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Abstract

Enzymatic and Biochemical Characterization of the JARID1C Jumonji Demethylase

By

Ruogu (Roc) Hu

Human diseases result from epigenetic changes in addition to genetic alterations in the cell. A wide range of
cancers and neurological disorders have been linked to aberrant patterns of covalent modifications in chromatin.
For example, methylations of DNA and histones affect transcription and are controlled by methyltransferases
and demethylases, among which Jumonji demethylases play important roles. Jumonji proteins belong to a
superfamily of 2-oxoglutarate (2-OG)-Fe (I1)-dependent dioxygenases and reverse histone lysine methylation.
The evolutionarily conserved JARID1 (Jumonji AT-Rich Interactive Domain 1) family of Jumonji demethylases
catalyzes demethylation of histone H3 lysine 4 (H3K4me2/3, a mark for active transcription). Their JmjC
domains bear enzymatic activity, and such substrate specificity is potentially affected by the additional
chromatin-reader domains (such as Plant Homeodomain, or PHD), representing a common mechanism in
regulation of chromatin modifiers. In this study, | biochemically characterized the enzymatic activity of
JARID1C on H3K4 methylation with different histone peptides, and explored the binding specificity of the two
JARID1C PHD domains. An N-terminal JARID1C recombinant fragment was active on synthetic histone
H3K4me2/3 peptides. The end product of demethylation is mono-methylated H3K4. This activity was affected
by peptide length, yet independent of the methylation status of H3K9. Additionally, | measured the Michaelis-
Menton kinetics of JARID1C demethylation in a formaldehyde release assay and showed that the R and S form
of a 2-OG analogue, 2-hydroxyglutarate, could inhibit JARID1C activity with similar ICs values (0.8 and 0.7
mM, respectively). Using bacterially expressed JARID1C PHD domains in pull-down and isotherm titration
calorimetry assays, | showed that PHD1 domain preferentially associates with unmodified H3K4 peptide; but
such binding is very weak compared to other known interactions between PHD domains and histone peptides.
Similar results were obtained for PHD2. These results revealed the properties of JARID1C catalysis and
interaction with histones. JAIRD1C is implicated in X-linked mental retardation and cancers. This work
provides a biochemical perspective of the protein which complements current in vivo data in the literature. In
the long run, it will help to elucidate mechanisms and roles of histone demethylation in human diseases,
potentially leading to development of novel epigenetic targets for therapeutics.



Enzymatic and Biochemical Characterization of the JARID1C Jumonji Demethylase

By
Ruogu (Roc) Hu

B.S., Sun Yat-Sen University, 2008

Advisor: Xiaodong Cheng, Ph.D.

A thesis submitted to the Faculty of the
James T. Laney School of Graduate Studies of Emory University
in partial fulfillment of the requirements for the degree of

Master of Science

Graduate Division of Biological and Biomedical Sciences (GDBBS)

Biochemistry, Cell and Developmental Biology (BCDB) Program

2011



Acknowledgments

I would like to sincerely thank Dr. Xiaodong Cheng, Dr. Xing Zhang, and all members of the Cheng
laboratory for their continued training and valuable guidance on this work. I am truly grateful of the
kindness of and encouragement from my committee members, whose helpful advice lead me through
the project. | would also like to thank all laboratories in the biochemistry department which provided
facilities for my experiments, especially the Ortlund laboratory and the Cummings Laboratory. |
appreciate the priceless help and friendship from my fellow students in the BCDB and other programs
of the GDBBS, without which I could not work through these years. Finally, | thank my family

members for being empowered by their unconditional love and support.



Table of Contents

Chapter I: Background & INtrodUCLION. ... ...t e Page 1
1.1 Epigenetic changes in human diseases and methylation in the chromatin.................................... Page 1
1.2 Histone demethylation and modes of transcriptional control..................ccoiiiiiiiii i, Page 2
1.3 The JARID1 family of histone demethylases and JARID1C domains and function........................ Page 6
L SN CANCE. . e Page 9

Chapter I1: Enzymatic Properties of JARIDLC ... i, Page 10
P B [ (0T [N £ o DO PP Page 10
2.2 RESUIES. . et e Page 10
2.3 DISCUSSION. ...ttt e Page 22
24 Materials & MEtNOUS. . ... e Page 23
Chapter 111: Binding Properties of JARID1C PHD dOmains..........ccovviiiiiiniieiiiiieieeeeeenen, Page 34
B L INErOTUCTION. ..o e e e e e et e e Page 34
B2 RESUIS. .. et Page 38
KRG B ol U1 1o D PSPPI Page 43
A Materials & MEthOUS. ... .o Page 43
Chapter IV: Crystallization Trials and Activity Screens of a Jumonji Protein MINASS............... Page 47
AL INITOAUCTION. ... e e Page 47
B 2 RBSUIES. ..t Page 48
B3 DISCUSSION. ... ..ttt Page 58



Chapter V: Conclusions & Future direCtions. ... ... ..o Page 61

5.1 Substrate specificity of JARID1 demethylases ..o Page 61
5.2 Mechanistic insights into the interplay among JARIDC’s domains............coovvviiiiiniininninneenenn.. Page 62
5.3 JARID1 demethylase as potential drug targets..............coooviviiiiiiiie e Page 64
A DN, e Page 66
Summary of all JARID1C and other constructs generated.............o.vvrivriiiiiriieiirreeeiereienaanaens Page 66

RO OGRS ... et Page 68



List of Figures

Figure 1: Examples of H3K4 and H3K9 methyltransferases and demethylases.................cccoiiiiiininnnn, Page 4
Figure 2: Mechanism of 2-OG dependent demethylation catalyzed by Jumonji proteins. .......................Page 4
Figure 3: Summary of Known JARIDL PrOteINS. ........ouii it e e e e Page 7
Figure 4: Purification of JARID1C N-terminal fragment (residues 1-839) ...........c.ccc.ceevivieeenineneenn Page 12

Figure 5: An example of analysis and presentation of JARID1C reaction data from mass spectrometry... Page 12

Figure 6: Optimization of JARID1C reaction condition and the effect of peptide length on the rate and extent of

=T (01 {0 DO PP Page 13
Figure 7 Effect of histone peptide and DNA on the activity JARID1C towards H3K4me3....................Page 15
Figure 8: Michaelis-Menten kinetics of JARID1C and FDH. ..........cooiiiiiiiiii e Page 15

Figure 9: Structures (A) and dose-response curve for inhibition of JARID1C activity (B) by 2-0OG
ANAIOGUES. ..ttt et Page 17

Figure 10: Mass Spectrum of 1-21 H3K4me3 peptide methylated at K9 by Dim-5 methyltransferase...... Page 24

Figure 11: Purification Of FDH. ... e Page 27
Figure 12: Calibration of fluorescence intensity and Kinetics data analysis.................ccoooiiiiiiins Page 27
Figure 13: Sequence alignment of known examples of PHD domains that bind to histone H3................ Page 30
Figure 14: Summary of JARIDL1C PHD CONSEIUCES. ... ..uuiieieneeeee i e e Page 30
Figure 15: Purification of JARIDLC PHDL1 and PHD2...........oiiniieii e Page 32
Figure 16: Pull down of JARID1IC PHD1 and PHD2.........c.oiiiiiiiiii et Page 32
Figure 17: ITC of JARID1C PHD1 with various H3 peptides..... ..........cvvvevieieeeeeeieeeeeenene.. . Page 34
Figure 18: Purification of MINASS. ... ... e Page 49

Figure 19: Sample pictures of MINAS3 crystals after optimization............ccocoevevvinencicisi s Page 53 ~ 56



List of Tables

Table 1: Summary of JARIDL PHD CONSIIUCES. . ... .ottt e e e e Page 37
Table 2: Crystallization screen hits of MINADS. ... ..o e Page 51
Table 3: Crystallization optimization of MINAS3 ... ...t e, Page 52

Table 4: MINAS53 activity tests using methylated peptides.............cooviiiiiiiiiiii e, Page 57



Chapter I: Background and Introduction

1.1 Epigenetic changes in human diseases and methylation in the chromatin

Epigenetic changes refer to the reversible and heritable alterations in gene expression due to
changes beyond DNA sequence, such as post-synthetic, covalent modifications of chromatin
components. VVarious enzymes are responsible for such post-translational modifications (Berger,
2007) . As a key signal for gene activation and silencing, chromatin methylation is regulated by
methyltransferases and demethylases. On DNA, DNA methyltransferases (DNMTSs) catalyze
cytosine methylation of CpG dinucleotides in mammals (Cheng and Blumenthal, 2008). Non-CpG
methylation is also observed (Burden et al., 2005; Ramsahoye et al., 2000). On histones, the
majority of known methylation marks under dynamic regulation are on the N-terminal tails of
histone H3 and H4. Histone methyltransferases add methyl groups on histone lysine or arginine
residues. Histone lysine demethylases remove methyl groups from methyl-lysines. Figure 1 lists
several important histone lysine methyltransferases and histone lysine demethylases (Shi, 2007).
The diversity of such enzymes underlies the specificity and reversibility of methylation, providing a
framework to understand where complex gene regulation takes place. Furthermore, continued
studies of these histone modifiers by biochemistry and structural biology reveal their potential as
drug targets.

In eukaryotes, methylation marks established by related enzymes have different roles based
on their context. For instance, tri-methylated H3 lysine 4 (H3K4me3) is a well-studied mark for
transcriptional activation by recruitment of chromatin remodelers (Li et al., 2006; Schneider et al.,
2004) and RNA polymerase Il to initiate transcription (Santos-Rosa et al., 2003). Similarly,
H3K9me2 is a repressive mark associated with transcriptional silencing (Nakayama et al., 2001,
Perillo et al., 2008; Sims lii et al., 2003), which is also involved in heterochromatin packaging and

spreading (Bannister et al., 2001). On DNA, methylation of cytosines in mammalian CpG islands is



a hallmark of gene silencing (Eden et al., 1998). The coordination of these marks is thought to be
crucial for proper control of gene expression, often achieved by interaction between methylation
enzymes and readers (Cedar and Bergman, 2009). For example, a model for de novo methylation in
cancer involves an H3K27me3 methyltransferase EZH2 and DNMT3A/B (Vire et al., 2006). In
addition, the complexity of methylation-mediated gene regulation is further increased by the
reversibility of methylation marks, which results from histone demethylases, particularly a large
number of Jumonji proteins (Lan et al., 2008), as well as DNA demethylation pathways
(Kangaspeska et al., 2008; Metivier et al., 2008). These DNA and histone modifications work
collectively and constitute complex histone codes to regulate gene expression (Collins and Cheng,

2010; Gamble and Kraus, 2007).

1.2 Histone demethylation and modes of transcriptional control
1.2.1 Jumonji demethylases

Jumoniji-proteins belong to a family of 2-oxoglutarate (2-OG)-Fe (11)-dependent
dioxygenases with a variety of substrates. The first Jumonji gene, jmj, was discovered to be
important for mouse development, as a jmj mutant generated an abnormal neural groove on the
neural plate, forming a cross (“Jumonji” in Japanese) with the normal neural groove (Takeuchi et
al., 1995). A large group of proteins bearing a conserved Jumonji (JmjC) domain have been
identified, many of which are important histone lysine demethylases (Takeuchi et al., 2006).

