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Abstract
The class I histone deacetylases (HDAC) are zinc dependent enzymes that, with the
exception of HDAC8, require recruitment into multi-component co-repressor
complexes to carry out their full enzymatic activity. Such co-repressor complexes are
essential for life and are found in all organisms from yeast to humans. It is believed that
class I HDAC containing co-repressor complexes predominantly act on lysine residues
in histone tails to bring about chromatin compaction and gene silencing. The HDAC
enzymes are upregulated in numerous cancers and have been implicated in
neurodegenerative diseases. Given the importance of HDAC enzymes in growth,
development and homeostasis and their potential usefulness as therapeutic targets, it is
essential to gain a better understanding of their mechanism of action. A greater
understanding of co-repressor complexes will allow for a clearer understanding of
chromatin dynamics whilst also offering better tools for a more targeted approach in
developing therapeutics.
A novel class I HDAC containing co-repressor complex was recently discovered in a
chemoproteomics screen. This complex was found in higher amounts in cells arrested in
mitosis and subsequently termed the Mitotic Deacetylase Complex (MiDAC). In this
thesis I have utilised structural and biophysical techniques to gain a greater
understanding of the MiDAC complex. Initially work was performed to understand
whether the MiDAC complex, like other known co-repressors such as SMRT and
NuRD, was regulated by inositol phosphates. Indeed, it has been shown that inositol
phosphates do regulate the HDAC activity of MiDAC. Binding assays have
subsequently been used to determine the affinity of MiDAC for inositol phosphate and
an allosteric mechanism of inositol phosphate regulation is proposed. Enzyme assays
have demonstrated that MiDAC can select between histone tails. Structural techniques
show that the MiDAC complex exists as a tetramer and a model of the MiDAC
complex assembly has been proposed.
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Chapter 1 - Introduction
In 1953 the work of James Watson, Francis Crick and Rosalind Franklin determined the
structure of deoxyribo-nucleic acid (DNA) as a double helix (Watson & Crick 1953), but
they were still a long way off from understanding the complexities of utilising the genetic
material to produce a complex organism. The work of Conrad Waddington eleven
years earlier had begun to address the question of how gene regulation leads to
phenotypic differences. Waddington was interested in uniting different fields of biology
and was the first to coin the term epigenetics, which he referred to as, “the branch of
biology that studies the causal interactions between genes and their products which
bring the phenotype into being” (Waddington 1942). The modern definition by Robin
Holliday defines epigenetics as “the study of the mechanisms of temporal and spatial
control of gene activity during the development of complex organisms”. This more
contemporary meaning focuses less on Waddington’s original idea on the process of
gene control and more on the stability and heritability of these changes (Holliday 2006).
The importance of epigenetics is demonstrated in identical twins who despite sharing
exact copies of DNA, can develop strong phenotypic differences in personality and
character. These differences are proposed to be due to epigenetic alterations during
development and aging.
More striking examples of the importance of epigenetics are found in social insects, such
as the honeybee and the carpenter ant (Spannhoff et al. 2011). These insects operate as
a caste system in which individuals have distinct roles within the community. A colony
of ants for example will have a queen and the queen’s brood of workers, which are split
into major and minor. Despite sharing a very similar genome, minor and major ants
display striking differences in phenotype. The minor ants are small and their role is to
look after the young and forage for food, whilst the major workers are significantly
larger and act as soldiers to protect the colony. This difference in morphology is thought
to be due to epigenetic changes and a recent study has shown that the behavior of
carpenter ants can be altered through changes in the acetylation state of histone proteins
(Simola et al. 2016). But can histone modifications explain all epigenetics?

1

The two main examples of epigenetic modifications are modifications to the DNA, such
as DNA methylation and modifications to the tails of histone proteins. Whether histone
modifications should be classified as epigenetic modifications at all is still contentious
within the scientific community. An article by Siddhartha Mukherjee, published in May
2016 in the New Yorker polarized the point. This article discussed epigenetics in terms
of twins and focused almost exclusively on histone modifications. Mukherjee states
“…epigenetic marks are gradually layered above genes, etching the genome with its
own scars, calluses, and freckles.” Whilst this may be true, his article was met with
strong opposition from the scientific community for its nod to Lamarckism and its
implication that histone modifications are the main contender in gene regulation.
Owing to our current understanding of the heritability of histone modifications in
offspring perhaps it’s an unreasonable leap to Lamarckism. However the importance of
histone modifications in growth and development is evident, knockout cell lines of
various histone modifiers show embryonic lethality and non-lethal models show
developmental and neuronal problems (Marks 2010; Balemans et al. 2013; Duclot et al.
2010). We have a long way to go in understanding histone modifications but targeting
histone-modifying enzymes has already shown potential in a clinical setting (Mariadason
2008; Belvedere et al. 2007). It is essential to further our understanding of the role of
histone modifications in transcriptional regulation, not only for our understanding of
growth and development of eukaryotes. But also increasing our understanding of the
enzymes that carry out these modifications will allow for the generation of better and
more targeted therapeutics.

1.1 - Transcription vs Translation

The control of gene transcription is an essential regulatory mechanism that is central to
the temporal and spatial regulation of gene expression, however it is not the only layer
of regulation. The number of genes discovered in the human genome cannot account
for the complexity of the human proteome (Lander et al. 2001). Through alternative
splicing, a small number of genes can produce multiple proteins. This process is
governed by multiprotein complexes that control which portions of the mRNA,
transcribed from DNA, are retained in the final mature RNA that will then be
translated into protein (Berget & Sharp 1977; Kelemen et al. 2013). Alternative splicing
2

and the control of translation is just a small part of how growth, development and
homeostasis are regulated by cells. To understand how the same genetic information
can lead to drastically different developmental outcomes the role of transcription must
be considered.
Mis-regulation of gene expression is known to have significant downstream effects, and
in humans is responsible for many diseases, such as breast cancer (Jiang et al. 2011),
prostate cancer (Demichelis et al. 2012), melanoma (Huang et al. 2013), inflammatory
diseases (Hayden & Ghosh 2012), neurological development disorders (Ding et al. 2008;
Kaufmann et al. 2010), cohesinopathies (Bose & Gerton 2010) and many more. The
mechanisms of control are varied and are not just the result of histone modifications.
Transcription factors (TFs) are one of the key regulators of gene expression. TFs bind to
specific DNA sequences and can act as activators or silencers of transcription by
recruiting to the genome, large multimeric complexes (Spitz & Furlong 2012). A
transcriptional activator can lead to the expression of a protein that is then able to act
on itself, thus maintaining its own gene expression, whilst also acting on other target
genes. During cell division they can be distributed between parent and daughter cells
and thus are heritable. TFs are fundamental throughout development and cause
changes in gene expression that can be maintained through cell division. TFs are also
able to recruit histone modifying enzymes to specific genome sequences. Histone
proteins are the packaging unit of the cell and modifications to their tails lead to changes
in gene expression by altering chromatin structure and dynamics.

1.2 - DNA Packaging

Within the confines of the nucleus the DNA must be stored, regulated and copied by the
protein machines that utilize DNA for critical biological functions, including, DNA
repair, growth, differentiation, replication and homeostasis as well as many others. The
packaging of DNA is facilitated by the highly basic histone proteins that along with
DNA form nucleosomes (Kornberg & Thomas 1974; Weintraub & Groudine 1976).
The nucleosome consists of a histone octamer that contains two copies of four histone
proteins, H2A, H2B, H3 and H4, which wraps 1.6 turns of DNA (equivalent to 147
3

base pairs (bp)). The histone octamer consists of two dimers of H2A and H2B and these
bind the two copies of H3 and H4 forming a barrel type structure (Richmond & Davey
2003; Bentley et al. 1984). The structure of the core of the nucleosome has been solved
at high resolution using X-ray crystallography, which revealed the binding interactions
of DNA with the histone proteins and how the histone proteins are assembled into the
nucleosome (Richmond & Davey 2003; Bentley et al. 1984) (Figure 1.1). All four histone
proteins contain a histone tail, which is subject to various covalent modifications
including methylation, acetylation and phosphorylation (discussed in more detail later)
(Kouzarides 2007).

Figure 1.1: Structure of the core nucleosome.
The four proteins making up the core nucleosome (H3: Blue, H4: Yellow, H2A:
Orange, H2B: Green) showing DNA wrapping the histone octamer (PDB code: 1AOI)
(Luger et al. 1997).
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Histones bind DNA through a series of weak interactions, predominantly salt bridges
and hydrogen bonds that are easily modified, conferring plasticity to the chromatin
structure (Luger et al. 1997; Bentley et al. 1984) (Figure 1.1). The nucleosomes are
connected by a short length of linker DNA, approximately 40-70 bp, and when viewed
under electron microscopy appear as “beads on a string” due to the regular spaced
repetitive nature of the nucleosome particles (A. L. Olins & D. E. Olins 1974; Kornberg
& Thomas 1974). During mitosis the nucleosomes compact into a 30nm fibre whereby
nucleosomes form helical structures of approximately 6 nucleosomes per turn (Finch &
Klug 1976). These are then able to loop and these loops are able to form helical
structures that result in the fully condensed form of chromatin: the chromosome, which
is essential during cell division (Walczak et al. 2010) (Figure 1.2).

Figure 1.2: Chromatin consists of DNA wrapped around a core of 8 histone
proteins.
The core is made up of two copies of each H2A, H2B, H3 and H4 (or variants). DNA
wraps the core of the nucleosome and this daisy chains with other nucleosomes.
Chromatin can compact into chromatin fibre, which then folds into loop type structures
that can also form a helical structure to form chromosomes.
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There is a final histone protein, histone H1, that mediates the interaction between two
adjacent nucleosomes and the linker DNA to form nucleosome arrays (Y. B. Zhou et al.
1998). Several isoforms of H1 are known to exist such as H1° and H1t. H1t is a testis
specific H1 variant found in the testis of vertebrates (Seyedin et al. 1981). H1° is a linker
histone implicated in development (Khochbin 2001).
It is worth noting that there are also histone variants for the canonical histones such as
H3.3, H2A.Z, MacroH2A and many others (Malik & Henikoff 2003; Kamakaka &
Biggins 2005). Histone variants are expressed throughout the cell cycle and are
implicated in a variety of functions including transcription regulation and centromere
function. Histone variants tend to replace the canonical histones and have specialised
roles that lead to the regulation of chromatin structure and function.
Chromatin structure is dynamic and undergoes changes throughout the cell cycle. The
maintenance and control of specific chromatin structures is essential for a range of
epigenetic phenomena including gene regulation and centromere function. Chromatin
structure is regulated by modifications to the DNA itself as well as histone modifications
and recruitment of histone variants. Chromatin structure can be broadly categorised
into two states; euchromatin and heterochromatin, that play a key role in the regulation
of transcription. Euchromatin is the more open form of chromatin that is typically
associated with active transcription, whereas heterochromatin is the condensed form
that is typically transcriptionally inactive (Weintraub & Groudine 1976; Grewal & Jia
2007). Heterochromatin is mostly found at transcriptionally inactive and gene poor
regions, such as transposons, repetitive elements as well as the centromeres and
telomeres (Grewal & Jia 2007). Euchromatin is a more open form of chromatin and this
allows greater access to the DNA for transcriptional machinery (Allfrey et al. 1964;
Hübner & Spector 2010).

