.0kb . - -
0.5 kb o -

Figure 37: PCR amplification of a DNA fragment corresponding to MTA1
residues 162-335 flanked with restriction enzymes Ndel and Xhol. We utilized
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temperature of 62 °C
Following a PCR reaction clean up (Zymo), we incubated 1 g of both pET15-b

backbone and insert, separately, with CutSmart buffer (NEB), and 20 U of Ndel and
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Xhol (NEB), dosing in an additional 20 U of each enzyme halfway through the digest (37
°C, 3 hrs.). Following completion of the digest, | ran an 0.8% agarose gel 80V, 30 min,1
kB ladder) to compare the cut backbone to the original vector and allow for separation
between the backbone, and the hsert that had been digested out of the pET15b vector

(Figure 38).

Figure 38 Agarose gel following restriction digest of a pET15 -b vector and
MTAL1 PCR amplification. Digest was run over the course of 3 hours utilizing
CutSmart buffer and 40 U of both Xhol and Ndel. A 1.2% agarose gel was run (100V,
45 min, 1kB ladder) of the cut pET15 -b vector. In this lane, we noted a lower
molecular weight band corresponding to the original sequence between the two
restriction enzymes ¢ KDM 1A.

We noted two distinct bands in the lane where the vector had been cut,
indicating the backbone and the sequence that had been digested from the original

vector, corresponding to a downward shift of the cut vector from the uncut vector
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control, both ind icating a successful restriction digest. We excised the digested backbone
and PCR fragment from the gel and the and performed a Qiagen gel extraction kit on
both the backbone and the insert, as per protocol instructions.

For the ligation reaction, we measured the concentrations of the purified pieces
and ran two ligation reactions (NEB) at 3:1 insert:vector molar ratio and incubated
overnight at 16 °C. In order to remove excess enzyme and salts that could inhibit an
electrochemical transformation, we perf ormed a DNA purification utilizing EMD
the pellet in 16 pL nucleasefree water. We performed an electrochemical transformation
with 5 L of the purified ligated DNA and mi  xed them with an aliquot of DH10 ¢ cells.
Directly following the electro -shock, we diluted the cells to 1 mL in super optimal broth
with catabolite repression (SOC) and incubated them for 1 hour at 37 °C in a rotating
incubator, allowing the freshly transfo rmed cells recovery time before plating them on
an ampicillin plate overnight at 37 °C.

With the pET15-b vector in hand, we additionally cloned MTAL 1e2335into a
pPET28-b(+) backbone. The pET28b(+) vector we utilized has a 6xHis-GST followed by a
TEV protease cleavage sequence directly preceding the protein of interest and required
the same restriction enzymes as pET15b. Performing an additional restriction digest as
above, we ran al.2% agarose gel (10V, 45min,1 kB ladder) to separate the backbone

and insert pet28-b(+) fragment (Figure 39).
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Figure 39: Agarose gel following restriction digest of a pET28 -b(+) vector and
PET15-b 6xHis-MTAL 162335 Digest was run over the course of 3 hours utilizing
CutSmart buffer and 40 U of both Xhol and Ndel. A 1.2% agarose gel was run (100V,
45 min, 1kB ladder) of the cut pET15 -b vector. In this lane, we noted a lower
molecular weight band corresponding to the original sequence between the two
restriction enzymes ¢ CORESTz2ss493.

We noted two distinct bands in the lane where the vector had been cut,
indicating the backbone and the sequence that had been digested from the original
vector, corresponding to a downward shift of the cut vector from the uncut vector
control, both indicating a suc cessful restriction digest. We excised the digested backbone
from the gel and performed a Qiagen gel extraction kit on both the backbone and the
insert, as per protocol instructions.

For the ligation reaction, we measured the concentrations of the purifi ed pieces
and ran two ligation reactions (NEB) at 3:1and 6:1 insert:vector molar ratios and
incubated overnight at 16 °C. In order to remove excess enzyme and salts that could

inhibit an electrochemical transformation, we performed a DNA purification util  izing
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resuspended the pellet in 16 pL nucleasefree water. We performed an electrochemical
transformation with 5 pL of the purified ligated DNA and mixed them with an aliquot
of DH10¢ cells. Directly following the electro -shock, we diluted the cells to 1 mL in
super optimal broth with catabolite repression (SOC) and incubated them for 1 hour at
37°Cin a rotating incubator, allowing the freshly transformed cells recovery time befo re
plating them on a kanamycin plate overnight at 37 °C.

Upon obtaining both vectors with confirmed sequencing from Eton Biosciences,
we proceeded to expression tests for both vectors to determine the best method to access

a purified MTAL 1e233sfrom E. oli.

2.5.2 Expression of pET15b 6xHis-MTAL 162335

Having confirmed the construct sequence, we next moved to expression of the
protein in E. colitowards purification. The published protocol notes a 20 °C induction
temperature, but not an IPTG concentration, so | attempted an initial expression test
with a final IPTG concentration of 0.5 mM IPTG.

| performed an electrochemical transformation to a BL21Star (DE3) (Novagen)
expression strain and inoculated an overnight starter flask (37 °C, 200 rpm). Upon
reaching confluency, 100 mL flasks of LB (GeneseeScientific 11125) media with
ampicillin and 1 mM MgCI 2 were inoculated to 1% v/v:and incubated (37 °C, 220 rpm)
to an ODsoo0f 0.4 at which time the flasks were moved to 21 °C for 10 minutes and then

induced to a final IPTG concentration of 0.5 mM with an overnight timepoint taken,
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pelleted in a tabletop centrifuge (8000 rpm, 4 °C, 2 min), supernatant removed, and the
pellet stored at -20 °C until use to test expression and solubility.

3OwUl UOwWwUOOUEDPOPUaAOWPT wUOUPOPAT Ew! UT ! UUUIT UwlL
analyzed via SDSPAGE (Bio-Rad 4-20%, 120 V, 65 min) with subsequent Coomassie
staining (Figure 40). An overexpression band at roughly 21 kDa, the expected MW, was
visualized in the induced and insoluble protein lanes. The BugBuster solubility test is
harsh and may not be indicative of solubility, so | next opted to expand my expression
conditions in an attempt to obtain soluble protein via BugBuster.

In order to assess whether | could obtain soluble protein, | chose three additional
IPTG concentrations at a 21°C induction temperature (0.1 mM, 0.25 mM, and 1.0 mM) as
well as four IPTG concentrations at a lower 15 °C induction temperature (0.1 mM, 0.25
mM, 0.5 mM, and 1.0 mM). | inoculated an overnight flask from a BL21Star (DE3)
(Novagen) glycerol stock and grew the cells overnight (37 °C, 200 rpm). ). Upon reaching
confluency, 100 mL flasks of TB media with ampicillin were inoculated to 1% v/v +and
incubated (37 °C, 200 rpm) to an ODsooof 0.4 at which time the flasks were moved to
either 21 °C or 15 °C for 10 minutes and then induced to the appropriate final IPTG. An
overnight timepoint was taken, pelleted in a tabletop centrifuge (8000 rpm, 4 °C, 2 min),
supernatant removed, and the pellet stored at -20 °C until use to test expression and

solubility.
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analyzed via SDS-PAGE (Bio-Rad 4-20%, 120 V, 65 min) with subsequent Coomassie
staining (Figure 40). Again, we noted overexpression at the correct MW, however, a
majority of the protein at the correct MW across all conditions appeared, widely

insoluble.

01mM 025mM 05mM 1mM

Figure 40: Expanded expression test of 6xHis -mra1 162335from a 15 °C and 21 °C
induction with a final IPTG concentration from 0.1 mM to 1.0 mMMOD 600 0f 0.4. Test
expressions were subjected to a BugBuster solubility test. Expected MW of the protein
was 21 kDa, which was visualized. We noted some apparent solubility of protein at
the expected MW.

In parallel to the expanded expression test, | also sowght to assess the utilization
of two different expression cell lines. Historically, we have utilized BL21(DE3) strains,
however, | wished to assess if a slightly different cell line, Rosetta, would produce more

soluble protein. The published protocol utili zed a Rosetta cell line, which incorporates a
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pPRARE plasmid which contains the tRNA that are highly utilized in  H. sapiendut not E.
colito supplement the difference between codon usage. The two strains should be
extremely similar otherwise, and as | had codon-optimized the MTA1 sequence for E.
coli, I hypothesized that this would enable usage of a BL21 cell line. | performed an
expression test as above for a final IPTG concentration of 0.5 mM at an OB of 0.4 and
at 15°C and 21 °C with BL21(DE3) and Rosetta(DE3) PlysS cell lines (Novagen). Time
points were taken at 0, 2, 4 hours in addition to overnight. Samples were pelleted via
tabletop centrifuge (8000 rpm, 4 °C, 2 min), the supernatant removed, and samples
stored at -20 °C until utilization for Bug Buster test. The results of the test were
visualized via SDS-PAGE (Bio-Rad 4-20%, 120 V, 65 min) with Coomassie stain(Figure
41). Again, we noted an overexpression band, but no appreciable quantity of soluble
protein for either strain.

The BugBuster testcan be harsh and provide a false negative result for the
solubility of proteins. Thus, even with the negative results in hand | was encouraged by
the published report of 6xHis -MTA1 1s2335E. coliexpression and purification and chose to
proceed to attempt purification utilizing this construct (21 °C induction, 0.5 mM IPTG,

ODs00 0.4, overnight).
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Figure 41: Expression test of 6xHis-MTA1 1s233swith two different cell lines
(BL21(DE3) and Rosetta(DE3)PlysS.We noted similar expres sion patterns between
both cell lines, with no noticeable soluble protein in either strain.

2.5.3 Purification of pET15 -b 6xHis-MTA1L 162335

| wanted to utilize the purification strategy previously reported to assess if
6xHis-MTA1 162335 would be soluble during a protein purification. The proposed strategy
utilized nickel -immobilized affinity chromatography and then size exclusion
chromatography to gain access to purified protein.