Currently, three classes of enzymes are characterized as histone demethylase: PADI4, LSD1,
as well as the JmjC-domain-containing proteins (Klose et al., 2006). The first identified H3K4
demethylase, Lysine-specific demethylase 1 (LSD1) targets only mono- and di-methyl lysines.
Importantly, JmjC-domain containing demethylases can catalyze demethylation of tri-methylated
lysines along with di/mono-methylated lysines, expanding the variety of methyl-lysine substrates in

addition to other demethylases (Klose et al., 2006). Jumonji proteins contain the JmjC domain,



which folds into eight beta - sheets and contains residues required for Fe(ll) and a-ketoglutarate
binding. During demethylation reaction, a highly reactive oxoferryl species is produced and it
hydroxylates hydroxylates the methyl group on the nitrogen atom of lysine side chain, and causes
the spontaneous removal of the methyl group as formaldehyde (HCHO), yielding an unmodified
lysine and converting 2-OG to succinate as a byproduct (Figure 2).

Jumonji proteins have more diverse targets other than histone lysines. The diversity of
Jumoniji protein substrates can be exemplified by the following proteins. Human Jmjd6 catalyzes
lysyl-hydroxylation of U2AF65, a protein related to RNA splicing (Webby et al., 2009). Human
ABH2/3, homologs of an E.coli DNA repair enzyme AIkB, remove methyl groups from 1-
methyladenosine, 1-methylguanine, 3-methylcytosine, and 3-methylthymine in DNA (Yang et al.,
2008). In addition, human Tenth-Eleventh-Translocation 1 (TET1) converts 5-methylcytosine into

5-hydroxyl-methylcytosine in DNA (Tahiliani et al., 2009).

1.2.2 Crosstalk between methylation marks mediated by Jumonji proteins

The notion that histone methylation on a particular lysine can be affected by the methylation
status of another lysine on the same protein extends our understanding of how substrate specificity
of Jumonji demethylases can be achieved in a chromatin context. Previous studies in the lab on
PHF8 and KIAA1718 Jumonji demethylases show that these enzymes have promiscuous JmjC
domains that are active on multiple H3 lysines and also contain PHD domains (Plant Homeodomain)
that bind to H3K4me3. However, the difference in the length of a linker between PHD and JmjC
domain defines which lysine they access and demethylate (Horton et al., 2010). When PHF8 is
locked on a histone peptide via H3K4me3 - PHD binding, PHF8 has a linker that positions the JmjC
domain on H3K9me2 of the same peptide allowing demethylation. However, when KIAA1718
binds to H3K4me3 via its PHD domain, it has a longer linker that keeps the JmjC domain away

from H3K9me2, thus inhibiting its activity on this particular lysine. More convincingly, when



KIAA1718 was engineered with a PHF8 linker to replace the native linker, it gains activity on the

same H3K4me3-K9me2 peptide. This again fits a model where histone code
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Figure 1: Examples of H3K4 and H3K9 methyltransferases
and demethylases. The amino acid sequence in the middle is
histone H3 N-terminal tail which undergoes extensive post
translational modifications. This graph summarizes important
histone lysine methyltransferases and demethylase that act on
histone H3K4 and H3K?9, which mark active and inactive
transcription at promoters of genes in eukaryotes.



HsC Hp c’OH 5 HsC
3 * H H 3
SNkt \wu SNy
Jumoniji Jumoniji
Demethylase Demethylase
Fe (1) Fe (1)
ol N o o
+H3N 2-0G  succinate +H3N +H;N
o} 0] o}

Figure 2: Mechanism of 2-OG dependent demethylation catalyzed by Jumonji proteins.



readers such as PHD domains can impact the de facto substrate specificity of a histone code eraser
such as JmjC domain- carrying enzymes.

Remarkably, each JARID1 protein contains 2-3 PHD domains, which were reported to bind
methylated histone lysines (Iwase et al., 2007; Li et al., 2008; Wang et al., 2009). At present, the
interplay between JARID1 PHD and JmjC domains has been studied for Lid2, a fission yeast
JARID1 ortholog shown to bear H3K4me3 demethylation activity (Li et al., 2008). In this study,
the authors showed that Lid2 PHD2- and PHD3-deletion mutants of S. pombe fail to silence the
inner repeats (imr) gene, which is normally repressed by a complex containing Lid2. Unlike the
case of PHF8/KIAAL718, no current biochemical or structural data directly supports the physical
link between Lid2’s PHD and JmjC domains. Yet this example does provide grounds for the
hypothesis that JARID1 protein can mediate crosstalk between H3K4 and H3K9 methylation, a

model similar to that of PHF8/KIAA1718.

1.3 The JARID1 family histone demethylases
1.3.1 JARID1 proteins have multiple domains and target H3K4 methylation

JARID1 family demethylases are transcriptional repressors (Cloos et al., 2008). They
reverse the active gene mark H3K4me3 at transcription start sites of target genes, and exist as
members of multi-unit complex in mammalian chromatin. Their JmjC domains share sequence
homology in the key amino acid residues bearing cofactor binding capability (Figure 3). While
JmjC domains have been demonstrated to account for demethylation activity, the additional
domains in JARID1s may mediate the interactions between these demethylases and interacting
proteins (Li et al., 2008).

JARID1A (RBP2) binds to retinoblastoma protein, a tumor suppressor gene
(Benevolenskaya et al., 2005; Gutierrez et al., 2005; Klose et al., 2007), and it is found to be over-

expressed in sub-population of drug-tolerant cancer cells (Sharma et al., 2010). JARID1B (PLU1)



over-expression is found in breast cancer (Xiang et al., 2007; Yao et al., 2009). JARID1C (SMCX)
mutations that affect its demethylase activity are found in mental retardation patients (Iwase et al.,
2007; Tahiliani et al., 2007). JARID1D (SMCY) is an important male-specific antigen (Secombe
and Eisenman, 2007).

Although Jumonji demethylases have different histone lysine substrates, they share highly
conserved Jumonji domains (JmjC; Figure 3B), the eraser of histone methyl marks. Distinct
substrate specificity determines the role of each demethylase in vivo and raises the question how
specificity is regulated. A tempting answer to this question is the previously-mentioned
PHF8/KIAA1718 model, considering the additional reader domains (such as PHD and ARID) in

JARID1 proteins. The example of Lid2 provides some support for this model (see below).

1.3.2 The fission yeast JARID1 homolog Lid2 has demethylation activity on H3K4me2/3 and
inversely correlates with H3K9 methylation

As a fission yeast JARID1 ortholog, Lid2 is also a bona fide H3K4me3 demethylase, as
mutation in the JmjC domain abolishes this activity both in vitro and in yeast (Li et al., 2008). Lid2
PHD2 domain preferentially binds to H3K9me3 as reported by pull-down data, yet how this
interaction would impact Lid2’s JmjC domain function (if any) is not clear. Fission yeast studies
did show mutually exclusive H3K4 and H3K9 methylation in heterochromatin regions such as
centromeres (Li et al., 2008). A test for such relationship using purified Lid2/JARID1 proteins and
doubly methylated histone H3 peptides could uncover mechanistic details this demethylation
process. It is possible that the physical and functional link between H3K4 and H3K9 via Lid2 is
more complex than (but not exclusive of) a simple function of the length between JmjC and PHD
domains, because Lid2 resides in a complex with many other proteins in yeast. This information

will be useful in extending to our understanding of human JARID1 proteins.
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Figure 3: Summary of known JARID1 proteins. Panel A: Domain organization in the
JARID1 family. DNA sequences and histone H3 methylation marks were listed above their
respective binding domains. JARID1C mutations in XLMR were also listed. Panel B:
Conserved cofactor binding residues in JARID1 JmjC active sites. Multiple sequence
alignment of the JmjC domains of 4 human JARID1 proteins highlights the conservation
of key residues which are Fe (I1)-binding (*) and 2-OG-binding sites (+).



1.4 Significance

Diverse diseases are caused by enzymatic modifiers of the chromatin (Lan et al., 2008).
Because such proteins control basic cellular processes such as gene expression, mis-regulation of
these enzymes has been implicated in many diseases that can be as severe as developmental and
neurological disorders (Qiu et al., 2010; Tahiliani et al., 2007). The capability of histone
demethylases to fine tune gene expression via remodeling chromatin states make them critical
control points in biological processes and draws significant research efforts in the field. An
increasing number of histone lysine demethylase inhibitors have been reported. For example, the
oncometabolite 2-hydroxyglutarate (2-HG), an analogue of 2-oxylglutarate (2-OG, or aKG), has
been shown to inhibit a wide range of 2-OG dependent oxygenases including Jumonji demethylases
(Xu et al., 2011). We therefore tested 2-HG's inhibition on JAIRD1C in our study. The long term
goal of this project is to elucidate how gene regulation is achieved through the complex network of
chromatin modifications. This biochemical study of histone demethylase will not only contribute to
the understanding of epigenetic regulation and the underlying the pathology of human diseases, but
also provide information for therapeutic development with epigenetic targets such as designing

histone demethylase inhibitors.



Chapter I1: Enzymatic properties of JARID1C

2.1 Introduction
2.1.1 Enzymatic properties of H3K4me1/2 demethylases

As mentioned in Chapter I, LSD1 belongs to the monoamide oxdase family and was the
first histone demethylase identified, and can only act on H3K4 mono- and di-methylaed states, but
not the tri-methylated state. The reaction is a flavin-dependent oxidative process (Shi et al., 2004)
and the exact mechanism remains debated (Culhane and Cole, 2007). LSD1 needs at least the first
16 amino acids of histone H3 to display catalytic activity on H3K4 (Forneris et al., 2007), showing
that peptide length in in vitro demethylation assays can be an important factor and is therefore
considered in our study. Despite substrate specificity, LSD1 resembles Jumonji proteins in that its
activity is also affected by additional domains. The N-terminal SWIRM domain contributes to
protein stability; an insertion in the catalytic domain is critical for both for the demethylase activity
and the interaction with CoREST, a corepressor complex containing LSD1 (Chen et al., 2006).
Additionally, LSD1 has been proposed to also catalyze H3K9 demethylation in vivo in an
androgen-dependent manner (Metzger et al., 2005). This result, although not corroborated by in
vitro biochemical studies, shows that LSD1 acts like Jumoniji proteins such as JIMJD2A/PHF8
(Couture et al., 2007; Horton et al., 2010) to demethylate multiple marks based on chromatin
context. Such context can be small motifs of protein sequences (in the case of IMID2A) or distal
modifications on the nucleosome read by the demethylases (in the case of PHF8). Thus, the

chemistry and mode of regulation of LSD1 shares similarity to Jumonji proteins.