1.2.2 - Regulation of chromatin dynamics.

It was suggested as early as 1885 by Carl Rabl that chromosomes locate to distinct
regions within the nucleus during interphase, when they are not as condensed (Rabl
1885). Gene location within the nucleus is postulated to be an important mechanism for
gene activation and gene repression. It is often the case that active genes are located
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toward the interior of nuclei whereas transcriptionally silent genes are located at the
periphery (Takizawa, Gudla, et al. 2008; Takizawa, Meaburn, et al. 2008). This is a
rather simplistic view of gene regulation as the transcriptional machinery is found evenly
distributed throughout the nucleus. A central location is not necessarily predictive of
gene activation although there are several examples of gene inactivation by location to
the periphery of the nucleus. Such as differentiation specific genes that are positioned at
the periphery when the gene is silent (Brown et al. 1999; Kosak et al. 2002; Hakim et al.
2013).
As described above the chromatin landscape is dynamic and its control is key to the
normal function of the cell. The control and maintenance of chromatin location is
mediated by several mechanisms including: DNA methylation (Stein et al. 1982; Deaton
& Bird 2011; Payer & Lee 2008), chromatin remodeling through remodeling complexes
(A. Saha et al. 2006), incorporation of histone variants (J. Jin et al. 2005; C. Jin &
Felsenfeld 2007) and post translational modifications of histone proteins (Jenuwein &
Allis 2001; Strahl & Allis 2000). It is the post translation modifications (PTMs) of the
histone tails that are of most relevance to this project.

1.2.3 - The Histone Code

The terminal portion of each of the histone proteins, termed the histone tail, extends
outwards from the core of the histone octamer and is much more flexible than the rest
of the protein. The histone tails are subject to a range of post-translational modifications
(PTMs) that can act to change chromatin structure or alter interactions histones have
with non-histone proteins. These modifications include sumoylation, acetylation,
methylation and phosphorylation and have led to the term the ‘histone code’ that refers
to a part control of transcription through histone tails (Jenuwein & Allis 2001; Strahl &
Allis 2000; Kouzarides 2007) (Figure 1.3).
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Figure 1.3: Histone tails and the modifications associated with them.
Each histone protein has an extended tail that is subject to modifications. These
modifications lead to chromatin remodeling, DNA repair and alternative splicing. The
sequences and modification associated with individual residues on each histone tail are
shown here (Kato et al. 2010).
Histone tails are exposed to a range of PTMs that can lead to transcriptional activation,
transcriptional repression, DNA repair, chromatin remodeling and alternative splicing
(Huertas et al. 2009; Luco et al. 2010; Tessarz & Kouzarides 2014). Many of these
modifications have been characterised such that the state of specific residues on histone
tails is predictive of transcription. For example tri-methylation of histone H3, lysine 4
(H3K4me3) is associated with transcription initiation (Bernstein et al. 2005),
H3K27me3 is associated with inactive genes (Karlić et al. 2010) and H3K36me3 with
the removal of acetyl groups in the wake of an elongating Pol II (Karlić et al. 2010).
It has been proposed that many of these modifications are hierarchical and not equally
important. For instance, H3K27ac is associated with active transcription and when it is
in the presence of H3K4me1 and H3K20me1, gene activation is increased. However if
H3K27 is deacetylated but H3K4me1 and H3K20me1 are present this does not result
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in active transcription to the same extent as H3K27ac on its own (Karlić et al. 2010)
(Table 1.1).

Table 1.1: List of histone modifications and their functional outcome.
Continued on next page. Modified from http://www.cellsignal.com
Acetylation

Phosphorylation

Histone

Site

Proposed Function

Histone

Site

Proposed Function

H2A

Lys5

transcriptional activation

H1

Ser27

H2B

Lys5

transcriptional activation

H2A

Ser1

Lys12
Lys15

transcriptional activation
transcriptional activation

Lys20
Lys9

transcriptional activation
transcriptional activation

Thr142
Ser14

transcriptional activation,
chromatin decondensation
mitosis, chromatin assembly,
transcriptional repression
DNA repair
mitosis, transcriptional
repression
apoptosis, DNA repair
apoptosis, DNA repair

Lys14

Ser36

transcriptional activation

Ser10
Ser28

mitosis, meiosis,
transcriptional activation
mitosis

Lys27

transcriptional activation,
DNA repair
transcriptional activation,
DNA repair
transcriptional activation,
DNA repair
transcriptional activation

Thr3

mitosis

Lys36

transcriptional activation

Thr6

unknown

Lys5

transcriptional activation,
DNA repair, histone
deposition
transcriptional activation,
DNA repair
transcriptional activation,
DNA repair, histone
deposition
transcriptional activation,
DNA repair

Thr11

mitosis

H3

Lys18
Lys23

H4

Lys8
Lys12
Lys16

Ser139
Thr120
H2B

H3

Tyr41

H4

Tyr45

apoptosis

CK2

mitosis, DNA repair
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Methylation

Ubiquitylation

Histone

Site

Proposed Function

Histone

Site

Proposed Function

H1

Lys26

transcriptonal silencing

H2A

spermatogenesis

H2A

Arg3

H2B

H3

Arg2

transcriptional activation,
transcriptional repression
transcriptional repression

Lys11
9
Lys12
0

transcriptional activation,
transcriptional repression
transcriptional activation
transcriptional activation
transcriptional activation
transcriptional activation
transcriptional repression
transcriptional silencing,
X-inactivation
transcriptional activation
euchromatin,
transcriptional activation
transcriptional activation,
transcriptional repression
mono-me: transcriptional
silencing, trime:heterochromatin
transcriptonal silencing

Biotinylation
Site
Lys9
Lys13
Lys4
Lys9
Lys18

Proposed Function
unknown
unknown
gene expression
gene expression
gene expression

Lys12

DNA damage response

Arg8
Arg17
Arg26
Arg42
Lys4
Lys9
Lys27
Lys36
Lys79
H4

Arg3
Lys20
Lys59

Histone
H2A
H3

H4

meiosis

Sumoylation (only in S.cerevisiae)
Histone

Site

Proposed Function

H2A

Lys12
6
Lys6

transcriptional repression

Nterm
tail

transcriptional repression

H2B
H4

transcriptional repression

It has been clearly demonstrated in many instances that individual residues in histone
tails can be subject to more than one specific modification. For example H3K27 can be
acetylated but is also subject to mono-, di- and tri- methylation (Ferrari et al. 2014;
Barski et al. 2007). Whilst H3K27ac and H3K27me1 are associated with active
promoters (Ferrari et al. 2014), H3K27me3 is tightly associated with inactive gene
promoters (Barski et al. 2007).
The modifications presented in table 1.1 are those observed in mammalian cells to date
and this is by no means an exhaustive list. This table highlights the diverse nature of
histone modifications and shows a snapshot of the level of control histones have over
transcription, DNA repair and chromatin remodeling.
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1.2.4 - Regulation and control of histone post translational modifications.

Histone modifications are controlled by a large number of histone modifying proteins
that act on their own or in large multi-protein complexes to carry out their function.
The proteins involved in histone modifications can be broadly categorised into readers,
writers and erasers. Histone modifications are added by ‘writers’ such as histone
acetyltransferases (HATs) and histone methyltransferases (HMTs) that covalently attach
modifications to histone tails. These modifications can cause local changes in structure
or they are recognised by ‘readers’. Readers are proteins that contain specific domains
such as bromodomains and chromodomains that are able to recognise and bind to
histone modifications. Histone modifications can be removed by proteins such as
histone deacetylases (HDACs) and lysine demethylases (KDMs) that are termed erasers.
Multiple histone modifying enzymes can be present in any one complex and
modifications to histone proteins can not only affect overall chromatin structure by
merely being there but also by recruiting remodeling enzymes that are able to actively
reposition nucleosomes (Bannister & Kouzarides 2011). Each of the more common
modifications are highlighted below.
The acetylation state of lysine residues on histone tails is controlled by the opposing
action of histone acetyl transferases (HATs) and HDACs, that add and remove acetyl
groups to the ε-amino group of lysine residues, respectively (Shahbazian & Grunstein
2007). The acetylation state of lysine residues has a direct affect on local chromatin
compaction (D. E. Sterner & Berger 2000; X.-J. Yang & Seto 2007).
Phosphorylation is a highly dynamic modification that takes place on serines, threonines
and tyrosines predominantly but not exclusively on histone tails. The phosphorylation
state of these residues is controlled by the opposing action of kinases that remove
phosphate groups, and phosphatases that add phosphate groups (Oki et al. 2007)
Methylation occurs on lysine and arginine side chains and until 2002, was considered a
stable, static modification (Bannister et al. 2002). It is now clear that methylation like
phosphorylation and acetylation is a dynamic modification that can be added and
removed. Lysine residues can be mono-, di- or tri- methylated and methyl groups are
added by histone lysine methyltransferases (HKMTs) that tend to be specific enzymes.
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Arginine residues can be mono-, symmetrically or asymmetrically di-methylated by the
type I or type II arginine methyltransferases. The de-methylation of arginine residues is
still a poorly understood process with only one group able to show arginine
demethylation by a jumonji protein (Chang et al. 2007). Several lysine demethylases
have been discovered to date that have been shown to demethylate mono-, di- and trimethylated lysine residues (Y. Shi et al. 2004; Tsukada et al. 2006; Whetstine et al.
2006).
Histone tails are also subject to a series of less well-characterized modifications.
Deimination is the conversion of arginine to a citrulline which neutralizes the positive
charge on the arginine side chain (Cuthbert et al. 2004). Ubiquitylation is a large
covalent modification that adds the 76-amino acid polypeptide; ubiquitin, to histone
lysines (Hershko & Ciechanover 1998; H. Wang et al. 2004). Ubiquitylation is another
dynamic modification that can be added or removed and is important for both gene
activity and gene silencing (H. Wang et al. 2004). Sumoylation is a modification related
to ubiquitination and is mainly associated with gene repression (Shiio & Eisenman
2003). In sumoylation the sequential action of E1, E2 and E3 ligases covalently attach
small ubiquitin like modifier (SUMO) molecules to histone lysines (Hershko &
Ciechanover 1998; Seeler & Dejean 2003). Crotonylation was identified recently as an
evolutionarily conserved post translational modification (PTM) on lysine residues (Tan
et al. 2011). Histone crotonylation has thus far been identified as a mark of active sex
chromosome linked genes in male germ cells, however its global affects are still poorly
understood (Tan et al. 2015). The most extreme of these post-translational modifications
appears to be histone tail clipping. This is an evolutionarily conserved mechanism from
yeast to mammals where the first 21 amino acids of the H3 N-terminal tail are removed
to regulate transcription (Allis & Wiggins 1984; Duncan et al. 2008; Santos-Rosa et al.
2009).
Histone acetylation and phosphorylation both affect the charge of histones and this in
turn affects the electrostatic interactions between histones and DNA resulting in direct
changes to chromatin structure. For the purpose of this work it is the acetylation states
of histones that will be focused on.
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1.2.5 - The acetylation state of histone tails.