A thawed pellet was resuspended in a 50 mM Tris-HCI buff er system at pH 8.0
containing 350 mM NacCl, 10 mM imidazole, 5% glycerol, 1X protease inhibitor cocktalil
(Biotool 14001, lysozyme (1.0 mg/L Sigma L6876),and 0.4 mM PMSF(Sigma P7626§ and
then mechanically lysed in a high -pressure cell disruption system. The resulting cell
lysate was subjected to ultracentrifugation to remove insoluble material ( 42,000x g, 4 °C,
45 min). The supernatant was then loaded onto a 25 mL IDA chelating sepharose

column previously charged with nickel at a flow rate of 2.0 mL/min via benchtop
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peristaltic pump. After completion of loading, the column was washed extensively with
a 50 mM Tris-HCI buffer system at pH 8.0 containing 350 mM NacCl, 10 mM imidazole,
and 5% glycerol utilizing a GE Healthcare fast protein liquid chromatogra phy (FPLC)
AKTA purification system ( AKTA). The reported procedure method contained a step to
60 mM imidazole hold and then a gradient up to 200 mM imidazole. | performed a
gradient and then hold at 60 mM imidazole and then a gradient up to 200 mM
imidazol e. At this point, | wished to assess the eluted fractions from this column by
SDSPAGE (Bio-Rad 4-20%, 120V, 65 min) with Coomassie staining(Figure 42). While
there was a fairly pure band at fractions 20 and 23, corresponding to the correct MW of
MTAL 162335, there appeared to be very little protein present in the fractions, consistent
with our previous tests demonstrating that 6xHis -MTA1 162335is not soluble in our hands.
For many of the purposes we envisioned utilizing purified MTAL1 162335 for we
woul d require a significant level of protein. We had a construct of MTAL 1e2335 with a
GST tag, utilized historically for increasing solubility, so we opted to attempt a

purification of the GST -containing MTA1L 162335 construct (278).
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Figure 42 Testing solubility of MTAL 1e2335 with reported buffer conditions and
nickel -immobilized affinity chromatography.  We utilized an imidazole gradient with
a hold at 60 mM imidazole and then gradient to 200 mM imidazole. While th  ere was a
band (black box) consistent with the overexpression band we note in expression tests
(left side of gel), the level of protein was relatively low for our purposes

2.5.4 Expression of pET28b(+) 6xHisGST-MTA1L 162335

With a Braf35 containing pET15-b vector in hand, we next moved to establish which
conditions would result in expression of soluble protein. | decided to test across three
induction temperatures (37 °C, 30°C and 21 °C) at two different IPTG concentrations
(2.0 mM and 0.25 mM).

| performed an electrochemical transformation to a BL21 (DE3) (Novagen)
expression strain and inoculated an overnight starter flask (37 °C, 200 rpm). Upon
reaching confluency, 100 mL flasks of LB (GeneseeScientific 11125) media with

ampicillin were inoculat ed to 1% v/v: and incubated (37 °C, 200 rpm) to an ODsooof 0.45
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at which time the flasks were moved to their induction temperature and induced with
IPTG to a final concentration of either 0.25 or 1.0 mM. Time points were taken at 0, 1, 2,
and 4 hours for the 30°C and 37 °C samples whereas | only took a time point for the
overnight growth samples at 21 °C due to the slowed growth of the two lower
temperature samples.

The time point samples were spun down in a tabletop centrifuge (8000 rpm, 4 °C,
2 min), supernatant removed, and the pellet stored at -20 °C until use. | subsequently ran
SDSPAGE (Bio-Rad 4-20%, 120 V, 65 min) with Coomassie staining Figure 43a,c) in
addition to utilizing WB analysis for the presence of GST ( Figure 43b,d). By WB analysis,
there was a strong expression across all conditions at the expected MW (51 kDa);
however, there also were apparent truncation products at most of the conditions tested
with the most protein present 4 hours post -30 °C induction temperature at a final IPTG

concentration of 0.25 mM.
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Figure 43: Expression test of 6xHisGST -MTA1L 162335 A BL21 (DE3) cell line
containing the 6xHisGST -MTA1 162335 construct was induced at 37 °C, 30°C, and 21°C
utilizing 2 different IPTG concentrations ( 1.0mM, 0.25mM). Time points were taken
at 0, 1, 2, and 4 hours for the higher two temperatures and overnight for the lower
temperature. and then subjected to SDS -PAGE (Bio-Rad 4-20%, 120V, 65 min) with
subsequent (a,c) Coomassie staining and (b,d) WB analysis (100A, 30 min). Visually,
there was a consistent band across all conditions, WB analysis revealed the presence
of a 6xHis tag at the appropriate MW (51 kDa), suggesting the presence of 6xHisGST -
MTA1L 162335

2.5.5 Purification of pET28 -b(+) 6xHiSGST-MTAL 162335

Having established expression conditions for this construct, | moved forward
with purification of this construct. | envisioned being able to purify this protein both
with and without the 6xHisGST tag system. While obtaining cleaved protein is

important for structural and biophysical techniques, retaining a handle is beneficial for
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initial pull -down binding assays with MTAL 1e2335. To obtain clean uncleaved protein, |
hypothesized an initial glutathione agarose colu mn as an initial stepped followed by IEC
or SEC as a finetuning purification step

A thawed pellet was resuspended in PBS with 1X protease inhibitor cocktail
(Biotool 14001, lysozyme (1.0 mg/L Sigma L6876),and 0.4 mM PMSF(Sigma P7626§ and
then mechanically lysed in a high -pressure cell disruption system. The resulting cell
lysate was subjected to ultracentrifugation to remove insoluble material ( 43,000x g, 4 °C,
45 min). The supernatant was then loaded onto a 10 mL glutathione agarose column
(Genesee Sentific) at a flow rate of 1.0 mL/min via benchtop peristaltic pump. After
completion of loading, the column was washed extensively with a 50 mM Tris -HCI
buffer system at pH 8.0 containing 350 mM NaCl, 10 mM imidazole, and 5% glycerol
utilizing a GE Heal thcare fast protein liquid chromatography (FPLC) AKTA purification
system (AKTA) at 1 mL/min. The protein was eluted with 10 mM reduced glutathione
(Sigma) in 50 mM Tris HCI (pH 8.0) with 50 mM NaCl. Eluted fractions from this
column were assessed by SDSPAGE (Bio-Rad 4-20%, 120V, 65 min) with Coomassie
staining (Figure 44). The bands we had previously noted to likely be truncation products
were prominent in the elution, indicating they are indeed truncation products as they
readily bound to the glutathion e column. However, we did not note a large soluble

fraction at the expected 51 kDa. This suggested to us that either this construct was still
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not soluble even with a GST-tag, or that a different buffer with more stabilizing

components, such as glycerol would be required.

250kDa;

150 kDa ‘

\
100 kDa

Figure 44: Initial purification attempt of 6xHisGST  -MTAL 1s2335 Utilizing a
glutathione agarose column. Protein was lysed in a PBS buffer and attempted to elute
with 10 mM reduced glutathione in 50 mM Tris  -HCI (pH 8.0), 50 mM NaCl, 1 mM
BME. While the truncation products previously noted in the expression tests were
present and bound the column, we noted lit tle solubility of the band at 51 kDa.

I hypothesized that utilizing a buffer containing a higher ionic strength as well as
another stabilizing component, glycerol, would help in the potential solubility of the
protein. A thawed pellet was resuspended in a 50 mM Tris-HCI buffer system at pH 8.0
containing 350 mM NaCl, 10 mM imidazole, 5% glycerol, 1X protease inhibitor cocktail
(Biotool 14001, lysozyme (1.0 mg/L Sigma L6876) and 0.4 mM PMSF(Sigma P7626§ and
then mechanically lysed in a high -pressure celldisruption system. The resulting cell

lysate was subjected to ultracentrifugation to remove insoluble material ( 45,000x g, 4 °C,
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45 min). The supernatant was then loaded onto a 25 mL IDA chelating sepharose
column previously charged with nickel at a flow rate of 2.0 mL/min via benchtop
peristaltic pump. After completion of loading, the column was washed extensively with
a 50 mM Tris-HCI buffer system at pH 8.0 containing 350 mM NacCl, 10 mM imidazole,
and 5% glycerol utilizing a GE Healthcare fast protein liquid chromatography (FPLC)
AKTA purification system ( AKTA). An imidazole gradient was then implemented up to
300 mM imidazole over a 15 CV to elute bound protein from the column .

At this point, | wished to assess the eluted fractions from this column no t only by
SDSPAGE (homemade 12% acrylamide gel, 140 V, 80 min) with Coomassie staining
(Figure 45) and noted a strong band at 51 kDa, corresponding to 6xHiSGSTMTAL 16233s.
The truncation products were still present and directly aligned with elution of th e band
at 51 kDa. | next sought to separate the truncation products. We utilized several cell
pellets, each with the same first step of purification, to focus on optimization of the
second step of this purification, which are outlined below. In summary, we utilized IEC,

glutathione agarose, and SEC in attempt to separate the truncation products.

12C



250 kDa
150 kDa
100 kDa

75kDa

50 kDa

37 kDa

25kDa

20 kDa
15 kDa ('

Figure 45: Purification of MTAL 162335 via an initial nickel -immobilized affinity

chromatography

Following the first purification step , we next wanted to assess binding of the 51

kDa band to glutathione agarose. We performed an overnight dialysis into a PBS buffer

with 1 mM BME of pooled fractions containing 6xHisGST-MTA 162335 The fractions were

loaded onto an equilibrated 10 mL glutat hione agarose column. Utilizing a GE

Healthcare fast protein liquid chromatography (FPLC) AKTA purification system

(AKTA), the column was washed and then protein eluted with 10 mM reduced

glutathione in PBS with 1 mM BME. SDSPAGE (12% BioRad gel, 120 V,80 min) with
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Coomassie staining (Figure 46) was utilized to visualize this column purification step.
Indicative of being the 6xHisGST-MTAL 162335 protein at 51 kDa, complete binding of this
band to the glutathione agarose column and elution upon introduction of reduced
glutathione was visualized. While a higher MW band at roughly 75 kDa was able to be
separated with this column step, as anticipated, we saw little separation between the

full -length and truncation products.
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Figure 46: Utilization of a glutathione agarose column as a second step of
purification for MTAL1 162335 While a higher MW band at roughly 75 kDa was a ble to
be separated utilizing this column, there was little separation, as anticipated, between
the full -length band at 51 kDa and the truncation products.