2.1.2 Enzymatic properties of H3K4me2/3 demethylases

-10-



Not all Jumonji proteins can act on tri-methylated histone lysines. For example,
PHF8/KIAA1718 have activity only on H3K9mel/2 (Feng et al., 2010) but not H3K9me3, similar
to LSD1’s ability in terms of substrate methylation states. In this regard, JARID1 proteins are
different because they can target tri-methyl lysine as their substrate, similar to the JIMJD2 family of
Jumonyji proteins (Tan et al., 2008). Previous in vivo studies reported that the end product of
JAIRD1C catalyzed reaction is H3K4me1l (Tahiliani et al., 2007), and the reaction utilizes the same
Fe(I1)-2-OG-dependent oxidative mechanism of all Jumonji proteins. However, no detailed
biochemical studies were performed to characterize the enzymatic properties of JARID1C. In this
work, we utilized different in vitro assays to measure the activity of JARID1C and measured its
Michaelis-Menten kinetic parameters. Mass Spectrometry and a fluorescence-based formaldehyde
release assay were used as read outs for demethylation reactions as previously described (Horton et
al., 2010). In addition to kinetic characterization, we compared the activity of JARID1C on
H3K4me3 with or without H3K9me3 on the same peptide molecule to test our model. In addition,
two DNA sequences were reported to bind known ARID domains of two proteins, Dead-ringer in
D.drosophila and JARID1B in human (lwahara et al., 2002; Tu et al., 2008). Because ARID
domains share high similarity, we also tested the binding of these DNA sequences to JARID1C and
the effect of JARID1C’s activity. Finally, as stated in Chapter I, 2-HG has been shown inhibitory
toward known Jumonji demethylases, so we also tested the inhibitory effect of these 2-OG

analogues on JARID1C catalysis and determined their 1Csq values.

2.2 Results
2.2.1 JARID1C (residues 1-839) is active on H3K4me3 peptides in vitro

JARIDI1C is a large protein with 1560 amino acids. In order to purify an active recombinant
construct, we tested several combinations of tags and protein length, and found that JARID1C (1-

839) with a His-SUMO tag (construct number: pXC911) was the best behaved during purification

-11-



and therefore could be recovered in suitable amounts. JARID1C (1-839) has been shown to retain
enzymatic activity in vivo and encompasses the N-terminal domains: JmjN-ARID-PHD1-JmjC-Zn,
and part of PLU-1 (Figure 4A). We could purify this protein to over 90% homogeneity based on
SDS-PAGE analysis (Figure 4B) and the protein is active on histone peptides in our assays. The
purified protein was used for all subsequent biochemical analysis. Using mass spectrometry as our
detection method (Figure 5; see materials and methods), the optimal reaction conditions for our
purified JAIRD1C (1-839) has been determined to be MES buffer pH 6.5 and a NaCl concentration
of 50mM (Figure 6A). Given this condition, JAIRD1C can demethylate H3K4me3 to H3K4me2
and H3K4me1l, and such activity is dependent on peptide length (Figure 6B). Demethylation
activity was not observed on (1-10) H3K4me2 (Figure 6C); yet activity increases as the H3 peptide
length go from 1-12, 1-21, to 1-24, with 50% conversion times of H3K4me3 substrate being

approximately 10, 5, and 4 minutes, respectively.

2.2.2 JARID1C's activity on H3K4 is independent of H3K9 methylation status on the same
peptide

As we know, H3K9 methylation and H3K4 methylation at eukaryotic gene promoters has
opposite effects in terms of transcriptional activity. Given that JARID1C's PHD1 domain has been
reported to bind to H3K9me3, we tested the effect of H3K9 methylation status on H3K4
demethylation by JARID1C. We compared JARID1C's activity on two H3K4me3 peptides, one
bearing H3K9me3 and the other bearing H3K9me0. We observed that modification at H3K9 does
not affect the rate of demethylation on H3K4 for JARID1C (Figure 7), which supports that the way
in which JARID1C JmjC domain accesses its substrate H3K4me3 is not altered and therefore
catalysis is unaffected by modification at H3K9. This suggests that either the physical link between
PHD1 and JmjC is flexible and therefore PHD1 binding to H3K9me3 does not affect JmjC-

substrate interaction, or that PHD1 does not bind to H3K9me3 at all, assuming a relatively rigid
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link between PHD1 and JmjC. We tested the binding of PHD1 to H3K9 and will discuss it in

Chapter I11.
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N-terminal
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Figure 4: Purification of JARID1C N-terminal fragment (residues 1-839). The cartoons in
panel A are schematic view of the JARID1C protein and our construct. Panel B shows
representative gels corresponding to fractions collected during purification after going through
respective columns. The first lane on the left of each gel is NEB Broad Range Protein Marker (2 -
212 KDa). The protein sizes are 107 kDa and 96 kDa, before and after cleavage of His-SUMO
(see Q column fractions). The gel filtration graph shows the relationship between protein size and
elution volume.
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Figure 5: An example of analysis and presentation of JARID1C reaction data from mass
spectrometry. An example mass spectrum at different time points was shown on the left. The area
under each peak represents the amount of peptide species corresponds to the peaks. This
information was used to calculate the relative abundance of each peptide species on top right.
The average number of methyl group removed per peptide (n) was converted from relative
abundance based on the equation shown. The number of peptides (N) is an arbitrary number and
cancels itself off during calculation and therefore is independent of the result.
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Figure 6: Optimization of JARID1C reaction condition (A) and the effect of peptide length on
the rate and extent of reaction (B). For pH and NaCl dependence, data was collected from 5 min time
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2.2.3 Effect of two ARID-binding DNA sequences on JARID1C

As suggested in introduction, AIRD domain has been shown to interact with sequence-
specific DNA (lwahara et al., 2002; Tu et al., 2008). Given the ARID domain of JARID1C shares
high level of homology to other ARID domains, we also tested binding of two know DNA
sequences (see materials & methods on page 33) associated with other ARID domains. The DNA
sequence that binds to Dead-ringer ARID domain is rich in AT and was named AT-rich DNA. The
DNA sequence that binds to JARID1B ARID domain is rich in GC and was named GC-rich DNA.
Figure 7B shows that neither AT-rich nor GC-rich DNA binds to JARID1C in the gel shift assay.
Consistent with this observation Figure 7C shows that when AT-rich or GC-rich DNA is added to
the JARID1C demethylation reaction, the rate was not affected compared to reaction without any
DNA added. Therefore, in our assay conditions, we did not see the effect of these two specific DNA
sequences on JARID1C’s activity. The putative binding DNA sequences for JARID1C’s ARID

domain remain to be investigated.

2.2.4 JARID1C's Michaelis-Menten kinetic characteristics

We used a fluorescence-based formaldehyde release assay to determine the kinetic
characteristics of JARID1C. Jumonji demethylases remove methyl groups on histone peptides in
the form of formaldehyde, which can be converted by formaldehyde dehydrogenase (FDH) to
formate. This process is coupled with the reduction of NAD+ to NADH, and the fluorescence
generated by NADH can be monitored to estimate the rate of these coupled reactions. We used
recombinantly purified FDH enzymes as well as APAD+ (a more stable analogue of NAD+(Roy
and Bhagwat, 2007)) in these reactions. We first determined the K, for 2-OG to be around 5 pM
(Figure 8A), and then used a 2-OG concentration of 200 M (a concentration at which reaction
velocity begins to be saturated by sufficient amount of 2-OG) to determined K, for peptide

substrate (~ 3 M; Figure 8B). The turnover number (Kcar) of JAIRD1C is approximately 2.5 ~ 3 per
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minute in our experimental system, which is within 2-fold of the estimate based on mass
spectrometry (around 2 ~ 5 per minute). Such number shows that our JARID1C (1-839) is faster
than most known Jumonji histone demethylases which have published ke;; of around 0.1 per minute
for PHF8/KIAA1718(Horton et al., 2010) and 0.01 per minute for IMID2A and JMJD2D (Couture
et al., 2007).

A Michaelis-Menten kinetics measurement was also performed for FDH itself, using various
concentrations of formaldehyde standards, in a buffer condition identical to that for JARID1C
demethylation (MES pH 6.5, 50 mM NaCl). The ky, of FDH for formaldehyde is around 60 pM
and the kca: of FDH under this reaction condition is about 17 per minute (Figure 8C). This turnover
number indicates that the rate of FDH-catalyzed formaldehyde conversion is roughly 8 times faster
than JARID1C-catalyzed formaldehyde formation, thereby eliminating the concern of inefficient

enzyme coupling and validating our experimental approach and results.
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Figure 7: Effect of histone peptide and DNA on the activity JARID1C towards H3K4me3.
Panel A shows the time course of reactions with 0.25 pM JARID1C (1-839) and 35 pM (1-21)
H3K4me3K9me3 or 1-21 H3K4me3 peptides. No apparent change in the rate of reaction was
observed. Panel B shows that no interaction of varying amounts of JARID1C and DNA was
detected by gel-shift assay. Left and right are the same gel stained by Coomasie blue (to show
proteins) and ethidium bromide (to show DNA), respectively. No DNA bands shifted to where
the protein bands resided. Panel C shows that the reaction rate was not changed by addition of
DNA sequences.
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Figure 8: Michaelis-Menten kinetics of JARID1C and FDH. Kinetics of
JARID1C was determined by varying concentrations of 2-OG (A) or peptide (B).
Initial velocity was plotted against 2-OG or peptide concentration and fitted with the
Michaelis-Menten equation. Different concentrations of formaldehyde standards were
made fresh and used to get initial velocities (C). The turnover number of FDH is fast
enough to ensure the clearance of formaldehyde from JARID1C catalysis is not
delayed by FDH conversion. Experiments in panel A and C were in duplicates and
experiment in B was in triplicates.
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2.2.4 Inhibitory effects of three 2-OG analogues on JARID1C activity

Two analogues of 2-OG are the R and S forms of 2-HG. Previous studies show that R-2HG
is the predominant form in the human body in some cases of cancer and is reflective of the
oxidative stress in the cell (Ward et al., 2010). Both forms show inhibitory effects toward IMJD2A,
2C, and 2E, which potentially explain the disrupted gene expression in cancer. We tested the
inhibitory effect of R and S 2-HG on JARID1C using our fluorescence-based assay. NOG (Figure
9A), an analogue of 2-OG and a known Jumonji demethylase inhibitor, was used for comparison.
We observed that the 1Cso value of NOG is roughly 50-fold lower than both R and S 2-HG (Figure
9B), indicating that neither form of 2HG was as good as NOG in inhibition of JARID1C
demethylation. The 1Cs values are not much different between the two 2-HG forms. However, the
S form of 2HG is able to inhibit the v« to close to zero at high concentrations, similar to what
NOG does (100% inhibition), while the R form of 2HG can only inhibit vyax to about one third of
original value (67% inhibition) at high concentrations. Collectively, these results reveal a potential

inhibitory role of 2HG on JARID1C, but only at high inhibitor concentrations.
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2.3 Discussion

Our in vitro results revealed that JARID1C's basic biochemical properties are consistent
with known JARID1C data in the literature. Our JARID1C (1-839) recombinant protein
demethylates H3K4me3/2 to H3K4mel as all other JARID1 family members. This proteins’
activity on histone peptides positively correlates with peptide length. JARID1C is very active
among Jumonji histone demethylases with a relatively high k... However, unlike PHF8, whose
activity on H3K9me?2 is dependent on the methylation status of H3K4 (Feng et al., 2010), JARID1C
does not differentiate the methylation status of H3K9 in terms of its activity on H3K4me3 (Figure
7), since in our assay the doubly methylated H3K4me3K9me3 peptide bears the same level
reactivity as th3 singly methylated H3K4me3 peptide. The JARID1C (1-839) construct we have
been using contains PHD1 but not PHD2; therefore, we could only test the effect of PHD1 on JmjC
domain's activity using this construct. Although the PHD2 domain has not been reported to
associate with histone peptides or any other protein, we did make JARID1C constructs that contain
the PHD2 domain in the hope of exploring PHD2's effect on activity. We also tested the binding of
PHD?2 to histone peptides in Chapter I11. Unfortunately, our JARID1C constructs containing PHD2
were mostly expressed in the insoluble portion of the bacterial cell lysate and were not purified in
suitable amounts. While this is not uncommon for large proteins, it may be worthwhile to switch to
another host for protein expression in the future, such as insect (sf9) cells. Unlike bacterial
expression systems, such eukaryotic expression system can provide mechanisms for post-
translational modification and different sets of molecular chaperones so that the recombinant
protein could be expressed in a more native environment as in human cells. Meanwhile, we did not
detect interaction between JARID1C and the two known ARID-binding DNA sequences, and no
effect on activity was observed. A lot of factors can be taken into consideration for future
experiments, such as length of DNA, different fragments of JARID1C protein, the type of detection

method other than gel shift assay, etc. This preliminary attempt did show that the ARID domain of
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JARID1C might not resemble the ARID domain of JARID1B in terms of interaction with DNA.
Knowledge of this interaction is needed before we make any educated guess regarding the effect of
such interaction on demethylation reaction.