The addition of an acetyl moiety to the ε-amino group of lysine residues in histone tails
was first discovered in the early 1960’s (Phillips 1963; Allfrey et al. 1964). The first
identification of HATs and HDACs did not come until mid 1990’s, which then directly
linked the acetylation state of histone tails to transcriptional regulation (Bannister &
Kouzarides 1996; Mizzen et al. 1996; Rundlett et al. 1996; Carmen et al. 1996).
The acetylation state of histone tails plays a diverse regulatory role including
nucleosome assembly and chromatin structure. It is chaperone proteins that are
responsible for recognising the acetylation levels and facilitating the assembly of newly
synthesised histones into nucleosomes. HATs rapidly acetylate newly synthesized
histones, these are then deacetylated after being deposited onto DNA and subsequently
re-acetylated with various patterns to facilitate various functions (Ruiz-Carrillo et al.
1975; Jackson et al. 1976; Annunziato & Seale 1983).
There are two distinct forms of chromatin, euchromatin and heterochromatin.
Euchromatin is a lightly packed form of chromatin that is more accessible to the
transcriptional machinery, whereas heterochromatin is a tightly packed form of
chromatin that restricts access to the DNA (Hübner & Spector 2010). When the acetyl
groups on lysine residues are removed there is an increase in charge, leading to a tighter
affinity to DNA, heterochromatin formation and gene repression (Kouzarides 2000).
The opposite is true for the addition of an acetyl group resulting in euchromatin
formation (Shahbazian & Grunstein 2007; Tessarz & Kouzarides 2014) (Figure 1.4).
The loss of acetylation also decreases the affinity of co-activators that contain
bromodomains (Zeng & M. M. Zhou 2002).
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Figure 1.4: Cartoon schematic of acetylation.
The opposing action of HATs and HDACs work to remove or add acetyl groups to
histone tails. This modification brings about chromatin compaction and chromatin
relaxation.
HATs and HDACs function in two distinct manners, either globally or targeted. Both
groups of enzymes have been shown to work in a global manner where they are broadly
recruited across the genome. They are also specifically targeted to the upstream
regulatory regions of specific genes by transcriptional activators or repressors to either
activate or silence the gene (Z. Wang et al. 2009; Shahbazian & Grunstein 2007). It is
important to note that whilst the focus of this work is on the activity of HDACs against
histone tails, the action of these enzymes is not limited to histone tails (Bergel et al. 2000;
D. E. Sterner & Berger 2000).

1.3 - Histone Deacetylase enzymes

Histone deacetylase activity was first identified from nuclear matrix in the early 1990’s
(Hendzel et al. 1991) but it was in 1996 that HDA1 and HDA2 were identified in yeast
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and a mammalian histone deacetylase encoding gene was first cloned (Rundlett et al.
1996; Carmen et al. 1996; Taunton et al. 1996). Since then it has been shown that the
yeast Saccharomyces cerevisiae contains five enzymes that demonstrate HDAC activity,
HDA1, RPD3, Hos1, Hos2 and Hos3. There have been 20 HDAC enzymes identified
in mammals and these are split into four classes: class I, class II, class III and class IV
(Gregoretti et al. 2004; de Ruijter et al. 2003). HDAC enzymes are conserved from
yeast to humans and demonstrate embryonic lethality when knocked out of embryonic
stem (ES) cells. Interest has grown in HDAC enzymes as they have been shown to be
promising therapeutic targets for the treatment of various cancers as well as other
diseases (K. Xu et al. 2011; Shankar & Srivastava 2008; West & Johnstone 2014).

1.3.1 - Classes of HDAC enzymes

Figure 1.5: Classification of HDAC enzymes.
HDACs have been grouped based on homology to yeast enzymes. (de Ruijter et al.
2003; Gregoretti et al. 2004)
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Class III enzymes comprise the SIR2 family of NAD+ dependent HDACs and are
distinct from the other 3 classes that are all zinc dependent enzymes. For the purposes of
this work the Class III Sirtuins will not be discussed. The Zinc dependent HDAC
enzymes are split into 3 classes based on their sequence similarity and homology to the
yeast enzyme Rpd3 (Gregoretti et al. 2004; de Ruijter et al. 2003) (Figure 1.5).
Class II HDACs are subdivided into class IIa and class IIb enzymes based on their
domain organisation. Class IIa contains the enzymes HDAC4, HDAC5, HDAC7 and
HDAC9, whilst class IIb contains HDAC6 and HDAC10.
The class IIa enzymes have their catalytic domain at the C-terminal half of the protein
and a nuclear localisation signal (NLS) situated close to the N-terminus. HDAC5 also
contains a nuclear export signal (NES) suggesting that it is able to shuttle in and out of
the nucleus. In addition to the deacetylase domain, class IIa HDACs contain other
repression domains and function as transcriptional corepressors (Lemercier et al. 2000;
Kao et al. 2000). Class IIa enzymes are recruited to transcriptional co-repressors and
bind directly to sequence specific transcription factors. These enzymes are tissue specific
and are important for cell differentiation, they are found highly expressed in skeletal
muscle, heart, brain and thymus (Verdin et al. 2003). Activity of class IIa HDACs is still
poorly understood. Sumoylation of HDAC4 is required for its activity and both
HDAC4 and HDAC7 are reportedly recruited to HDAC3 containing complexes for
their deacetylase activity (Fischle et al. 2001; Fischle et al. 2002; Kirsh et al. 2002). In
2015 it was discovered that a short peptide motif (RD3) present in SMRT and NCoR
mediates the specific interaction with all of the class IIa HDAC enzymes and that
SMRT interacts with a GSI motif situated close to the active site of HDAC4 (Hudson et
al. 2015). This finding gave insights into the recruitment of class IIa HDACs into large
co-repressor complexes. However their activity was not increased upon recruitment,
suggesting a different mechanism of activation (Hudson et al. 2015).
Unlike class IIa enzymes, HDAC6 has two catalytic domains and a zinc finger motif
(Grozinger et al. 1999; Verdel & Khochbin 1999). This motif is similar to regions found
in several ubiquitin proteases and so has been referred to as a deacetylase ubiquitin
specific protease (DAUP) domain. HDAC10 has a catalytic site similar to the second
catalytic domain of HDAC6 and has a Leucine rich C-terminal portion of unknown
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function (X.-J. Yang & Gregoire 2005). HDAC10 is widely expressed and localizes to
both the cytoplasm and nucleus however its function is yet to be elucidated. Like
HDAC10, HDAC6 also localizes to both the cytoplasm and nucleus and performs the
large majority of its functions in the cytoplasm where it targets tubulin, HSP90 and
cortactin (Haggarty et al. 2003; Hubbert et al. 2002; Valenzuela-Fernández et al. 2008).
Its hub finger domain is also important in the cytoplasm where it binds ubiquitin and
displays E3 ligase activity. Both the deacetylase domain and ubiquitin binding ability of
HDAC6 contributes to its function in cellular management of misfolded proteins in the
cytoplasm. Its function in the nucleus is less understood. It is known to associate with
HDAC11, sumoylated p300 and transcriptional co-repressors, however whether this
leads to histone modifications or further protein modifications is unknown (X.-J. Yang &
Gregoire 2005).
Class I HDACs consist of HDACs 1, 2, 3 and 8, and are predominantly located in the
nucleus where they remove acetyl groups from lysine residues. Class I HDACs are all
orthologs of the yeast enzyme Rpd3 (Guenther et al, 2000). With the exception of
HDAC8, these enzymes are recruited into large multiprotein complexes in order to
have their full enzymatic activity (Imai et al. 2000; Lechner et al. 2000; Kao et al. 2000;
Guenther et al. 2007). HDAC8 is distinct in this class of enzymes as it is found to be
active on its own and does not need recruitment to a complex in order for it to have full
enzymatic activity. The yeast enzyme Rpd3 is also found recruited into a multimeric
complex in S. cerevisiae and it is likely that the ability of HDAC8 to function on its own
was obtained during an evolutionary event. HDAC1 and HDAC2 are very similar
enzymes with a sequence identity of 82%. Both HDAC1 and HDAC2 are found in a
range of co-repressor complexes that are recruited to nucleosome targets (W. M. Yang
& Yao n.d.; Rundlett et al. 1996). HDAC3 is most closely related to HDAC8 but
HDAC3 contains a nuclear export signal (NES) that is not found in the other class I
enzymes, this gives HDAC3 the ability to shuttle in and out of the nucleus depending on
the cell type and environmental conditions (W.-M. Yang et al. 2002). HDAC3 is
exclusively recruited to the SMRT/NCoR complex, which is distinct to HDACs 1 and
2 that can be recruited to multiple co-repressors (Wen et al. 2000; Watson, Fairall &
Schwabe 2012). It is through the recruitment of HDACs 1, 2 and 3 into distinct corepressors in complex with various cofactors that confers specificity and activity of these
enzymes (Xue et al. 1998; Guenther et al. 2000).
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1.3.2 - Function of Class I HDACs

