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1. Abstract
In the cell nucleus the DNA binds to histone proteins and forms a compact structure called
chromatin. Both the components of chromatin are subjected to several post-translational
modifications which regulate the gene expression. Enzymes (histone acetyltransferases and
histone lysine methyltransferases) known to methylate histone protein have also been shown to
act on non-histone proteins and methylation and acetylation of non-histone proteins carries
many important biological signals, but not many non-histone methylation substrates of protein
lysine methyltransferases are known. In this study we have characterised the substrate
specificity of histone lysine methyltransferases and based on the specificity data, we identified

several novel histone and non-histone substrates.

The NSD1 enzyme is a histone lysine methyltransferase enzyme. Mutations of this protein
cause the Sotos syndrome. We studied the substrate specificity of NSD1 using the H3 (30-50)
sequence as a template. With the obtained consensus sequence motif we identified several
novel histone and non-histone NSD1 substrates. We showed that NSD1 could not methylate
H4K20, instead it methylates K44 in H4 protein, which is in agreement with our specificity
profile. For the first time we showed NSD1 methylates H1 proteins in a variant specific manner;
NSD1 methylates K168 in H1.2, H1.3 and H1.5 proteins but not in H1.4. Apart from the novel
histone substrates, we also identified several non-histone proteins containing the NSD1
consensus sequence motif and confirmed methylation of 45 novel non-histone peptides and of
the (ATRX and Probable U3 Small Nucleolar RNA-associated Protein) proteins. Based on the
candidate screening approach, we also identified an automethylation site in NSD1 and
confirmed the loss of methylation signal with the corresponding predicted lysine; NSD1-
K1769R mutant protein. We also show that the NSD1 Sotos SET domain mutants impair its
methyltransferase activity and thus establish a possible deregulation of signalling networks in

Sotos patients.

SUV39H1 is a H3K9 methyltransferase enzyme which plays a vital role in the formation of
heterochromatin. We derived the specificity profile of this enzyme and showed that it mainly
recognises an ‘RK’ motif corresponding t8 &d K in the H3 tail. In addition, lysineef the

H3 tail is very important for substrate recognition. With the derived specificity profile of
SUV39H1 we identified several novel non-histone peptide substrates and confirmed
methylation of RAG2, SET8, Jumonji and Sex comb on midleg protein 2 proteins at the protein

level, albeit methylation on Jumonji and Sex comb on midleg protein 2 were weak. Similar to
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the K4 recognition on H3 tail, we have also observed lysine at -5 position with respect to the
target lysine is important for SUV39H1 to methylate the newly identified targets RAG2 and

SET8. We have shown that methylation of RAG2 alters its sub-nuclear localization and found
that the JMJD2A tandem tudor domain interacts with the newly identified targets in a methyl

specific manner.

SET8 is a H4K20 specific mono-methyl transferase which acts preferentially on H4 integrated
into nucleosomes. By employing peptide arrays we have shown that it has long recognition
sequence motif covering 7 amino acids' HR®*R*K?%/?L*?R?*). Based on the derived
specificity profile, we identified only 4 potential non-histone substrate proteins. But after
relaxing the specificity profile we identified several proteins and showed methylation of 22
non-histone peptides. However, apart from p53 and H4 proteins, none of the identified targets
were methylated at the protein level. Celluspot analysis revealed that symmetric and
asymmetric methylation on'Rof H4 tail further inhibits methylation on H4K20, while other
modifications on K°® and R° affected H4K20 methylation partially. In summary, our
speificity analysis results and methylation assays demonstrate that SET8 as a highly specific

histone H4 methyltransferase enzyme.

The SMYD family of protein methyltransferases is a group of enzymes which are unique for
having a characteristic MYND domain inserted into the catalytic SET domain. The SMYD
proteins have roles in the regulation of the cell cycle and important development pathways such
as heart and muscle differentiation. A member of this family, SMYD2, is an uncharacterised
histone lysine methyltransferase enzyme, which has been shown to methylate both H3K4 and
H3K36. In addition, it was also found to methylate one non-histone substrate (p53) and, thereby,
repress its activity. Here we applied peptide arrays and derive a specificity profile for SMYD2
via two approaches: a “best target” approach using a p53 peptide as template and an unbiased
random approach. Results revealed that SMYD2 possesses a strong preference for a ‘LK’ or
‘FK’ motif. With the derived sequence motif, we have identified 40 novel peptide substrates
from human proteins and for 8 proteins we showed methylation at the protein level and
confirmed the predicted target lysine by mutagenesis. Experiments to show cellular methylation
and to understand the possible downstream consequences of methylation of some of the

identified non-histone proteins are in progress.
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3. Introduction
“Epigenetics is the study of mitotically and or meiotically heritable changes in the gene
function that cannot be explained by alteration in the DNA sequence” (Feil 2008). The term
epigenetics was first coined by C.H. Waddington in the year 1940. He derived it from the word
epigenesis, the theory which proposed that the adult form developed by successive
differentiation form the embryo, as opposed to being fully formed in the zygote. (Holliday,
1994 and Bonasio et al., 2010).