Following this, due to a predicted isoelectric point of 5.75, | next wanted to assess
binding and s eparation utilizing a strong IEC resin, Q -sepharose. Protein was dialyzed

overnight into a 25 mM HEPES buffer at pH 7.0 containing 50 mM NaCl and 10 mM
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BME, loaded onto a 20 mL Q-sepharose column at a rate of 2 mL/min. Utilizing a GE
Healthcare fast protein liquid chromatography (FPLC) AKTA purification system
(AKTA), the column was washed and then eluted over a gradient up to 1M NaCl. SDS-
PAGE (12% BiaRad gel, 120 V, 80 min) with Coomassie staining Figure 47) was utilized
to visualize this column purific ation step. Similar to the glutathione agarose column, we
saw separation between the desired 51 kDa MW band and the upper 75 kDa MW band

but no apparent separation with the truncation products.
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Figure 47: Utilization of IEC to further purify MTAL1 162335 from truncation
products. While a higher MW band at roughly 75 kDa was able to be separated
utilizing this column, there was little separation, as anticipated, between the full -
length band at 51 kDa and the truncation products.

Finally, we utilized SEC to assess whether we could separate the truncation
products from the desired MW band. The protein was concentrated down and loaded on
to a GE Healthcare Superdex HiLoad 16/600 200pg columnpre-equilibrated in PBS and
run at 0.5 mL/min. SDS-PAGE (4-15% Bio-Rad gel, 120 V, 55 min) with Coomassie

staining (Figure 48) was utilized to visualize this column purification step. Interestingly,
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using SEC, we were able to slightly separate the truncation products from the desired

band, however, the 75 kDa band was not separated utilizing this method.
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Figure 48: Utilization of SEC to further purify MTAL 162335 A GE Healthcare
Superdex HiLoad 16/600 200pg column in PBS was utilized (0.5 mL/min) to test
separation between the 51 kDa desired band and the truncation products. Utilizing
this method there was a slight shift in the truncation product elution from the 51 kDa
MW band, but no separation with the upper 75 kDa band.

2.5.6 Proposed future purification strategy

While we were unable to completely separate the truncation product from the
desired 51 kDa 6xHisGST-MTAL 1s233s MW band, we are able to consistently obtain 3-4
mg of protein per purification strategy. Based on SDS-PAGE analysis, we believe that,
should th e tagged protein be necessary, utilization of a two-step nickel-immobilized
affinity chromatography followed by IEC will allow for protein with purity to allow for

initial binding studies. For a tag -less purification, | performed a test TEV protease
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cleavage post-nickel-immobilized affinity chromatography ( Figure 49) to demonstrate
complete cleavage of 6xHiSGSFMTAL 16233 The TEV protease utilized is tagged with a
6xHis tag which will allow for a second nickel -immobilized affinity chromatography

step to remove the protease as well as the cleaved tag while purifying MTA1 162335 in high

yield.
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Figure 49: TEV protease cleavage test of 6xHisGST-MTAL 162335 We utilized
several different TEV protease conditions, including  percent glycerol storage of the
protease and shaking the overnight cleavage reaction versus not. In all conditions we
saw complete cleavage of the protein.
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2.6 Expression and purification of a codon optimized CoOREST 2ss-
493

As discussed above, the interfae between KDM1A and CoREST has been widely
defined via biochemical and biophysical methods, including a series of crystal
structures. As we looked towards utilizing the KDM1A:CoREST 2ss40sinterface as a
model system to assess our tools of biophysical chaacterization and protein:protein
interface disruption, we noted that in the hands of previous lab members, COREST2s6493
purified still contained truncation products. | produced a new construct of COREST 286493
that was codon optimized and allowed for expr ession and purification of CORES Tzse493

without previously noted truncation products.

2.6.1 Cloning

In order to obtain a codon optimized construct of COREST 2ss493, | first obtained a
pUC-57 plasmid containing the full -length COREST1 gene codon optimizedfor E. coli
flanked by N -terminal Ndel and C -terminal Xhol cleavage sequences. With an
expression protocol already established for pET28-b(+), we envisioned a PCR
amplification of COREST 286493, subsequent restriction digest of both the PCR product and
the pET28b(+) vector containing the CORESss493 Sequence not codon optimized for E.
coliexpression, followed by subsequent ligation. We chose PfuTurbo DNA polymerase
(NEB) for our PCR, amplifying the DNA sequence corresponding to CoREST residues
286-493with Ndel and Xhol restriction digest sequences at each end of the sequence,

respectively (Figure 50).
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Figure 50: PCR amplification of codon optimized COREST 2ss493from a pUC57
vector containing the full -length COREST sequence. We utilized PfuTurbo DNA
polymerase and standard manufacturer protocol for this. The annealing temps were
based on calculated T for the forward and reverse primers we designed.

Following a PCR reaction clean up (Zymo), we incubated 1 ug of both pET15-b
backbone and insert, separately, with CutSmart buffer (NEB), and 20 U of Ndel and
Xhol (NEB), dosing in an additional 20 U of each enzyme halfway through the digest (37
°C, 3 hrs.). Following completion of the digest, | ran an 0.8% agarose gel (10V, 30 min,1
kB ladder) to compare the cut backbone to the original vector and allow for separation
between the backbone, and the insert that had been digested out of the pET28b(+)
vector (Figure 51). We excised the digested backbone and PCR fragment from the gel
and the and performed a Qiagen gel extraction kit on both the backbone and the insert,

as per protocol instructions.
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Figure 51: Agarose gel following restriction digest of a pET28 -b(+) vector and
CoREST2s6493 PCR amplification. Digest was run over the course of 3 hours utilizing
CutSmart buffer and 40 U of both Xhol and Ndel. A 0.8% agarose gel was run (100V,
30 min, 1kB ladder) of the pre - and post-digest PCR product and vector.

For the ligation reaction, we measured the concentrations of the purified pieces
and ran two ligation reactions (NEB) at 3:1 and 4:1 insert:vector molar ratio and
incubated overnight at 16 °C. In order to remove excess enzynme and salts that could
inhibit an electrochemical transformation, we performed a DNA purification utilizing
EMD Millipore PelletPaint Co -/ Ul EDx DUEOUOWEUwxIT UwOEOUI EEUUUI U:
resuspended the pellet in 16 pL nucleasefree water. We performed an electrochemical
transformation with 5 pL of the purified ligated DNA and mixed them with an aliquot

of DH10¢ cells. Directly following the electro -shock, we diluted the cells to 1 mL in

super optimal broth with catabolite repression (SOC) and incubated them for 1 hour at



37°Cin a rotating incubator, allowing the freshly transformed cells recovery time before
plating them on an ampicillin plate overnight at 37 °C.

With the codon optimized pET28 -b(+) vector in hand, we proceeded to the
purification of the cod on-optimized sequence from BL21(DE3) cells. | envisioned a
purification strategy wherein we utilized an initial nickel -immobilized affinity
chromatography purification step followed by an overnight TEV protease cleavage, a
second nickel-immobilized affinit y chromatography step, and a final SEC purification

step as required.

2.7. Discussion and future directions

Epigenetic enzymes play a critical role in the regulation of gene expression.
While there has been a significant effort towards elucidating active site mechanisms
towards potential therapeutics, there is another layer of complexity that has largely been
disregarded until recently. Indeed, epigenetic enzymes function within the context of
multimeric complexes wherein coregulatory proteins contribute a dditional specificity
and selectivity to the enzyme. Each coregulatory partner imparts either a change to the
selectivity or specificity of the enzyme towards its substrate or defines the gene targets
of the epigenetic complex as a whole. In order to asses how KDM1A is affected by its
coregulatory partners, we have made significant progress towards the expression and
purification of each coregulatory partner and enzyme within a stable KDM1A -

containing 5-mer complex.
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While purification of full -length CoREST has not proven successful in the past,
we have accessed fultlength KDM1A:CoREST via a pET-DUET1 vector allowing for
KDM1A to act as a solubility handle for COREST to bind. We have accessed these two
proteins via two different solubility tags and purific ation methods, depending on which
is more accessible with reagents orhand. With full -length CoREST in hand, there are
several key future directions we envision. We hypothesize that COREST acts as the
scaffold protein for the formation of the 5 -mer complex, so achieving expression and
purification of full -length CoREST wiill allow for pull -down assays to compare which
proteins bind to KDM1A:CoREST 2s8s493t0 KDM1A:CoREST. Furthermore, while the main
binding affinity between KDM1A:CoREST is contributed via the linker region of
CoREST, it may be that other domains of COREST contact KDM1A and provide
additional stability to the interaction with KDM1A that have been previously
undocumented.

With full -length CoREST in hand, we are now also able to access a catalydi
demethylase-deacetylase catalytic core through the binding of KDM1A and HDAC1/2 to
CoREST. We have produced as well as demonstrated expression and several
purification methods for HDAC1/2, depending on the need for an affinity handle. We
have demonstrated that HDACs can be accessed with purity at a mg scale, which will
allow for the series of experiments we envision to establish activity as well as binding.

As discussed above, phosphorylation by the kinase CKII has been reported to be critical
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for activi ty, we anticipate that an in vitro phosphorylation will result in active protein.
Inositol phosphate has additionally been reported as a potential co-factor for activity, so
addition of this either during expression or during purification may be required  (143). In
either case, the Fluorde-lys assay is a wellestablished fluorescence assay thatan be
utilized to test the deacetylation via our HDAC1/2 proteins. If both of these methods fall,
we hypothesize that utilization of the truncated HDAC1/2 constructs may result in
accessing active HDAC1/2 due to the precedence of HDACS activity.