Class I Histone Deaceytylases (HDACs) are recruited to deacetylate specific residues on
histone tails via interaction with multiprotein complexes. The most studied co-repressor
complexes to date are the homologous proteins Silencing Mediator of Retinoid and
Thyroid Receptors (SMRT) and Nuclear Receptor Co-repressor (NCoR) that were
discovered in 1995 (Hörlein et al. 1995; Chen & Evans 1995). SMRT and NCoR
appear to be large unstructured proteins that act as scaffolds, tethering a number of
functional proteins together in order to carry out their role of transcriptional repression
(Jones et al. 2001; Underhill et al. 2000; Watson et al. 2012; Guenther et al. 2001). They
are found conserved throughout evolution and have homologs in Drosophila melanogaster
and Caenorhabditis elegans. The SET3 complex in S. cerevisiae is a functional homolog of the
NCoR/SMRT and contains the SANT domain protein Snt1 (Mottis et al. 2013). Since
the discovery of SMRT/NCoR, many co-repressor complexes have been isolated and
identified, including the Nucleosome Remodelling and Deacetylase (NuRD) (Xue et al.
1998), REST co-repressor 1 (CoREST) (Humphrey et al. 2001) and Sin3 transcription
homolog A (Sin3A) (Laherty et al. 1997) (Figure 1.6).
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Figure 1.6: Core components of four of the known co-repressor complexes.
HDAC1/2 are recruited to three of the main co-repressor complexes, NuRD, Sin3A
and CoREST. HDAC3 is exclusively recruited to SMRT which is also known to
associate with HDAC4.
Several studies have been performed to identify the specific lysine residues on histone
tails that are targeted by class I HDAC enzymes. Using free histones and Western
blotting analysis with antibodies against specific acetyl lysines, HDAC3 and HDAC1
have been shown to de-acetylate all four of the major histone proteins; H2A, H2B, H3
and H4 (Johnson et al. 2002; Kelly & Cowley 2013). Although the Class I HDACs have
been proposed to show a preference for histone 3 and histone 4 tails (Johnson et al.
2002; Dovey et al. 2010; Hartman et al. 2005). HDAC3 in complex with
NCoR/SMRT is thought to preferentially target histone 4 where it is able to deacetylate
all four of the lysine residues, H4K5, K8, K12 and K16 (Hartman et al. 2005). The
currently known lysine substrates of the class I HDACs are summarized in table 1.2.
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Table 1.2: Lysine residues on histone tails that have been shown as
substrates of HDACs 1, 2 and 3 (Johnson et al. 2002; Hartman et al. 2005;
Bhaskara et al. 2008; You et al. 2013; Guillemette et al. 2011; Dovey et al.
2010).

Histone

Lysine Residue

HDAC

H2A

Ac5

1 and 3

H2B

Ac12, Ac15

1 and 3

H3

Ac9, Ac14

1, 2 and 3

H3

Ac27

3

H3

Ac4, Ac56

1

H4

Ac5, Ac8, Ac12, Ac16

1 and 3

The studies so far have either measured acetylation states in knockout cell lines or used
crude samples of complexes containing HDAC1 and HDAC3 to measure deacetylation
activity. Therefore it remains unclear whether recruitment of HDAC enzymes to
individual co-repressors can confer specificity of HDAC enzymes to specific histone
tails.
The deacetylase activity of class I HDAC containing co-repressor complexes is not
limited only to lysine residues on histone tails. Class I HDAC enzymes are known to
deacetylate non-histone proteins and are probably more aptly called lysine deacetylases
(KDAC) (Yao & W.-M. Yang 2011; X.-J. Yang & Gregoire 2005).

1.3.3 - Non-Histone Substrates

The acetylation state of lysine residues on non-histone proteins is an important posttranslational modification that, like histone lysine acetylation is controlled by the
opposing action of HATs and HDACs (D. E. Sterner & Berger 2000; Kouzarides 2000).
Acetylation can occur on a diverse range of proteins including, acetylases, transcription
factors, nuclear import factors and α-tubulin (Kouzarides 2000). The function of
acetylation on non-histone proteins is dependent on the protein and the location of the
modification. For example the acetylation of the DNA binding transcription factors p53,
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GATA1, E2F1 and EKLF on sites adjacent to the DNA binding domain results in
stimulation of DNA binding (Gu & Roeder 1997; Boyes et al. 1998; W. Zhang & Bieker
1998; Martínez-Balbás et al. 2000). This is in contrast to the transcription factor High
Mobility Group (HMG) I(Y), which is acetylated on a lysine residue within the DNA
binding domain to disrupt DNA binding (R. Sterner et al. 1978; R. Sterner et al. 1979).
The acetylation of histone proteins was discovered over 40 years ago, and in 1997 lysine
modification of a non-histone protein, p53, was discovered. Much work is needed to
understand this modification and the role that it has on cellular processes (Allfrey et al.
1964; Gu & Roeder 1997). To date, over 3,600 sites in 1,750 human proteins have been
identified that undergo acetylation, which makes this PTM nearly as abundant as
phosphorylation and has led to the term the ‘acetylome’ (Smith & Workman 2009).
Until the work of Choudary in 2009, only a few acetylation sites had been identified in
proteins and these were predominantly on histone proteins (Choudhary et al. 2009).
The functions of acetylation of non-histone proteins such as the tumour suppressor p53
are only just starting to be uncovered. This work is benefiting from structural studies
that have helped determine how HDAC enzymes are able to carry out their function.

1.3.4 - Structural Characteristics of HDAC enzymes

The first crystal structure of a HDAC enzyme was that of a histone deacetylase like
protein (HDLP), a HDAC related enzyme from the hyperthermophilic bacteria Aquifex
aeolicus (Finnin et al. 1999). This structure revealed a zinc-binding site and two Asp-His
charge relay systems, offering insights into the mechanism of lysine deacetylation and
HDAC inhibition (Finnin et al. 1999). The structure of HDLP also revealed an
arginase-deacetylase fold that was first identified within an arginase protein (Kanyo et
al. 1996)). The central feature of this fold is an 8-stranded parallel β-sheet, surrounded
by 16 α-helices. Four helices pack on either face of the β-sheet forming the core α/ β
structure that is characteristic of this fold (Finnin et al. 1999). In HDLP the arginasedeacetylase fold co-ordinates conserved residues in loops L4 and L7 to a single Zn2+ ion
(Finnin et al. 1999). The Zn2+ ion sits at the bottom of a tube-like pocket that was
identified as the active site. The active site pocket with the coordinated Zn2+ was also
observed in the structure of HDAC3 bound to SMRT (Watson et al. 2012) (Figure 1.7).
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Figure 1.7: The crystal structure of HDAC3:SMRT.
The structure of HDAC3 (grey) in complex with the deacetylase activating domain of
SMRT (green) (PDB code: 4A69). The spacefill model highlights the active site and the
interaction of SMRT to one side of HDAC3. The cartoon representation highlights the
8 parallel beta sheets that are characteristic of the arginase-deacetylase fold. The zinc
ion is positioned at the bottom of the active site pocket and is co-ordinated by the 6
residues highlighted in orange (H134, H145, D170, H172, D259, Y298) (Watson et al.
2012)

The arginase-deacetylase fold, along with the conservation of the active site residues
involved in co-ordinating the Zn2+ ion has been observed in a number of HDAC
structures, including, HDAC2 (Bressi et al. 2010), HDAC4 (Bottomley et al. 2008),
HDAC7 (Schuetz et al. 2008), HDAC8 (Somoza et al. 2004), HDAC1 (Millard et al.
2013) and HDAC3 (Watson et al. 2012). The importance of the active site conservation
between different HDAC enzymes, with respect to HDAC inhibitors in disease
treatment, will be discussed later.
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1.3.5 - Mechanism of action of HDAC enzymes

The similarity in the active sites between the various HDACs shows a conserved
mechanism of deacetylation. The entrance to the active site is on the surface of the
enzyme with the catalytic zinc buried at the bottom of an 11 Å tube like tunnel. The
shape and size of the tunnel accommodates the acetylated lysine substrate with the zinc
ion co-ordinating the oxygen atom of the acetyl group. Nucleophilic attack by a water
molecule forms an intermediate that is stabilized by the hydroxyl of a tyrosine residue.
The intermediate then collapses, releasing a molecule of acetic acid and the
deacetylated lysine residue (Newkirk et al. 2009) (Figure 1.8).

Figure 1.8: Mechanism of deacetylation schematic.
The acetylated lysine substrate (red) sits in the active site tunnel and the residues of
HDAC3 co-ordinate the deacetylation (black). Residue numbers correspond to HDAC3
(Newkirk et al. 2009).
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The residues in the active site that are responsible for the deacetylation of lysine residues
are conserved between the class I HDAC enzymes as well as other non-class I HDACs
(Figure 1.8). The class IIa HDACs show no enzymatic activity due to a single amino
acid change in the active site. The key tyrosine residue that stabilizes the intermediate in
class I HDACs (Y297) (Figure 1.7), is a histidine residue in class IIa HDACs (Lahm et al.
2007; Hudson et al. 2015). Mutating this histidine to a tyrosine in HDAC4 produces an
enzyme with a catalytic efficiency that is 1000 fold higher than the wild type (Hudson et
al. 2015).

1.3.6 - Recruitment of HDACs to Co-regulator Complexes

As discussed earlier the class I HDAC enzymes require recruitment to co-repressor
complexes in order to have full enzymatic activity. The recruitment of a variety of
components to these large multimeric complexes is thought to give each co-repressor
complex some specificity. For example the CoREST complex is composed of CoREST,
HDAC1 or HDAC2 and lysine specific demethylase 1 (LSD1) (Humphrey et al. 2001;
Y.-J. Shi et al. 2005). This complex contains dual functionality, consisting of the
deacetylase activity of HDAC1 that deacetylates lysine residues and the demethylase
activity of the LSD1 protein. It has been shown that the CoREST protein not only
stabilizes LSD1 but also stimulates its demethylase activity (Y.-J. Shi et al. 2005). The
dual activity of the deacetylase and demethylase would have profound effects on gene
repression. The NuRD complex also shows dual functionality as it is found to contain
ATP-dependent chromatin remodeling activity and histone deacetylase activity (Xue et
al. 1998).
Due to the predominantly unstructured nature of the large co-repressor proteins, these
complexes are particularly challenging for structural studies. Despite this, the crystal
structures of both HDAC3 in complex with the interacting portion of SMRT and
HDAC1 in complex with the interacting portion of MTA1 have been solved using Xray crystallography. These structures have given insights into how HDAC enzymes are
recruited to co-repressors and the regulation of co-repressors (Millard et al. 2013;
Watson et al. 2012). This and further work on the components that make up these large
co-repressor complexes would give further insights into how they function in vivo.
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1.3.7 - Structures of Class I HDAC enzymes in complex with their co-