Though the cells in a multicellular organism carry the same genetic information they develop
different terminal phenotypes, which suggest that the genes are differently regulated in different
cells at appropriate time during development. The term epigenetics is used to classify those
process that ensure the inheritance of variations above and beyond the changes in the DNA
sequence. To put it in more simple terms, if the genetic code is the hardware of life, the
epigenetic code is software that determines how the hardware behaves-and as such it can be
rewritten (Brower, 2011). The three fundamental criteria to call it as an epigenetic mechanism
are that it should be a heritable, self-perpetuating and reversible process (Bonasio et al., 2010).
Epigenetic phenomena include DNA methylation, post-translational modification of histone
proteins and small RNA molecules. With the recent findings and information from various
studies, the scientific community appreciated the epigenetic system as an important contributor

to process from development to metabolism to oncogenesis (Kaufman et al., 2010)

3.1 Chromatin

Eukaryotic genomes are organised into a nucleoprotein complex known as chromatin. The
fundamental unit of chromatin is the nucleosome which consists of 146 base pairs of DNA
wrapped around histone octamer fomed by 4 histone proteins, an H3-H4 tetramer is assembled
with 2 H2A-H2B dimers (figurel) (Jenuwein et al., 2001). The individual nucleosomes pack
against each other with the help of H1 proteins and attain a higher order chromatin structure

which regulates the accessibility of chromatin for transcription factors.



Figurel: Schematic representation of histone organization within the octamer core around which the DNA is
wrapped (figure copied from Allis et al., 2007).

The chromatin structure is highly conserved from yeast to humans but mammalian chromatin
appears to be more complex than that of lower organisms mainly due to several additional
histone modifications and additional histone isoforms (Rando et al., 2009). Histone proteins are
small proteins (11-17 kDa) with highly basic charge (either basic proteins or positive charge)
that have high affinity for negatively charged DNA. Histone proteins constitute globular
domains which are mainly responsible for the nucleosome core formation and unstructured N-
terminal tails which are subjected to several post-translational modifications. Covalent post-
translational modifications of histones include phosphorylation (of S and T residues),
acetylation (K), methylation (K and R), Ubiquitination (K), and Sumoylation (K). These
modifications alter the structure and function of chromatin by modifying the interactions
between these proteins and DNA and also by recruiting other proteins which are specific to the
corresponding mark (Rivera et al., 2010) (Margueron et al.,, 2005). Although functional
consequences of most of the modifications are yet to be discovered, phosphorylation,

acetylation and methylation are well studied histone post translational modifications.
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Figure 2: Schematic representation of histone tails and their post-translational modifications. Groups are
indicated ad follows; ac is acetylation, Cit is citrullyl, me is methyl, ph is phosphoryl, pr is propionyl, rib is
ADP ribosyl and Ub is Ubiquityl ( figure adopted from Bhaumik et al., 2007)

3.2 Histone Acetylation

Histone acetylation is an extensively studied epigenetic mark of histone proteins. Histone
acetylation was first discovered by Allfrey et al., in 1964 (Kimura et al., 2005). Histone
acetylation is catalysed by a class of enzymes known as histone acetyl transferases (HATS),
which catalyse the transfer of acetyl group from acetyl coenzyme A todheno group of

lysine residues. HATs in cells mainly operate as multimeric complexes, these complexes are
typically more active than the individual catalytic subunits (Verdone et al., 2006). Histone
acetylation neutralises the positive charge on the lysine residues and results in decrease of
electrostatic interaction between DNA and histones and thus alters the chromatin structure,
which facilitates the interaction of transcription machinery to DNA. Histone acetylation also
provides a signal for protein binding, acetylation on lysine residues creates a docking site for

protein modules known as bromodomains and few chromodomain containing proteins.

Bromodomains has been the first identified reader proteins which could specifically identify the

covalent modification on histone tails. Bromodomains are the major acetyl specific readers,
these domains were found to be present in transcription and chromatin regulator proteins which
explicitly hint their role in the involvement of regulating the chromatin structure and

transcription.

Histone acetylation is rapid and reversible, the turnover of histone acetyaltion is as short as few

minutes. Enzymes that counteract histone acetyltransferases are histone deacetylases, these
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enzymes also mainly present in multi-subunit complexes which are known as histone
deacetylase complexes (HDAC). Majorly transcriptional activation is correlated with histone
acetylation and transcriptional repression with histone deacetylation, but with the recent
findings lysine acetylation emerges as key regulator in different cellular process like DNA

repair and cell cycle progressioviefdone et al., 2006).