Lacking activity, it may be that HDAC1/2 are still conformationally folded so
that binding and the binding of HDAC1/2 to COREST can be determined. We
hypothesize that it is very similar to MTAL:HDAC1/2 and exploring this interaction
interface will allow us to und erstand how different scaffold proteins can utilize similar
binding methods in these epigenetic complexes. Interestingly, a 2018 study reported
initial activity studies of KDM1A and HDAC1/2 from a purified 3 -mer catalytic core
complex, which we would like to explore further and also access the activity of
HDAC1/2 within the 3 -mer catalytic core complex (261,279)

We have also reported the expression and initial purification attempts of both
Braf35 and BHC80. We anticipate that, upon obtaining both proteins, we will not only be
able to show the formation of the 5-mer complex, but also be able to peform critical
pull -down assays. Each of these assays will allow us to gain a better understanding of

which proteins are required for binding and formation of the 5 -mer complex. While we
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anticipate that COREST is the core protein for the 5mer complex to form, it is unclear
what is required for BHC80 and Braf35 to be associated. It may be that BHC80 and
Braf35 provide substrate specificity to position KDM1A. They may also function to
UEUT T UwUxI1 EDI PEwl 1 Ol UwOT UOUT T ws Ul peoteinsyz wi UOEUDO
With the 5-mer complex in hand we will be able to utilize CryoEM to gain a more
complete understanding of how the proteins interact. We envision utilizing a technique
similar to what was used in the recent 2018 study to establish the PCR2 compéx via
CryoEM wherein each subunit was tagged with GFP to track the position of the protein
within the complex (193).
Establishing the interaction interfaces will enable us to utilize techniques such as
hydrogen -deuterium exchange with mass spectrometry (HDX -MS) coupled with SPR or
ITC to establish the binding affinities of the interfaces. We will also be able to establish
key interactions for complex formation. This will allow u s to produce targeted
interaction inhibitors to disrupt formation of this specific 5 -mer complex. This will allow
us to elucidate the role of this 5-mer complex, and KDM1A within the context of this
complex, in vivo.
Overall, the efforts we have made in cloning, expression, and purification of a

stable KDM1A -containing 5-mer complex will enable us to understand the role of

KDM1A within the context of the biological complexes it is found within. Long -term we
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hope that this information will allow us to under stand the role of KDM1A within the

context of cancers and lay the foundation for producing targeted interaction inhibitors.

2.8 Experimental Methods

Primers

Table 3: Primers were purchased from Eton Biosciences and resuspended to a

final concentration of 100 mM

Construct %OUPE UEuppk 111 YT UWizukopk
Codon optimized CCCCACGAATTC GAGCCTGAATTC
CORESbs6493 CATATGCCGACG CTCGAGTTAGTG
GAAACC ATGGTGATGG
pET-28b(+) AGCTGAATTCCA | CAAAGAATTCCT
MTAL 162335 TATGGCGGATAA CGAGTTATTAAC
AGGTG GATCGGTGGTT
PET-15b MTAL162335 | AGCTGAATTCCA CAAAGAATTCCT
TATGGCGGATAA CGAGTTATTAAC
AGGTG GATCGGTGGTT

KDM1A:CoREST expression and purification

6xHis-KDM1A:MBP -CoRESTK 6o

A pETDuet-1 vector containing N -terminal MBP tagged CoREST (residues 60
485) and 6xHis tagged KDM1A (pET15b, residues 151852) in multiple cloning sites 1
and 2, respectively was used for expression and purification. The plasmid was
transformed into electr ocompetent BL21 Star (DE3)E. colicells (ThermoFisher). Cells
were grown in TB medium with 100 pg/pL ampicillin at 30 °C with shaking (200 rpm)
for 40 hours due to leaky expression. Cells were collected using an SLA3000 rotor (4225

X g, 4 °C, 15 minutes) and lysed with an Emulsiflex C -5 high -pressure homogenizer
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(Avestin, Inc.) in Ni -IMAC wash buffer containing 50 mM Tris -HCI buffer at pH 7.4
containing 350 mM NaCl, 10 mM imidazole, 5% glycerol, 1X Halt protease inhibitor
cocktail, lysozyme (1.0 mg/L Sigma L6876, and 0.4 mM PMSF(Sigma P762§. The
resulting crude extract was spun for 40min at 4 °C and 44000x g, using a Ti-45rotor to
pellet insoluble material. The supernatant was further purified via 15 CV imidazole
gradient to 300 mM after extensive washing via Ni -IMAC (GE healthcare 170575011
After buffer exchange via Amicon Stirred cell into a buffer containing 20 mM Tris -HCI
(pH 7.4), 200 MM NaCl, 1 mM EDTA, and 1 mM DTT, the protein was loaded onto a 10
mL amylose resin (NEB) at <1 mL/min, washed extensively and eluted with 10 mM
maltose. A second Ni-IMAC purification following overnight TEV protease cleavage
with the same buffer system as before following which the fractions containing a 1:1
ratio of the proteins was concentrated via EMD Millipore centrifugal filter unit (10 kDa
MWCO, 2000x g, 4°C, 20 min) to a volume less than 1 mL and then loaded onto a16/600
S200 Sephacryl columnwhich was eluted for 1.5 CV (20 mM HEPES (pH 7.8), 200 mM
NaCl, 1 mM DTT) at 0.7 mL/min. The purified protein was ¢ oncentrated and stored (40%
glycerol, -20°C) until future use.
6xHis-KDM1A:GST-CoREST 6o

A pETDuet-1 vector containing N -terminal MBP tagged CoREST (residues 60
485) and 6xHis tagged KDM1A (pET15b, residues 151852) in multiple cloning sites 1

and 2, respectively was used for expression and purification. The plasmid was
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transformed into electr ocompetent BL21 Star (DE3)E. colicells (ThermoFisher). Cells
were grown in TB medium with 50 pg/pL kanamycin at 30 °C with shaking (200 rpm) to
an ODsooof 0.8 and then induced (0.25 mM IPTG, 4 hr, 30°C). Cells were collected using
an SLA-3000 rotor (425x g, 4 °C, 15 minutes) and lysed with an Emulsiflex C -5 high -
pressure homogenizer (Avestin, Inc.) in Ni -IMAC wash buffer containing 50 mM Tris -
HCI buffer system at pH 7.4 containing 350 mM NaCl, 10 mM imidazole, 5% glycerol,
1X Halt protease inhibitor cocktail, lysozyme (1.0 mg/L Sigma L6876),and 0.4 mM PMSF
(SigmaP762§. The resulting crude extract was spun for 40min at 4 °C and 43000x g,
using a Ti-45 rotor to pellet insoluble material. The supernatant was further purified via
15 CV imidazole gradient to 300 mM after extensive washing via Ni -IMAC( GE
healthcare 17057501 After overnight dialysis into PBS buffer containing 1 mM BME, the
solution was loaded onto a 10 mL glutathione agarose column (Genesee Scientific) at 1
mL/min, washed extensively and eluted with 10 mM reduced glutathione. The fractions
containing a 1:1 ratio of the proteins was concentrated via EMD Millipore centrifugal

filter unit (10 kDa MWCO, 2000x g, 4°C, 20 min) to a volume less than 1 mL and then
loaded onto a 16/600 S200 Sdmacryl column which was run for 1.5 CV (20 mM HEPES
(pH 7.8), 200 MM NaCl, 1 mM DTT) at 0.7 mL/min. The purified protein was

concentrated and stored (40% glycerol,-20 °C) until future use.

HDACL1 expression and purification

pET-28b(+) MBRHDAC1
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A pET-28b(+) vector containing N -terminal MBP tagged HDAC21was used for
expression and purification. The plasmid was transformed into electrocompetent BL21
(DE3) E. colicells (ThermoFisher). Cells were grown in TB medium with 50 pg/puL
kanamycin and 1 mM MgCI 2 at 30 °C with shaking (220 rpm) until induced with IPTG (1
mM, OD s000.45, 15°C) and grown overnight. Cells were collected using an SLA -3000
rotor (4225x g, 4 °C, 15 minutes) and lysed with an Emulsiflex C -5 high -pressure
homogenizer (Avestin, Inc.) in a wash buffer a 25 mM HEPES buffer system at pH 8.0
containing 200 mM NaCl, 1 mM EDTA, 1X protease inhibitor cocktail (Biotool 14001,
lysozyme (1.0 mg/L Sigma L6879, and 0.4 mM PMSF(Sigma P762§. The resulting crude
extract was spun for 40 min at 4 °C and 44000x g, using a Ti-45 rotor to pellet insoluble
had been washed 3x with nucleasefree water and 3x with wash buffer in a swinging -
bucket rotor centrifuge (500 rpm, 4 °C, 5 minutes). The lysate was incubated for 4 hours
at 4 °C with rotation to promote binding. The protein lysate was washed 3x-15-minute
incubation with wash buffer before pelleting the starch and removing supernatant via
swinging -bucket rotor centrifuge (500 rpm, 4 °C, 15 min) before a 2hour incubation with
wash buffer containing 10 mM maltose. The eluted protein was separated from the
potato starch via swinging -bucket rotor centrifuge (500 rpm, 4 °C, 15 min) for a total of 3
elution fractions , the second and third with only a 15-minute incubation period before

centrifugation.



pET-30b HDAC26xHis

A pET-30b HDAC2 was used for expression and purification. The plasmid was
transformed into electrocompetent BL21 Star (DE3)E. colicells (ThermoFisher). Cells
were grown in 2X-YT medium with 50 pg/yL kanamycin, 1 mM MgCl 2, and 1 mM
Zn(S0s) at 30°C with shaking (220 rpm) to an OD ec00f 0.5 and then induced (1.0 mM
IPTG, 15°C, overnight). Cells were collected using an SLA-3000 rotor (4225x g, 4 °C, 15
minutes) and lysed with an Emulsiflex C -5 high -pressure homogenizer (Avestin, Inc.) in
Ni-IMAC wash buffer containing 25 mM HEPES buffer system at pH 8.0 containing 300
mM NacCl, 10 mM imidazole, 10% glycerol, 1X protease inhibitor cocktail (Biotool
14009, lysozyme (1.0 mg/L Sigma L6876),and 0.4 mM PMSF(Sigma P762§. The
resulting cru de extract was spun for 40min at 4 °C and 43000x g, using a Ti-45rotor to
pellet insoluble material. The supernatant was further purified via step to 60 mM
imidazole, 60 mM imidazole with 0.01% Triton X -100, 60 mM imidazole, and then
subsequent gradient to 300 mM imidazole. After overnight dialysis into 25 mM HEPES
buffer at pH 7.0 containing 50 mM NaCl and 2 mM BME, the solution was loaded onto a
20 mL Q-sepharose for Fast Flow (GE Healthcare) 2 mL/min, washed extensively and
eluted over a gradient up to 1 M NaCl. The fractions containing the protein were
combined and concentrated via EMD Millipore centrifugal filter unit (10 kDa MWCO,