The inhibition of (R/S) 2-HG on JARID1C activity suggests a potential connection between
the mis-regulation of histone demethylases and cancer, at the level of enzyme inhibition instead of
transcription or post-translational modifications. (R) 2-HG is accumulated in the cell in malignant
glioblastoma and acute myeloid leukemia, sometimes with a concentration up to 10 mM
(Chowdhury et al., 2011) . Other histone demethylases such as IMJID2A, IMJD2C, JARID1B, as
well as a C. elegans KIAA1718 have been reported to be inhibited by both R and S form of 2-HG
with different inhibition constant (k;) values (Xu et al., 2011). Given that the 1Csy of 2-HG in our
reaction system is only about 50-fold of that of NOG, a potent known inhibitor, high concentration
of 2HG in vivo is likely to cause a real inhibitory effect on JARID1C, which itself has been
correlated with several diseases (Kleine-Kohlbrecher et al., 2010). This idea will be supported if
data is available in the future to show that high levels of 2-HG accumulate in clinically relevant
disease associated with JARID1C. Nevertheless, 1Csy values of inhibitors for a certain protein can
be compared only in the exact same assay conditions, but cannot be compared across different
experimental systems. In this regard, a future experiment worthwhile is k; measurement instead of
the 1Cso measurement done here for 2-HG on JARID1C. Although it would require a significant
amount of enzyme, k; values reflect intrinsic properties of proteins and are comparable across

studies, thereby being a direct assessment of the 2-HG inhibitors’ potencies in the cell.

2.4 Materials and Methods
2.4.1 Cloning of JARID1 constructs for subsequent analysis
N-terminal fragments of JARID1C were PCR amplified from commercial cDNA source

(ATCC) using VENT or Phusion DNA polymerase (NEB) and with primers bearing restriction sites.
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PCR fragments were digested with corresponding restriction enzymes and cloned into various
expression vectors. We mainly used plasmids that provide hexahistidine (6>His), His-SUMO, or
GST tags as well as protease cleavage sites for the removal of tags, such as the pET system and
PEGX plasmids. We transformed these recombinant constructs into E. coli strain BL21DES3 for
protein expression. This process was repeated to generate various versions of the JARID1 proteins
(JARID1C 1-789, 1-808, 1-839, and 1-1249, each tagged with GST, His, and His-SUMO). Cloned
constructs were confirmed by sequencing of plasmid DNA and induction of the desired protein
visualized by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
Coomassie staining. We picked the best expressed and purified construct (1-839, His-SUMO tagged)

for all subsequent biochemical assays.

2.4.2 Purification and identification of active JARID1C constructs

JARID1C constructs were bacterially expressed and purified using fast protein liquid
chromatography (FPLC). Typically, 4 to 12 liters of LB media was used to grow bacteria from
starting culture, first at 37 <C to an ODgg value between 0.6 and 1, at which point 1 mM of MgCI2
and 1 mM of ZnCI2 were added and the temperature was set to 16 <C. After 1~2 hours, when the
liquid culture temperature dropped to 16 <C, 0.4 mM of IPTG was added to induce the expression
of recombinant protein overnight. Bacterial culture was centrifuged to collect the cells, which were
washed and resuspended with nickel column buffer A (20 mM NaHPO4, 5% glycerol, 500 mM
NaCl). Protease inhibitor (PMSF) was added to the cell resuspension and cells were broken by
passing through a French Press twice on ice. The cell lysate was centrifuged for at least 1.5 hours
and filtered by a 4 micron filter before loading on the first column. Affinity columns (nickel), ion-
exchange columns (Q and SP), and gel filtration (sizing) columns were used to achieve the level of
purity we want for subsequent analysis. The His-SUMO tag was removed in the purification

process by Ulp-1 protease digestion. The final JARID1C (1-839) protein was eluted off the gel
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filtration column in 20 mM MES 6.5, 5% glycerol, and 150 mM NaCl and concentrated using a
50kd MWCO Millipore concentrator to about 5 mg/ml, which was determined by OD,g, reading.

Purified protein was frozen immediately in liquid nitrogen and stored in 10 |4 aliquots at -80 <C.

2.4.3 Optimization of JAIRD1C’s enzymatic assays and mass spectrometry analysis

Purified JARID1 proteins were subjected to in vitro enzymes activity assays, where the
enzyme was incubated with histone peptide substrates in optimized buffer conditions as described
(Christensen et al., 2007; Klose et al., 2007; Li et al., 2008; Tahiliani et al., 2007), containing
factors essential for JmjC catalysis such as iron, 2-OG and ascorbic acid. We measured activity
assays with histone peptides by Matrix Assisted Laser Desorption lonization — Time of Fly
(MALDI-TOF) mass spectrometry using a Bruker Ultra Flexll TOF/TOF instrument (Biochemistry
Department). Reactions were started by adding peptide to pre-incubated JARID1C with cofactors at
37 <C. At different time points, 2 I of sample was withdrawn and mixed with 5 | of 0.1% Tri-
fluoric acid (TFA) to stop the reaction. These mixtures representing reaction progression at each
time points were spotted on a stainless steel mass spectrometry sample plate and mixed with equal
amounts of 60~70% ACAN dissolved in isopropanol. After the sample dried out, we mounted the
sample plate in the MALDI-TOF instrument and recorded the sample mass spectra and looked for
peptide mass changes in 14, 28, or 42 Daltons before and after reaction, corresponding to mono-,
di-, and tri-methyl groups. By plotting the relative abundance of each peptide species
(corresponding peak area of a an peptide species divided by total peaks area) versus reaction time,
we could determine the time needed for 50% substrate conversion to product, an indicator for
robustness of enzymatic activity. By integrating the relative abundance of each species into a single
line plot (average number of methyl group (Me) removed per peptide), we could present the
reaction course in a straightforward manner. By measuring activity in this way in different pH

buffer and NaCl concentration, we determined the optimal reaction condition for JARID1C (1-839)
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to be 50 mM MES pH 6.5/6.6, 50 mM NaCl. Specifically, when we tested different buffer pH
values, a mixture of NaAcetate, MES, and HEPES buffer (33.3 mM each, 100 mM total) was
adjusted to different pH in the range from 6.0 to 7.0 (compatible with the pKa values of these
compounds so that buffering power is retained). This allows us to eliminate the effects of different

types buffering molecules and look at only the effect of changes in pH.

2.4.4 Preparation of (1-21) H3K4me3H3K9me3 doubly-methylated peptide

A doubly methylated H3K4me3K9me3 peptide was needed for comparison with H3K4me3
of the same length. Previous studies in the lab showed that (1-24) H3K4me3K9me3 doubly
methylated peptide does not work well with mass spectrometry, and commercial sources of such
peptide are of less than optimal purity. Since (1-21) H3K4me3 peptides as well as an H3K9
methyltransferase dim-5 was readily available in the lab, we use dim-5 and S-Adenosyl methionine
(SAM) to methylate the K9 of (1-21) H3K4me3 peptide using published protocol (Zhang et al.,
2002) and obtained the (1-21) H3K4me3K9me3 peptide. The methylation reaction was terminated
by adding MES pH 6.5 buffer, which is compatible with subsequent demethylation reaction. The
addition of tri-methyl group on K9 is shown using mass spectrometry. As a control, S-Adenosyl-L-
homocysteine (SAH) was used instead of SAM to treat the (1-21) H3K4me3 peptide under the
same reaction condition and no methylation on K9 was observed; and this peptide was used to
compare with the doubly methylated peptide for JARID1C’s demethylation activity. In neither case
the peptides were purified because the methylation reaction buffer condition was compatible with

demethylation reaction and addition of H3K9me3 was observed (not in control).
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Figure 10: Mass Spectrum of 1-21 H3K4me3 peptide methylated at K9 by Dim-5
methyltransferase. SAM was a cofactor (methyl donor) utilized by Dim-5, and SAH is the
by-product and inhibits methylation. 1-21 H3K4me3 peptide was converted to doubly
methylated H3K4me3K9me3 in the presence of SAM as the mass increases by 52 Daltons,
which is equivalent to three methyl groups (A). In the presence of SAH, however, it is not
methylated as the mass did not change (B).
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2.4.5 Purification of formaldehyde dehydrogenase (FDH)

A His-tagged FDH construct in E. coli strain BH249 cells was cultured in LB media at
37 T to ODggo between 0.6 and 1.0 and the temperature was set at 16 <C. After 1~2 hours when the
culture liquid temperature dropped to 16 <C, 0.4 mM of IPTG was added to induce the expression
of recombinant protein overnight. Bacterial culture was centrifuged to collect the cells, which were
washed and resuspended with 20 mM HEPES pH 7.0, 300 mM NacCl. Protease inhibitor (PMSF)
was added to the cell resuspension and cells were broken by passing through a French Press twice
onice. The cell lysate was centrifuged for at least 1.5 hours and filtered by a 4 micron filter before
loading on the first column. Affinity columns (Nickel), ion-exchange columns (Q), and gel filtration
(S75) columns were used to purify FDH to over 99% purity based on SDS-PAGE (Figure 11). The
final FDH protein was concentrated using a 30 kd MWCO Millipore concentrator to about 10mg/ml
(determined by ODygo reading). Purified protein was frozen immediately in liquid nitrogen and

stored in 30 aliquots at -80 <C.

2.4.6 Calibration of fluorescence intensity and formaldehyde concentration and kinetics data
measurement

Each round of FDH-JARID1C coupled reaction releases one molecule of methyl group
which is converted to formate, while one molecule of APAD+ is converted to APADH. Therefore
there is a 1:1:1 molar ratio among the amounts of APADH, formaldehyde released, and peptides
converted. By saturating the fluorescence signal (RFU) under known concentrations of
formaldehyde standards with FDH and APAD+, we could calculate a conversion factor between
RFU and formaldehyde concentration (equivalent to converted peptide concentration), and
therefore were able to derive velocity of demethylation.