3.3 Histone methylation

In addition to acetylation, histones proteins can also undergo methylation. The major
methylation sites within histone proteins are basic amino acid side chains of lysine and arginine
residues and it is catalysed by two distinct classes of enzymes known as PRMT'’s (protein
arginine methyl transferases) family proteins are responsible for arginine methylation and
PKMT's (protein lysine methyl transferases) are responsible for lysine methylation. Lysine
residues can undergo mono-, di- and tri methylations on their amine groups whereas arginine
residues can be mono and dimethylated (which can be asymmetric or symmetric) on their
guanidinyl group but here we majorly focus on the lysine methylation. All the known histone
methyltransferases uses S-adenosyl-L-methionine (Adomet) as the methyl donor (Andrew J et
al., 2002). The extensively studied histone methylation marks include five major lysine (K)
residues located within the amino-terminal histone tails of H3 (K4, K9, K36) and H4 (K20) and
also at H3K79 in the globular core domain (Ciccone et al., 2009). With the advancement in the
field of mass spectrometry, several lysine residues on H1, H2A and H2B proteins were also
found to be methylated in vivo but their functional consequences are yet to understand.
Methylation on histone proteins is much more complex than the acetylation. Unlike acetylation,
methylation on lysine residues does not alter their charge to influence the chromatin structure
but it influences the chromatin structure by altering the hydrophobic and steric properties
directly and indirectly by recruiting effector proteins to the specific methylated lysine residues.
(Martin et al., 2005) While acetylation on histone proteins majorly codes with the
transcriptionally active chromatin state as mentioned above, lysine methylation is associated
with either chromatin compaction or decondensation based on the site of methylation and also
on the methylation state (mono-, di- and tri-). In general methylation of H3K9, H3K27 and
H4K20 is associated with condensed and repressed chromatin whereas H3K36, H3K4 and
H3K79 methylation associated with open and transcriptionally active chromatin (Ciccone et al.,
2009). Aberrant methylation of histone lysines has been to shown to involve in various

diseases like cancers and X-linked mental retardation (Upadhyay et al., 2011)



3.4 SET Domain proteins

Although histone methylation was reported 4 decades ago, the first family of mammalian
protein lysine methyltransferases was discovered only in the year 2000 by Jenuwein and
colleagues (Rea et al., 2000). The first HKMT (histone lysine methyltransferases) discovered
was SUV39H1 which is responsible for H3K9 methylation. Later many SET domain proteins
have been shown to possess histone methylation activity towards specific lysine residues. Till
now more than 50 SET domain containing proteins have been identified. Some of them were
shown to be active in histone methylation, others possess dual substrates activity on histone and
non-histone proteins (G9a, NSD1) and for many of them the specific substrate still has not been
identified (like for example SMYD4 and SMYD5, PRDM’s and ASH Set domain proteins)

3.5 Nomenclature of Histone Lysine Methyltransferases

Since 2000 several families of enzymes responsible for histone lysine methylation have been
identified and many more can come in the future but this in turn has led to non-coherent
nomenclature that is inconsistent between species. For instance SET7/9 is a human H3K4
methyltransferase while Set9 is yeast H4K20 methyltransferase. To avoid this confusion,
recently Allis et al., proposed a new nomenclature for all the characterised members of the
families of lysine demethylases, acetyltransferases and lysine methytransferases (tablel) (Allis
et al., 2007). The new nomenclature is based on the close relationship in sequence and domain
structure, second consideration is the substrate specificity. The related enzymes from a single
species have been given the same name but with the capital letter as a distinguished suffix (e.qg.,
A or B). Similarly, enzymes from different species have been given an identical name but with
different prefix to denote species of origin (e.g., h= Human, d= Drosophila, Sc=
Saccharomyces cerevisiae). The first three numbers in the nomenclature were assigned

according to the order of discovery.



Substrate

New Name Human D. mefanogaster  S. cerevisiae  S. pombe Specificity Function
KMT1 Su(Var)3-9 Cir4 H3K9 Heterochromatin
formation/sllencing
KMT1A SUV39H1 H3K9 Heterochromatin
formation/sllencing
KMT1B SUV39H2 H3K9 Heterochromatin
formation/silencing
KMT1C GBa H3K9 Heterochromatin
formation/silencing
KMT1D EuHMTase/GLP H3K9 Heterochromatin
formation/silencing
KMT1E ESET/SETDE1 H3KS Transcription repression
KMT1F CLL8
KMT2 Set1 Seft H3K4 Transcription activation
KMT2A MLL1 Trx H3K4 Transcription activation
KMT2B MLL2 Trx H3K4 Transcription activation
KMT2C MLL3 T H3K4 Transcription activation
KMT2D MLL4 Trr H3K4 Transcription activation
KMT2E MLL5 H3K4 Transcription activation
KMT2F hSET1A H3K4 Transcription activation
KMT2G hSET1B H3K4 Transcription activation
KMT2H ASH1 Ashi H3K4 Transcription activation
KMT3 Set2 Set2 H3K36 Transcription activation
KMT3A SET2 H3K36 Transcription activation
KMT3B NSD1 H3K36
KMT3C SYMD2 H3K36 (p53) Transcription activation
KMT4 DOTIL Dot1 H3K79 Transcription activation
KMTS Setd H4K20 DMNA-damage response
KMT5A Pr-SET7/8 PR-set? H4K20 Transcription repression
KMTSB SUV4-20H1 Suv4-20 H4K20 DMA-damage response
KMTSC SUV4-20H2
KMTB EZH2 ElZ) H3K27 Polycomb silencing
KMT7 SET7/9 H3K4 (p53 and
TAF10)
KMTE RIZ1 H3K9 Transcription repression

Tablel: New nomenclature for Lysine methyltransferases (KMT's)