2000 g, 4°C, 20 min).
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COREST2ss493 €xpression and purification

An N -terminal 6xHisGST-CoRESss4ss with a TEV cleavage site immediately
preceding CoRESTss493 Was utilized for expression and purification. The plasmid was
transformed into electrocompetent BL21(DE3) E. colicells (Novagen). Cells were grown
in TB medium with 50 pg/uL kanamycin at 37 °C shaking (200 rpm) to an ODeoo Of 1.0,
upon which IPTG was added to a final concentration of 1.0 mM and the induced cells
were grown overnight at 19 °C. Cells were collected using an SLA-3000 rotor (4225x g, 4
°C, 15 minutes) and lysed with an Emulsiflex C -5 high -pressure homogenizer (Avestin,
Inc.) in Ni -IMAC wash buffer containing 50 mM Tris -HCI (pH 8.0), 350 mM NacCl, 5%
glycerol, supplemented with lysozyme (1.0 mg/L Sigma L6876, and 1x Protease
Inhibitor Cocktail ( Biotool 14001). The resulting crude extract was spun for 40min at 4
°C and 40000x g, using a Ti-45rotor to pellet insoluble material. The supernatant was
further purified via Ni -IMAC ( GE Healthcare 1705750}, overnight TEV protease
cleavage, a secondary NHMAC ( GE Healthcare 1705750Lcolumn and stored at-20°C

(25 mM HEPES (pH 7.4), 138 mM NacCl, and 40% glycerol).



3. Utilization of SELEX towards production of a second-
generation KDM1A:CoREST inhibitor

3.1 Introduction

The protein:protein interfaces between coregulatory proteins are still poorly
understood in the case of many epigenetic complexes. The subunits of each complex
have widely been established with co-precipitation or pull -down assays. In order to
elucidate how coregulatory proteins affect the catalytic efficiency or substrate specificity
of an enzyme, it is critical to map the interactions. Furthermore, obtaining biochemical
and biophysical information about the distribution of affinity as well as conformation al
changes due to binding between two proteins will provide a basis through which to
target critical interfaces.

In order to approach exploring these interactions in a systematic method, 1 first
chose to establish the utility of these methods with the wel l-established model system of
KDM1A:CoRESTzss4s2. In addition to severalavailable X-ray crystallography structures
of KDM1A:CoREST2ss4s2, Dr. Sunhee Hwang in our lab has previously extensively
analyzed the interface through epitope mapping, peptide comp etition assays, and
isothermal calorimetry (ITC) (56,60,61,117,280)rhis foundation has enabled me to
utilize hydrogen -deuterium exchange with mass spectrometry to furth er assess the
binding interface between KDM1A and CoREST 2s6403 and demonstrate that the binding
affinity is spread across the linker region between the two proteins. However, | will

show that the apical end of KDM1A appears to be locked into place upon bi nding
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CoRESBss493 suggesting an importance for COREST to stabilize this unique protein
domain.

The ongoing goal of our research has been not only to probe theinterface but
produce targeted probes of the KDM1A:CoREST interface. Previous lab members
utilized a peptide inhibitor which was not able to disrupt pre -formed
KDM1A:CoRESTa2ss49s complex in vitro and suffered from stability issues in vivo. Dr.
Jennifer Link Schwabe and I turned to RNA aptamer to derive selective disruptors of the

KDM1A :CoREST interaction.l will discuss our progress and future directions herein.

3.2 Hydrogen-deuterium Exchange with Mass Spectrometry

To assess the dynamic nature of theKDM1A:CoREST interaction, we compared
relative hydrogen -deuterium exchange (HDX) rates between KDM1A in isolation versus
bound to CoRESTass4s2with Dr. Eric Soderblom at the Duke GCB Proteomics and
Metabolomics Core Facility. Briefly, both proteins were expressed via E. coliand purified
as described. The purified proteins were subjected to a 10fold D20 dilution for 0, 1, and
5 minutes and subsequent quenching in chilled 0.3% formic acid and on-column pepsin
digestion (Figure 52). Resulting peptides were then resolved using a Waters
nanoAcugity UPLC system coupled to a Waters Synapt G2 high resolution accurate
mass tandem mass spectrometer via a electrospray ionization source. Peptides identified
using Protein Lynx Global Server (v2.5.2) with a score of 7.0 were included in the final

analysis for a final peptide FDR < 1.0%. The overall coveage for KDM1A was 99.2%
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(Figure 52¢) with a redundancy of 10.6, and 95.5% for CORES kss4s2 with a redundancy of
10.2. In addition to manual inspection, peptides carried forward for HDX comparison
adhered to the subsequent criteria: 1) presence across alime points in both (-) and (+)
CoRES®ss4s2 conditions, 2) percent difference of uptake between (+) and () CORESEss4s2
at the 1- and 5-minute time points to be 30% and 3) a pvalue < 0.05 as assessed by a two
tailed students t-test. Our 30% cutoff was chosen by visualization of a box and whisker
graph: the 10% and 90% tails lay at 29.7 and 35.9%.

After manual and statistical evaluation of each peptide, 43 peptides remained.
With Jennifer Link Schwabe, we observed several regions with a decrease in réative
deuterium uptake as a function of CoRESTss4s2; we did not observe any significant
peptides experiencing an increase in relative deuterium uptake. Each of the 43 peptides
were mapped to an existing KDM1A: CoRESkssas2Structure (pdb:2iwb, Fig. 7a,b,c). The

OEUT T UUWET EOT T wPEUWOEUI UYI EwOl EUWUT T wOOx woOi wli

residues 440451 (Figure52a,b, red) experienced a >20% decrease in deuterium uptake

EQEwUI | wOPOwUI 1 POOUWEOUET UDPOT wUT | wisdah®dwel UpI 1 O
478490; orange) experienced a 1£20% decrease in deuterium uptake (Figure 52b). We

noted that the change in deuterium exchange in this region is strikingly differentiated

i UOOWUT EVwWOl wUOT T woOOPT UwUI T POOWOT w3Y OwEIT UxPUOIT w
CoREST. This difference did not correlate with a change in solvent-accessible surface

EUIl EWEOOXxEUI EwOOwWUT T wOOPT UwUI T POOWOl w3Y wpEEUE
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that the alterations we observed were instead due to a shift in flexibility of the Tower

upon CoREST binding.
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Figure 52 HDX -MS of KDM1A with respect to the presence of COREST 286492 (a)
Differential deuterium uptake between corresponding peptides in the £+ COREST
samples were mapped onto an available LSD1/CoREST co-crystal structure (PDB

2IW5) as a heat map. Red represents the greatest decrease in deuterium uptake (20%),
while gray areas experienced no change. No peptides experienced an increase in
deuterium uptake as a function of COREST binding. (b) Regions of protection in the

tower region correspond to COREST mutations that weakened affinity for LSD1
(cyan). (c) Several regions adjacent to the FAD (black star) binding pocket and active
site experienced a decrease deuterium exchange in the presence of COREST. (e)
Tryptic LSD1 peptide fragments identified by MS represented 99.2% of the complete
protein sequence, giving excellent coverage. Note that the construct of LSD1 used was
N_ 150, which is noted by the black dashed vertical line.

To determine if any conformational differences in the Tower domain were
detectable due to the presence of CORESEss4s2, all available KDM1A -containing

structures in the PDB database were assembled in the Bio3D webserver, with exclusion
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only of structures containing KDM1A primary sequence mutations or binding partners
other than CoREST(281). Importantly, only the KDM1A chain of each structure was
included in inquiry; hence structure analysis was unbiased by the presence of COREST,
accounting only for structural deviations of KDM1A. All KDM1A chains were

structurally aligned by super imposition to an invariant core. Deviations in positioning
between structures were visualized as a heatmap of root mean square fluctuation
(RMSF) value per residue (Figure 53a). Within all structures, the AOD and SWIRM
domains display very little variation . Similarly, RMSF values per residue were highest in
Tower domain residues (Figure 53b) increasing near the apical end. Interestingly,
maximum RMSF values were much lower when comparing only structures of KDM1A
in isolation or only co -crystal structures of KDM1A/CoREST, suggesting that the Tower
domain exists in two distinct conformational states depending upon the presence or

absence of COREST
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Figure 53: Fluctuations between all KDM1A and KDM1A:CoREST crystal
structures focused around tower region. (a) KDM1A chains from all crystal structures
were structurally aligned and RMSF values between corresponding residues  overlaid

as a heatmap onto the alignment (dark blue to red) . We noted the highest RMSF
variance in the apical end of the tower domain. (b) RMSF values per residue
displayed the greatest fluctuation in the tower domain region (residues 415 -515).
Interesting only looking at the KDM1A  -only structures (orange) orKkDM1A/CoREST
co-crystal structures (black) demonstrated a lower magnitude of RMSF, suggesting
two states exist between KDM1A -only and when bound to CoREST.

To test if these deviations were sufficient to discriminate CoOREST-bound
KDM1A structures from isolated KDM1A structures, all were clustered by RMSD and
visualized as a dendrogram (Figure 54a). Most structures were partitioned into two
major clusters, which were distinguished by either the presence or absence of COREST.
Similarly, principle component analysis (PCA) grouped structures into the same clusters
(Figure 54b). In both cases, one structure lacking COREST (PDB 2H94) was placed in its
own cluster.(63) The reason for this distinction is unclear. However, the clustering of
these structures is clearly discernible by Tower domain positioning (Figure 54c), with

approximately 13 A separating closely-grouped KDM1A and KDM1A/CoREST residues,
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respectively, at the apical end of the Tower. The lone structure constituting its own
cluster falls in between these two extremes. Interestingly, both clusters include
structures of not only unoccupied KDM1A active s ites, but also KDM1A:inhibitor, and

KDM1A:H3 121
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Figure 54: Clustering and PCA of KDM1A and KDM1A:CoREST crystal
structures. (a) Clustering by RMSD successfully grouped KDM1A -only structures
(green) separately from KDM1A:CoRE STzss4s2 crystal structures (black) and were
similarly grouped in a (b) Principle component analysis (PCA). Interesting, in both

cases the isolated LSD1 structure 2H94 was placed in its own cluster for no
discernable reason. (c) Visual representation of the clustering demonstrates an easily
identifiable shift with the apical end separating the (+/ -) COREST structures separated
by approximately 13 A with t he 2H94 structures taking an intermediary form .