For kinetic measurements, reactions were performed in 40 i volume and in the same

condition as those measured by mass spectrometry, except that FDH related components were
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added (2mM Ascorbic Acid, 1ImM 2-0OG, 0.1 mM Fe(l1), 20mM MES pH 6.5, 50 mM NacCl, 20 M
H3K4me3K9me2, 0.5 pM JARID1C (1-839), 0.6 mM APAD+, 10 ug FDH (3uM)). A 37°C pre-
incubation of JARID1C, FDH, with all other cofactors and buffers for 15 minutes was followed by
addition of peptide and APAD+ to initiate the reaction. A 10 minute reaction at 37°C was
monitored on a BioTek Synergy™ 4 Hybrid Microplate Reader. Each set of experiments were done
at varying concentrations of peptide substrate (from 0 to 50 piM) or 2-OG (from 0 to 100 piM), and
fluorescence intensity for each corresponding peptide/2-OG conentration were plotted against time
to give a series of curves (Figure 12). The curve for zero concentrations were set as background and
subtracted from all other fluorescence curves at different substrate/2-OG concentrations. The slopes
of initial linear range of each adjusted fluorescence curve was calculated and converted to initial
velocities. Experiments were done in triplicates and initial velocities were then plotted against

peptide/2-OG concentrations and fit with the Michaelis-Menten equation using GraphPad Prism 5.0.

2.4.7 1Csp measurements using fluorescence-based formaldehyde release assay

To test the inhibitory effect of (R/S) 2-HG and NOG on JARID1C demethylation, we added
varying concentrations of these inhibitors and measured the decrease in Vi USing the
formaldehyde release assay. Experimental set up was the same as above except that inhibitors were
added simultaneously with 2-OG and incubated with enzyme at 37<€ for 15 minutes. Experiments
were done in duplicates or triplicates and the vmax at each concentration of inhibitor was plotted
against the logarithm of inhibitor concentration. 1Csy values were calculated in GraphPad Prism 5.0

using a dose (log(inhibitor))-response inhibition model.
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Figure 11: Purification of FDH. Shown are fractions collected from each step of column
purification, run on SDS-PAGE. The first lane on the left of each gel is NEB Broad Range Protein
Marker (2 - 212KDa). The size of FDH is about 42 kDa and the protein was purified to
homogeneity. The buffers used and detail protocol are in materials & methods.
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Figure 12: Calibration of fluorescence intensity and kinetics data analysis. A: time course of
fluorescence intensity as FDH converts different concentrations of formaldehyde. B: formaldehyde
concentration was plotted against the average fluorescence intensity in corresponding curves in A
after saturation. The slope of this line is the conversion factor of RFU to formaldehyde
concentration (equivalent to converted peptide concentration). C: A sample Kinetics data showing
different slopes corresponds to different peptide concentration. These slopes were converted to

velocities using the above conversion factor and plotted against peptide concentration and fitted
with the Michaelis-Menten equation.
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2.4.8 Gel-shift assay for JARID1C (1-839) with ARID-binding oligonucleotides

Plus and minus strands of DNA sequences that were shown to bind ARID domains of Dead-
ringer and JARIDB were obtained from Sigma and annealed into oligonucleotide duplexes in 20
mM Tris 7.5, 50 mM NaCl. (Dead-ringer ARID-binding or “AT-rich” DNA: 5°-
CCTGTATTGATGTGG-3’, 3°-GGACATAACTACACC-5’; JARID1A ARID-binding or GC-rich
DNA: 5’-GCTCCCGCCCCACG-3’, 3’-CGAGGGCGGGGTGC-5%). Different concentrations of
JARID1C (1-839) protein (0 to 25 |uM) was incubated with the 5 piM of DNA duplex in20 mM
MES pH 6.5, 50mM NacCl, 10% glycerol. The reaction was kept on ice for 30 minutes and the
samples were loaded on a 1.2% agarose gel. Electrophoresis was performed in 0.5X TBE buffer at

50 V for 10 ~ 40min.

2.4.9 Activity assays of JARID1A with ARID-binding DNA sequences

Activity assays were performed as mentioned in 2.4.3, except that the ARID-binding DNA
sequences in 2.4.8 was added to the reactions with a 1:10 molar ratio of DNA to protein (0.25 pM
enzyme, 2.5 pM DNA, 20 pM (1-24) H3K4me3K9me2). The average number of methyl group
removed per peptide was calculated and plotted. Comparison was made between reaction without

DNA, with Dead-ringer ARID-binding DNA, and with JARID1B ARID-binding DNA (Figure 7C).
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Chapter I11: Binding properties of JARID1C PHD domains

3.1 Introduction
3.1.1 Background on PHD domains

The PHD (Plant-homeodomain) domain is a type of Zn finger motif that in most cases bears
the C4HC3 architecture and coordinates 2 or 3 Zinc ions (Baker et al., 2008). A large number of
PHD domain containing proteins exist across species from yeast human (Bienz, 2006), many of
which associate with the chromatin. Thus the PHD was initially thought to media the interaction
(Baker et al., 2008). This is indeed the case as many PHD domains were found to bind histones. In
fact, it has been suggested that the PHD histone-binders are like other chromatin binding domains
(e.g., chromodomains, bromodomains, Tudor, etc) that have their own set of rules for interpretation
of modifications in the chromatin (Taverna et al., 2007). Besides histone binders, a subset of PHD
domains were found to act as an E3 ubiquitin ligase, though some were found in mitochondria and

not associated with the chromatin (Lu et al., 2002; Uchida et al., 2004; Yonashiro et al., 2006).

3.1.2 Known PHD binders to the chromatin and JARID1 PHD domains

The majority of known PHD domains that bind to histones recognize the modification states
of H3K4. There are two major groups: H3K4meO0 binders, and H3K4me3 binders. These two
groups of PHDs interact with the H3 tail using different mechanisms. The H3K4me3 binders use an
aromatic cage to embrace the tri-methyl H3K4 and the H3K4meO binders utilize a series of surface
interactions to bind to the peptide(Taverna et al., 2007). Some H3K4me3 binders such as BPTF and
ING2 recognize H3R2 at the same time (Li et al., 2006; Shi et al., 2006). Based on sequence
alignment of some examples of PHD domains, JARID1C’s PHD1 and PHD2 lack several key
residues that would form the aromatic cage for H3K4me3, and are more similar to H3K4me0-

binding PHDs in terms of amino acid identities at positions that interact with the peptide (Figure
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13). In addition, JARID1C PHD2 has an extra stretch of amino acids preceding the last two
conserved cysteine residues, different from the rest of the PHD domains. This information suggests
that JARID1C’s PHD1 and PHD?2 are unlikely to bind H3K4me3.

Besides these H3K4 interacting PHDs, H3K9 was also reported to associate with several
PHD domains, which are mainly in the JARID1 family. As stated in Chapter |, JARID1C PHD1
and Lid2 PHD2 were the only two PHD domains reported to bind H3K9me3 through pull-down
assays. In comparison, PHD-H3K4 binding was supported by a wide range of methods (pull-down,
Isothermal titration calorimetry (ITC), and crystal structures, etc) by many groups. Our biochemical
results in Chapter 1l did not provide a direct support on JARID1C PHD1’s binding to H3K9me3.
Also, no published construct information was available regarding Lid2 PHD2. Therefore, we
decided to test JARID1C PHD1 binding to H3K9me3 using both pull-down and ITC assays. These
results would complement our enzymatic analysis and help explain JAIRD1C’s catalytic behavior

on H3K4me3 in response to H3K9 methylation.
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Figure 13: Sequence alignment of known examples of PHD domains that bind to histone
H3. The majority recognized H3K4me3 or H3K4me0. The “h” in front of gene names means

human.
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JARIDICT ' MiN g ARID PHD1 ImjC n PLU1 PHD2 1560
Constructs
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pECOILGET)p OO HSUMO) 261 m 414

pXC97EHSUMO) pXCITHGET) 1148 m 1267

pECI80(HisRUMO) pXCIEL(GST) 1180 @ 1243

Figure 14: Summary of JARID1C PHD constructs. The pXC numbers on the left were
plasmid identification numbers in the lab (pXC949, pXC952, etc). The numbers preceding

and following each PHD domain cartoons are amino acid residue numbers of JARID1C.

Domain Range Forward Primer (BamHI-Asel) Reverse Primer (EcoRI-Notl)

ATGGATCCATTAATCAGTTT |ATGAATTCGCGGCCGCTCAGGC
PHD1 Q320-A382

ATTGAGTCATATGTCTGC TTCTGGGGGCCGCTTACACTC

ATGGATCCATTAATCAGTTT |ATGAATTCGCGGCCGCTCAATG
PHD1 Q320-H414

ATTGAGTCATATGTCTGC CACGGGCATGTTGAAGTAGTC

ATGGATCCATTAATGATAA |ATGAATTCGCGGCCGCTCAATG
PHD1 D261-H414

GGAGGGGCCTGAGTGTCCC |CACGGGCATGTTGAAGTAGTC

ATGGATCCATTAATGCCTCC | ATGAATTCGTCGACTCAGCGCA
PHD2 | A1181-R1249

TCTACAACCTCTATC TACACAGTGGACACAG

ATGGATCCATTAATGTGATC | ATGAATTCGTCGACTCATCTCT
PHD2 | V1146-R1267

GTGGCCTTCAAGGAG GCAGGGCTACCAGCAG

Table 1: Summary of JARID1 PHD constructs. DNA sequences are from 5’ end to 3” end.
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3.2 Results
3.2.1 Purification of JARID1C PHD domains

Yang Shi’s group (lwase et al., 2007) showed that JARID1C PHD1 binds to H3K9me3 yet
they did not detect JARID1C PHD2 binding to a histone peptide in the same experimental system.
Based on PHD domain sequence alignment and JARID1C PHD constructs made by Yang Shi’s
group, we made the following PHD1 and PHD2 constructs (Figure 14). Among these constructs,
His-SUMO-PHD1 (320-382) and His-SUMO-PHD2 (1181-1249) were most soluble and contained
less aggregation or degradation during purification (Figure 14), which allowed us to purify large
amounts of protein in high purity (Figure 15). This makes them suitable for Pull-down and

particularly ITC experiments.

3.2.2 Pull-down and ITC results of JARID1C PHD1 and PHD?2

The best expressed and purified PHD1 and PHD2 proteins were used in pull-down and ITC
experiments. We only observed binding when the binding buffer contained NaCl concentrations as
low as 50 mM. Under this condition, both PHD1 and PHD?2 exhibited a similar pattern of binding to
the various H3 methylation marks we tested (Figure 16). H3K4 tri-methylation appeared to disrupt

binding, yet H3K9me2 and H3R2me2 (A or S, Figure 16) appeared to enhance the binding.
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Figure 15: Purification of JARID1C PHD1 and PHD2. Shown are representative gels
corresponds to fractions collected during purification after going through respective columns. The
target proteins were marked with round corner boxes. The first lane on the left of each gel is NEB
Broad Range Protein Marker (2 - 212KDa), showing the correct size of the target proteins (20
kDa). The buffers used and detail protocol are in materials & methods.
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di-methylation.
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However, published PHD binding data were usually performed in salt concentration of
above 50 mM such as 150 mM (Lan et al., 2007; Matthews et al., 2007; Wang et al., 2009). Based
on our results, at 50 mM we could not rule out the possibility of non-specific interaction. ITC
experiment was performed for PHDL1 in order to verify our observation in pull-down assays (Figure
18). Not suprisingly, at the same NaCl concentration (50 mM), we observed that neither H3K4
methylation nor H3K9 methylation caused any meaningful changes in binding affinity (Figure 17),
because in all cases the estimated dissociation constants (kq) were very large (serveral hundred
micromolar to millimolar range) compared to other known PHD-H3 interactions (from a few to less
than a hundred micromolar) (Taverna et al., 2007). Therefore, we did not have sufficient evidence
to claim any specific interaction between JARID1C PHD domains and histone H3. Given the
behavior of PHD2 was similar to PHD1 based on pull-down assays, we did not proceed to test

PHD2 binding using ITC.
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Figure 17: ITC of JARID1C PHD1 with various H3 peptides. Estimated dissociation
constants for each peptide were shown. The titration was done using above 200 M of protein
and as high as 5 mM of peptide. The lack of top and bottom of the sigmoid curve indicates
weak binding, as suggested by the large kq values.
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3.3 Discussion

Our pull-down and ITC results indicated that JARID1C PHD domains bind to histone
peptides at unmodified H3K4 with very low affinities and behave close to non-specific interactions,
which are not comparable to previously identified H3K4me0/3-binding PHD domains, whose Kgq
values fall in low micromolar ranges (Ruthenburg et al., 2007). While additional experimental
approaches could be tried to verify this observation (such as fluorescence polarization or NMR
titration), this phenomenon agrees with our data in Chapter 11 where the JmjC domain activity on
H3K4me3 is independent of H3K9 methylation status, assuming a relatively constrained spatial
relationship between PHD1 and JmjC. This would suggest a separate role for the PHD domains,
possibly involving recruiting proteins other than histone H3; and the PHF8 model of cross talk
between H3K4 and H3K9 is not sufficient to explain how JARID1C interacts with these two marks.
As mentioned in conclusion and future directions, more detailed biochemical data such as a crystal

structure of JARID1C will play a critical role in answering the above questions.