Structures of different SET domain proteins have been solved either in the free form or in
combination with bound substrate and methyl donor (Adomet) or reaction product (S-adenosyl-
L-homocysteine, AdoHcy). These structures reveal that the conserved SET domain has a
unique fold that is different from the other methyltransferases like DNA methyltransferases and
protein arginine methyltransferases, that also use the cofactor S-adenosyl-L-methionine (SAM)
as the methyl donar. The majority of HKMTs posses a conserved 130-residues SET domain
flanked by preSET (N-terminal) and postSET (C-terminal) domains (figure 2). The preSET
domain helps to keep the structure stability by interacting with different surfaces of core SET
domain. The SET domain adopts a unique structure formed by a sefistrafnds folded into

three sheets surrounded by postSEt domain. The postSET domain forms a knot like structure to
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support the formation of active site in core SET domain, this knot like structure brings the two
conserved sequence motifs (RFINHXCXPN and ELX(F/Y)DY) of the SET domain, in close
proximity to the cofactor binding region and substrate binding pocket and thus construct a
hydrophobic channel (Qian et al., 2006 and Upadhyay et al., 2011). Another intriguing feature
of the SET domain methyltransferases is an inserted region called i-SET, amino acid residues in
the i-SET domain have been observed to interact with the substrate peptide in three dimensional
structures of different SET domain proteins. This domain varies considerable in length and
sequence is not conserved among different SET domain proteins. The i-SET region plays a
major role in discriminating between their different substrate targets, for instance SET7/9 and
MLL1 both have identical substrate specificity but very different i-SET region (Xiao et al.,
2003). Though these two enzymes share the same primary substrate they interact with different
residues in the substrate through the i-SET domain, hence studying the specificity profile of

each enzyme is crucial to understand its specificity towards substrates.

The enzyme active site in SET domain proteins is majorly formed by hydrophobic amino acids,
they constitute a narrow hydrophobic channel that links the cofactor binding site on one surface
with the substrate binding site on the opposite surface of the domain. The cofactor and substrate
bind in two different grooves located on the opposite surfaces of SET domain. The geometry,
shape and type of amino acids that comprise this lysine access channel are responsible for
determining how many methyl groups that Set domain protein can add (Xiao et al., 2003 and
Qian et al., 2006). Recent biochemical studies performed with F/Y mutants of the conserved
ELx(F/Y)DY motif of lysine access channel in DIM5 (F281Y), G9a(F1205Y), SET8(Y334F)
and SET7/9(Y305F) showed that the F/Y switch regulates the product specificity (mono-, di- or
tri-methylations) of SET domain proteins (Upadhyay et al., 2011).
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Figure 2: (a, b) Thredimensional structures of SET domain proteins. Proteins, pre-SET, SET and postSE
regions are depicted in cyan, light gray, green and yellow; the pseudo knot, cofactor product SAH and
peptides are shown in magneta, blue arange Qian et al., 2006). (c,d) surface representation of lysine a
channel viewed from the peptide binding si- SET7/9 and d- DIM5 (Xiao et al., 2003)

3.6. Reading Domains

Modifications on histone proteins can directly influence chromatin ure. For instance
acetylation of histone lysine residues majorly mediates their effects on chromatin orga
through altering the charge properties of the modified residue. In contrast, methylation ¢
residue is relatively inert which excludany direct influence on chromatin structure (Volke
al., 2007). However, the diverse chemical moieties involved in the specific h
modifications transmit their biological signals through recruiting effector proteins
recognize distinct modifiteon on specific residue. Acetylated lysines residues ca
recognised by bromodomain and PHD domain (Yun et al., 2011) containing proteins
methylation on lysine residues is recongnised by chromodomain, PHD finger, Tudor ¢
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Ankyrin repeats, PWWP domaisn and MBT domain containing proteins. Chromodomain of
heterochromatin protein (HP1) recognises the trimethylation mark on H3K9 and facilitate the
formation of heterochromation and maintainenece of gene repression. Chromodomain of
polycomb protein in PRC1 complex recognises the H3K27me3 trimethylation mark which is

also majorly associated with gene inactivatiDaiiel et al., 2005)

Compared with acetylation, signalling on methylation is more complex because lysines can
present four types of signals: unmethylated, as well as mono-, di- and tri- methylation
(Bottomley 2004). Unmodified lysine is included in the methyl-lysine (MeK) signalling
because most of the meO readers are sensitive to the addition of the methyl group on the lysine
(Yun et al., 2011). Instead of categorising the methyl lysine readers on their function of gene
activation or repression we categorise and discuss them based on their ability to recognize the
state of methylation. Readers typically provide the accessible surface (groove) to accommodate
modified lysine residue based on the state of methylation, MeK readers also interact with the
flanking sequence of the modified amino acid in order to distinguish sequence context but the
MeK readers which do not make extensive contacts with flanking sequence show a

promiscuous methyl recognition pattern.