3.3 Efforts towards production of a second-generation inhibitor

The catalytic activity of KDM1A has been well -established as explored in

Chapter 1. However, KDM1A has been demonstrated to be involved in many epigenetic
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complexes which each affect separate pathways. Inhibition of the active site of KDM1A
allows for a culminative analysis of the role of KDM1A in cells. However, in order to
understand the role of KDM1A within a specific complex, we would need to disrupt the
recruitment of KDM1A to the complex.

Our aim is to produce a hig h-affinity targeted inhibitor of the KDM1A:CoREST
interface. Towards this end, previous lab members Sunhee Hwang and Jennifer Link
Schwabe produced and tested an inhibitor of the KDM1A:CoREST interaction interface
(iLCC) both in vitro and in vivo which is a peptide inhibitor of the linker region of
CoREST. What they were able to establish was that while this peptide inhibitor was able
to disrupt CoREST from binding to KDM1A, it was not able to disrupt pre -formed
KDM1A:CoREST complexes; nor was it stabledue to intracellular proteolytic
degradation in vivo.

One method that has been utilized for the production of protein:protein
interaction inhibitors is through the systematic evolution of ligands by exponential
enrichment (SELEX) wherein an initial library is subjected to iterative rounds of binding
selection and amplification to select towards a high -affinity binding motif. The Sullenger
lab at Duke has utilized this method extensively towards disruption of protein:protein
binding with respect to the blood coagulation cascade with well-established results and

pM binding RNA aptamers (282,283) They graciously provided us with their protocol

14¢



which we have been able toadapt towards establishing this as a method in our lab to

produce RNA aptamers to disrupt epigenetic enzyme complexes.

3.3.1 SELEX efforts towards a KDM1A -specific RNA Aptamer

A general scheme for the SELEX protocol is provided in Figure 55. Briefly, a
DNA library is generated based on an initial sSsSDNA template which in our case

EOOUPUUI Ewli wEwk z wEOE wt z we €egudnod) | o U1 OET WEExxDO
k -FCTCGGATCCTCAGCGAG TCGTCTG-N40-CCGCATCGTCCTCCCTA-t 7
Utilizing a DNA Polymerase 1 fragment that has lost its exonuclease function but can
still function as a polymerase, the NEB Klenow fragment produces the dsDNA library.

Upon production of the initial DNA library, the RNA | ibrary can be produced
via T7 RNA Polymerase and subjected to a selection round wherein the library is
incubated with protein (37 °C, 15 min) and then vacuum filtered over a nitrocellulose
membrane so that protein and the RNA sequences which bind the protein will be
retained and unbound RNA will flow through. The membrane is subjected to a
phenol:chloroform:isoamyl alcochol (PCA) extraction to separate protein from nucleic
acid.

The extracted RNA is then reverse transcribed to cDNA utilizing Roche AMV RT
enzyme (1010911800), and then amplified via ThermoFisher Platinum Taq DNA

Polymerase and the resulting amplified dsDNA is transcribed to RNA via T7 RNA

Polymerase, completing the cycle. This cycle is completed for iterative rounds,
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increasing the stringency via both the ratio between the RNA and protein and increasing
the ionic strength. In both cases, the goal is to disrupt low-affinity interactions to allow
for enrichment of high -affinity binding sequences.

The increase in affinity for the protein is gen erally tested every 1-2 rounds. In this
case, the RNA library at the end of a selection round is dephosphorylated, and
subsequently phosphorylated with 32P, mATP. Upon radio -labeling the RNA, a 96-well
filtration binding assay is utilized to assess binding of the RNA pool across a range of
protein concentrations to produce a binding curve. Ideally, as the stringency each of
round increases, the overall demonstrated affinity for the protein will increase due to the
enhancement and level of high-affinity RNA sequences in the pool. Upon reaching an
apparent high affinity of binding, the cDNA of a selection round can be prepared for a
next generation sequencing (NGS) run by PCR amplifying the pool with NGS adapter
sequences and subjected to the massivelyaralleled sequencing. These results can then
be utilized to pool for sequence motifs are present across the pool. Specific aptamers
containing these motifs are then produced and individually tested for their binding

affinity to the protein of interest.
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Figure 55: Protocol overview of SELEX. An initial library containing up to 10 15
sequences is prepared and transcribed to RNA to be incubated with the target protein.
The bound RNA is eluted, converted to cDNA, amplified and trans  cribed back to
RNA. Every 1-2 rounds, the post-selection library is radiolabeled and tested for target
affinity to assess the progression of high -affinity ligand enhancement

Dr. Jennifer Link Schwabe and | envisioned producing an RNA aptamer that was
specific for KDM1A. Ideally, we would produce an RNA aptamer that would be specific
towards the KDM1A:CoREST binding interface and allow us to disrupt this interface in
not only n ewly translated KDM1A, but also preformed KDM1A:CoREST both in vitro
andinvivod we DUT w) 1 O0PI 1 Uw+POOwW2ET PEEI ZUwDOPUPEOuWI i
initial library and subject KDM1A to four rounds of selection in a HEPES buffer (pH 7.4)
with 100 mM NacCl ionic strength. Between each round, we focused on increasing the
ratio of available protein to RNA in hopes to select for RNA which were able to
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selectively bind KDM1A ( Table 4). At this point, we would have anticipated to see a
shift upward in the adjusted fraction bound of the RNA in Round 4 over the RNA

library in Round 0. However, upon utilizing the filter -binding assay to establish the
binding curves, we noted no discernable increase in affinity ( Figure 56). This suggests a
lack of increased levels of any RNA able to bind tightly to KDM1A.

Table 4: Conditions and quantities of RNA and protein in each selection round

Round uMLSD1 uMRNA RNA:Protein Input RNA Buffer

1 5 20 04:01 2.0nmol  E
2 2.5 10 04:01 1.0nmol  E
3 1.25 10 08:01 1.0 nmol E
4 1.25 15 12:01 1.5 nmol E
04
035
- [ ]
2 03 .
; °
S 025 .
EE 02 e e Buffer E R4
2 o @ Buffer E RO
:L§ 0.15 * Buffer E/F R4
S 01 ° ® Buffer E/F RO
= 005 o ¢
< ° °
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01 1 10
-0.05

Protein Concentration (OM)

Figure 56. Results from initial trial with SELEX. We compared the binding
affinity of the RNA library in Round 0 to the RNA remaining in Round 4 with
binding buffers E and E/F which contain 50 and 100 mM Nacl, respectively. We saw
no discernable change between the rounds in either buffer, suggesting a lack of
increased affinity or selection for binding RNA
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We observed no consistent trend between round 0 and round 4 for the binding
buffer we had been utilizing (E). We additionally noted an overall decrease in the
adjusted fraction bound in binding buffer (E/F) which has a 100 mM ionic strength over
50 mM in binding buffer (E). This suggests KDM1A on its own may not have a high
affinity for RNA and that a significant number of iterative rounds would be required to
produce an RNA aptamer that would be able to selectively bind KDM1A at high -

affinity.

3.4 Discussion
Historically, the active sites of enzymes have been the cener of drug target
development; however, it is becoming increasing clear that the binding partners of many
epigenetic enzymes dictate not only substrate selectivity, but also could impact substrate
binding kinetics or spatially -related PTM sites. As protein-protein interaction (PPI)
inhibitors are becoming more commonplace, we sought to utilize the
KDM1A: CoRESTss4sz2 interface to establish potential regions of targeting along this
interface. This interface was attractive to us as it has not only been predefned by crystal
structures, but also has been deemed a critical scaffolding protein for directing
*#, hu zUwEI Ol UT Aa0EUI wEEUDPYPUabw EEDPUDPOOEOOGaOwWUI
i OUWEOOUT 1 UWUEEI | OOEDPOT wxUOUI POOwW, B intea®Ea wUI ED
of H3K4) as well as which genes are targeted by the enzyme(53,72) Finally, as we

confirmed in our evolutionary sequence conservation studies , the Tower domain
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architecture is unique to KDM1A; thus, targeting this interaction in vivo is unlikely to
disrupt interactions of other related enzymes. For these reasons, we believe disruption of
the Tower domain interactions may prove a novel strategy for selective KDM1A

inhibition.

In exploring the CoREST linker domain with ITC, Dr. Sunhee Hwang initially
identifie d several residues which weaken binding affinity upon mutation , L360A and
K363A. These two residuesexhibited a statistically significant change in K 4, suggesting
that while the binding energy is distributed along the KDM1A:CoREST interface, it may
be con@ntrated towards the apical end of the Tower domain. HDX -MS further supports
these findings with residues 440-451the apical end of the Tower domain experiencing
the greatest protection from solvent-exposure in the presence of CORESTThis region of
residues aligns with residues K360 and L363 that displayed the sharpest increase in Kin
the mutational ITC analysis. Interesting, there was also a 1020% decrease in deuterium
uptake at the base of the tower domain. Combined, these data suggest a model wherein
the interaction between KDM1A and CoREST is spread along the entire surface but
potentially utilizes a locking mechanism at either end of the interface to hold the
proteins in place.

