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Introduction

Methyltransferases

Methyltransferases (MTases) are enzymes that catalyze the transfer of a methyl group from a
donor molecule to a substrate via nucleophilic substitution (SN) reactions. They play distinct
roles in various biological pathways, including epigenetic control, metabolic regulation,
protein repair, lipid and small-molecule biosynthesis, by targeting a vast variety of substrates,
such as nucleic acids, proteins, lipids, and small molecules (Schubert et al., 2003, Rust et al.,
2011). MTases are widespread across different organisms, and recent bioinformatic studies
have reported that they account for 1.0% and 1.2% of gene products in humans and yeast,
respectively. They show a similar abundance in other organisms, ranging between 0.6 and
1.6%, in Escherichia coli, Caenorhabditis elegans, Drosophila melanogaster, Arabidopsis
thaliana, and Mus musculus (Katz et al., 2003). The majority of MTases use S-denosyl

methionine (SAM) as the donor molecule (Cantoni, 1975).

SAM

SAM is the second-most abundant cellular cofactor after adenosine triphosphate (ATP), and is
a sulfonium compound with an adenosyl moiety and a chemically active methyl group (Figure
1) (Fontecave et al., 2004). It is synthesized from an essential amino acid, methionine, and
ATP by the enzyme methionine adenosyltransferase (Figure 1) (Mato et al., 2002). SAM is
present in all living organisms, and plays a crucial role in cellular biochemistry, primarily via
its involvement in the methyl group transfers catalyzed by MTases, but it also serves as a
precursor molecule for aminopropylation in the pathway for synthesis of polyamines, and for
trans-sulfuration during the synthesis of glutathione (Bottiglieri, 2002). Several studies have
shown that aberrant SAM levels are associated with several disorders. For example, abnormal
SAM synthesis is associated with chronic liver disease, (in agreement with SAM being
primarily synthesized and utilized in the liver). In addition, reduced SAM levels are found in
the cerebrospinal fluid of patients with neurological disorders, such as Alzheimer’s disease,
and SAM can also act as an antidepressant, which might be due to its close metabolic
relationship with folate, the deficiency of which can result in depression [reviewed in
(Bottiglieri, 2002)].
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Figure 1. Methyl adenosyltransferase catalysed formation of SAM.

SAM-dependent MTases

SAM-dependent MTases catalyze methylation by binding to the substrate and exposing its
nucleophilic entity towards the electrophilic sulfonium group of SAM, and then mediating the
transfer of the methyl group to the substrate in an Sn2 reaction (Velichkova & Himo, 2005).
MTases methylate a wide variety of substrates from simple molecules to complex molecules,
and a recent bioinformatics study identified 208 SAM-dependent MTases encoded by the
human genome. It was shown that approximately 30% of these MTases were associated with
disorders such as cancers and mental disabilities. SAM-dependent MTases belong to several
structurally distinct classes, and the distribution of the yeast and human MTases between

these classes is shown in Figure 2 (Petrossian & Clarke, 2011).

A. Human Methyitransferasome  B. Yeast Methyltransferasome

W 5even- B -strand

W Rearranged seven-f -
strand
Motif I-less seven- B -
strand

o spOUT
SET domain

M Precorrin-like
methyltransferase

¥ \embrane
methyltransferase

B Homocysteine
methyltransferase
MetH activation domain
Radical SAM

S Tyw3

Figure 2. Distribution of human (A) and yeast (B) MTases between different MTase classes.
Figure from (Petrossian & Clarke, 2011).
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Seven-p-strand MTases

Seven-B-strand (7BS) MTases represent the most common type of MTase, constituting
approximately 60-70 % of the human and yeast methyltransferasome, and around 0.6% of the
total human proteome (Figure 2). The core 7BS fold includes alternating p-strands (B1-B7)
and a-helices (aZ and aA—aE), which together form a Rossmann-fold-like seven-stranded f3-
sheet, with three helices on each side. Helices Z, A, and B are located on one side of the sheet,
with C, D and E located on the other, and all of the B-strands are parallel, with the exception
of the seventh strand. pB-strands 1, 2, 4, and 5, and a-helix D of the canonical 7BS core fold
harbor conserved motifs, denoted as Motif-1, Motif Post-1, Motif-11, and Motif-111 (Figure 3).
The N-terminally located Motif-I and Motif Post-1 constitute the SAM binding sites, and
Motif-11 and Motif-111 constitute the substrate binding sites (Martin & McMillan, 2002,
Petrossian & Clarke, 2009). There are some exceptions to this 7BS core fold structure, for
example, aC is not always present, and some enzymes have insertions between 5 and aE,
and p6 and B7 [reviewed in (Martin & McMillan, 2002)]. In some 7BS MTases, for example
protein arginine MTase 3 (PRMT3), the 36 and pB7strands are completely absent (Zhang et al.,
2000).

\C-term

Motif Il Motif 1l

faisti p gl
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

Figure 3. A schematic diagram that shows the topology of the seven-B-strand-
methyltransferase core fold, including the seven-stranded B-sheet (orange) and helices
(green). The position and concensus sequence of the conserved motifs are indicated
(Petrossian & Clarke, 2009).
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7BS MTases can methylate a wide variety of substrates, such as proteins, DNA, and RNA.
For example, METTL21A methylates a lysine residue in members of the heat-shock protein
70 (Hsp70) family (Jakobsson et al., 2013), PRMT5 methylates an arginine residue in the p53
protein (Jansson et al., 2008), DNMT1 methylates DNA (Bestor, 2000), and ALKBHS8
methylates tRNA at the wobble position (Songe-Moller et al., 2010).

SET-domain MTases

The SET is a protein domain named from the first letter of three Drosophila melanogaster
proteins: The modifier of position effect variegation called suppressor of 3-9 [Su(var)3-9], the
polycomb-group chromatin regulator Enhancer of zeste [E(z)], and the trithorax-group
chromatin regulator trithorax (trx). SET domain proteins have been found in all studied
eukaryotic organisms, and several of them have been identified, including SET7/9, Dim-5,
Clr4, and SET8/PreSET7. All of these have a unique fold with a series of B strands, which
forms three discrete sheets [reviewed in (Qian & Zhou, 2006)]. SET domain MTases are the
second largest group of MTases, constituting 27% of the human and 14% of the yeast
methyltransferasome (Figure 2). To date, SET domain MTases have, unlike 7BS MTases,
been shown to target only lysine residues. It has been shown that the enzymes of this class
primarily methylate lysines on histones, such as histone H3 lysine 4 (H3K4), histone H3
lysine 9 (H3K9), histone H3 lysine 27 (H3K27), and histone H3 lysine 36 (H3K36) (Dillon et
al., 2005), and can also methylate several non-histone proteins, such as p53, ERa, TAF7, and
TAF10 (Biggar & Li, 2015, Pradhan et al., 2009). Some SET domain proteins can target
multiple substrates, for example, SET7/9 can methylate histone H3 at K4, but also ~ 30 other
non-histone protein substrates, and the H3K9 MTase G9a has been reported to methylate 17
other non-histone proteins (Biggar & Li, 2015).

SPOUT and other MTases

SPOUT is another class of MTases, and this class has eight members (Petrossian & Clarke,
2011), which generally have been found to methylate RNA (Tkaczuk et al., 2007, Schapira &
Ferreira de Freitas, 2014, Liu et al., 2015). However, one exception is YOR021c (sfml),
which can methylate Arg-146 in the ribosomal subunit protein Rps3, suggesting that the
SPOUT MTases may have other non-RNA substrates as well (Young et al., 2012).

In addition to the three major MTases classes mentioned above, there are several other small

MTase classes, such as the membrane-bound MTases, which include three human members
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with unknown functions, the precorrin-like MTases, which includes only one human member,
and the homocysteine MTase class, which has three human members (Petrossian & Clarke,
2011).

Protein methylation

A relative large proportion of MTases mediate post-translational protein methylation. Lysine
methylation was initially identified in the flagella protein of Salmonella typhimurium in 1959
[reviewed by (Paik et al., 2007)], and then in 1964 it was found that methylated lysine
residues were present in acid-hydrolysates of histones isolated from calf thymus, wheat germ,
and various rabbit organs (Murray, 1964). Subsequently, arginine methylated on the nitrogen
of its guanidine group (Arg-107) was identified in the myelin basic protein (Brostoff & Eylar,
1971), and it was found that several other residues including histidine, glutamine, glutamate,
asparagine, cysteine, and N-terminal and C-terminal residues, are methylated in proteins
[reviewed by (Clarke, 2013)]. However, lysine and arginine are the residues most commonly
targeted by the MTases.