3.6.1.Binding pockets

MeK binder's forms an aromatic pocket to accommodate the MeK, primary function of these
pockets are to discriminate different methylation states. Mono- and dimethyl binders tend to
have small key hole like cavity which limits the access of large trimethyl group while the di-
and trimethyl binders often use a wider and more accessible surface groove as binding pocket
(figure 3). Mono and dimethyl readers possess partial aromatic pocket with acidic residues, the
acidic residue interacts with methyl ammonium group sterically constricting the cavity and
precludes the recognition of me3 methylation state while the me3 binders possess fully
aromatic pocket (Yue et al., 2009). Unmethylated lysines (UmK) binders do not have apparent
pocket, unmethylated lysine is stabilised by hydrogen bond interactions upon binding with the
reader and however addition of methyl groups will disturb the binding surface (Yun et al.,
2011).
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Figure 3: Recognition of H3K4me3 by the double-Tudor domain of IMJD2A (PDB 2GFA). LSMBTL1 MBT
bound to H4K20me2 (Yun et al., 2011).

Unmethylated lysine binders: The ADD domain of DNMT3a and DNMT3L, the PHD
domains of AIRE and BHC80, WD40 of WDR5 and WDR9 specifically recognise
unmethylated H3K4 (Zhang et al., 2010 and Yun et al., 2011)

Mono- and Dimethyl lysine binders: Several domains are known to interact with mono and
dimethylated lysines of histone proteins but here we list out only the well studied domains
through structural and biophysical experiments. Ankyrin repeats of KMT1C and KMT1C like
protein preferentially bind to H3K9mel/me2 marks. Tandem tudor domain of 53BP1 protein
selectively recognises H4K20mel/me2 marks, malignant brain tumour like proteinl
(L3AMBTL1) binds to various mel/me2 marks (Ng et al., 2009)

13



Trimethyl binders: Trimethyl-lysine marks are the most stable marks on histone proteins and
majorly involve in the regulating the gene expression. Several protein domains are known to
interact with the trimethyl marks. Chromodomain of HP1 protein specifically recognises
H3K9me3, choromodomain of polycomb protein in PRC1 complex recognises H3K27me3
mark Oaniel et al., 2005)PWWP domain of DNMT3a recognises H3K36me3 mark,DAD
domain of ATRX protein binds to H3K9me3 mark (Dhayalan et al., 2009 and 2011). RAG2
PHD finger of VDJ protein binds to H3K4me3 mark (Ng et al., 2009), EED protein of PRC2
complex specifically binds to H3K27me3 mark (Margueron et al., 2009). Double tudor domain
of IMID2A binds with H3K4me3 and H4K20me3 histone marks (Huang et al., 2006)

Earlier MeK readers were thought to be only specific for the histone proteins but the recent
findings suggests that these readers can also interact with the methylated lysines on non histone
proteins based on the state of methyaltion. For instance the MBT domain of L3MBTL1
recognises the p53 K382mel mark (West et al., 2010) and lysine 860 K860mel in
retinoblastoma proteirS@ddic et al., 2010). Ankyrin repeats of KMT1C liketpin recognises

the K310mel on RelA proteirChang et al., 2011). 53BP1 protein specifically recegmithe
dimethylation marks on K372 and K382 of p53 protein and thus positively regulates the
transcription of its target genes (Kachirskaia et al., 2008 and Huang et al., 2007). Recognition
of methyl lysine marks in non-histone proteins by the MeK binders suggest that the methylation
on non histone proteins could also leads to the same biological signalling effects of histone

lysine methylation like gene activation or repression.

3.7. Non-histone protein methylation

Cellular proteins undergo various post-translational modifications which usually transmit

various regulatory signals from protein to protein. Covalent modifications of a protein could

lead to protein to protein or protein to nucleic acid interaction, regulate protein stability or

enzyme activity and alter the sub cellular localisation (Morgunkova et al., 2006). Protein

phosphorylation on serine/threonine and tyrosine are the most intensively studied covalent
modification on different proteins and it has been shown to involve in cell cycle regulation and

in regulating several other cellular functions (Huang and Berger 2008). Recently lysine

methylation and -acetylation on non-histone proteins emerged as the potential modification and
increasing number of reports have been shown that these modifications are involved in
regulating various cellular processes like phosphorylation. Most of our understanding of lysine

methylation comes from the histone proteins, methylation on non-histone proteins also can be
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seen in the similar lines and also an anology can be made to other covalent modifications like

acetylation and phosphorylation.
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Figure 4: Post-translational modifications on p53 and histone H3 protein. The different modifications indicated as
P-phosphorylation, Ub-Ubiquitylation, Ac-acetyaltion, S-sumoylati®im(s et al., 2008)