Upon further examination of the interaction, it became clear that not only could
they be grouped by principle PCA by wh ether or not COREST was present withthe

largest RMSD between thetwo groups centered around the Tower domain. Indeed, as
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we follow the Tower domain towards the apex, the disparity between the crystal
structures plus and minus CoREST only grows, which is supported by the HDX -MS data
displaying the highest solvent-protection towards the apical end of the Tower domain.
We hypothesize that COREST induces a local shift and rigidification in the upper region
of the Tower domain, leading to a higher binding energy. In alignment with our

findings it has previously been shown that the mutation M448V of KDM1A prevented
interaction with CoREST in vivo. The accidental mutation (M448V) is not only in the
upper Tower regio n which displayed the highest level of HDX -MS protection, but also
lies near COREST residue L363 which significantly altered Kq4 in our mutational ITC
analysis.

Together, these studies suggest that while there are no specific hot spot resides,
CoREST doesmdeed bind most tightly to the apical end of the Tower, inducing a local
shift and rigidification of KDM1A. This improved understanding of the
KDM1A:CoREST interface demonstrates the dynamics of this interaction. We envision
that the rigidification of KDM 1A by CoREST may lay the groundwork for substrate
binding and catalysis. While the timing events of the formation of KDM1A:CoREST
containing complexes is unclear, we speculate that formation of this rigidified interface
between the two proteins may act as a scaffold for binding of additional accessory

proteins, INcCRNA, and even the nucleosomal substrate.
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Moving forward, we hope to generate probes capable of disrupting this
interaction for the purpose of exploring the role of KDM1A within specific complexes in
vivo. The utilization of a SELEX technique allows for the directed evolution of a high -
affinity binding molecule. Unfortunately, our initial attempts did not suggest a strong
affinity for LSD1 towards RNA; however, there are several future directions t hat we
believe would allow access towards an RNA aptamer probe through SELEX.

First, the initial library can have upwards of 10 15 sequences presentand
molecular modeling simulations have demonstrated high -affinity (at least 107 M Ka)
sequencesmay be lost in the initial rounds due simply to random binding effects (284).
One mechanism to allow for the enrichment of high -affinity seque nces is to alter the
total concentration of protein, which has been shown to skew towards a higher -affinity
binding fraction at a much more rapid pace than higher target protein concentrations.
While there is some debate as to what level is appropriate, our utilization of a 1.25-5 uM
range of KDM1A is at least 10-fold higher than the highest recommended range
(284,285) We also anticipate that NaCl concentration could play a role in allowing for an
initial enhancement of high -affinity binders, and thus believe that a lower starting ionic
strength, while retaining more non -specific binders initially, will allow for high -affinity
binders to not be lost in interative selection rounds.

Further, there are severalrecentreports of one-step SELEX methods which result

in high -affinity, specific binders (286 288). In each method, a capillary column is utilized
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wherein the target protein is pre -bound and the library of RNA is loaded onto the
column to allow for binding to occur. In MonoLEX , the column is then fragmented
width -wise and the RNA within each layer is subjected to further testing for binding
target protein which is not resin -bound (286). In the case of MonoLEX, a sideby-side
comparison with SELEX was performed and the same binding motif was elucidated by
both methods. While optimization of buffer system and resin -binding would need to be
optimized, we hypothesize that MonoLEX would allow for a more rapid test of the
feasibility in utilization of an aptamer to disrupt the KDM1A:CoREST interface.

We anticipate a tight-binding aptamer or peptide may act to outcompete the
KDM1A:CoREST interaction both in vitro and in vivo. Disruption of KDM1A binding
CoREST over other binding partners will inform the effect of KDM1A in complex -

specific targets and presents a new method for exploring epigenetic enzymes.

3.5 Methods
Hydrogen -deuterium exchange with mass spectrometry (HDX -MS)

Proteins were expressed and purified from E. coli as previously described and
uOPOEUI OawxUl xEUI Ewi OUwlUUT wbOwl!l kwd, w' $/ $20uwl Yy
Concentrations were measured by Bradford assay and samples diluted to 10 pM in
HEPES buffer. Using an automated HDX labeling LEAP robot, proteins were diluted 10x
into either HEPES buffer in water (for t = 0) or in D 20 (for t = 1, 5 min). After the

designated amount of time, exchange reactions were quenched with 45 pL 0.3% formic
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acid, 1 mM TCEP at 4°C nucleasefree water. Proteins were then digested on an
immobilized pepsin column (W aters Enzymate BEH pepsin column) at 200 pL/min at 20
°C for 2 min. 50 pL of each sample were analyzed by UPLCG-MS (Waters nanoAcquity,
Synapt G2). Samples were first trapped on a VanGuard C18 column (40 pL/min in 5%
v/v water/acetonitrile, 0.1% formic acid ), followed by separation on a 1.7 pm Acquity
BEH130 C18 column (Waters) with a linear gradient from 5-35% acetonitrile, 0.1% formic
acid over 7 min at 40 puL/min. All separation steps were performed at 1 °C. Peptide
masses were analyzed by a tandem mass gectrometer via electrospray ionization

source, with alternating high - and low -energy scans from 562000 m/z. Peptides were
identified by comparison to the LSD1 and CoREST sequences in the Protein Lynx Server
(v2.5.2). Each sample was analyzed in duplicate 648 unigue peptides were identified

and filtered for analysis by sequences that could be identified in all samples. Deuterium
uptake values were then subjected to a ttest for eacht CoREST condition compared to
the corresponding + CoOREST peptide. Sitesof differentiation were identified by percent
deviation (increase or decrease) being consistent across all + CoREST time points, a
pvalue of < 0.05 between £ COREST samples, and manually inspection of peak picking.
43 peptides met all of these criteria. Regions of altered deuterium uptake were mapped

onto a co-crystal structure of LSD1/CoREST (PDB 2iW5).
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Analysis of Flexibility in LSD1 Crystal Structures

All analysis was performed using the Bio3D-web server. By manual comparison
to the RCSB PDB, all available LSD1 structures were selected as an input (see list below).
Only structures containing point mutations or binding partners other than CoREST or a
short histone peptide were excluded. Additionally, only t he LSD1 chain from each
structure was included in analysis. All chains were structurally aligned using the
invariant core mode and visualized as a heatmap of RMSF value per residue. RMSF
values were also plotted as a function of residue position. Additiona | analyses of (i) only
isolated LSD1 structures or (ii) only LSD1/CoREST crystal structures were also
performed and these RMSF plots overlaid to illustrate the decrease in variability within
these two states. All structures were clustered by RMSD using a sngle-linkage method
and represented as a dendrogram. PCA analysis presented the same groups, with the
majority of separation attained from PC1, for which the largest contribution was derived
from tower resiudes (data not shown). Structures included in ana lysis include: isolated
LSD1 structures 2H94, 2HKO, 2DW4, 273Y, 2EJR, 275U, 3ABU, 3ABT and
LSD1/CoREST cecrystal structures 2IW5, 2UXN, 2UXX, 4KUM, 2V1D, 2Y48, 5L3E,
5L3F, 513G, 5IBQ, 2XAF, 2XAJ, 2XAG, 2XAH, 2XAQ, 2XAS, 4UXN, 3ZMS, 3ZMT,

3ZMZ, 3ZNO, 3ZN1, 4UV8, 4UV9, 4UVA, 4UVB, 4UVC, 3ZMU, 3ZMV.
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Production of a SELEX Library

Initial ssDNA template ordered as follows, where in N40 represents 40
sequential randomized bases:

Template:
k -FCTCGGATCCTCAGCGAGTCGTCTG -N40-CCGCATCGTCCTCCCTA-t 7z

k Z w/ UBKGEGBGGAATTCTAATACGACTCACTATAGGGAGGACGATGCGG - 7
3OwxUOEUET wUOI 1 wOPEUEUaAOWUT T wkzwxUDPOI UwbUwbC
°C, 5 min) then snap-cooled (4 °C, 5 min).

Table 5: Conditions for annealing the 5' primer to the library template

Reagent Stock Final
Conc.

Annealing Buffer 10X 1X

DNA Template 200 uM 1 nmole

5' Primer 300 uMm 1.5 nmole

Nuclease-free Water

Vit

Table 6: dsDNA library preparation conditions with Klenow fragment

Reagent Stock Conc. | Final
Annealing Reaction

NEB2 (Klenow) Buffer 10X 1X
dNTPs 10 mM 0.5 mM
NEB Exo Klenow 5 U/uL 30U
Nuclease-free Water

Vit 500 pL

After annealing, the dsDNA library reaction is prepared and incubated to

allow for the reaction to occur (37 °C, 1.5 hours). After halting the reaction with EDTA (2
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mM), the DNA is extracted with a PCA extraction wherein 800 pL of a
phenol:chloroform:isoamyl (25:24:1) is added to the reaction and shaken vigorously. The
mixture is spun in a table -top centrifuge (14,000 rpm, RT, 10 min), and the aqueous layer
is extracted. The aqueous layer is further extracted in a similar fashion but with 800 pL
chloroform:isoamyl alcohol (24:1). The resulting aqueous extraction is washed 3x with
TE buffer in an Amicon -4 (10 kDa MWCO) and the concentrated library is measured via
UV -visible spectrophotometer (SpectraMax i3x micro-volume microplate) .