Arginine methylation

Arginine is unique among the amino acids, as its guanidine group contains five potential
hydrogen bond donors, which are positioned for favourable interactions with biological
hydrogen bond acceptors. The two amino groups of guanidine act as methyl group acceptors,
and the addition of each methyl group to arginine removes a hydrogen bond donor, which
may affect protein-protein interactions. Arginine can exist in three methylated states: o-NG-
monomethylarginine, o-NG,NG-asymmetrical dimethylarginine, and o-NG,NG-symmetrical
dimethylarginine (Figure 4) [reviewed in (Yang & Bedford, 2013)].

To date, 10 mammalian protein arginine MTases have been identified and denoted as
PRMT1-10. All 10 PRMTs belong to the 7BS MTase family, and all of them have been
shown to catalyze the transfer of the methyl group from SAM to an arginine residue. There
are three types of PRMTs, Type-I (PRMT1, PRMT2, PRMT3, PRMT4, PRMT6 and PRMTS)
can form mono-, and asymmetrical dimethyl arginine, type-1l (PRMT5 and PRMT7) can form
mono-, and symmetrical dimethyl arginine, whereas type-11l can form only monomethyl
arginine. Notably, PRMT?7 can act as both type-I1 and type-11l depending on the nature of the
substrate (Yang & Bedford, 2013). The type-l1 enzyme PRMTL1 has very wide substrate

specificity, and is responsible for approximately 85% of the total arginine methylation in
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cultured RAT1 fibroblasts and in mouse liver (Tang et al., 2000). Other Type-I enzymes, such
as PRMT4 and PRMT®6, are distinguishable from PRMT1 in their substrate specificity and
catalyze the methylation of a few distinct substrates. PRMT4 can associate with steroid
receptor coactivators and transcriptional coactivators, and is thus alternatively named
coactivator-associated arginine MTase 1 (CARML1). PRMT6 is a nuclear enzyme and its
specific substrates include the nuclear scaffold protein HMGAla/b and DNA polymerase 3
[reviewed by (Bedford & Clarke, 2009)]. Many of the PRMTs are deregulated in several
cancers (Yang & Bedford, 2013), suggesting that PRMT dysregulation is involved in cancer

pathology.
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Figure 4. Types of methylation on arginine residues: Type-I, Type-Il and Type-I1l PRMTs

generate monomethylarginine, Type-1 PRMTs generate asymmetrical dimethylarginine, and
Type-1l PRMTs generate symmetrical dimethylarginine. Figure from (Yang & Bedford,
2013).

Lysine methylation

Like arginine, lysine is also a basic amino acid, and it has an aliphatic side chain with four
carbons and a terminal amino group. This e-amino group can be enzymatically methylated
resulting in mono-, di-, or trimethylated lysine (Figure 5). Methylation increases the bulk and

hydrophobicity of the residue without changing its positive charge. The e-amino group of
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lysine can also undergoes several other modifications, and methylation blocks the most
common of these, such as acetylation and ubiquitination (Liu et al., 2014). Protein lysine
methylation has received substantial attention since the discovery of the first histone specific
lysine MTase (KMT); SUV39H1. Thereafter, several other MTases have been discovered,
such as G9a, EZH2, SET2, SET7/9, and DOT1. These enzymes were initially identified as
histone-specific KMTs, but, for several of them numerous non-histone substrates have also
been identified [reviewed in (He et al., 2012)].

Lysine methylation is a dynamic process, as it can be subject to enzymatic demethylation. The
first reported lysine demethylase (KDM) was the amine oxidase lysine-specific demethylase 1
(LSD1), which can demethylate only mono- and dimethylated lysines (Shi et al., 2004).
Another family of lysine demethylases, containing a JmjC-domain, and capable of
demethylating tri-, di-, and monomethylated lysines, was also subsequently identified
(Tsukada et al., 2006).

4 CH3 )

H H CHs H CHa CHg |
N N —
\NH+ NH+ NH+* H3C — T+ CH3
| KMT I KMT I
CH2y — > (CH2)y ———> (CH2)4 5L (CH2)4
+/cl:‘\ = +/(I;\ " +/(|:\ KDM +/‘I:\
HaN COO~ HaN COO~ HaN COO~ H3N COO~
\ Lysine Mono-methyl lysine Di-methyl lysine Tri-methyl lysine /

Figure 5. Lysine methylation: Chemical structure of un-, mono-, di, and trimethylated
lysine. The methylation is catalyzed by lysine methyltransferases (KMT) and demethylation
by lysine-specific demethylases (KDMs).

Lysine methylation of histone proteins

Lysine methylation of histones has been extensively studied and has been proposed to
constitute the so-called histone code, together with other post-translational modifications
(PTMs) and DNA methylation. Histone lysine methylation primarily occurs on the N-
terminus of histone tails. For example, Lys-4, -9, -27, -36, and -79 - on histone H3, and Lys-
20 and -59 on histone H4 undergo methylation (Lee et al., 2005). These modified residues on
histones can be recognised by various protein domains, referred to as "readers”, such as the

chromodomain, tudor domain, and WD40 repeat domains, and which again typically are fused
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to chromatin modifying domains capable of modulating chromatin structure, gene
transcription, and other biological processes (Martin & Zhang, 2005).

Several histone-specific KMTs have been discovered, such as SUV39H1 and G9a, which
methylate H3K9 and H3K27, and are responsible for heterochromatin formation, X-
chromosome silencing, and transcriptional repression. SMYD1 methylate H3K4, and SMYD2
and ASH1L methylates H3K36, and leading to transcriptional activation. NSD2 methylates
the H4K20 residue, which is critical for the accumulation of p53-binding proteinl (53BP1) at
DNA damage sites (Pei et al., 2011, Lanouette et al., 2014). To date, all of the characterized
human histone KMTs belong to SET domain proteins, with the exception of human DOT1-
like (DOT1L) (Feng et al., 2002), which is a member of the 7BS MTase family and
methylates H3K79, thereby activating transcription (Nguyen & Zhang, 2011).

Lysine methylation of non-histone proteins

Although lysine methylation has been extensively studied in histone proteins, various non-
histone substrates for protein lysine MTases have also been discovered. Numerous protein
lysine MTases (KMTSs) are localized in the cytoplasm, and it has been reported that several
cytoplasmic proteins are substrates for these enzymes (Hamamoto et al., 2015). The SET
domain-containing proteins mostly methylate histones, but a few of these enzymes can
methylate a multitude of non-histone proteins also. For example, SET7 methylates histone H3
at Lys4 along with several non-histone proteins, such as p53, DNMT1, and TAF10 (Zhang et
al., 2015). In addition to SET domain-containing KMTs, several other MTases that can
methylate non-histone proteins have been identified. These are members of the 7BS MTase
class, and the first of these non-histone KMTs to be characterized in humans was calmodulin
lysine N-methyltransferase, which trimethylates Lys-115 of calmodulin (Magnani et al.,
2012). Several other human 7BS KMTs have subsequently been identified, such as
METTL21D (VCP-KMT), which can methylate Lys-315 of valosin-containing protein (VCP)
(Kernstock et al., 2012, Cloutier et al., 2013), METTL21A (HSPA-KMT), which can
methylate Lys-561 in Hsp70 (HSPA1L) or Hsc70 (HSPAS) or the corresponding lysine residue
in other Hsp70 proteins (Jakobsson et al., 2013), and METTL20 (ETFB-KMT), which
methylates Lys-200 and Lys-203 of ETFpB (Malecki et al., 2015). The research in the current
thesis also characterizes a novel MTase that targets a non-histone protein.