SET7/9 was the founding member of non-histone protein lysine methyltransferases (PKMT’s)
in 2004 when it was identified that SET7/9 methylates the TAF10 protein at K189 position and
showen that the specific modification positively influences the transcription of some TAF10
dependent genes (Kouskouti et al.,, 2004). Soon other group also showed that SET7/9
monomethylates the p53 protein at the K372 position and it enhances its stability (Chuikov et
al., 2004). From then on several non-histone proteins have been showed as substrates for the
SET7/9 enzyme with distinct functions specific to different substrates. Recently from our lab,
we have also identified several non-histone proteins as potential substrates for the G9a and
SET7/9 enzyme (Rathert et al., 2008 and Dhayalan et al., 2011), with all these novel non-
histone substrates, SET7/9 enzyme evolved as a protein lysine methyltransferase from a
canonic histone lysine methyltransferase. The results of SET7/9 intrigued scientific community
to search novel non-histone targets for other histone lysine methyltransferases (table 2), p53
protein is methylated at different lysine residues on c-terminal end by distinct protein lysine
methyltransferases, SET8 (k372mel), G9a (K373mel), SMYD2 (K370mel).
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Enzyme Histone Non-histone Methyl effector Downstream effect
target target
SET1* H3K4mel BPTF Chromatin remedelling
CHD1 Post-initiation events
ING2 Histone deacetylation
IM]D2A Demethylation?
RAG2Z V(D)) recombination
Yng2 (yeast) Histone acetylation
Dam1K233mel None? Antagonizes Dam1
(yeast) phosphorylation
SET9 H3K4mel 7 As for SET1 (see above)
TAF10K189mel ? Stabilizes protein
associations
p53K372mel TIP6O p33 activation
ERctK302Zmel ? ER activation
SMYD2 H3K36mel Eaf3 (yeast) Chromatin maintenance
p53K370mel ? p533 repression
? p53K370me2 53BP1 p53 activation
SMYD3 H3K4mel 7 Asfor SET1 (see above)
VEGFR1K831mel 7 Enhanced VEGFR1
activity
PR-SET7 H4KZ20mel L3MBTL1, others Chromatin compaction
p53K382mel ? p53 repression
Gga* H3Kgmel HP1, others Gene silencing
H1K26mel L3MBTL1 Chromatin compaction
G9aK94mel ? ?
G9aK165mel HP1,CDYL ?
GLPK133mel ? 2
GLPK185mel HP1,CDYL ?
Others* ? ?

Table 2: Non-histone targets of various protein lysine methyltransfeta&mé et al.,2008)

3.8.p53 as a model for Non-histone protein methylation

The p53 protein is the most commonly mutated gene in all forms of cancer and is known to be
regulated via several posttranslational modifications on both N- and C-terminal ends. The C-
terminal domain of p53 proteins is also known as basic domain (BD) (residues: 363-393). It
contains 6 lysine residues and out of which 4 lysines (K370, K372, K373 and K382) were
known to be methylated by distinct protein methyltransferases with a specific biological signal
(Scoumanne and Chen 2008) and another lysine K386 was identified to be mono and
dimethylated in cells but the specific enzyme responsible for the modification is not yet known
(Kachirskaia et al., 2008). The first histone lysine methyltransferase shown to methylate p53
protein was SET7/9. Mono-methylation of p53 protein at K372 by SET7/9 increases its stability
which further positively regulates the transcription of p53 target genes but however this
signalling pathway via methylation is yet to be understand (Chuikov et al., 2004). SMYD2 an
uncharacterised histone lysine methyltransferase was also shown to mono-methylate K370 in
p53 protein. SMYD2 methylation on p53 protein inhibits its binding to DNA and thus
negatively regulates the expression of target genes. Similar to SMYD2, SET8 also mono-

methylates p53 protein at K382 and negatively regulates the transcription of its target genes but
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how this signalling is mediated was not known then (Shi et al., 2007). Later, it was shown that
SET8 mediated methylation of p53 at K382mel promotes interaction between L3MBTL1
protein and p53 protein, under basal conditions L3MBTLL1 interacts with p53 in a methyl
(K382mel) specific manner and repress its target genes. In response to DNA damage,
p53K382mel level decreased, resulting in the release of LAMBTL1 from p53 target genes and
thus promotion of transcription (West et al., 2010). G9a/GLP di-methylates the p53 protein at
K373 and like K370mel and K382mel, it also helps to maintain p53 in an inactive state
(Huang et al., 2010).

p53 also undergoes di-methylation at K370 and K382 but the enzymes responsible for this
modification are not known yet. Both the dimethylation signals are specifically recognised by
the tandem tudor domains of 53BP1 protein and positively regulates the p53 target gene
expressions (Huang et al.,, 2007 and Kachirskaia et al., 2008). Interestingly, cross talk exists
between the different modifications of p53 protein like the histone proteins, SET7/9
methylation on K372 inhibits the methylation of K370 mediated by SMYD2 which is also in
accord with their opposite biological outcomes of the corresponding lysine methylations
(Huang et al., 2006)

Taken together, this information illustrates that the methylation signalling on p53 protein is
analogues to that of histone methylation, indeed we see the cross talk between K370 and K372
methylation similar to cross talk between K4 and K9 in histone H3 and each modification on a
specific residue leads to distinct biological outcome. Since p53 is one of the most highly
investigated proteins due to its biological importance, it is more likely to observe the possible
modifications on the protein. As mentioned above, the p53 protein has 6 lysines on the C-
terminal end out of which 5 were shown to be modified by different enzymes. This observation
suggests the existence of many more lysine methylation sites within the 20,000 proteins in the

human proteome.