repressors
The SMRT-HDAC3 complex exhibits deacetylase activity, whereas recombinant
HDAC3 is inactive (Guenther et al. 2001). It has been shown that just a small portion of
SMRT, termed the deacetylase activating domain (DAD), is sufficient for the activation
of HDAC3 (Guenther et al. 2001; Watson et al. 2012). The DAD contains one of the
two SANT motifs present in SMRT, and this SANT domain is conserved in the
homologous co-repressor NCoR. The discovery that SMRT is able to activate HDAC3
but not HDAC4 suggests a mechanism of activation that goes beyond merely recruiting
HDAC activity to specific gene locations and also suggests SMRT is an active member
of the multi subunit complex. To further characterise this complex and the interaction
between SMRT and HDAC3, the structure of HDAC3 in complex with the minimal
region of SMRT that was required for activation, the DAD, was crystallised and the
structure was solved to a resolution of 2.1 Å (Watson et al. 2012) (Figure 1.9).
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Figure 1.9: Structure of HDAC3 in complex with the deacetylase activating
domain (DAD) of SMRT.
Representations of the structure of HDAC3 in complex with SMRT-DAD (PDB code:
4A69). A) Space fill representation of HDAC1 (grey) with SMRT-DAD in cartoon form.
Yellow cross highlights the active site, which is located next to the inositol phosphate
molecule shown in sticks. (B) Rotated view of HDAC3 highlighting the groove in blue
that is conserved between HDAC1 and HDAC3 where an extended SMRT construct
has been shown to bind. (C) Electrostatic surface view of HDAC3 with the active site
shown by a yellow cross, SMRT (DAD) in grey and the highly basic inositol phosphate
binding pocket clearly visible (Watson et al. 2012).
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The structure of HDAC3:SMRT-DAD revealed an inositol phosphate molecule that
could be unambiguously assigned as inositol 1,4,5,6 tetrakisphosphate (Ins1,4,5,6 P4).
The inositol phosphate was bound at the interface between the DAD and HDAC3 and
was postulated at the time to be either a structural co-factor, a regulatory molecule or
both (Watson et al. 2012) (Figure 1.9A). The HDAC3 structure showed the same
arginase-deacetylase fold that was seen in other HDAC structures with 8 parallel betastrands surrounded by alpha helices. This structure forms the tube like active site with
the catalytic zinc at the base of the tunnel.
Subsequently the structure of HDAC1 in complex with the ELM2-SANT domain of
MTA1 was solved by X-ray crystallography (Millard et al. 2013) (Figure 1.10). One of
the key features shown in this structure is that there is a groove that extends around
HDAC1 where part of the ELM2 domain of MTA1 binds (Figure 1.10A). This groove
is conserved in the HDAC3 structure and it has since been shown that by extending the
SMRT construct, it too wraps HDAC3 in this conserved groove and suggests that
SMRT is constitutively bound to HDAC3.
The HDAC1:MTA1 structure also revealed that the SANT domain of MTA1 interacts
with HDAC1 in a similar manner to that observed in the HDAC3: SMRT structure
(Watson et al. 2012; Millard et al. 2013) (Figure 1.10). Although there was no inositol
phosphate found at the interface of the SANT domain of MTA1 and HDAC1 there was
a highly conserved basic pocket where the inositol phosphate could bind (Millard et al.
2013). The MTA1:HDAC1 complex was shown to be a dimer with a substantial
dimerization interface formed by the ELM2:SANT domain of MTA1 (Figure 1.10).
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Figure 1.10: Structure of HDAC1:MTA1.
Representations of the structure of HDAC1 in complex with MTA1 (PDB code:
4BKX). A) The MTA1:HDAC1 dimer with HDAC1 (grey) as a space fill model and
the MTA1 as cartoon view, ELM2 motif in pink, ELM2 dimerisation domain in cyan
and the SANT domain in green. B) HDAC1:MTA1 monomer highlighting the
wrapping of MTA1 around HDAC1. C) HDAC1:MTA1 rotated 90° to show the active
site (yellow cross). D) Electrostatic surface of the interface between ELM2:SANT
showing the inositol phosphate binding site and the active site (Millard et al, 2013).
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The ELM2 dimerisation domain is located immediately amino terminal to the SANT
domain and is composed of four alpha helices. Helices H1 and H3 of the SANT domain
mediate the HDAC1 interaction whilst helices H1 and H4 from the ELM2 domain
form the primary dimer interface. The orientation of this interface puts a slight twist
between the two monomers and this orientates both active sites on the HDAC1 surface
on roughly the same face of the dimer (Millard et al. 2013) (Figure 1.10A). This could be
functionally important for targeting multiple histone substrates in one nucleosome or
multiple nucleosomes.
Although no inositol phosphate was found at the interface of HDAC1:MTA1 the
residues that form this pocket in HDAC3:SMRT are highly conserved in the SANT
domain of MTA1 and HDAC1. The presence of this highly basic pocket in
MTA1:HDAC1 (Figure 1.10D) suggests a conserved function of inositol phosphate
between the two complexes.

1.4 - Inositol Phosphates

The discovery of an inositol phosphate bound at the interface of HDAC3 and SMRT,
followed by the discovery that this binding pocket is conserved in MTA1, gave strong
evidence that this molecule may have a regulatory role for class I HDAC containing corepressor complexes (Watson et al. 2012; Millard et al. 2013). Indeed it was shown that
inositol phosphate is able to activate both HDAC1:MTA1 and HDAC3:SMRT (Figure
1.11).
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Figure 1.11: HDAC activity assays showing the increase in activity with
increasing Ins (1,4,5,6) P4 concentration.
(A) HDAC3:SMRT complex is first treated with a 1M NACl wash to remove Ins
(1,4,5,6) P4 from the complex. The HDAC3:SMRT concentration is constant with
increasing concentration of Ins (1,4,5,6) P4 causing activation of the complex. (B)
HDAC1:MTA1 is predicted to not purify with Ins (1,4,5,6) P4 and so no salt wash is
used before activation by Ins (1,4,5,6) P4 (Millard et al. 2013).

The activity assays show that Ins (1,4,5,6) P4 is a bona fide regulator of class I HDAC
complexes (Figure 1.11) (Millard, et al. 2013). This work was taken further to investigate
the stereochemical requirements of activation by inositol phosphates.

1.4.2 - Stereochemical requirements of activation by Inositol phosphates.

As discovered in the crystal structure of HDAC3:SMRT the phosphate groups on the
inositol phosphate ring are accommodated by distinct sites in the binding pocket
referred to as A, B, C and D. These sites correspond respectively to positions 4, 5, 6 and
1 on the inositol phosphate ring (Figure 1.12).
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Figure 1.12: Inositol phosphate stereochemistry.
(a) Shows the chemical structure of Ins (1,4,5,6) P4. (b) Cartoon schematic showing the
four binding sites in the inositol phosphate binding pocket in green and the phosphate
positions in orange.
Recent studies have elucidated the stereochemical requirements for binding and
activation of class I HDAC co-repressors and has demonstrated that activation requires
at least three adjacent phosphate groups that accommodate sites A, B and C (Watson et
al. 2016) (Figure 1.12b). Positions 2 and 3 on the inositol phosphate ring do not interact
with the protein directly, meaning that InsP5 and InsP6 are also able to bind and
activate class I HDAC containing co-repressors as there is no steric hindrance.
Ins(1,4,5)P3 is most commonly known as the second messenger that binds to the inositol
triphosphate receptor (InsP3R) and thus signals Ca2+ release (Irvine & Schell 2001). As
Ins(1,4,5)P3 is not able to simultaneously occupy the A, B and C positions, it is unable to
activate class I HDAC containing complexes (Figure 1.12b) (Irvine & Schell 2001;
Watson et al. 2016). This separates the activation of class I HDACs by higher order
inositol phosphates away from the role of Ins(1,4,5)P3 in Ca2+ signaling.

1.4.3 - Inositol phosphate synthesis in vivo.

Inositol phosphates have long been known as signaling molecules and the myo-inositol
ring can be differentially phosphorylated around the six-carbon inositol ring to generate
a diverse array of signaling molecules (Irvine & Schell 2001). The inositol ring is not
limited to 6 phosphates as high-energy phosphoanhydride bonds allow multiple
phosphates to be present on an individual carbon. This creates a family of inositol
pyrophosphates that can have one or more of these pyrophosphates bound to the
inositol ring (Livermore et al. 2016).
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The most characterized inositol phosphate is Ins(1,4,5)P3 which induces Ca2+ release
(Streb et al. 1983). This form of inositol phosphate is unable to activate class I HDAC
containing co-repressors (Millard et al. 2013; Watson et al. 2016), however it is the
predominant precursor to the higher order inositol phosphate molecules. The multiple
pathways to higher order inositol phosphate generation are beyond the scope of this
project however it is worth mentioning that Ins (1,4,5,6) P4 can be generated from the
addition of a phosphate to Ins(1,4,5)P3 or from dephosphorylating Ins(1,3,4,5,6)P5
(Irvine & Schell 2001). A study on inositol phosphate abundance in WRK-1 cells during
the cell cycle has shown that the concentration of several inositol polyphosphates
fluctuate during the cell cycle (Barker et al, 2004). InsP6 and Ins(1,3,4,5,6)P5 are two of
the most abundant inositol polyphosphates in the cell and are found at 32 µM and 66
µM respectively during G1 phase. The concentration of InsP6 reduces to 21 µM in S
phase and then increases in G2 and M phase. Ins(1,4,5,6)P4 which cannot be
distinguished from its enantiomer pair Ins(3,4,5,6)P4, is found at a concentration of 6.7
µM during G1 phase (Barker et al, 2004). This study was performed using whole cell
extracts of WRK-1 cells. No information is currently available on the intracellular
distribution of inositol phosphate molecules and therefore the concentration of the
various inositol phosphates that class I HDAC containing corepressor complexes are
exposed to in the nucleus is yet to be determined.
The discovery that inositol phosphates are able to regulate the HDAC activity of corepressor complexes has given fresh potential in using HDAC inhibitors for use in the
clinic.