To transcribe the library to RNA, the reaction was assembled as describedin
Table 7 and 8 and allowed to proceed at 37 °C overnight. To remove template DNA from
the reaction, 20 U of DNase was added to the reaction (NEB M0303) which incubated
further (37 °C, 30 min) upon which time the reaction was halted with 2 mM EDTA and a
PCA extraction performed as previously described with chloroform:isoamyl alcohol
(24:1). The RNA was further gel purified with a homemade 12% denaturing acrylamide -
urea gel in 0.5X TBE buffer (220 V, 5 hrs). The RNA was excised and transferred to a 15
mL conical tube and subsequently broken into pieces. TE was added to the tube, sample
frozen on dry ice and then incubated with rocking overnight at 4 °C to allow for RNA
elution. The RNA solution was subsequently filtered through a 0.45 um cellulose acetate
membrane and washed 3x with TE in swinging bucket rotor (3700 x g, RT, 15 min). The
concentrated RNA library concentration was measured via UV -visible

spectrophotometer (SpectraMax i3x micro-volume microplate).
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Table 7: T7 RNA Polymerase reaction to produce initial RNA library

Reagent Stock Conc. | Final

T7 RNAP Buffer 5X 1X

2'F NTP Mix 10X 1X

DNA Library 16.23 uM 250 pmole
IPPI 25U
Y639F T7 Mutant 4 uL
Nuclease-free Water

Vt 500

Table 8: 5x T7 RNA Polymerase reaction buffer components

Reagent Final Stock

Tris -HCI 200 mM 0.5M

MgClI2 60 mM 1M

PEG 8000 20% (wiv) 8000 g/mol
Spermidine HCI 5mM 254.63 g/mol
Triton X -100 0.01% (w/v) | 10%
Nuclease-free Water

pH 8.0

Vit 2mL

SELEX-selection round

A reaction containing 2 nmol RNA library and 10x binding buffer ( Table 9) were
incubated with ¥4 of a nitrocellulose filter membrane (Sigma WHA10402506) to pre-
clear and remove membrane-binding RNA (37 °C, 15 min). After briefly spinning, the
reaction mixture was passed through a pre-wet 0.45 um nitrocellulose GVS Centrex
centrifuge filter (1500 rpm, RT, 5 min) and the reaction volume was adjusted to 100 pL

with 1x wash bu ffer (Table 10). Protein and RNA were combined and incubated (37 °C,
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15 min) and applied to a pre-equilibrated nitrocellulose membrane in a large vacuum
manifold (200 torr) and washed with 5 mL 1x wash buffer. The protein -bound RNA was
eluted from the memb rane via PCA extraction as described above. Following extraction,
the RNA was precipitated with 10 uM linear acrylamide followed by 3 M sodium
acetate(20 pL) and 1 volume 100% cold ethanol. The precipitated RNA was pelleted
(14,000 rpm, 4°C, 30 min), and washed with 70% cold ethanol. The resulting pellet was
dried on benchtop and resuspended in TE buffer before concentration was established
via UV -visible spectrophotometer (SpectraMax i3x micro-volume microplate).

Table 9: 10x SELEX Binding Buffers

Stock | Buffer D Buffer E Buffer E/F Buffer F

HEPES (pH 7.4) 05M 200mM | 200mM | 200 mM 200 mM
NaCl 5M | 250mM | 500mM | 1000 mM | 1500 mM
caCl: 1M | 20mM  20mM 20 mM 20 mM
BSA (Fraction V) 0.10% 0.10% 0.10% 0.10%

Table 10 1x SELEX Wash Buffers

Stock | Buffer D Buffer E | Buffer E/F | Buffer F

HEPES (pH7.4)  05M 20mM 20 mM 20 mM 20 mM

NaCl 5M 25 mM 50 mM 100 mM 150 mM
CaClz 1M 2 mM 2 mM 2 mM 2 mM

To produce RNA for the next round of selection, the purified RNA is first reverse
transcribed to cDNA, PCR amplified , then transcribed to RNA using T7 RNA

Polymerase. The resersetranscription proceeds via mixing the components in Table 11
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together and incubating at 80 °C for 5 minutes before the addition of 10 mM dNTPs (2.5
pL) and 1 pL Roche AMV RT enzyme (37 °C, 45 min) and the enzyme subsequently
inactivated (95 °C, 5 min).

Table 11: Reaction components for reverse transcription of RNA post -selection

Component Stock Final
Roche AMV RT Buffer 5X 1X
3' Primer 10 uM 4 uM
RNA library 1/4 rxn
Nuclease-free Water
Total Volume 46.5

Following production of cDNA, 10 PCR reactions are generated utilizing the
components in Table 12 with the addition of 5 pL of the resulting cDNA reaction to
initiate the reaction which proceeds following the cycle sequence in Table 13.

Table 12: Reaction conditions for PCR amplification of cDNA

Component Stock Final
PCR Buffer 10X 1X
MgCl 2 50 mM 1.5mM
dNTPs 10 mM 0.2 mM
5' Primer 10 uM 1uM

3' Primer 10 uM 1uM
Nuclease-free

Water

Platinum taq 2U

Total Volume
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Table 13: Cycle parameters for PCR amplification of cDNA

Step Temp. (°C) | Time (min) | # Cycles
Initial Denaturation 94 5 min 1
Amplification 94 0.5 22
Annealing 55 0.5

Elongation 72 0.5

Final Elongation 72 1 1

Hold 4 infinite 1

Total Time 39

The resulting PCR products are buffer exchanged and concentrated in TE buffer
utilizing an Amicon -4 (10 kDa MWCO) and the concentration assessed on &JV -visible
spectrophotometer (SpectraMax i3x micro-volume microplate). At this point, the T7
RNA Polymerase reaction can proceed as outlined above to begin the next selection

round.

SELEX-affinity binding assessment

32Plabeling of RNA transcripts

Freshly transcribed RNA transcripts were dephosphorylated (100 pmol, 50 °C, 1
hour) in a buffer containing 50 mM Tris (pH 8.0) and 60 U of BAP (ThermoFisher, 1801t
015). The resulting mixture was purified via SPRI RNA beads as outlined in appendix 2
and the concentration was quantified via UV -visible spectrophotometer (SpectraMax i3x

micro-volume microplate).
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Table 14: RNA 3' dephosphorylation ¢ onditions

100 pL Reaction Stock Final
Tris -Cl (pH 8.0) 1M 50 mM
BAP 15 U/uL 60 U
RNA - 100 pmol
Nuclease-free Water vivt

Dephosphorylated RNA (3 pmol, 37 °C, 30 minutes) was3?P labeled utilizing w32ATP
(BLU502Z2250UC, Perkin Elmer) in a reaction as outlined in Table 15. The resulting
mixture was purified via Bio-Rad Micro Bio-Spin P-30 Gel column (Tris buffer, RNase-
free, 7326250 and radioactivity levels were assessed using aBeckmanLS 6000SC
scintillation counter.

Table 15: T4 Kinase ATP, w-32P labeling reaction buffer

20 pL Reaction Stock Final
PNK Buffer 10x 1x
w32P ATP 10 mCi/mL | 60 U
NEB T4 Kinase 10 U/uL 20U
RNA 3 pmole
Nuclease-free Water vivt

96-well filter-binding assay

Protein was diluted into a binding buffer containing 50 mM HEPES (pH 7.4), 200
mM KCI, 25 mM MgCl 2, 0.1 mM EDTA, and 0.1%BSA to a final concentration of 6.67
MM. The protein was diluted 2 -fold to 156 nM and incubated at 37 °C for 5 minutes. The

32p-radiolabeled RNA was diluted into 5x binding buffer and incubated at 65 °C for 5
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minutes and then at 37 °C for 5 minutes. To each protein sample was added RNA (2000
CPM), and the protein:RNA mixtures were incubated at 37 °C for 20 minutes. During

this time, the dot blot manifold was assembled from bottom to top with filter paper,

nylon membrane (FisherScientific 50-905-0176) and nitrocellulose membrane (VWR
28151760), each preequilibrated in a 1x wash buffer containing 50 mM HEPES (pH 7.4),
200 mM KCI, 25 mM MgCl2, and 0.1 mM EDTA. The wells were rinsed with 100 pL of 1x
wash buffer. The protein:RNA mixtures were applied to each well, aspirated at 400PS],
and subsequently washed to ensure separation of bound and unbound RNA.
Membranes were wrapped 1x in saran wrap and exposed to the phosphor storage screen
(GE Healthcare, 2828956475 for 1.5 hours. The screenwas scanned by a Typhoon

imaging machine and analyzed via ImageQuant v 5.2 software.



4. Defining a binding interaction between KDM1A and
the long non-coding RNA HOTAIR

Epigenetic complexes are primarily composed of proteins with domains to
increase specificity and selectivity of the catalytic machinery. The reader domains of
proteins aid in targeting genes with specific DNA or histone PTMs, allow for regulatory
control over which sites the epigenetic complex interacts with. However, there is still
much about the molecular mechanisms of these events that remains unexplored. As the
field of long non t coding RNAs (ncRNA) has expanded rapidly in the years since the
ENCODE project began in the early 2000s and first published ncRNA in 2012, we have
begun to understand that these ncRNA can play an additional role in epigenetic
regulatory events including targeting epigenetic complexes to specific gene sites (28%
291)

One IncRNA, HOTAIR, directs the EZH2 -containing PRC2 complex as well as
KDM1A -containing complexes to HOXD gene loci. There has been significant work to
establish the molecular interface between PRC2 and HOTAIR and evidence that
disruption of this interface could decrease cancer cell viability (153,164,165,251,252,292)
However, there has been comparatively no work performed to establish the
KDM1A:HOTAIR interface (154,293) | have been able to make significant advances in
elucidating the KDM 1A:HOTAIR interaction.

In this chapter | will introduce the importance of non -coding RNA, and their

roles within cells. | will discuss the importance of HOTAIR within the cell and the
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current efforts to establish its molecular role and disruption of its protein:protein
interactions. Finally, | will report my utilization of an electromobility shift assay (EMSA)
to establish the minimal protein unit required for HOTAIR to bind. | found that COREST
is required for HOTAIR to bind. I also confirmed that only the first 300 bp of the

KD M1A -binding domain of HOTAIR (D4) is required for protein -binding. | propose a
region of protein -binding based on computational analysis and discuss the implications

herein.

4.1 Introduction to non-coding RNA

While over 75% of the human genome is transciibed into mRNA, it is well -
established that only 1-2% of those transcripts are translated into proteins. While an
estimated 90-95% of the remaining non-coding mRNA is designated for ribosomal and
transfer RNA (rRNA and tRNA, respectively), there was still a significant percentage of
1- wUlTEVWPEUOwWUOUDOWUI EI-c0dihg &nrw(Ecnny g4 286) Ews NUO
However, through a massive paralleled sequencing endeavor in 2012, the BNCODE
project set the stage for establishing thatmuch of the remaining ncRNA had the potential
to function in cellular functions (289,297) Due to the large size variation of ncRNA, the
distinction between long non -coding RNA (IncRNA) and the abundance of short non -
coding RNA is an arbitrary cutoff at 200 nt. Both short and long non -coding RNAs have

been demonstrated to have important biological functions as discussed below.






















































































































































































































































































































































































































































































































































































































