Lysine methylation of non-histone proteins generally regulates protein functions, stability,
and protein-protein interactions. Both the position and state of methylation of lysine residues
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can affect protein functions; for example, SMYD2-mediated monomethylation of p53 at Lys-
370 is linked to transcriptionally repressive marks, whereas dimethylation by an unknown
enzyme at the same site is linked to activation of p53 (Zhang et al., 2015). SET9-mediated
monomethylation of Lys-372 increases the stability of chromatin-bound p53, and is associated
with target gene activation, and G9a-mediated dimethylation of the same site is associated
with target gene repression (Zhang et al., 2015, Chuikov et al., 2004). It has been reported that
Ctmlp-mediated trimethylation of Lys-78 on yeast cytochrome C (Cyclp) significantly
increased its interaction with mitochondrial proteins ERV1p and Cyc3p (Winter et al., 2015).
It has also been shown that various other proteins are methylated, such as molecular
chaperones (VCP and Hsp70 proteins) (Kernstock et al., 2012), (Jakobsson et al., 2013),
ribosomal proteins (Malecki et al., 2016) and translational factors, eEF2 (Davydova et al.,
2014), and eukaryotic elongation factor 1 alpha (eEFla) (Hamey et al., 2016). Also, it was
found that mammalian eEF1la was methylated at five lysine residues (Dever et al., 1989), and
the human enzymes responsible for two of these five modification events have recently been
characterized (Hamey et al., 2016, Shimazu et al., 2014). eEFla and its PTMs are described
in detail below, as the characterization of a novel eEFla-targeting KMT is the focus of one of

the studies presented in this thesis.

17



eEFla (Eukaryotic elongation factor 1 alpha)

Protein translation is a three-step process, consisting of the steps initiation, elongation, and
termination. Translational elongation requires several soluble proteins, known as eEFs
(eukaryotic elongation factors), one of which is eEFla, which is activated upon guanosine
triphosphate (GTP) binding, and forms a ternary complex with aminoacyl tRNAs. These
complexes can decode the genetic information of mMRNA and deliver the aminoacyl tRNA to
site A of the ribosome. Upon formation of a correct codon-anticodon pair, a conformational
change in the ribosome leads to GTP hydrolysis and release of the guanosine diphosphate
(GDP) bound eEF1a from the ribosome, after which eEFla is reactivated to its GTP form by
the nucleotide exchange factor eEF1p. Finally, eEF2 catalyzes the translocation of the
peptidyl-tRNA mRNA complex from site A to site P of the ribosome and positions the next

codon at site A to allow repetition of the process [reviewed in (Abbott & Proud, 2004,

Sasikumar et al., 2012)].
/ A eEF1p complex \
Domain-I I binding region

> GTP binding
region

Domain-Ill

Figure 6. Crystal structure of eEFlal: Domain structures of the yeast eukaryotic elongation
factor 1 alpha. Domain-I (red), domain-1lI (green), domain-1ll (blue), are indicated. The
guanosine triphosphate binding site of domain-I is highlighted in yellow, and the eukaryotic
elongation factor 1 beta complex binding regions of domain-1I and Il are indicated by a black
circle [PDB ID: 2B7B (Pittman et al., 2006)].
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eEFla is a highly abundant protein, and constitutes ~3% of total cellular protein. It consists
of three structural domains: domain-1 (amino acid residues 1-240), domain-Il (amino acid
residues 241-336), and domain-111 (amino acid residues 337-443). Domain-I has a GTP/GDP
binding site, domains-I and Il have binding sites for the eEF1p complex, which exchanges
GDP for GTP, domain-Il and domain-1l1 possess an aa-tRNA binding site, and domain-I1I is
an actin bundling domain. It has also been reported that eEFla localizes in the neuronal
spines in association with post-synaptic density (PSD) through domain-111 (Figure 6) (Cho et
al., 2012, Soares et al., 2009, Li et al., 2013). In higher vertebrates, eEFla exists as two
paralogs, eEFlal and eEFla2, encoded by two different genes with different expression
patterns. eEFlal is ubiquitously expressed in all tissues throughout development, but is
replaced by eEFla2 in adult muscle and heart. The two eEFla paralogs have 92% sequence
identity, and show similar translational activities, but with different relative affinities towards
GTP and GDP (Soares et al., 2009, Svobodova et al., 2015).

Although the canonical role of eEFla is the delivery of the cognate aa-tRNA to the A-site of
the ribosome during the elongation step of protein synthesis, it has also been reported that it is
involved in several other cellular functions; a role in the nuclear export of proteins that have
the transcription-dependent nuclear export motif, such as von Hippel-Lindau tumor
suppressor and poly(A)-binding protein, has been reported (Khacho et al., 2008). eEFla also
plays a role in the degradation of damaged proteins by facilitating their delivery to the
proteasome (Chuang et al., 2005). It can also bind to the untranslated regions of viral genomes
and polymerases to regulate the viral life cycle; for example, the interaction between eEFla
and reverse transcriptase is crucial for HIV reverse transcription and replication (Li et al.,
2015). The specific up-regulation of eEF1a2 has been observed in several cancers, and it
activates the phospholipid and Akt signaling pathways that favour cell survival [reviewed in
(Abbas et al., 2015)]. eEFla is also involved in actin bundling, and may have a function in
microtubule dynamics (Mateyak & Kinzy, 2010, Novosylna et al., 2016). Conceivably, this

multi-functionality of eEFla could be regulated by the various PTMs that it undergoes.
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PTMs

Eukaryotic EFlo undergoes several common PTMs, such as phosphorylation, acetylation,
ubiquitination, and methylation. Due to its abundance and technical advancement in mass
spectra, several such PTMs have been identified; over 60 PTMs have been annotated for
eEFla in an online database (Fig.7) (http://www.phosphosite.org/protein Action id =3315),
but the majority has not been individually characterized with regard to biological significance.
However, several studies have described enzymes catalyzing lysine methylation of eEFla.
Furthermore, other studies have attempted to determine the functional role of ethanolamine
phosphoglycerol (EPG) modification of eEFlo in protozoan parasites (Greganova &
Butikofer, 2012).
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Figure 7. Post translational modifications of human eEFla: Annotated post-translational
modification sites on human eukaryotic elongation factor 1 alpha protein. Methylated lysine
residues are marked (Adapted from http://www.phosphosite.org/protein Action id =3315).

Lysine methylation of eEFla

Several lysine residues on eEFla undergo methylation, and, more than two decades ago, it
was reported that five methylated lysine residues, are present in rabbit eEFlal, i.e. at
positions Lys-36, Lys-55, Lys-79, Lys-165, and Lys-318 (Dever et al., 1989). However, only
two of the responsible MTases have been identified to date: METL10, which methylates Lys-
318 (Shimazu et al., 2014), and N6AMT2, which methylates Lys-79 (Hamey et al., 2016).
Yeast eEFlo has four methylated lysine residues, Lys-30, Lys-79, Lys-316, and Lys-390, of
which two are also found in mammals: Lys-79 and Lys-316 corresponding to Lys-318 in
mammals (Cavallius et al., 1993). Three of these residues, Lys-79, Lys-316, and Lys-390, are
methylated by 7BS MTases - Efm4 elongation factor MTase (EFM) 4, EFM5, and EFMB,
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respectively. Lys-30 is methylated by a SET domain MTase (Yhl039w) (Coulttas et al., 2012,
Lipson et al., 2010). The functional significance of these modifications has not been identified
in eukaryotes, but methylation of Ef-Tu, the bacterial orthologue of eEF1a was identified in
E. coli in response to nutrient deprivation (Kraal et al., 1999). Further, Lys-56 of Ef-Tu was
observed to be dimethylated in stationary phase, while it was monomethylated in log phase,
suggesting that Ef-Tu methylation might have a regulatory role in the bacterial growth
[reviewed in (Polevoda & Sherman, 2007)]. Also, it was reported that the EftM (Ef-Tu
modifying enzyme) is responsible for methylation of Ef-Tu at Lys-5 in Pseudomonas
aeruginosa (Barbier et al., 2013). Further, the functional significance of Ef-Tu methylation
was confirmed by subsequent studies showing that EftM deficient P. aeruginosa has a
strongly reduced respiratory infectivity (Barbier et al., 2013).