1.5 - HDAC Inhibition

Aberrant changes in the epigenetic profiles of cells is a hallmark of the progression and
development of a variety of diseases including cancer (Esteller 2007; Rodríguez-Paredes
& Esteller 2011). HDAC enzymes have been found to be up-regulated in a variety of
tumours including prostate cancer (Patra et al. 2001) and colon cancer (Mariadason
2008), which has resulted in great interest among oncology drug developers and
researchers to develop anti cancer agents that bind to the active site of HDAC enzymes
and inhibit gene repression.
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There are currently 5 HDAC inhibitors approved by the U.S food and drug
administration (FDA) and one approved in China for the treatment of various
lymphomas and multiple myeloma. Over 18 other inhibitors are in various stages of
clinical trials for the treatment of various cancers. However the use of HDAC inhibitors
in the clinic is seen as a last resort due to their severe side effects. The FDA recently
gave accelerated approval to the HDAC inhibitor, Panobinostat, which came as a
surprise to many commentators due to the drugs benefit-risk profile (Guha 2015).
HDACs are not only promising targets for the treatment of cancers, they have also been
implicated in neurodegenerative diseases (R. N. Saha & Pahan 2006). HDAC inhibitors
have been suggested to act as neuroprotectors by enhancing synaptic plasticity, learning
and memory, which could lead to the treatment of a wide range of neurodegenerative
disorders such as Alzheimers disease (AD) and Parkinsons Disease (K. Xu et al. 2011). It
was speculated that the mis-regulation of histone acetylation is involved in the pathology
of AD. Several studies implicated chromatin remodelling due to histone acetylation as a
key mechanism in the formation of long-term memories (Alarcón et al. 2004; Levenson
et al. 2004; Vecsey et al. 2007; Fischer et al. 2007). Although the precise mechanisms
remain unclear, these studies have shown that the inhibition of HDACs is not altering
gene expression globally, rather memory processes are enhanced through the activation
of key genes regulated by the CREB:CBP transcriptional complex (Vecsey et al. 2007).
This work is still in its early stages and more information is needed to determine which
HDAC enzymes or family of HDAC enzymes are important in the various stages of AD
to develop suitable drugs.

1.5.1 - HDAC inhibitors for the treatment of cancer

Efforts are being made to develop isoform selective HDAC inhibitors (HDACi), which is
highly desirable to prevent and overcome the off target effects that are currently caused
by the approved HDACi’s developed so far. Producing isoform selective HDACi’s is
problematic due to the high structural similarities between different HDAC enzymes
and the high conservation of residues lining the active site tunnel.
The HDACi’s currently in use, all target the active site, however they can be grouped
into four main categories based on their structures: hydroxamic acids, cyclic peptides,
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benzamides and aliphatic acids. The HDACi currently in use have a similar three-part
structure; one end has a zinc binding group that inserts into the active site through a
long chain linker. This linker orientates the cap group to interact with residues on the
surface of the HDAC enzyme (Miller et al. 2003; Finnin et al. 1999).
Aliphatic acids are the weakest of the possible HDACi and have activity in the
millimolar range, making them the least attractive of the possible compounds for use in
the clinic. They are pan inhibitors that target the zinc in the active site and are therefore
able to inhibit a range of HDAC enzymes leading to off target effects (W. S. Xu et al.
2007).
Hydroxamic acids including Vorinostat (SAHA), Panobinostat, Belinostat and
Trichostatin A (TSA) have been used extensively in research and also in the clinic.
Hydroxamic acids chelate the zinc ion in the active site and so are non-selective
between HDAC enzymes. Vorinostat is FDA approved for hematological malignancies
and Belinostat is in clinical trials for solid tumours and hematological malignancies.
Cyclic peptides or macrocyclic HDACi, have the most complex cap group; however
they are challenging to synthesise (Yurek-George et al. 2007). One of the most studied
cyclic peptides is Romidepsin (aka: FK228), which has been approved for the treatment
of cutaneous T-cell lymphoma and other peripheral T-cell lymphomas. The side effects
of Romidepsin use are severe and include nausea and vomiting, blood disorders and
fatigue, meaning that this drug is only used if patients have not responded to other
treatments.
Benzamide deirivatives are a growing category of potential HDACi’s as they are able to
selectively target individual isoforms of HDAC enzymes. These HDACi also sit in the
active site and target the zinc ion, however the cap group may allow isoform selectivity.
Chidamide is the only member of this category that has been approved as a class I
HDAC inhibitor for the treatment of peripheral T-cell lymphoma. The inhibitor MS275 is currently in clinical trials for the treatment of a range of cancers including
lymphomas, breast cancer and lung cancer. Although these inhibitors show potential for
being isoform selective, those developed so far still have off target effects. Chidamide
and MS-275 are both targeted to HDACs 1-3 but chidamide is also able to inhibit
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HDAC10, a Class IIb HDAC enzyme, whilst MS-275 is also able to inhibit HDAC9
(Lauffer, 2013). These unwanted targets show that more development is needed for
them to be classed as truly enzyme specific.
Despite some small success in using HDACi to treat a variety of lymphomas, these drugs
still have severe side effects and more specific inhibitors need to be developed. Specific
inhibitors would be particularly important if they were to be used in neurodegenerative
diseases, since HDAC proteins serve a distinct role in the brain and off target effects
would be severe.
The recent success in solving the structures of HDAC1 and HDAC3 with portions of
their respective co-repressor proteins has given fresh potential for targeting the HDAC
surface with short peptides that would prevent co-repressor binding. The role of inositol
phosphate in activating these complexes also offers an allosteric binding site that could
be targeted by small molecules, although this wouldn’t necessarily stop enzyme activity
completely. Dual inhibitors could be employed that target both the allosteric inositol
phosphate binding site and the active site, these could show more isoform selectivity
leading to a more targeted drug. There is also potential in targeting complexes such as
CoREST and NuRD that have two enzymatic functionalities with dual inhibitors. In
this case an inhibitor could be synthesized that would bind to both enzymes
simultaneously making the inhibitor specific to just one complex.
To improve drugs that can target HDAC containing complexes it is critical we learn
more about HDAC containing co-repressors, the proteins that they recruit and their
mechanism of action. The currently identified HDAC containing co-repressors are not
an exhaustive list and as recently as 2012 the novel HDAC containing co-repressor
complex MiDAC was identified (Bantscheff et al. 2011).

1.6 - MiDAC complex
1.6.1 - Discovery

The novel class I HDAC containing co-repressor complex, Mitotic Deacetylase
Complex (MIDAC) was identified using affinity capture and quantitative mass
spectrometry analysis (Bantscheff et al. 2011; Hao et al. 2011). The Bantscheff group
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used analogs of the hydroxamic acid inhibitors SAHA and givinostat, which were
attached to sepharose beads (Bantscheff et al. 2011). These probes were exposed to cell
extract from a panel of human cell lines, mouse tissue and Jurkat cells, and the bound
proteins were isolated and identified using chemoproteomics profiling. Coimmunoprecipitation experiments were performed using antibodies raised to HDAC1
and DNTTIP1 that confirmed the presence of the novel co-repressor complex MiDAC
(Bantscheff et al. 2011). Due to the implication of HDAC complexes in mitosis (Kruhlak
et al. 2001), HeLa cells were arrested in mitosis or early S-phase to test for differential
HDAC complex formation or expression. No difference in expression was detected but
the MiDAC complex was found in greater amounts in cells undergoing mitosis. It was
postulated that complex formation increases in mitotic cells, suggesting a role for the
MiDAC complex during mitosis (Bantscheff et al. 2011).
As well as identifying MiDAC this study demonstrated that specific inhibitors for
HDAC enzymes are incredibly useful in the laboratory setting for the detection of novel
HDAC containing co-repressor complexes and unknown components of HDAC
containing complexes (Bantscheff et al. 2011).
Since this work, several proteomics papers have been published that have also identified
and isolated the MiDAC complex (Havugimana et al. 2012; Huttlin et al. 2015; Joshi et
al. 2013; Hein et al. 2015; Tarallo et al. 2011). They have confirmed that MiDAC is a
bona fide complex and is composed of three core components, Mitotic deacetylaseassociated SANT domain protein (MIDEAS), deoxynucleotidyltransferase terminal
interacting protein 1 (DNTTIP1) and HDAC1 (Bantscheff et al. 2011; Havugimana et
al. 2012; Joshi et al. 2013). These papers have been focused on developing our
understanding of the global landscape of protein complexes and not necessarily
characterising the complexes found by these global studies. The function of MiDAC is
still, therefore, poorly understood. Interestingly, MIDEAS has been found to form a
complex with cyclin A (Pagliuca et al. 2011). The cyclin family of proteins are involved
in regulating cell cycle progression and this interaction gives more standing to the
observation that the MiDAC complex is important in mitosis.
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1.6.2 - MIDEAS

MIDEAS (aka, C14ORF43, ELMSAN1) is an uncharacterised scaffold protein that is
found conserved between humans and C. elegans and contains an ELM2-SANT domain
that interacts with HDAC1 and DNTTIP1. In humans the two highly related proteins,
Transcriptional-Regulating Factor 1 (TRERF1) (aka TReP-132,) and Zinc Finger
Potein 541 (ZNF541) (aka SHIP1), can substitute for MIDEAS and also form a complex
with DNTTIP1 and HDAC1/2 (Bantscheff et al. 2011; Gizard et al. 2006; Itoh et al.
2015). TRERF1 and ZNF541 are distinct to MIDEAS and both contain zinc finger
motifs that would allow them to bind DNA in the absence of DNTTIP1.

1.6.3 - DNTTIP1

DNTTIP1, aka TDIF1, is a protein with two distinct domains. It contains a
dimerisation domain and a DNA binding domain (DBD). The MiDAC complex was of
particular interest to the group as an earlier study within the laboratory was successful in
solving the structure of the DBD using nuclear magnetic resonance (NMR) spectroscopy
and the dimerisation domain (DD) of DNTTIP1 using crystallography (Itoh et al. 2015).
When these studies were performed very little was known about the DNTTIP1 protein
and it hadn’t yet been shown to form a complex with MiDAC and HDAC1.
The DD of DNTTIP1 is a novel motif that was solved to 2.1 Å (Itoh et al, 2015).. This
dimer consists of two long helices from separate subunits that lie anti-parallel to each
other which form a saddle for two shorter helices to pack into (Figure 1.13).
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Figure 1.13: Structure of the DD of DNTTIP1.
A) Gene schematic showing the domain organisation of DNTTIP1. B) The DD of
DNTTIP1 with one protein shown in orange and the other in yellow. The rotation by
90° highlights the saddle type structure and how the two shorter helices pack to form the
highly buried surface. (PDB code: 4D6K) (Itoh et al, 2015).
This arrangement of helices buries 69% of the surface of the monomer, making this a
particularly tightly interacting dimerisation domain. Indeed, this protein domain can be
melted and renatured multiple times without loss of material (Itoh et al. 2015). In the
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context of the MiDAC complex this dimerisation domain provides a strong interface
that would suggest MiDAC exists as a dimer or tetramer.
The structure of the DBD of DNTTIP1 was determined using NMR (Figure 1.14).
Using mobility shift assays, Itoh et al, were able to show that the DBD of DNTTIP1 is
able to bind mixed sequence DNA in the low micromolar range and this binding
increased the melting temperature of the DBD, suggesting a significant structural
stabilization of the DBD upon DNA binding (Itoh et al. 2015).