3.4 Materials and Methods
3.4.1 Cloning of JARID1C PHD constructs for subsequent analysis

Different length PHD1 and PHD2 domains of JARID1C were cloned using various primers
(Table 1). The PHD domains were PCR amplified from commercial cDNA source (ATCC) using
VENT or Phusion DNA polymerase (NEB) and with primers bearing restriction sites. PCR
fragments were digested with corresponding restriction enzymes and cloned into expression vectors.
We mainly used plasmids that provide His-SUMO and GST tags as well as protease cleavage sites
for the removal of tags, such as the pET system and PEGX plasmids. We transformed these
recombinant constructs into E. coli strain BL21DES3 for protein expression. This process was

repeated to generate all versions of the PHD domains proteins (Figure 14). Cloned constructs were
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confirmed by sequencing of plasmid DNA and induction of the desired protein visualized by

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie staining.

3.4.2 Purification of JARID1C PHD domains

Out of the many constructs, pXC952 (His-SUMO PHD1) and pXC980 (His-SUMO PHD?2)
were gave rise to most soluble protein and were purified in large amounts. Typically, 2 to 6 liters of
LB media was used to grow bacteria from starting culture, first at 37 <C to an ODggo Value between
0.6 and 1, at which point 1 mM of MgClI2 and 1 mM of ZnCI2 were added and the temperature was
setto 16 <C. After 1~2 hours, when the liquid culture temperature dropped to 16 <C, 0.4 mM of
IPTG was added to induce the expression of recombinant protein overnight. The bacterial culture
was centrifuged to collect the cells, which were washed and resuspended with nickel column buffer
A (20 mM NaHPO4, 5% glycerol, 500 mM NacCl). Protease inhibitor (PMSF) was added to the cell
resuspension and cells were broken by passing through a French Press twice on ice. The cell lysate
was centrifuged for at least 1.5 hours and filtered by a 4 micron filter before loading on the first
column. Affinity columns (nickel), ion-exchange columns (Q), and gel filtration (sizing) columns
were used to achieve the level of purity we want for subsequent analysis. The His-SUMO tag was
retained as previous studies in the lab show that PHD domains with His-SUMO tags behave well in
binding assays (Lan et al., 2007). The final PHD1 and PHD2 proteins were eluted off the gel
filtration column in 20 mM Tris 8.0, 5% glycerol (No glycerol for ITC experiments), and 150 mM
NaCl and concentrated using a 10kd MWCO Millipore concentrator to at least 10 mg/ml,
determined by OD,g, reading. Purified protein was stored on ice and used for experiments as soon

as possible (within 1 week).

3.4.3 In vitro binding assays (Pull-down) of JARID1C PHD
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Biotinylated histone peptides (0.5~1 pg) were incubated with 5~10 pg of purified
recombinant His-SUMO tagged JARID1C PHD1 or PHD2 for 4~12 h at 4 °C in binding buffer
(20 mM Tris pH 8.0, 50 mM NaCl). Binding was not observed at an empirical NaCl concentration
of 150 mM but only detected by Coomassie blue staining when NaCl concentration dropped to 50
mM. After incubation of peptide and protein, Streptavidin beads (Upstate 16-126) were washed
three times and added to the mixture. The mixture containing peptide, protein, and beads was gently
rotated for 1 h, after which beads were centrifuged and supernatant was removed. The pull-down
was subjected to Coomassie blue staining and boiled for 5 minutes. Samples were run on an SDS-

PAGE for analysis.

3.4.4 Isothermal titration calorimetry (ITC)

His-SUMO-tagged fusion of the JARID1C PHD1 was eluted and concentrated in 20mM
Tris pH 8.0 buffer, 50 mM NacCl, 0.5 mM TCEP from gel-filtration chromatography. Extensively
lyophilized H3 1-10/15 peptides were dissolved in the same buffer. ITC measurements were carried
out from 100-250 uM protein concentration, with 1.5-5 mM peptide concentration, on a GE
MicroCal Auto-1TCyq instrument at 25 °C. Reference titrations of protein into buffer were
performed to control for heat of dilution and non-specific binding. Binding constants were
calculated by fitting the data using the ITC data analysis module of Origin 7.0 (OriginLab
Corporation). We compared the binding of JARID1C PHD1 to (1-15) H3K9meO0, (1-15) H3K9me3,

(1-10) H3K4me0, and (1-10) H3K4me2.
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Chapter 1V: Crystallization Trials and Activity Screens of a Jumonji Protein MINA53

4.1 Introduction

Besides work on the JARID1C protein, crystallization trials and activity screens were
performed for another Jumonji-protein, human Myc-induced nuclear antigen 53kDa (MINA53).
MINAS3 has been proposed to have histone lysine demethylation activity, although current results
in the literature have not reached a consensus (Lu et al., 2009; Okamoto et al., 2009). The protein
was also named mineral dust-induced gene (mdig) (Zhang et al., 2005), because a high mRNA level
was detected in alveolar macrophages from coal miners who have been exposed to mineral dusts
compared to normal subjects. Localization data by immunofluorescence reveal that MINA53 exists
in the nucleus and partly in the nucleolus (Tsuneoka et al., 2002). Later studies also reveal
MINAS53’s c-Myc-independent expression in tumors (Komiya et al., 2009). RNAI treatment of
MINADSS3 in several cancer cell lines correlates with suppression of cell proliferation (Tsuneoka et
al., 2002).

MINADSS3 is an Interleukin 4 (IL4) repressor and associates with its promoter in complex with
NFAT and Oct transcription factors (Okamoto et al., 2009). Okamoto et al showed that by
modulating IL4 expression, MINAS53 controls T helper type 2 bias (which is the propensity of nawe
CD4" T cells to differentiate into 1L4-secreting T helper type 2 cells), highlighting that MINA53
function involves changing the transcriptional activity of downstream genes. Interestingly, MINA53
binds to IL-4 promoter and has negative correlation with 1L-4 expression, while PRMT1
enhances/positively correlates with IL-4 expression via an intermediate interactor NIP45 (Fathman et
al., 2010). Therefore, as a demethylase, MINA53 potentially antagonize the catalytic substrates of
PRMT]1, such as methylated-NIP45 or H4R3me2 (Mowen et al., 2004).

In addition, microarray data suggests that genes potentially responsible for cell

transformation and tumorigenicity in cancer, such as growth factors and receptors EFGR and HGF,
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are regulated by MINA53(Komiya et al., 2009). Moreover, a recent study proposed that MINA53 up-
regulation in lung cancer correlates with a decrease in H3K9me3 levels and promotes ribosomal
RNA expression (Lu et al., 2009). Nevertheless, no evidence for MINAS3’s direct substrate has been
provided, leaving the possibility that MINA53 may indirectly contribute to H3K9 demethylation.
MINADS53 bears a JmjC domain and no other known protein domains, which indicates that potential
binding partners might be required for detecting MINAS53’s enzymatic activity in vivo. In vitro
approaches are also needed to assess whether MINAS53’s demethylation activity in given assay
conditions is physiologically possible. Collectively, it can be hypothesized that excessive MINA5S3 in
cancer mis-regulates the expression of downstream genes by involvement in demethylation-

dependent processes.

4.2 Results
4.2.1 Protein purification

The full length human MINA53 (residues 1 - 465) was cloned and purified using the
same fast protein liquid chromatography (FPLC) protocols as described in Chapters Il and I1.
The protein was soluble in bacteria cell lysate and could be purified in large amounts and
high homogeneity (Figure 18). Purified protein was used for crystallization trials and activity

Screens.
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Figure 18: Purification of MINAS53. Shown are representative gels of protein samples from
each step of column purification. Fr and numbers: fraction number; LD: Loading sample; FT:
Flow-through sample; MW: NEB Broad Range Protein Marker (2-212KDa). The second Nickel
column was performed after Ulp-1 cleavage to remove the His-SUMO tag.
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4.2.2 Protein crystallization

Purified MINAS3 protein was crystallized under various conditions. Initial screens
produced crystals on several conditions and the largest crystals in these conditions were
picked up and diffracted on X-ray beam. Diffraction patterns confirmed that they are protein
crystals but diffracted poorly (Table 2), and two optimization approaches were performed
(Table 3). The first approach was to make solution blocks containing varied pH and salt
conditions around the original screen solution (see materials & methods). These conditions
were tested for crystallization. The second approach was to use protease to treat purified
MINADS3 during crystallization, in the hope that small fragments of the protein would be
trimmed off and give rise to more homogeneous and stable fragments. In addition, different
cryo-protectants for were tried. The results of both approaches and cryo-protetant screens are
summarized in Table 3 and sample crystal pictures are shown in Figure 19. Despite changes
in crystallization solution, crystal appearance, and cyro-protectant, no improvement of crystal

quality in terms of diffraction was achieved.