Ethanolamine phosphoglycerol modification of eEFla,

Ethanolamine phosphoglycerol (EPG) is a unique protein modification associated with
eEFla. The sites of EPG attachment have been identified as two glutamate residues, in
mammals Glu-301 and Glu-374, in plants Glu-289 and Glu-362, which are located in domain-
Il and domain-l1I1. Similarly, EPG modified EFla has been described in a protozoan parasite
(Trypanosoma brucei), but only with single EPG moiety at the Glu-362 residue,
corresponding to the Glu-374 of mammals, a modification that is absent in S. cerevisiae and
bacteria. The pathway for EPG synthesis and its attachment to eEFla is elusive, but a recent
study showed that phosphatidylethanolamine acts as the ethanolamine donor. On the basis of
previous studies (Whiteheart & Hart, 1994, Signorell et al., 2008), a stepwise reaction for
EPG attachment on eEFla was proposed, as shown in Figure 8 [reviewed in (Mittal et al.,
2013)]. Although the EPG attachment of eEFla was first identified over 20 years ago, the
biological significance of this modification has not been revealed in mammals and plants.
Recently, trypanosomes have been used as a model eukaryote to study the biological
significance of EPG attachment on eEFla by substituting Glu-362 with Asp, and it was
observed that the lack of EPG modification on eEF1a did not affect the growth of parasites in
culture (Greganova & Butikofer, 2012). However, this modification is preserved during
eukaryotic evolution, and is conserved in mammals, plants, and protozoans, which suggests

that it plays an essential role in these organisms under certain conditions
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Figure 8. Proposed pathway for the ethanolamine phosphoglycerol (EPG) attachment on
eEFla by phosphatidyl ethanolamine (PE) and subsequent deacylation to EPG. Figure from
(Mittal et al., 2013).
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VCP (Valosin-containing protein)

VVCP/p97/cdc48 belongs to the AAA (ATPases associated with various cellular activities)
family of proteins. VCP is abundant, accounting for approximately 1% of total cellular
protein, and is highly conserved within eukaryotes and archaebacteria. It is present in all cell
types and is localized to the cytoplasm, nucleus, and sub-compartments of the perimembrane
(Peters et al., 1990). VCP generally appears as a homo-hexamer, and each monomer consists
of an N-terminal domain (residues 1-187 in mammalian VCP), two ATPase domains, referred
to as D1 (residues 208-458) and D2 (residues 481-761), a C-terminal tail (residues 762—-806),
and two linker regions (residues 188-207 and 459-480) connecting the N-terminal and D1
domains, as well as the D1 and D2 domains, respectively (Fig 9A). X-ray crystallography
studies have shown that VCP forms two concentric rings; the N-D1 ring has a larger radius
than the D2 ring (Fig.9B) [(Zhang et al., 2000), (Xia et al., 2016)]. The two ATPase domains
of VCP contribute to its ATPase activity, but D2 accounts for the majority of the ATPase
activity and D1 is responsible for heat-induced activity during elevated temperatures or heat-
shock conditions (Song et al., 2003).

/ N-D1 linker D1-D2 linker \
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Figure 9. VCP structure: A. Schematic representation of the domain organisation of VCP.
B. Top view (left; down the 6-fold symmetry axis) and side view (right) of the VCP
hexameric structure. The six monomers of VCP are shown in different colors. The width and
height of the VCP hexamer is indicated. Adopted from (Xia et al., 2016).

23



It has been shown that VCP is involved in various cellular functions, such as transcriptional
regulation, post-mitotic membrane fusion, DNA repair, autophagy, suppression of protein
aggregation, and proteolysis (Yamanaka et al., 2012, Meyer & Weihl, 2014). VCP can
interact with various cofactors, of which 40 cofactors have been identified in mammals, most
of them bind to the N-terminal part of the protein with a small proportion binding to the C-
terminal tail (Buchberger et al., 2015). VCP is a crucial player in multiple ubiquitin signaling
pathways, protein degradation and protein quality control. For example, in endoplasmic
reticulum (ER)-associated protein degradation, misfolded proteins in the ER are immediately
reassigned to ubiquitination by the Hrdl or gp78 E3 ubiquitin ligases, and then VCP
recognizes such proteins and segregates them from ER to cytosol by forming a complex with
cofactors such as Ufd1 and Npl4. Further, it can unfold and direct the mis-folded proteins to
the 26S proteasome complex (Ye et al., 2003, Barthelme & Sauer, 2016, Shmueli et al.,
2009). It has also been reported that VCP plays a role in the extraction of ubiquitinated
proteins from chromatin (Dantuma et al., 2014).
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Figure 10. Post-translational modifications of VCP: Annotated phosphorylated (P),
ubiquitinated (U), acetylated (A) and methylated (M) residues of valosin-containing protein
[Figure from (Cloutier & Coulombe, 2013)].
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VCP undergoes several post-translational modifications (Fig. 10) (Cloutier & Coulombe,
2013, Mori-Konya et al., 2009), of which, phosphorylation and acetylation are the most-
studied. VCP phosphorylation has several functional roles, and has been shown to take place
during cold acclimation (Imamura et al., 2003) and sperm capacitation (Ficarro et al., 2003). It
was reported that VCP could be phosphorylated at Ser-352, Ser-746 and Ser-748 in response
to hypoxia (Klein et al., 2005). Also, phosphorylation of the Tyr-805 in the C-terminus of
VCP can block its interaction with proteins that contain a PUB-domain, such as, peptide-N-
glycosidase (PNGase) and Ufd3. VCP normally interacts with such proteins by inserting a
small motif, which includes Tyr-805 in to the hydrophobic pocket of the PUB-domain, hence,
the phosphorylation disrupts the interaction due to its negative charge. Ufd2 and Ufd3 are two
VCP cofactors that compete for binding to VCP, and antagonistically regulate the
ubiquitiation of substrates. Tyr-805 phosphorylation inhibits the interaction of Ufd3 with
VCP, but favours Ufd2 recruitment and thus promotes polyubiquitination instead of
deubiquitination (Cloutier & Coulombe, 2013, Zhao et al., 2007). The acetylation of VCP also
has some functional roles. Mutational studies of Lys-696 on VCP, to mimic acetylated and
deacetylaed states, was shown to increase and decrease ATPase activity, respectively, which
indicates that acetylation of Lys-696 could regulate VCP (Mori-Konya et al., 2009). It was
recently shown that Lys-315 of VCP is methylated by VCP-KMT (METTL21D), and that it
negatively affects the ATPase activity of VCP (Cloutier et al., 2013).
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Aim of the study

The aim of the research presented in this thesis was to investigate uncharacterized members of
the METTL21 subgroup within human MTase family 16 (MTF16), and to further assess the
biochemical and biological functions of already characterized members. Briefly, identification
of the substrate for an uncharacterized member of the MTF16 family (METTL21B), was
carried out and evaluated in vitro and in cells (Paper I1). We have also aimed at revealing the
biological significance of METTL21B (eEFla-KMT3) and METTL21D (VCP-KMT) by
using corresponding gene knockout cells and mice (Paper I, I1). Finally, this study also
encompassed the development of a biotechnological tool by using the VCP-KMT/VCP as a
system, enabling the generation of a desired peptide library with inserted lysine methylation
(Paper I11).
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Summary of papers

Paper |

Lysine methylation of the Valosin-containing protein (VCP) is dispensable for
development and survival of mice.

In this paper we have tried to elucidate the biological significance of the VCP-KMT by
generating corresponding gene knockout mice. We have observed that VCP-KMT is
ubiquitously expressed in all organs of the wild-type mice and confirmed its subcellular
localization to the cytoplasm. We have authenticated the absence of the VCP-KMT
expression and Lys-315 methylation of VCP in VCPKMT” mice by various methods. We
have investigated the specificity of VCP-KMT using in vitro methylation assays by the use of
protein extracts from VCPKMT” mouse organs or human VCPKMT-/- cell lines as substrates.
Finally, we have concluded that VCPKMT” mice were viable, fertile and have no significant
phenotype compared to the wild-type mice. Hence, we conclude that VCP-KMT mediated
methylation of VCP is dispensable for the development and survival of mice under unstressed

conditions.

Paper Il

The novel lysine specific methyltransferase METTL21B mediates inducible and
dynamic methylation of Lys-165 in human eukaryotic elongation factor 1 alpha
(eEF1A).

In this study, we have described the functional characterization of the human MTF16
member, METTL21B. We have demonstrated that METTL21B orthologs are limited to
vertebrates, and found METTL21B to be localized to the cytoplasm as well as at the centriole.
We have determined that METTL21B specifically methylates Lys-165 in the two close
paralogs, eEFlal and ¢EF1a2, and that the methylation is GTP- and tRNA-dependent, and
does not appear to affect the interactome of eEFla. Based on these results and, in agreement
with current nomenclature, we have suggested that METTL21B is renamed eEF1a-KMT3.
Further, we have also reported the dynamic nature of the Lys-165 methylation in eEFla in
Balb/c mouse fibroblast exposed to various types of stress and alterations in growth
conditions, and our results also showed elevated methylation of eEFla at Lys-165 in several
cancer-derived cell lines compared to normal rat tissues. In summary, the results presented in

this study demonstrated that eEF1a-KMT3 is the enzyme responsible for the Lys-165
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methylation of eEFla, and that the modification is dynamic, inducible and likely to be of

regulatory importance.