3.9. Aims of the present study

Histone lysine methyltransferases has very important role in the epigenetic signalling, lysine
methylation on histone proteins alters the chromatin sturucture and thus regulates the
expression of target genes. Till now only 5 lysine methylation sites (H3K4, H3K9, H3K27,
H3K36, H3K79 and H4K20) have been well characterised on histone proteins. With the

advancement in the mass spectrometry applications in the proteomics field novel lysine
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methylation sites on histone proteins were identified for instance H3K18, H3K23 (Garcia et al.,
2006) and several other sites on H1 and H2 proteins (Wisniewski et al., 2007). But for most of
these novel lysine methylations, the enzyme(s) responsible for the methylation events and their
biological consequence(s) are not known. Apart from the histone lysine methylation, non-
histone protein methylation has been emerging as a major post translation modification from
the past couple of years. Till now only a few of the non-histone proteins were identified as the
substrates for the methylatransferases and thousands of potential targets waiting to be identified.

The main objective of our study is to characterise the specificity of protein lysine
methyltransferases and to screen for the specific novel substrates in histone and non-histone
proteins. We employed peptide arrays (SPOT synthesis) to determine the specificity profile for
the enzymes. Based on the derived specific sequence motif, we identified the proteins in human
proteome possessing the target sequence motif and then confirmed the site specific methylation
at both peptide and protein level. With this strategy we identified several target lysines in
histone and non-histone proteins as substrates for NSD1, SMYD2, SUV39H1 and SETS8
proteins. Understanding the biological signalling of the corresponding methylation on non-
histone proteins is not trivial, since each protein needs a different experimental setup like
knockdown and knockout of corresponding proteins and enzymes. Nevertheless we studied the
downstream effects of methylation on the non-histone proteins of SUV39H1 and the

experiments are in progress for NSD1 and SMYD?2 target proteins.
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4. Results
4.1. Specificity analysis of NSD1

4.1.1. Scientific background of NSD1

The Nuclear receptor bindingES” Domain containing proteinl NSD1 (KMT3a), is a 2588

amino acid long protein with a conserved SET domain and other functional domains including
PHD and PWWP domains (Huang et al., 1998). The SET domain of NSD1 was reported to
methylate H3K36 and H4K20 (Rayasam et al., 2003) and the PHD domains has been shown to
recognise methylated H3K4 and H3K9 (Pasillas et al., 2011). NSD1 belongs to a family of
proteins including NSD2 (WHSC1/MMSET) and NSD3 (WHSC1L/MMSETL). The SET
domain of NSD1 shares sequence similarity with SET2, the sole H3K36 methyltransferase in
Saccharomyces Cerevisiae (Li et al., 2009). NSD1 is responsible for post-implantation
development, mice deficient in NSD1 exhibits embryonic lethality (Rayasam et al., 2003). On
average 5% of human acute myeloid leukemia is caused by the translocation of chromosome 5
which generates NUP98-NSD1, a chimeric gene comprising of encoding the FG-repeat domain
of NUP98 fused to the carboxy terminal 60% of NSD1 which contains all the vital domain for
transcriptional regulation like PHD, PWWP and SET domain (Wang et al., 2006). NSD1 has
been shown to positively regulate the transcription of Hox genes via H3K36 methylation and
also the transcription of bone morphogenetic protein 4 (BMP4) and zinc finger protein 36 C3H
type-like 1 (ZFP36L1/TPP) (Wang et al., 2006, Lucio-Eterovic et al., 2010). Epigenetic
inactivation of the NSD1 promoter through CpG hypermethylation has been shown to be
involved in neuroblastomas and glioblastomas. The epigenetic inactivation of NSD1 is
associated with global diminished levels of H3K36 and H4K20 trimethylations (Berdasco et al.,
2009). Mutations in the NSD1 protein are also responsible for the Sotos syndrome;
characterised by facial features like a high anterior hairline, frontal bossing, downslanting
palpebral fissures and prominent mandible (FARAVELLI et al., 2005). Recently it has been
shown that NSD1 also could methylate proteins other than histones, it was shown to mono and
dimethylate p65 protein at K218 and K221 (Lu et al., 2010).

4.1.2. Substrate specificity of NSD1

To analyse the substrate specificty of NSD1, we used the catalytic SET domain of NSD1
coupled to GST, expressed in bacteria and purified. The NSD1 protein had been reported to
strongly methylate H3K36 and weakly on H4K20 (Rayasam et al., 2003). Since we aimed to

identify the best substrate to derive the specificity profile of enzyme, we proceeded with
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H3K36. To confirm thespecificity of the NSD1 enzyme, we synthesigeptides of 20 amin
acids length with the sequence of histone H3 from 31 to 50 and a peptide with K36A ve
which target lysine had been replaced by ale on the celllose membrane by SPOT synth.
The methylation of the respective substrates was analysed by following the enzymatic
of radioactively labelled methyl groups from the coenz radio labelled Adom: to the
immobilised peptides. After incubationth the NSD1 enzyme, a clear methylation signal
observed at wild (H3K36) peptides and no methylation signal was detected on H

peptides (figure 1).

H3K36A
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Figure 1 Specificity of NSD1: HKMT assay was performed on H3K36 wild type and mutant pefo confirm
the specificity of NSD1, autoradiography represents the deposition of radio labeled methyl groups or
peptide and no methylation on peptides with lysine exchanged to ¢

We then performed an alanine scan experiment to understarmportance of each resid
on peptide recognition bthe NSD1 enzyme. We synthesised alanine scararray of the
H3K36 sequence comprisir®i peptides each carrying an exchange of a single residue ¢
alanine. Methylation was observed in all mutanttidesat similar level as i the wild type
peptide except in the casetbk V35A, K36A and K37A mutants. The reduced methylatiol
peptides carrying theubstitutions at positions 35 to 37 demonstrated the importance

corresponding residues in theptde recognition by NSD1 (figure 2).