4.2.3 Activity assay

Current information of MINAS53, as suggested in section 4.1, did not provide clear-cut
evidence regarding MIANS3’s enzymatic activity and substrate specificity. Therefore, we
started to screen for MINAS3’s activity using a number of different peptides (mostly histone
peptides, as the majority of Jumonji protein substrates are histones). Among all the
methylated-lysine (Table 4A) and methylated-arginine (Table 4B) peptides we tried, none of
them showed mass changes caused by MINA53 and correspond to loss of a methyl group.
Therefore demethylase activity was not detected for MINAS53 on these histone peptides in our

assay conditions. We will discuss the implications of this result in the following section.
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Table 2: Crystallization screen hits of MINA53

Data
Buffer condition | Setup | Protein source | Screen T)Lé;ﬁ? collectio Crystal
n
0.1M Bis-Tris small | pXC719 2™ Index | yes
pH 5.5, 2.0M sitting | prep, 10 screen
AM drop mg/ml, with 2- | A3
0G
0.1M Tris pH small | pXC719 2™ Index | Yes
8.5, 2.0M AM sitting | prep, 10 screen
drop mg/ml, with 2- | A6
0G
2.0M AM small | pXC719 7" C-
sitting | prep, 10 main
drop mg/ml, with or | screen
without 2-0G C8
0.1M Na small | pXC719 7" C-
Acetate pH 4.6, | sitting | prep, 10 main
2.0M Na drop mg/ml, with or | screen
Formate without 2-0OG C10
25% Ethylene | small | pXC719 7™ C- yes yes
Glycol sitting | prep, 10 main 7.5Anstr
drop mg/ml, with 2- | screen om,
0G E3 Space
group
P3,21
10% EtOH, small | pXC719 7" C-
1.5M NaCl sitting | prep, 10 main
drop mg/ml, with or | screen
without 2-0OG ES8
Wiz2 #19 2.0M | small | pXC719 7" C-
Na/K sitting | prep, 10 main
Phosphate, drop mg/ml, with or | screen
0.1M without 2-0OG F2
Phosphate-
citrate 4.2
1.0M LiSO4, small | pXC719 7" C-
0.1M Na Citrate | sitting | prep, 10 main
pH 5.6, 0.5M drop mg/ml, with or | screen
AS without 2-OG F3
0.IMMESpH |small | pXC7197" C-
6.5, 2.0M NaCl, | sitting | prep, 10 main
0.2M Na/K drop mg/ml, with or | screen
Phosphate without 2-OG F9
0.1M Na small | pXC719 7" B- yes
HEPES pH 7.5, | sitting | prep, 10 main
1.5M AM drop mg/ml, with or | screen
without 2-0OG A2
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Table 3: Crystallization optimization of MINA53

Buffer condition Setup | Source Protease Put on beam
Digestion
0.1M Na Acetate pH | small | pXC719 7" prep, 10 or | no yes
5.0~5.2,1.8 ~2.1M sitting | 22 mg/ml, with or
Na Formate drop without 2-OG
0.1M BisTris small pXC719 7" prep, 10 or | no
pH5.6~6.4, 1.5~2.2M | sitting | 22 mg/ml, with or
AM drop without 2-OG
0.1M BisTris / large | pXC719 8" prep, 10 no
HEPES / Tris pH sitting | mg/ml, with or without
5.5~8.5,1.7~2.1M drop 2-0G
AS
15~30% Ethyleen large pXC719 8" prep, 10 with or without
Glycol and mg/ml, with or without | 100:1 (mass
small 2-0G, both fresh and ratio) trypsin /
sitting | old chymotrypsin
drop digestion
0.1M Na Acetate pH | small pXC719 8" prep, 10 with or without
4.8~5.8, 1.5~2.3M Na | sitting | mg/ml, with or without | 100:1 (mass
Formate drop 2-0G ratio) trypsin /
chymotrypsin
digestion
0.1M Na Acetate pH | small pXC719 8" prep, 10 with or without yes
4.6~5.8, 0.1~0.6M sitting | mg/ml, with or without | 100:1 (mass
Mg Formate drop 2-0G ratio) trypsin /

chymotrypsin
digestion
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Na Formate _

Figure 19 Panel A

10 mg/ml

22 mg/ml
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11 mg/ml no
protease

11 mg/ml
with 100:1
(mass ratio)

trypsin

Figure 19 Panel B

Na Formate

-53-

818190V BN INT'0 Jo Hd



11 mg/ml no
protease

11 mg/ml
with 100:1
(mass ratio)

trypsin

Figure 19 Panel C
Mg Formate

5.0

5.4

5.8
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Figure 19 Panel D
Mg Formate

50 mM 100 mM

10 mg/ml
with 1000:1
(mass ratio)

trypsin

10 mg/ml
with 1000:1
(mass ratio)

chymotrypsin

Figure 19: Sample pictures of MINA53 crystals after optimization. The four tables in
panel A, B, C, and D show different combinations of pH, salt, and protein for
crystallization. Each cell in the main table represents a well on the crystallization plate.
There are two protein drops in each well, as indicated by the box on the left of each
table. Cells in white color correspond to wells without crystals. Cells in grey color
correspond to well with crystals but pictures not taken. Cells with pictures show
representative crystals.
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Table 4: MINAS3 activity tests using methylated peptides

Table 4A: List of methylated-lysine histone H3 peptides tested for MINAS3’s activity

- & 1-21 1-15 1-24 10-27 1-35 21-44

2 © K4

Z 3 K4 K9 K9 K4me3 K18 K27 K27 me3 K36 K36 K36

S S me3 me2 me2 K9me2 me2 mel me2 K27 mel me2 me3
@ me2

€35

5 5 KIAA KIAA KIAA

E § PHF8 | PHF8 PHF8 1718 1718 1718

Table 4B: List of methylated-arginine peptides tested for MINAS3’s activity (The
methylated arginine residues in bold and underline. At the time of writing this thesis, |
did not know the degree of methylation for MeCP2 and R3* peptides or the type of

methylation (symmetrical or asymmetrical) for H3/H4 peptides.)

Peptide names Sequence
MeCP2 TGRGR GRPKG S
H4(1-16)R3me2 SGRGK GGKGL GKGGA K
H4(1-20)R3me2 SGRGK GGKGL GKGGA KRHRK
H3(1-18)R2me2 ARTKQ TARKS TGGKA PRK
H3(1-18)R2mel ARTKQ TARKS TGGKA PRK
R3* GGKGG FGGKG GFGGR GGFG
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4.3 Discussion

A crystal structure of MINAS3 (PDB ID: 2xdv) was deposited into the Protein Data
Bank (T.krojer et al., 2010; to be published) at the time of this work. The structure was
solved to 2.57 Angstrom and the construct used was shorter than the full-length construct that
we used, lacking the 26 amino acid residues at the N-terminus. This information implies that
the N-terminal of MINAS3 is likely to be flexible and therefore interfere with crystallization.
Such exam shows that a change in construct can dramatically alter crystal quality. In addition,
the reported MINAS3 protein was crystallized with other small compounds/metal ions such
as 2-0G, 1, 2-ethanediol, manganese, and nickel. In our study, we had only added 2-OG
during the crystallization process. Thus, it also shows that additive screens especially
cofactors or analogues of the cofactors remain to be considered for crystallizing an enzyme.

The fact that our in vitro assays of MINA53 with histone peptides showed no
demethylase activity brought up many possibilities. In one of the reported MINA53 assays
(Lu et al., 2009), histones isolated from BEAS-2B cells and eukaryotically expressed
MINAS3 were used. Therefore, our histone peptide substrates and bacterially express protein
may fail to reconstitute the necessary interaction between the real enzyme and substrate in the
cell. Potentially, using insect (sf9) cells to express our recombinant MINA53 could help
recover enzymes that are functional. Additionally, future experiments to systematically
screen a wide range of pH buffers and types/concentrations of salts will be needed. As more
functional data of MINA53 becomes available, it will help narrowing-down MINS53’s targets

for biochemical characterization.

4.4 Materials & Methods

4.4.1 Molecular Cloning
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His-SUMO-tagged, GST-tagged, and non-tag versions of MINAS53 full length
constructs were made. The human MINA53 gene was PCR amplified from commercial
cDNA source (ATCC) using VENT or Phusion DNA polymerase (NEB) and with primers
bearing restriction sites. PCR fragments were digested with corresponding restriction
enzymes and cloned into expression vectors. We transformed these recombinant constructs
into E. coli strain BL21DES3 for protein expression. This process was repeated to generate all
versions of the MINAS53 proteins. Cloned constructs were confirmed by sequencing of
plasmid DNA and induction of the desired protein visualized by sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie staining.

4.4.2 Protein purification

Among our MINAS53 constructs, pXC719 and pXC869 produced the most soluble and pure
protein and were used for purification. Typically, 2 to 4liters of LB media was used to grow
bacteria from starting culture, first at 37 <C to an ODgg value between 0.6 and 1, at which point the
temperature was set to 16 <C. After 1~2 hours, when the liquid culture temperature dropped to
16 <C, 0.4 mM of IPTG was added to induce the expression of recombinant protein overnight. The
bacterial culture was centrifuged to collect the cells, which were washed and resuspended with
nickel column buffer A (20 mM NaHPO4, 5% glycerol, 300 mM NaCl). Protease inhibitor (PMSF)
was added to the cell resuspension and cells were broken by passing through a French Press twice
onice. The cell lysate was centrifuged for at least 1.5 hours and filtered by a 4 micron filter before
loading on the first column. Affinity columns (nickel), ion-exchange columns (Q), and gel filtration
(sizing) columns were used to achieve the level of purity we want for subsequent analysis. The His-
SUMO tag was removed by protease Ulp-1 digestion during the purification process, usually after
the Nickel column. The final MINAS53 protein was eluted off the gel filtration column in 20 mM

Tris 8.5, 5% glycerol, and 150 mM NaCl and concentrated using a 10kd MWCO Millipore
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concentrator to at least 10 mg/ml, determined by OD.g, reading. Purified protein was stored on ice
and used for crystallization as soon as possible (within 1 week). Aliquots of protein was frozen in -

80 <C and taken out for activity assays.

4.4.3 Crystallization

Based on known structure of the JmjC domain, 5mM 2-OG was added to purified
MINAS3 before crystallization. Proteins were set up on 96-well trays (Hampton Research)
either manually or by a Phoenix Liquid Handling System (Art Robbins Instruments). The
solution sets used for initial screening include: B-Main, C-Main, Synergy, and Index
(Hampton Research). Typically, 0.6 ~ 1 Jd of protein was mixed with equal amounts of
crystallization solution. The mixtures were deposited as either sitting or hanging drops into
the wells on trays. The wells were sealed with plastic tapes and kept at 16°C. Trays were
observed under a light microscope at different times after set up to for the appearance of
crystals. For conditions in which crystals or needle crystals were observed after a period of
time, more conditions were made for optimization of crystals. Typically, these conditions
varied in pH and salt concentrations around a certain range of the original solution.
Crystallization was tried on both small trays and large hanging drop trays. Results were

recorded on scoring sheets.

4.4.4 Demethylation Assays

Demethylation assays were carried out according to protocols used in the lab for
PHF8 (Horton et al., 2010). Methylated-lysine histone peptides ((1-10) H3K4, (1-15/24)
H3K9, (1-21) H3K18, (1-35) H3K27, (21-44) H3K36, each with mono-, di-, and tri-methyl
groups; table 4A) and methylated-arginine peptides (Table 4B) were tested. Twenty

micromolar of peptide substrates were incubated with 10 M MINAS53 protein in a 10/20
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reaction solution containing 20 mM pH buffer, 10 mM 2-OG, 50 pM Fez(NH4)(SO4),, and 2
mM ascorbic acid at 30/37 °C overnight. BisTris pH 5.5/6.0/6.4 and Tris pH 7.0/7.5/8.5 were
tested. Reactions without MINAS53 were used as negative controls. Reactions with PHF8 and
KIAA1718 were used as positive controls for H3K9 and H3K27 peptides. Two sets of
samples were collected at 2hrs and overnight and subject to mass spectrometry analysis (as
described in Chapter Il) to identify peak shift (mass changes, if any) of the peptides. No

activity was detected in this assay for all peptides that we tested.