Paper 111

VCP-KMT-mediated lysine methylation of histone H3 peptide sequences grafted onto a
VCP-derived scaffold.

This study describes the possibility of using VCP-KMT and VCP as a system to obtain
specific lysine methylation of desired peptide sequences grafted onto VCP-derived scaffold.
We have determined the D1 domain of the VCP (VCP-D1) as the minimal part of VCP that
could be efficiently methylated by VCP-KMT. We have generated VCP-D1/histone H3
chimera proteins and found that they all underwent efficient VCP-KMT mediated methylation
in vitro. Further, VCP-KMT-mediated methylation was also observed when the chimeric
proteins were expressed in the human cells. These results demonstrate that VCP-KMT and
VCP-D1 together represent a versatile system for introducing lysine methylation into desired

peptide sequences.
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Discussion

The Human MTF16 family

MTase Family 16 (abbreviated MTF16) is a subclass of the 7BS MTases and includes 10
human members that form a closed group containing a conserved DXXY motif (consensus
[D/E] XX [Y/F]) located immediately C-terminal to motif-11 [Paper Il, Figure 1B; (Kernstock
et al., 2012)]. Notably, this motif is highly similar to the DPPY motif (consensus [D/N/S]-P-
P-[Y/F/W]) of several DNA methyltransferases (Bheemanaik et al., 2006). Among these 10
members of MTF16, only two, CaM-KMT [calmodulin-lysine M-methyltransferase], which
methylates calmodulin (Magnani et al., 2010), and VCP-KMT [valosin-containing protein
lysine methyltransferase], which methylates the VCP (Kernstock et al., 2012) were
characterised at the time the work encompassed in this thesis was initiated. However, several
studies revealing the function of human MTF16 members have been published since then
(Jakobsson et al., 2013, Cloutier et al., 2013, Rhein et al.,, 2014 Malecki et al., 2015,
Davydova et al., 2014), but some members still remain to be elucidated.

The characterised members of the human MTF16 family include CaM-KMT, VCP-KMT,
HSPA-KMT, eukaryotic elongation factor 2 lysine methyltransferase (eEF2-KMT), ETFp
lysine methyltransferase (ETFB-KMT), Kinl7 lysine methyltransferase (KIN-KMT), and
eukaryotic elongation factor 1A lysine methyltransferase 3 (eEF1A-KMT3). All of these
MTF16 family members target a single substrate; the sole exception being HSPA lysine
methyltransferase (HSPA-KMT), which targets several Hsp70 proteins at the corresponding
lysine residue. However, the bacterial ortholog of ETFB-KMT targets two apparently
unrelated substrates, i.e. ETFB and the ribosomal protein RPL7/L12 (Malecki et al., 2016).
All the seven characterized human MTF16 members methylate lysine residues in non-histone
proteins. However, the putative yeast ortholog of the yet uncharacterized human MTF16
member METTL18 was reported to methylate a histidine residue in the ribosomal protein
RPL3, and was therefore denoted Hpm1 (histone protein methyltransferase 1) (Webb et al.,
2010, Al-Hadid et al., 2014). In addition, METTL21C has been shown to undergo auto-
methylation at Lys-35, suggesting that also this enzyme is a KMT (Kernstock et al., 2012).
Thus, all of the human MTF16 members appear to represent KMTs acting on non-histone
proteins, with the possible exceptions of METTL23 which remains uncharacterized and the
aforementioned METTL18, which likely is histidine-specific (Table 1).
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Almost all of the identified substrates for the human MTF16 family enzymes represent
abundant proteins. For example, in a quantitative study of the proteome in a human cell line,
VCP, CaM, eEF2, ETFp, eEFla, as well as several Hsp70 family members, were listed as
highly expressed proteins (Beck et al., 2011). These proteins play crucial roles in various
cellular processes, and their methylation, mediated by the respective MTF16 members, will
likely affect their functions. Indeed, some previous studies have addressed the significance of
these lysine methylations. Efm3/Yjr129c is the yeast ortholog of eEF2-KMT, methylating
yeast eEF2 at the lysine residue corresponding to the site targeted by the human enzyme.
Knock-out of efm3 caused hypersensitivity towards the eEF2-specific drug sordarin, and
increased frameshifting during protein synthesis, suggesting that eEF2 methylation is required
for accurate and robust protein translation in both the yeast and humans (Davydova et al.,
2014).

HSPA-KMT-mediated methylation of HSPA8 was shown to reduce its affinity for fibrils
formed by a-synuclein, whose aggregation is associated with Parkinson disease, and
methylation was shown to abolish the ability of HSPAS8 to prevent the formation of such
fibrils (Jakobsson et al., 2013). It was also reported that trimethylation of the stress-inducible
Hsp70 protein HSPA1 (Lys-561) was predominant in ovarian and breast cancer samples, and
the results suggested that Lys-561 methylation status may be used as a diagnostic or
prognostic marker (Jakobsson et al., 2015). Previously, Cho et al. reported that SETD1A
catalyses the dimethylation of HSPA1 at Lys-561 (Cho et al., 2012), but later work has
showed that this is likely incorrect, and that METTL21A is the sole enzyme responsible for
methylation of Lys-561 of HSPA1 (Jakobsson et al., 2016). The observed SETD1A dependent
modulation of HSPA1-methylation could reflect an indirect effect, caused by regulation of
gene expression mediated through SETD1A catalysed histone methylation (Jakobsson et al.,
2016). VCP-KMT has also been shown to be involved in the metastasis of cancer (Thiele et
al., 2011), and another study reported that VCPKMT” cells showed reduced
migratory/invasive nature compared to corresponding wild-type cells (Kernstock et al., 2012).
ETFB-KMT-mediated methylation of electron transfer flavoprotein (ETFp) in vitro was found
to reduce its ability to receive electrons from various dehydrogenases, and furthermore,
siRNA-mediated knock-down of ETFB-KMT enzyme was shown to cause a moderate
decrease in the oxygen consumption rate of permeablized cells metabolizing palmitoyl-L-
carnitine. These findings support a role of ETFB-KMT in modulating cellular metabolism
(Malecki et al., 2015, Rhein et al., 2014).
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Table 1. The human MTF16 members and their substrates: Lys, lysine; His, histidine;

mel, monomethylation; me2, dimethylation; me3, trimethylation;

*, activity shown for yeast homolog. #, activity shown for bacterial homolog.

Human MTF16 Alternative Substrate Target residue Reference
member name and
methylation state
CaM KMT C2o0rf34 CaM Lys-115me3 Magnani et al., 2010
METTL18 Clorf156 RPL3* His-243mel Wehbb et al.,2010
Al-Hadid et al., 2014
METTL21D VCP-KMT/ VCP Lys-315me3 Kernstock et al., 2012
C140rf138 Cloutier et al., 2013
METTL21C C130rf39 METTL21C  Lys-35mel Krenstock et al., 2012
METTL21A  HSPA-KMT/  HSPAS8 Lys-561me3 Jakobsson et al., 2013
FAM119A and and Cloutier et al., 2013
homologs analogous positions
METTL22 KIN-KMT/ KIN Lys-135me3 Cloutier et al., 2013
C160rf68
EEF2KMT FAMB86A eEF2 Lys-525me3 Davydova et al., 2014
ETFBKMT METTL20/ ETFB Lys-200mel/2/3 Malecki et al., 2015
C120rf72 Lys-203mel/2/3 Rhein et al., 2014
RPL7# Lys-86 mel Malecki et al., 2016
METTL21B eEF1A-KMT3/ eEFlol Lys-165mel/2/3 Paper 11
FAM119B and
eEFla2
METTL23 Cl7orf95 e e e
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No substrates have yet been identified for the human MTF16 members, such as METTL23
and METTL21C, but the corresponding genes have been associated with the development of
various disorders, primarily involving cognition but also osteoporosis and various types of
tumors. Disruption of the METTL23 gene was shown to lead to mild intellectual disability
(Reiff et al., 2014, Bernkopf et al., 2014). Also, METTL23 was shown to interact with GA
binding protein transcription factor, alpha subunit (GABPA), a component of a transcription
factor complex which regulates expression of several genes (Reiff et al., 2014). It has been
shown that overexpressed METTL23 is localized in nucleus and cytoplasm, and alters the
expression of GABPA regulated genes such as THPO and ATP5B (Reiff et al., 2014). Both of
these genes have possible roles in cognition and neurodevelopment since they are highly
expressed in brain. However, in spite of the observed interaction between GABPA and
METTL23, a direct ability of METTL23 to regulate GABPA transcription has not been
demonstrated (Reiff et al., 2014). A genome-wide association study has implicated
METTL21C in the musculoskeletal diseases osteoporosis and sarcopenia. Correspondingly,
siRNA-mediated knockdown of METTL21C in mouse cells led to significant reduction in
myoblast differentiation through modulation of the NF-kB signaling pathway (Huang et al.,
2014). More recently, a study showed that METTL21C levels were altered in the plasma of
patients with autism spectrum disorder (Homs et al., 2016), suggesting a possible involvement
in such disorders.
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Characterization of METTL21B