Figure 1.14: Structure of the DBD of DNTTIP1.
Representations of the structure the DBD of DNTTIP1 (PDB code: 2MWI) A) The
electrostatic surface shows one side of the DBD that is highly basic and ideally suited to
bind DNA. (B) Cartoon representation highlighting the unstructured nature of the
domain with only 5 short alpha helices surrounding 2 beta strands and many
unstructured regions (Itoh et al, 2015).
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This domain has significant similarities to SKI like proteins; however it lacks the DPLQ
motif that is characteristic of the SKI/SNO/DAC family of proteins (Kim et al. 2002).
SKI/SNO/DAC domains bind to both double stranded DNA and nucleosomes.
DNTTIP1 has a significantly basic surface and a helical segment that is analogous to
DACH1 (a typical member of the SKI/SNO/DAC family) suggesting a similar
mechanism of DNA binding. The exposed helix 2 of DNTTIP1 is proposed to bind
DNA in the major groove of DNA and helix 1 of DNTTIP1 also appears to be involved
in DNA binding. These similarities indicate that DNTTIP1, like other homeodomain
proteins, binds DNA through a helix-turn-helix motif (Itoh et al. 2015; J. Zhou et al.
2010).
DNTTIP1 has been shown to interact with terminal deoxynucleotidyltransferase (TDT
aka DNTT) both in vitro and in vivo (Yamashita et al. 2001). TDT is a DNA polymerase
that catalyses the polymerization of DNA in the absence of a DNA template and its
activity is enhanced when bound to DNTTIP1 (Yamashita et al. 2001). Several studies
on DNTTIP1 have been conducted in order to understand the specificity of DNA
binding of DNTTIP1. Using in vitro selection assays, several groups have attempted to
identify a consensus binding sequence for DNTTIP1. It has been proposed that
DNTTIP1 preferentially binds to the consensus sequence, 5’-TGCATG-3’, as well as
AT-tracts (Kubota et al. 2013; Koiwai et al. 2015). Using similar methods however, Itoh
et al, were unable to reproduce the findings of this SELEX data and proposed that both
the isolated DBD of DNTTIP1 and full length DNTTIP1 bind non-specifically to DNA
(Itoh et al. 2015). Certainly the discovery that DNTTIP1 is recruited to the large corepressor complex MiDAC suggests that DNTTIP1 could bind chromatin nonspecifically, whilst other protein components could determine specificity (Itoh et al.
2015).
Interestingly there is known animal model of DNTTIP1 overexpression. A mutation in
callipyge sheep causes overexpression of DNTTIP1 (Lutz 2014). This up-regulation
leads to increased promoter activity of MYH4 (fast twitch glycolytic) and reduction of
promoter activity for MYH7 (slow twitch oxidative) and gives the callipyge sheep
increased muscle mass which is particularly noticeable in the hind quarters (Lutz 2014).
The mechanism of how increased expression of DNTTIP1 leads to these striking
phenotypic differences remains unknown.
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1.7 - Mitosis and Histone turnover

When cells undergo division by mitosis there are dramatic changes in nuclear function
and structure. All three RNA polymerases are repressed and the chromatin is
condensed. The role of acetylation through mitosis is poorly understood, although some
early insights indicate a role for HDAC complexes. Kruhlak et al, 2001 proposed a
model whereby in early mitosis highly acetylated chromatin becomes deacetylated to
moderate levels contributing to transcriptional repression (Kruhlak et al, 2001). Both
HATs and HDACs remain biochemically active through metaphase but do not
associate with chromatin. The low level acetylation contributes to preservation of
chromosome territory organisation. After daughter chromosome segregation the histone
modifying enzymes are recruited rapidly to establish chromatin structure and activity
(Kruhlak et al. 2001).
Inhibition of HDAC enzymes before mitosis results in defective chromatin condensation
and impaired mitotic progression (Cimini et al. 2003; Shin et al. 2003). This impairment
is likely to be caused by defects in cohesion along chromosome arms rather than at the
telomere. It has been speculated that the cohesion of chromatin arms is affected by
impaired function of condensation factors due to hyperacetylated chromatin brought
about by HDAC inhibition using TSA (Cimini et al. 2003). HDAC inhibition also
causes improper location of mitotic checkpoint proteins within the kinetochore (Shin et
al. 2003). These data support the notion that HDACs play a critical role in mitosis and
demonstrate the importance of acetylation states of chromatin during cell division.
Assembly of a specific class I HDAC co-repressor complex during mitosis would not be
beyond the realms of possibility and understanding its mechanism of action would allow
insights into the role of HDAC enzymes during mitosis.

1.8 - Project aims and objectives

This project is split up into two different but related aims. The first part of the project
was to investigate the role of inositol phosphate in class I HDAC containing complexes,
and the second was the characterisation of the MiDAC complex.
The initial stage of this project was to follow on from the structure of HDAC3 bound to
a portion of the SMRT co-repressor complex that revealed an inositol phosphate
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molecule at the interface of the two proteins (Watson, et al. 2012). The initial questions
asked were:
•

Is inositol phosphate a structural cofactor of the SMRT complex or is it a
regulatory molecule?

•

What are the stereochemical requirements for inositol phosphate regulation?

Expression and purification trials were set up in Escherichia coli in order to produce the
SMRT-HDAC3 that would not be bound by inositol phosphate, as prokaryotes are
unable to produce higher order inositol phosphates. A SMRT complex lacking inositol
phosphate would allow studies into inositol phosphate binding and the stereochemical
requirements of inositol phosphate activation. This proved unsuccessful and ultimately
was not necessary, as mass spectrometry results showed that the NuRD complex did not
co-purify with inositol phosphate (Millard, et al. 2013), and the SMRT complex could
be treated with a high salt wash to remove endogenous inositol phosphate. As this work
on E. coli does not form a coherent story with the characterisation of MiDAC it sits on
its own as a final results chapter.
The second part of this project, that forms the bulk of the work documented here, was
investigations into the novel co-repressor complex MiDAC. The discovery of the
MiDAC complex came just one year before the start of this project and was of interest
to the group for two main reasons. Firstly, MIDEAS is an ELM2-SANT containing
protein that is found in complex with HDAC1 and so it is similar to other protein
complexes that were already being studied within the group. Secondly and rather
serendipitously MiDAC contained the protein DNTTIP1 that had been studied in the
group several years earlier. Although some structural information was available on
DNTTIP1 very little was known on the function or activity of the MiDAC complex.
This project focuses on the early characterisation of MiDAC to answer several key
questions.
•

Whether MiDAC, like NuRD and SMRT complexes, is activated by inositol
phosphate and if so what are the stereochemical requirements for inositol
phosphate activation?

•

What is the affinity of MiDAC for inositol phosphate?
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•

Does MiDAC demonstrate substrate specificity between histone tails?

•

What is the affinity of MiDAC for substrate and how is this affected by the
presence of inositol phosphate?

•

What is the structure of the MiDAC complex?

Activation experiments using an artificial substrate were used to determine whether
MiDAC was activated by inositol phosphate and what the stereochemical requirements
of activation were. The affinity of MiDAC for inositol phosphate was measured using
bio-layer interferometry on the Octet QKe platform and fluorescence anisotropy.
Binding and biophysical assays using histone tail peptides were used to investigate the
substrate specificity of the MiDAC complex. Direct binding experiments to a histone tail
peptide were performed on the Octet QKe using a catalytically dead HDAC1 protein.
To investigate the structure and assembly of the MiDAC complex a range of structural
techniques were used including, size exclusion chromatography and multi angle light
scattering (SEC-MALS), X-Ray crystallography, small angle X-ray scattering and
crosslinking.
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Chapter 2 - Methods and Materials
2.1 - Plasmid Production

All plasmids used were produced by the Protex Cloning service at the University of
Leicester. This service uses the BD In-Fusion (BD Biosciences clontech) system. Initially
a PCR reaction amplifies the gene of interest with a homology tag specific to the
plasmid vector of choice. The plasmid containing a SacB gene was linearised by
restriction digest, which removes the SacB gene. The PCR product of the target gene
was incorporated into the plasmid with homology tags by incubating with BD in-fusion
enzyme. Selection of clones containing the gene of interest was possible using sucrose
containing agar plates.
Constructs containing genes corresponding to HDAC1, MIDEAS and DNTTIP1 were
used for mammalian expression (Table 2.1). These were all cloned into pcDNA3 vector.
Table 2.1: Constructs used in mammalian protein purification.
Gene

Residues

Tag

HDAC1

Full length (1-429)

none

DNTTIP1

Full length (1-329)

none

DNTTIP1

1-150

none

MIDEAS

628-887

10 x His 3 x FLAG

MIDEAS

650-887

10 x His 3 x FLAG

MIDEAS

717-887

10 x His 3 x FLAG

2.2 - Plasmid Purification

DNA plasmids were purified using an in house method based on a mini-prep protocol
from DH5α cells purchased from Invitrogen (Treisman 1985). This method allows for
large-scale purification of plasmid DNA that is of high yield and high purity. The
plasmid was transformed into DH5α cells, which were grown overnight on agar plates
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containing the appropriate antibiotic (30 μg / ml ampicillin for pcDNA3). A single
colony was picked and inoculated into 750 ml of 2 x TY media containing the
appropriate antibiotic (100 μg / ml ampicillin for pcDNA3 derived plasmids). The cell
culture was then grown at 37 °C for 12 hours in orbital shaking incubators. Cells were
harvested by centrifugation at 3500 x g for 10 minutes.
Cells were resuspended in 10 ml of 10 mM Tris/Cl pH 8, 10 mM EDTA (Buffer 1).
Lysozyme was added to a final concentration of 1 mg/ml and this was incubated at
room temperature for 5 minutes. 30 ml of 0.2 M NaOH, 1 % SDS was then added to
denature proteins and dsDNA into ssDNA, and this mixture was incubated for 5
minutes. After incubation 20 ml of 3 M potassium acetate, pH 4.8 was added to
decrease the alkalinity of the mixture allowing hydrogen bonds to reform between DNA
strands, ensuring circular ssDNA re-natures to dsDNA. The mixture was spun at 3500 x
g for 10 minutes to pellet unwanted DNA and proteins. The supernatant was then
filtered through miracloth and 0.6 volumes of Isopropanol was added to precipitate the
DNA and this was spun at 3500 x g for 10 minutes. The pellet was resuspended fully in
15 ml of buffer 1, before equal volume of 5 M LiCl (kept at -20°C) was added to
precipitate rRNA (Treisman 1985). The mixture was then centrifuged for 10 minutes at
3500 x g and the pellet was discarded. 0.6 volume of Isopropanol was then added to
precipitate DNA and the mixture was spun for 10 minutes at 3500 x g to pellet the
DNA. The DNA pellet was resuspended in 10 ml of 10 mM Tris-Cl pH 8, 1 mM
EDTA. To remove any RNA that was remaining, 50 µl 10 mg/ml heat-treated RNase
A was added and incubated at room temperature for 15 minutes. Plasmid DNA was
then precipitated using 1/4 volume 30 % PEG 6000, 2.5 M NaCl to. This mixture was
incubated on ice for 30 minutes before spinning for 10 minutes at 3500 x g. The pellet
was retained and resuspended in 10 ml of 10 mM Tris-Cl pH 8, 1 mM EDTA.
Once fully resuspended a chloroform extract was performed, 2 ml of chloroform was
added and the mixture vortexed briefly. The mixture was then spun at 3500 x g for 10
minutes and the aqueous top layer retained. 1/10 volume of 5 M NaCl and 3 volumes
of ethanol were then added to precipitate the DNA. The precipitated DNA was pelleted
by centrifugation at 3500 x g for 10 minutes. The pellet was then washed with 70 %
ethanol and left to dry upside down overnight before being resuspended in 2 ml of filter
sterilised buffer containing 10 mM Tris-Cl pH 8, 0.1 mM EDTA.
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2.3 - Mammalian Cell Growth and Maintenance