-60 -



Chapter V: Conclusions and Future Directions

5.1 Substrate specificity of JARID1 demethylases

One way to compare Jumonji proteins is to categorize them into two groups: those with
JmjC and other known domains, and those with JmjC-only but without other recognizable domains
(Klose et al., 2006; Tsukada et al., 2006). Current knowledge of Jumonji demethylases has reveal
histone demethylation specificities toward H3K4me2/3 (Secombe and Eisenman, 2007),
H3K9mel1/2/3 (Couture et al., 2007; Horton et al., 2010) , H3K27me2/3 (van Haaften et al., 2009),
and H3K36me2/3 (Couture et al., 2007; Ng et al., 2007). These Jumonji demethylases mostly carry
auxiliary domains other than JmjC domain. The only JmjC-domain-only protein identified to bear
enzymatic activity was NO66, which was reported to target H3K4 and H3K36 methylation
dependent on the protein’s interaction with other transcription factors (Eilbracht et al., 2004; Sinha
et al., 2010). However, currently no additional data published by other groups was available to
support this discovery. From the above information, we observe a correlation between Jumonji
demethylases’ enzymatic activity and their capability to interact with the chromatin, a potential
paradigm by which JARID1 proteins follow.

In our study, we analyzed the enzymatic properties of JARID1C and performed the
Michaelis-Menten kinetics study of a Jumonji H3K4 demethylase. We found that JARID1C is the
fastest Jumonji demethylase among those with published k¢, values, as mentioned in Chaper II.
JMJDZ2E is also a fast Jumonji demethylase (Katoh and Katoh, 2007; Kawamura et al., 2010),
although a k¢, Value has not been reported and therefore we did not compare it with JARID1C. One
interesting question is why does a Jumonji H3K4 demethylase might possess a faster reaction rate
than Jumonji H3K9/36 demethylases, by a magnitude of more than 10 (compared with
PHF8/KIAA1718) or even 100 fold (compared with IMID2A)? While errors in of in vitro

experimental set up could be a factor to consider, there are other implications. The JARID1C
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protein we used here contained intact N-terminal domains; but the PHF8 and JMJD2A proteins
used in other studies contained only the JmjC and neighboring domains (PHD for PHF8, and JmjN
for IMID2A). This possibly means that the activity of JmjC domains is fully retained in more
complete protein structures. It will be also interesting to see if the activity differences have any
biological meaning. For instance, assuming even in intact proteins JARID1C is still faster than the
other demethylases, does is imply that its faster removal rate of an active mark is needed for high
efficiency of gene silencing? What is the fate of the end product — H3K4mel — of JARID1
demethylation, a distinct mark for enhancers (Blair et al., 2011) or a substrate for LSD1 to be
further demethylated? How is the fate determined? Similar scenarios also exist for H3K9 and other
histone lysine demethylation. Although not yet reported, a systematic experimental set up will be
needed for such investigations, considering the complex network of interactions among Jumonji
demethylases’ and the chromatin as well as the native environment in the cell. Meanwhile, our
knowledge of the catalytic properties of JARID1C and other Jumoniji proteins also directly applies

to enzyme inhibitor studies aimed at drug discovery.

5.2 Mechanistic insights into the interplay among JARID1C’s domains

As numerous known histone modifiers highlight the mode of gene regulation through
reading, writing, and erasure of chromatin marks, a multi-domain protein such as JARID1C
naturally prompts people to hypothesize about its interaction with chromatin through the reader
domains. We did not find evidence in this study to support our initial model, where the enzymatic
activity of JmjC domain can be affected by interactions via JARID1C's interaction domains such as
PHDs. However, much work could be done to explore the possibilities. Interestingly, the ARID
domain has been shown to bind sequence-specific DNA in various proteins, including JARID1
homologues such as JARID1A (Tu et al., 2008) and JARID1B (Scibetta et al., 2007). The sequence

homology and structural similarity among ARID domains makes JARID1C’s ARID domain a
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candidate for future investigation in terms of binding specificity and effect on enzymatic activity
(Scibetta et al., 2007; Tu et al., 2008; Yao et al., 2009; Yao et al., 2010). Although our experimental
observations from this study and in the literature did not point to a same answer to the binding
specificity of JARID1C PHD1 and did not detect interaction between JARID1C and known ARID-
binding DNA sequences, functional studies in cell biology will suggest protein/nucleic acid targets
for biochemical characterization. An example of JARID1 PHD domain mediating protein-protein
interaction in the chromatin comes from Mscl, a fission yeast JARID1 homolog. The C-terminal
PHD domain of Mscl was found required for Msc1’s association of the Swrl complex, which is
responsible for histone H2A.Z deposition into the chromatin in S.pombe (Yang et al., 2010). In this
case, the PHD3 domain of Msc1l acts as an E3 ubiquitin ligase. Therefore, the search for
JARID1C’s PHD domain function is open to a variety of targets.

Particularly, structural studies will help explain the questions left in this study. Currently no
Jumonji H3K4 demethylase structure was published (Upadhyay and Cheng, 2011), and given our
ability to purify JARID1C (1-839) protein in sufficient amounts, crystallization and structural
determination of this protein should be possible. Such structural information will directly allow the
spatial orientation and overall architecture of the N-terminal domains of JARID1C to be visualized.
Our PHD1 and PHD2 construct yields quality proteins after purification, and PHD1 and PHD2
domain crystal structures will also provide valuable hints on their binding partners when compared
to known PHD domain structures. Co-crystal structure of protein and substrate/binding partner and
even inhibitors would further reveal the interaction of JARID1 and Jumonji demethylases, and in
turn provide information regarding the regulation of their enzymatic properties. Given the presence
of several putative DNA- binding and chromatin-interacting domains, we predict that exciting
models picturing JARID1 proteins’ interaction with intact chromatin structure will come out as

more data becomes available.

-63-



5.3 JARID1 demethylase as potential drug targets

Inhibitors of enzymes in the chromatin have been proved effective in disease treatment. For
example, LSD1 (lysine-specific demethylase 1) inhibitors have been well studied (Hou and Yu,
2010) and HDAC (histone deacetylase) inhibitors have even been approved by FDA for cancer
treatment (Bolden et al., 2006; Minucci and Pelicci, 2006). JARID1 H3K4 demethylases generally
function as repressors (Secombe and Eisenman, 2007), and they have been linked to a wide range of
cancer types (Blair et al., 2011). Thus, there exists a strong rationale for JARID1 proteins to be
targets for cancer treatment.

Mechanistic and structural studies revealed that most of the reported Jumonji protein
inhibitors are metabolic products or structural analogues of 2-OG and act as 2-OG competitors
(Hamada et al., 2010; Hou and Yu, 2010). Currently no data has been available to assess the
inhibition of JARID1 proteins by natural or synthetic inhibitors. By measuring 1Csy values of (R/S)
2-HG on JARID1C demethylation, we provided the first 2-HG inhibition data on a Jumonji H3K4
demethylase and showed that 2-HG is about 50 fold less inhibitory than the known inhibitor NOG
in our formaldehyde-release assay conditions. The reported ICs of 2-HG for IMID2A (24 M for
R form, 26 piM for S form) and JIMJID2C (79 M for R from, 97 pM for S form) (Chowdhury et al.,
2011) showed that both forms of 2-HG are as inhibitory as NOG (17 pM for IMID2A, 14 M for
JMJD2C) toward these two enzymes. One possible explanation is the difference in intrinsic
structural and catalytic properties between H3K4 (JARID1C) and H3K9 (JMJD2A/C) demethylases,
although we currently don’t have data to support this idea. Alternatively, this difference possibly
results from the amount of 2-OG used in the inhibition assays. The ky, values of JARID1C,
JMJID2A and JMJD2C for 2-OG are 5, 4, and 6 M, respectively, which are very close. In our assay
for JARID1C, we used 200 M of 2-OG so that the initial velocity is starting to be saturated. In the
assay for IMID2A/C, 10 pM of 2-OG was used. Although it was higher than the ky, for 2-OG, it

had not yet saturated the initial velocity and was 20 fold lower than our 2-OG concentration. As a
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result, a lower amount of inhibitors were needed to inhibit 50% activity of the demethylases and
apparent ICsp values would be smaller. Nevertheless, as stated above, 1Csg values are not directly
comparable across assays. Currently available k; data as mentioned in Chapter 11 suggests that 2-HG
inhibits JMJD2A/C at micromolar range (similar to NOG; measured by formaldehyde release assay)
(Chowdhury et al., 2011) but inhibits JARID1B and C. elegans KIAA1718 at millimolar range
(measured by mass spectrometry) (Xu et al., 2011). In formaldehyde release assay, inhibition of
initial velocity was measured (as in our study), while in mass spectrometry, inhibition on the
amount of substrate converted was measured. As k; values can be compared across assays, future
experiments to systematically measure k; values of these demethylases including JARID1C and
other characterized Jumonji proteins are needed. In addition to 2-HG, comparison of the potencies
of different types of inhibitors toward different group of histone demethylases will also add to our
understanding of their catalytic properties.

Collectively, multiple levels of regulation (enzymology, post-translational modification, and
protein-protein or protein-nucleic-acid interaction) highlight how Jumonji demethylases integrate
into the chromatin and fine tune gene expression. The results of this project provide further details
toward a continually-refined-model of understanding histone demethylation in human diseases,
potentially leading to therapeutic development with epigenetic targets such as designing histone

demethylase inhibitors.
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Appendix

Summary of all JARID1C and other constructs generated

pXC # | Protein | Sequence Tag Expression Solubility Notes
719 | MINA53 1-465 His-SUMO ++ ++
841 | MINA53 1-465 GST + +

Could be purified
869 | MINAS53 1-465 No tag ++ +++ without Ni column
(directly load on SP)

722 JMJID4 47-463 His-SUMO - -

840 JMJD4 47-463 GST + -

848 NOG66 1-641 GST - -

The start codon was
disrupted by Asel-Ndel
877 NO66 1-641 His - - fusion site and
therefore no protein

will be expressed

903 |JARID1A] 1-759 His + -
904 |JARID1A] 1-759 GST + -
905 |JARID1A| 1-808 His + -
906 |JARID1A] 1-808 GST + -
907 |JARID1C 1-789 His + -
908 |JARID1C 1-789 His-SUMO + -
909 |JARID1C 1-789 GST + -
910 |JARID1C 1-839 His + -
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Soluble and

911 |JARID1C 1-839 His-SUMO + + enzymatically active
protein
912 |JARID1C 1-839 GST - -
909 |JARID1C 1-789 GST + +
909 |JARID1C 1-789 GST + +
909 |JARID1C 1-789 GST + +
949 |JARID1C| 320-382 GST + -
950 [JARIDIC| 320-414 GST + -
Protein is soluble but
951 [JARIDIC| 261-414 GST + + with a lot of
degradation bands
952 [JARID1C| 320-382 His-SUMO ++ +4++
953 |JARID1C| 320-414 His-SUMO + -
954 |JARID1C| 261-414 His-SUMO + -
955 [JARID1C| 320-700 GST - -
956 [JARIDIC| 320-700 His-SUMO - -
978 |[JARID1C| 1181-1249 GST + -
979 [JARIDI1C| 1146-1267 GST + -
980 |[JARID1C| 1181-1249 His-SUMO ++ ++
The protein will elute
981 |JARIDIC| 1146-1267 | His-SUMO 4 + off a HisTrap HP
column at over 1 M of
imidazole
983 |JARID1C 1-1249 His-SUMO + -
1014 |JARID1C| 1-1249 His-SUMO + -
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