A major aim of the present study was to unravel the biochemical function of a previously
uncharacterised MTF16 member, METTL21B (eEF1A-KMT3), which was found to
methylate Lys-165 of eEFla (Paper Il). The recently determined crystal structure of human
METTL21B (Tempel et al., 2014) shows a canonical, seven-stranded B-sheet fold with
alternating a-helices; a characteristic feature of the 7BS MTases. A protein sequence
alignment of METTL21B orthologs revealed the presence of all of the conserved 7BS
hallmark motifs (Motif-1, Post-1 and Motif-1l), as well as the so-called DXXY-motif
[consensus (D/E)-X-X-(Y/F)] shared by MTF16 family members (Paper Il, Figure 1B).

To identify the putative orthologs for METTL21B in other organisms, the Basic Local
Alignment Search Tool (BLAST) was used to perform a search, which demonstrated that
METTL21B is exclusive to vertebrates. However, METTL21B shows a scattered distribution
in vertebrates; putative orthologs are found in all mammals, reptiles and amphibians, but not
in birds. Also, METTL21B shows a pachy distribution in fishes: for example, zebrafish
(Danio rerio) does not have METTL21B, but Mexican tetra (Astyanax mexicanus) does.

Importantly, both of these fishes have the corresponding target lysine residue on eEFla.

METTLZ21B in vitro activity

Previously characterized members of the MTF16 family, such as VCP-KMT, HSPA-KMT,
eEF2-KMT had been shown to methylate protein substrates (Jakobsson et al., 2013,
Kernstock et al., 2012, Davydova et al., 2014). These results suggested that METTL21B may
also be a protein methyltransferase. To investigate its activity, we performed an in vitro
methylation assay with recombinant METTL21B using cellular extract as a source of
substrate. In this experiment, a strong methylated band of ~50 kDa, induced by METTL21B
in an ATP-dependent manner, appeared (Paper Il, Figure. 1C), indicating that METTL21B
had protein methyltransferase activity.

To identify the METTL21B substrate, we have methylated cell extracts with recombinant
METTL21B and reduced the sample complexity by ion-exchange chromatography, followed
by analysis of the corresponding bands by mass spectrometry. Among the identified proteins,
the two paralogs of eEFla (eEFlal and eEF102) were listed top hits (Paper Il, Table 1). As
previously reported for rabbit eEFla (Dever et al., 1989), five methylated lysines have been
identified in both of these paralogs: i.e. Lys-36, Lys-55, Lys-79, Lys-165 and Lys-318.
Among these, Lys-165 was demonstrated as the target of METTL21B (Paper Il, Figure 2B).
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To further validate these findings, we cloned and produced wild-type and Lys165Ala mutants
of recombinant eEFlal and eEF102, and incubated them with recombinant METTL21B. We
then observed methylation in case of the wild-type proteins, but not of the mutants (Paper II,
Figure 4A).

To investigate whether METTL21B is responsible for methylation of eEFla inside cells, we
have purchased METTL21B knockout HAP1 cells, and analysed the Lys-165 methylation
status of eEFlal in wild-type, METTL21B knockout (KO) and KO cells complemented with
the METTL21B gene. The results revealed that Lys-165 was predominantly un-, mono- and
dimethylated in the wild-type cells; this finding is similar to what was observed in HelLa and
HEK293 cells (Paper I1). Lys-165 methylation was completely eliminated in METTL21B
knockout cells and partially restored in complemented cells (Paper Il, Figure 5). Altogether
these results confirmed that METTL21B is a highly specific enzyme that targets eEFla at
Lys-165.

METTL21B is the third human enzyme found to methylate eEFla. The previously identified
enzymes were N6AMT2, which methylates Lys-79 and was renamed eEF1A-KMT1 (gene
name EEF1IAKMT1) (Hamey et al., 2016), and METTL10, which methylates Lys-318 and
was suggested renamed eEF1A-KMT2 (Falnes et al., 2016). In accordance with this
nomenclature and the specificity of the enzyme substrate, we have suggested METTL21B to
be renamed eEF1A-KMT3 (gene name EEF1AKMT3).

METTL21B-mediated methylation is GTP- and tRNA-dependent

Both eEFlal and eEF102 exist as both GTP- and GDP-bound forms.The GTP-bound form of
eEFla associates with aminoacyl-tRNA and transfers it to the A site of the ribosome during
the polypeptide elongation, and through hydrolysis of GTP, eEF1a is converted to the GDP-
bound form, and leaves the ribosome to associate with the eEF1p complex, which catalyzes
the exchange of GDP for GTP (Voorhees & Ramakrishnan, 2013). Since GTP has a key role
in eEFla function, and since Lys-165 is located within the GTP-binding domain of eEFla
(Paper 11, Figure 9), we hypothesised that the observed ATP-dependent activity of the
METTL21B in reality reflected of this GTP dependence. Thus, the ATP-dependent activity
may be attributable to the presence of nucleotide diphosphate (NDP) kinases in the cellular
extract, which may generate GTP from GDP and ATP (Hsu et al., 2015). In order to
investigate this, we have methylated the partially purified cellular extract (0.3S fraction) and

recombinant eEFlal by supplementing the reaction with ATP, guanosine triphosphate (GTP)
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and guanosine diphosphate (GDP) (Paper Il, Figure 3A-C). The results showed that
METTL21B-mediated methylation in cellular extract fractions is supported by both ATP and
GTP; however, for recombinant eEFlal only GTP supports methylation, indicating that GTP
is the true co-factor. In addition, since eEFla is a tRNA-binding translational factor, we
thought that methylation may also be influenced by the presence of tRNA. In agreement with
this, our results (Paper 11, Figure 3D-F) showed that methylation was completely absent in the
RNaseA treated samples, whereas methylation was enhanced by supplementation with tRNA.
These results established that METTL21B-mediated methylation is dependent on both GTP
and tRNA.

Biological significance of eEFla methylation

eEF1a shows high sequence conservation among eukaryotic species, ranging from yeast to
humans, and undergoes several post-translational modifications, such as acetylation and
methylation. Yeast ¢eEFla undergoes methylation at the four lysine residues Lys-30, -79, -
316, -390, and all the enzymes responsible for these modifications have been identified and
denoted Efm1, Efm5, Efm4 and Efm6 respectively (Falnes et al., 2016). In mammals, five
lysine residues (Lys-36, -55, -79, -165 and -318) have been shown to be methylated (Dever et
al., 1989), of which Lys-79 and Lys-318 were shown to be methylated by eEF1A-KMT1
(N6AMT2) (Hamey et al., 2016) and eEF1A-KMT2 (METTL10) (Shimazu et al., 2014)
respectively. To test the possible function of the eEF1a methylation in yeast, Cavallius and
colleagues analyzed the eEFla mutants where all the four methylated lysines had been
substituted by arginines, and observed no apparent phenotypic change (Cavallius et al., 1997),
indicating that eEFla methylation is not essential for normal yeast growth. However,
mutations in the nucleotide binding region of yeast eEFla were shown to have functional
consequences, such as reductions in the rate of GTP hydrolysis and increased
misincorporation of amino acids during translation (Cavallius & Merrick, 1998). Although the
eEF1a sequence is highly conserved among eukaryotes, Lys-165, which may interact directly
with GTP-binding region, is present in most of the vertebrates, but absent in yeast (Paper I,
Figure 9D). METTL21B mediated methylation of Lys-165 in higher eukaryotes may regulate
the role of eEFla via influencing its interaction with GTP/GDP. Notably, the neighboring
residue (Arg-166) was already implicated in nucleotide binding, as mutating the
corresponding residue (Arg-164) in yeast eEFla decreased its affinity for GDP (Ozturk &
Kinzy, 2008).
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We also analyzed EEF1AKMT3 knockout HAP1 cells by performing ribosome profiling
experiments and found that METTL21B mediated methylation of eEFla affects the gene
expression at the level of translation, and that proteins associated with the endoplasmic
reticulum (ER) and the unfolded protein response were down-regulated (Paper Il, Figure 5D,
F). We have also found that Lys-165 methylation of eEF1a in Balb/c cells varied significantly
depending on the proliferation state of the cells. Cells with a high degree of confluence had a
~3-fold elevated dimethylation compared to cells proliferating with low density (Paper I,
Figure 8A). Similarly, serum starved cells also showed elevated methylation, which was
reversed upon restimulated with serum (Paper Il, Figure 8A, B). The dynamic nature of
METTL21B mediated methylation of eEF 1o appears to reflect an active process involving the
regulation of EEFIAKMT3 gene expression, (Paper Il, Figure 8C), rather than more generic
effect caused by changes in protein turnover or alterations in AdoMet levels due to altered
metabolism, since conditions that caused elevated Lys-165 methylation also led to increased
EEF1AKMT3 mRNA expression. The dynamics and regulatory function of lysine methylation
on histones have been intensively studied, and, here, several lysine specific demethylases play
important roles (Tsukada et al., 2006, Dimitrova et al., 2015). Thus, it will clearly be
interesting, in future studies, to investigate whether demethylases are, partly, responsible for
the observed dynamics of lysine methylation at Lys-165. However, the apparent reversibility
of Lys-165 methylation may also be mediated by a passive mechanism involving down-
regulation of METTL21B expression, leading to (relative) hypomethylation of newly
synthesized eEF1a.