20



o900~ Bl AL LR R R B L L L
LA A L B L L A 2 R R L L L

WTATGG V KKPHIRTY RPGTVALT RE

Ala scan Experiment

45000
40000
35000

30000 [ T
25000 - al 3E
20000 -

15000
10000 1 S -
5000 - 4’:&» -
o &

\é\v'\O@\\@b{-QQ‘@A@Q@‘\QV\fQ‘(/

: O Series1

-
‘ =

Methylation

Peptide sequence

Figure 2. Alanine scan of H3 tail methylation by NSD1. a) Autoradiogr images from the two independe
experimentsof alanine scan of H3(-50) peptidesin this assay, all 20 positions of H3 tail were exged
individually against alanine. The spot labelled with WT contains tlld-type H3 tail sequence. Quantitative
analysis of the resultadicating the average activity and standard error of each target pe

Next, we determined the influence each possible amino acid exchange at each position
peptide substrate on the activity of NSD1. For this purpose we synthesised a complete
histone H3 (31 50) peptides comprising 420 individual spots, in which each peptide co
an exchage of one amino acid of the wild type H3 tail sequence against each of the 20
amino acids. Then, the complete membrane was subjected to methylation by incuba
the NSD1 enzyme and radiolabellAdomet The same experiment was repeated times.
After normalisation, the results showed excellent reproducibility, as indicated b
distribution of sandard deviations shown in thigure ¥. We calculated the contribution
each amino acid to the recognition of the substrate by the NSLCyme. The relative
contribution of each amino acid i at position x for peptide recognition was calculai
discrimination factor D.

D=V -1

i

Where as Vs the rate of modification of peptide cézing amino acid i and j; is the average
rate of methylation of all 19 peptides carrying a different amino #i at position x (including
wild type sequence) (Rathert et al., 20(
For example in figure® the discrimination factor of 22 for Isoleucine at position 35cates

that the peptide with isoleucine at that position is methylated 22 times fastthe average of
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all the peptides carrying any of the other amino acids at that site. Since the detection limit of the
experiment was at about 3% of the full activity, the discrimination factor for K36, which could
not be replaced by any other residue, was 35. The results showed that the residues 34 to 38 of
histone H3 are important for the substrate recognition of the NSD1 enzyme (figure 3a and 3b).
The role of PPwas not detected in the alanine scan, because alanine was one of the amino acid
residue that could replace proline at position 38. This observation exemplifies the advantage of
a complete specificity analysis over just an alanine scan. NSD1 prefers mostly hydrophobic
residues at position 34, 35 and 38 in histone H3. Specifically at -1 position to target lysine it
accepts only hydrophobic amino acids, apart from valine, the natural amino-acid of the H3 tall,
it accepts only leucine and isoleucine, exchange of any other amino acid at -1 position led to the
complete loss of the methylation of the corresponding peptide. At the +1 position to the target
lysine, NSD1 exhibited a similar activity when lysine was exchanged to arginine and moderate
activity when it was exchanged to aspargine, glutamine and methionine. Thus NSD1 accepts
positively charged or uncharged polar residues at the +1 position and showed loss of activity
when negatively charged or aromatic amino acids are placed there.
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Figure 3: Specificityof peptide methylation by NSD1. Example of a complete H3 (&0) peptide tail arre. The
horizontal axis representse sequence of H3 tail. Each residue was exchanged against all 20 natural arnr
residues (represents vertical axis) and the ve efficiency of methylation by NSD1 was analysed.
Compilation of the results of peptide scan experiments with NSD1. Data are averaged numbers fr
experiments after normalizing full activity to 1. c) Distribution of standard deviation of the experiments
compiled. d) Bar diagram showing the discrimination factors of NSD1 at the positions

4.1.3. Identification of non-histone NSD1 target peptide

The specificity profile data obtained frcthe peptide array experiments, indied that NSD1
recognises thel3 tail sequencfrom positions 34 to 38 2-to +2 with respect to the target K.
We observed in several cases that excts with amino acids different from the natural one
the H3 tail l&l to an increase in the methtion, for instancgeptide exchanged with isoleuci

at -1 position exhibits higher activity than with the native sequence pewhich suggest that
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NSD1 might prefer othesubstrate in the cell. We performed a scansitgtif://scansite.mit.ec)
search with the NSD1 substrate specificity profile [G) (VLI) (K) (QRKNM) (IV P)], which
resulted in 315 human proteins containing such potential targetBased on the localizatic

and function of theNSD1 protein, we narwed down the search only tbe nuclear localized
proteins. Among the identified potentialargets of NSD1, three proteins re particularly
striking, of which one is the well kw target of NSD1 protein i.e, H3K3hd the other two ai
novel histone tards; H4K44 and H1.5K1€. As a preliminary screaémg, we synthesized
peptides of all the 4Buclear proteins encompassing the predicted tlysine ir duplicates on
a cellulose membrane. Th