We have also observed elevated Lys-165 methylation in cancer-derived cells, which,
typically, have upregulated stress pathways, when compared with normal tissues (Paper I,
Figure 7A, B). Balb/c cells also showed increased levels of Lys-165 methylation upon
treatment with drugs that induce ER stress (Paper Il, Figure 8D, E). Previously, it was shown
that over-expression of eEFla can prevent apoptosis triggered by ER stressors, and upon
withdrawal of growth factors (Talapatra et al., 2002). Similarly, METTL21B mediated
methylation of eEFla was also induced by ER stressors, and thus we speculate that this
phenomenon is a part of stress response pathway. eEFla is considered to form a reversible
EF1-heavy complex (eEF1H) with its guanine nucleotide exchange factor eEF1B to mediate
the exchange of the aminoacyl-tRNA to ribosome during translation. Previously, it was
showed that among the two paralogs of eEFla, eEFlal has more affinity towards the guanine

exchange factor complex and eEF1a2 has no or negligible affinity (Mansilla et al., 2002). In
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contrast to this, we found that all the components of the eEF1B complex co-purified with
similar yields regardless of which of the two paralogues were used as bait in TAP-tagging
experiments. eEFla undergoes methylation at various lysine residues (Dever et al., 1989),
which may influence protein-protein interactions, and Lys-165 is one among them. Hence, we
have investigated the influence of Lys-165 on the eEFla interactome by mutating it with
alanine, and found that this substitution did not influence the translational related interactome
of eEF1a (Paper Il, Figure 4B). Besides its canonical role in protein translation, several non-
canonical functions were described for eEFla, and the most intensely studied one among
these is the regulation of the cytoskeleton (Sasikumar et al., 2012). eEF1A has been shown to
interact with microtubules (Moore et al., 1998), as well as with centrosomal proteins (Fogeron
et al., 2013), and we also found that a subpopulation of METTL21B was localized to
centrosomes, which represent the major microtubule organizing centers in the cell. Thus,
METTL21B-mediated eEFla methylation may conceivably be specifically involved in
eEF1la-mediated regulation of the cytoskeleton. Apart from this, eEFla was also shown to
play an important role in the replication and pathogenesis of RNA viruses, and the P51
subunit of reverse transcriptase and integrase of reverse transcription complex (RTC) of the
HIV virus was shown to interact with eEFla. Furthermore, the viral reverse transcription in
cells was sharply down-regulated when eEFla levels were reduced by treatment with either
SIRNA (Warren et al., 2012) or didemnin B, which specifically interacts with eEFla (Li et al.,
2015).
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Biological significance of VCP-KMT mediated methylation

VCP-KMT is responsible for the trimethylation of Lys-315 in the VCP monomer (Kernstock
et al., 2012, Cloutier et al., 2013). The trimethylated VCP monomers are then assembled into
a hexameric complex (Paper I, Figure 1A). VCP-KMT (NVM-1) is upregulated in several
metastatic tumors, and has also been implicated in cellular invasion and migration (Thiele et
al., 2011). In agreement with this, VCP-KMT knockout cell lines generated in our laboratory
showed slow invasion, migration and proliferation compared to wild-type cells (Kernstock et
al., 2012). In other studies, it was reported that VCP-KMT-mediated methylation of VCP at
Lys-315 is important for its ATPase activity (Cloutier et al., 2013). However, all of these
results were exhibited in vitro and in cells. Hence, we decided to further elucidate the role of
VCP-KMT in vivo.

Therefore, we generated constitutive knockout mice by introducing loxP sites flanking exons
1 and 4 of the VCPKMT gene followed by continuous breeding with Cre recombinase
expressing mice. We investigated and confirmed the lack of VCPKMT gene expression in the
knockout mice and found its ubiquitous expression in all organs of the wild-type mice (Paper
I, Figure 1E). We have also observed that VCP methylation at Lys-315 was completely absent
in the knockout mice, and that Lys-315 was completely trimethylated in all the organs of the
wild-type mice. This complete trimethylation of VCP may indicate the absence of dynamic

regulation (Paper I, Figure 2A, B).

There are several lysine MTases that can target a multitude of substrates (histone and non-
histone proteins). For example, SMYD3 can methylate histone H4 and also non-histone
proteins such as HSP90 and vascular endothelial growth-factor receptors (VEGFR). The SET-
domain containing lysine methyltransferase 7 (SETD7) can methylate multiple proteins like
TAF10, P53 and DNMT1 (Biggar & Li, 2015). In contrast to these MTases, VCP-KMT has
only one substrate (VCP), indicating that VCP-KMT is highly specific (Paper I, Figure 4A,
B). Similarly, all other characterised members of human MTF16 also have a single substrate
except HSPA-KMT, which can methylate HSPAL along with other HSPAs (Jakobsson et al.,
2013, Falnes et al., 2016). Previously generated knockout mouse models for KMTs indicate
that several methyl modifications on histones, such as those introduced by DOT1L and
SMYD?2, are essential for embryonic development (Jones et al., 2008, Diehl et al., 2010). Of
the other members of human MTF16, CAM-KMT knockout mice exhibit reduced body

growth, somatosensory development deficiency and impaired brain function (Haziza et al.,
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2015); METTL23 (without a described target) is associated with intellectual disability
(Bernkopf et al., 2014). In contrast, VCP-KMT knockout mice do not shown any obvious
phenotype. We have tested fertility rate, sex ratio, body growth, and survival of the wild-type

and VCPKMT knockout mice, and found no significant differences (Paper I, Figure 5).

VCP is an abundant and highly conserved member of the AAA+-ATPases family, and is
involved in various cellular functions including transcription regulation and proteolysis
(Meyer & Weihl, 2014, Yamanaka et al., 2012). VCP has several interaction partners; most of
them associate with the VCP N-terminal domain, and only a few of them bind to the C-
terminal domain (Buchberger et al., 2015). VCP mutations have been linked to neurological
disorders and also reported to associate with inclusion body myopathy with frontotemporal
dementia (IBMPFD) (Watts et al., 2007). The possible effect of Lys-315 trimethylation on
ATPase activity of VCP remains unclear, but, Cloutier et al. showed that the truncated version
of VCP (VCPAD2) with D1 domain had diminished ATPase activity when trimethylated by
recombinant VCP-KMT (Cloutier et al., 2013). In contrast, the (D2-containing) endogenous
VCP from VCPKMT knockout and wild-type cells did not show any differences in their
ATPase activities (Kernstock et al., 2012). Conceivably, any effect of knock-out on the D1
domain may here be masked by the higher ATPase activity of D2.

Overall, the results in this study (Paper 1) show that mice with the complete loss of Lys-315
trimethylation in VCP due to VCPKMT knockout were as healthy as wild-type mice, and that
VCP-KMT appears to be dispensable with respect to the development and survival of mice
under unstressed conditions. As VCP-KMT has been shown to be involved in the
development of metastatic cancer (Thiele et al., 2011), it will be of interest to study how these

knockout mice respond to tumor transplantation compared to wild-type mice.
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The VCP/VCP-KMT pair as a biotechnological tool

VCP-KMT is a highly specific enzyme and methylates VCP at Lys-315, which is localised in
a flexible loop (Paper 11, Figure 1B). Other members of the human MTF16 family, such as
METTL21A (HSPA-KMT), METTL22 (KIN-KMT) and CaM-KMT, also methylate lysine
residues located within the loops in their respective substrates. Previously, it was showed in
our laboratory that VCP-KMT mediated methylation of VCP is tolerant to sequence
alterations in the proximity of the methylation site (Kernstock et al., 2012). Another human
member of MTF16 family, METTL20, methylates lysine residues (Lys-200 and Lys-203) in
ETFB, localised in a lysine-rich sequence, Lys(.200)-Ala-Lys-Lys-Lys-Lys-20s), found as part
of a helix. It was shown that METTL20 is tolerant towards alterations in this motif; the non-
methylated lysines in this motif could be simultaneously mutated to arginine without affecting
the methylation, and, also the methylation targets Lys-200 and Lys-203 could be individually
replaced by arginine without abolishing the methylation at the other site (Malecki et al.,
2015). This shows that METTL20 also has some tolerance towards substitutions of residues in
the neighbourhood of the methylation site. However, only in the case of CaM-KMT has the
effect of systematically mutating residues in the vicinity of the methylation site been
investigated, and the results showed that the methylation was abrogated by mutations of
residues surrounding the methylation site (Magnani et al., 2012). In the same study, it was
shown that the calmodulin variants where amino acid residues in a flexible linker region
(residues 68-92), distant from the methylation site Lys-115, were replaced, could still be
methylated. Here, methylation was observed after relatively conservative replacements (of
polar residues by polar, non-polar residues by non-polar) of the sequence in the linker region
(Magnani et al., 2012).

In an approach similar to the one described above (Magnani et al.,, 2012), we have
investigated the tolerance of VCP-KMT towards amino acid alterations in VCP loop where
Lys-315 resides. In order to do this, we generated several deletion mutants of the VCP and
identified D1 domain as the minimal part that can be expressed, purified and methylated by
VCP-KMT with the same efficiency as VCPAD2 (Paper 11, Figure 1 and 2). Based on the D1
domain, we generated histone H3 chimeras, where residues surrounding Lys-315 of D1 were
replaced by sequence corresponding to various lysine methylation sites in the N-terminal tail
of histone H3 (Paper Ill, Figure 3B). All these chimeras were expressed, purified and
efficiently methylated by VCP-KMT in vitro; that is, the level of methylation obtained at the

highest enzyme concentrations was similar to that with the wild-type D1 domain (Paper IlI,
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Figure 3C, E). Of note, all of these chimeras (except D1-H3K27, which we were unable to
investigate) underwent VCP-KMT mediated methylation inside cells, although with lower
efficiency than the wild-type D1-domain (Paper Ill, Figure 4C). This observation may be
partly explained by the chimeras being poorer VCP-KMT substrates, as observed in the in

vitro experiments; it may also be caused by a higher turnover rate of the chimeras.

The VCP-KMT/D1 system described in this paper can be used as a versatile system to
introduce lysine methylation into a desired peptide sequence, and the approach should be
readily expandable to the generation of combinatorial libraries of methylated peptides. The
VCP-KMT/D1 system has a major advantage in that the varied sequence actually surrounds
the methylation site, whereas in a CaM-KMT/CaM system the methylation site is located

distant to the sequence being varied (Magnani et al., 2012).
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Protein lysine methyltransferases (KMTs) and cancer

Protein lysine methylation is carried out by various KMTs and many of the respective
substrates play important roles in cancer. The roles of histone lysine methyltransferases in
cancer development and progression have been studied extensively, and such enzymes have
been found to be dysregulated in many cancers. For example, EZH2, is an H3K27 specific
methyltransferase found to be over-expressed in various solid tumors, including prostate,
breast, colon, lung cancers, and over-expression of EZH2 confers invasiveness to fibroblasts
in a manner dependent on its H3K27 methyltransferase activity [reviewed in (Chi et al.,
2010)]. It was also reported that suppression of EZH2 by siRNA reduced the tumor size in
breast and prostate cancer xenograft models (Gonzalez et al., 2009, Yu et al., 2007). MLL is a
proto-oncogene, and encodes a methyltransferase which methylates H3K4 (Milne et al.,
2002). MLL gene rearrangements represent one of the most common abnormalities found in
human leukemia, and are present in 80% of infant leukemias and 5-10% of adult acute
myeloid leukemias (AML) [reviewed in (Chi et al., 2010)].

Beyond histones, the significance of non-histone protein lysine methylation in human cancer
has recently begun to be explored. Accumulated evidence indicates that dysregulation of non-
histone protein lysine methylation is involved in the development and progression of cancer.
p53 is one of the most important tumor suppressors, and is frequently inactivated during
tumorigenesis, and SETD7 mediated methylation of p53 at Lys-372 enhances its stability and
transcriptional activity. SMYD2 methylate Lys-370 of p53 and its down regulation by RNA
interference enhances p53-mediated apoptosis in cancer cells. SETD8 mediated methylation
of Lys-382 suppresses the transcriptional activity of p53 in cancer cells [reviewed in
(Hamamoto et al., 2015)]. RB1 is a cell cycle regulator and its methylation at Lys-810
mediated by SMYD2, regulates its interaction with E2F transcription factors, and thus
regulates the cell cycle (Cho et al., 2012). Vascular endothelial growth factor receptor 1
(VEGFR1), which is a receptor tyrosine kinase, undergoes SMYD3 mediated methylation at
Lys-831, which enhances its kinase activity, leading to increased migration and invasion of
cancer cells. Another kinase, MAP3K2, undergoes methylation at Lys-260, which activates
RAS-RAF-MEK-ERK signaling, and down-regulation of the responsible methyltransferase,
SMYD3, blocks RAS-driven tumorigenesis [reviewed in (Hamamoto et al., 2015)].

Human MTF16 members were shown to methylate a wide variety of proteins, such as
translation factors, chaperones and ribosomal proteins (Table 1). VCP-KMT was reported to
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be up-regulated in several metastatic tumors (Thiele et al., 2011). It was reported that HSPA-
KMT mediated trimethylation of the stress induced Hsp70 protein, HSPAL, at Lys-561 is
predominant in various cancers such as ovarian and breast cancer patients. HSPA1 (Lys-561)
Methylation was found to be different between breast and ovarian cancers; trimethylation was
more prevalent in breast carcinoma while di-, mono- and unmethylated forms were common
in ovarian cancers. Moreover, the unmethylated form of Lys-561 found to be associated with
poor survival in ovarian cancer (Jakobsson et al., 2015). We also showed that METTL21B
mediated methylation of eEFla was much higher in cancer-derived human cells than in
normal rat tissues (Paper Il). Hence, it may be of interest to study whether these KMTs are
over-expressed in cancer, and if they play a role in cancer development. If so, these enzymes
may represent targets for future cancer therapy.
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Conclusion and future perspectives

In conclusion, the studies presented in this thesis have contributed to the characterization and
elucidation of the functional role of methyltransferases belonging to the human MTF16
subfamily of seven-B-strand methyltransferases. We showed for the first time that an
inducible expression of METTL21B occurs in response to alterations in growth conditions of
Balb/c cells through serum withdrawal or contact inhibition, and similar effects were observed
after treatment of cells with certain ER-stress induced drugs. We have noticed that eEFla
methylation at Lys-165 is high in cancer-derived human cells compared to normal rat organs.
Hence, it would be interesting to compare its methylation status between cancer patients and
healthy individuals. We have also found that METTL21B is localized in centrioles and since,
eEFla has been shown to involve in cellular cytoskeleton organization, METTL21B may
have a crucial role in this process. In another study, we have showed that VCP-KMT is
dispensable for the growth and survival of mice but it will be a great interest to study how the
VCPKMT-/- mice will respond to tumour transplants in comparison to normal mice. Further,
we have showed that the VCP-KMT/VCP-D1 enzyme substrate pair may represent a versatile
system to generate combinatorial libraries of desired lysine methylated sequences. However,
further studies are needed to expand this system to be used as a tool for identifying
methyllysine-containing sequences that interact with specific readers of lysine methylation.
Also, a few members of the human MTF16 family, as well as several other human 7BS
methyltransferases, remain uncharacterized, and the elucidation of these enzymes represent

important challenges for future research.
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