HEK293F cells and Gibco Freestyle Expression media were purchased from Invitrogen.
Cells in suspension were grown in 37°C shaking humidified incubators that contained
an atmosphere of 50 % humidity, 8 % CO2. Cells were grown for 3 days and then split
to a cell density of 0.35 x 106 cells per ml in Gibco Freestyle Expression media. All cell
manipulations with HEK293F cells were carried out in a class 2 laminar flow hood.
Two different sized flasks were used; 250 ml flasks for between 30 ml and 100 ml of
culture and 1L flasks for between 250 and 350 ml of culture. Flasks were fitted with
vented caps to allow for gas exchange.

2.4 - Mammalian Transfection Procedure

For a 300 ml transfection, a total of 300 µg of DNA was added to 30 ml PBS and 1.2 ml
of 0.5 mg / ml polyethylenimine (PEI). PEI is a transfection reagent that binds DNA
and allows for its transport across the cell membrane. This mixture was vortexed briefly
and left at room temperature for 20 minutes. The transfection mixture was added to
cells at a final cell density of 1 x 106 cells per ml and a final volume of 300 ml. After 48
hours cells were harvested by spinning for 10 minutes at 3500 x g. Cell pellets could
then be stored at -80 °C until they were ready to be used. Transfections can be scaled
accordingly for 30, 60 or 300 ml transfections.

2.5 - Mammalian Protein Purification

Proteins expressed in mammalian HEK293F cells were purified using a two-step
process. The first step was affinity purification using a cleavable Flag-tag on one of the
proteins of interest, in this case MIDEAS. The second step was gel filtration
chromatography to separate proteins based on size.
The harvested HEK293F cells from 1.2 litres of culture were lysed using a sonicator
(Sanyo Soniprep 150) into buffer A (50 mM Tris-Cl pH 7.5, 50 mM potassium acetate,
0.5 % Triton X-100, 5 % glycerol and Roche protease inhibitor). The sonicator was set
to pulse on for 30 seconds, off for 30 seconds for a total of 4 cycles. This was to ensure
cells were lysed completely and that the mixture did not heat up and denature proteins
of interest also proteases work better at higher temperatures. The soluble material was
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removed by centrifugation for 20 minutes at 75,000 x g. During centrifugation a bed
volume of 1.2 ml of FLAG resin (Sigma) was washed and equilibrated with Buffer A.
The pellet of insoluble material was discarded and the supernatant was incubated with
the washed FLAG resin for 30 minutes at 4 °C with gentle agitation. The resin was then
washed three times with buffer A and RNaseA was added to a final concentration of 50
µg/ml in 10ml of buffer A and this was incubated for 1 hour at 4 °C with gentle
agitation. After RNAseA treatment the resin was washed 3 times with buffer B (50 mM
Tris-Cl pH 7.5, 50 mM potassium acetate, 0.5 mM TCEP, 5 % glycerol) and the
complex was eluted from the resin by overnight cleavage at 4 °C using a final
concentration of 0.1 mg/ml TEV in 10 ml of buffer B.
The second stage of purification was gel filtration chromatography. A superdex S-200
size exclusion chromatography column (GE Health care) was washed by first running 30
ml of de-gassed water through the column. The column was then equilibrated into
buffer C (25 mM Tris-Cl pH 7.5, 50 mM potassium acetate, 0.5 mM TECEP). The
protein sample was separated from the FLAG resin by centrifugation at 3500 x g and
the FLAG resin was discarded. The eluted protein was then concentrated to 500 µl in
an Amicon ultra-centrifugal filter unit with a 10 kDa cut off before being loaded onto
the column. Protein containing fractions were run on an SDS-PAGE gel alongside the
load sample to check for purity and stoichiometry. Protein containing fractions from the
column chromatography were pooled and concentrated using an amicon ultracentrifugal filter unit with a 10 kDa cut off. Typical yields for the MiDAC complex
purified from a 1.2 litre transfection was 1-2 mg of protein.

2.6 - Treatment of MiDAC with a high salt wash

In an attempt to remove intrinsically bound inositol phosphate, 1 μM MiDAC complex
was incubated in a buffer containing 50 mM Tris-Cl pH 7.5, 1 M NaCl and 5%
glycerol, for 4 hours at room temperature. The protein was then dialyzed for 14 hours
against 50 mM Tris-Cl pH 7.5, 50 mM NaCl, 5% glycerol. The protein sample was
then concentrated using an amicon ultra-centrifugal filter unit with a 10 kDa cut off.
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2.7 - Transformation and Growth in E. coli

BL21 (DE3) Rosetta cells, purchased from Invitrogen, were used to express and purify
protein complexes from E. coli. In order to express HDAC3 and SMRT(350-480) proteins
in E. coli, expression vectors were produced containing either the HDAC3 gene or
SMRT(350-480) (Table 2.2). These were produced with several different tags in order to
determine which was the most suitable for increasing the stability and solubility of the
protein of interest.

Table 2.2: The constructs produced for E. coli expression of SMRT(350-480)
and full length HDAC3.

Gene

Construct
Boundaries

Tag

Antibiotic
Resistance

SMRT

350-480

N-terminal His

Kanamycin

SMRT

350-480

N-terminal GST

Ampicillin

HDAC3

Full length (1-428)

C-terminal His

Ampicillin

HDAC3

Full length (1-428)

C-terminal GST

Ampicillin

HDAC3

Full length (1-428)

HDAC3

Full length (1-428)

Non-cleavable Cterm His
Untagged

Kanamycin
Kanamycin

To transform the plasmid into Rosetta cells, 50 ng of plasmid was added to 50 µl of cells
and this mix was incubated on ice for 30 minutes. 500 µl of 2 x TY media was then
added and cells were incubated for 30 minutes at 37 °C in a shaking incubator set to
200 rpm. Cells were pelleted by centrifugation at 13000 x g, for 2 minutes, 400 µl of the
supernatant was then removed and the cells were resuspended in the remaining media.
These cells were plated onto 2 x TY agar plates containing the antibiotic corresponding
to the resistance of the plasmid. Cells were then grown overnight at 37°C. Single
colonies were picked in the morning and transferred into 10 ml of 2 x TY with the
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appropriate antibiotic (30 µg/ml Chloramphenicol with 100 µg/ml Ampicillin or 50
µg/ml Kanamycin), these were then grown as starter cultures for 6 hours at 37°C in
orbital shaking incubators. The starter cultures were then transferred to 750 ml of 2 x
TY, again containing the appropriate antibiotic. The cultures were grown until they
reached an O.D600 of 0.6, at which point IPTG was added to a final concentration of 40
µg/ml to induce protein expression and the temperature was reduced to 20 °C. Cells
were incubated for 18 hours and then harvested by spinning at 3500 x g for 10 minutes.
Cell pellets were either used immediately or stored at -20 °C until needed.

2.8 - E. coli Protein Purification

Harvested cells from 1 litre of culture were lysed in 30 ml of Buffer 1 (glutathione resin
(GST): 1 x PBS, 1 % Triton X-100, 1 mM DTT, Roche protease inhibitor) (NiNTA: 50
mM Tris-Cl pH 8, 150 mM NaCl, 10 mM Imidazole, 1 mM DTT, Roche protease
inhibitor). The soluble fraction was isolated by centrifugation at 75000 x g for 30
minutes. During centrifugation 1 ml bed volume of the appropriate resin, either GST
(GE Healthcare) or NiNTA (Qiagen) was washed and equilibrated in Buffer 1. The
soluble fraction was then incubated with the resin for 1 hour at 4°C with gentle
agitation. The resin was then washed 5 times with 10 ml of wash buffer (GST: 1 x PBS,
1 % Triton X-100, 1 mM DTT) (NiNTA: Buffer 1) and then twice more with 10 ml of
cleavage buffer (1 x PBS, 1 mM DTT) (NiNTA: 50 mM Tris-Cl pH 8. 150 mM NaCl,
300 mM Imidazole, 1 mM DTT) . When using GST resin the resin with protein bound
was incubated overnight in 5 ml of cleavage buffer containing TEV protease at a final
concentration of 0.1 mg/ml. When using NiNTA the protein was eluted using a high
concentration of imidazole. In the morning the sample was centrifuged for 10 minutes
at 3900 x g and the protein containing supernatant was removed from the beads.
Proteins were analysed by SDS-PAGE gel electrophoresis to detect protein presence and
purity.

2.9 - Protein Quantification

Protein concentrations were estimated using two methods, the Bradford assay and also
unfolding protein in 6M guanidine for an absorbance reading at 280 nm. To measure
the A280 reading, 95 µl of 6M guanidine was added to a quartz cuvette and a blank
reading was taken, 5 µl of protein was then added to the cuvette and the absorbance was
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measured at 280 nm. Extinction coefficients were estimated using Protparam and the
Beer-Lambert law was used to determine concentration.
Concentration = A / eL
In which A is the Absorbance reading taking into account the dilution factor, e is the
extinction coefficient and L is the path length of the cuvette.
Protein concentration was determined using the Bradford assay as per manufacturers
instructions. A volume of 1 ml of 20 % Bio-rad reagent in dH2O was added to a plastic
cuvette and a blank reading was taken at 595 nm. A 2 μl aliquot of protein was then
added and the cuvette mixed well before a reading was taken at 595 nm. The
absorbance reading was then multiplied by a previously calculated factor (17) from a
BSA standard curve to give a protein concentration in mg/ml.

2.10 - BOC-Lysine Histone Deacetylase Activity Assay

To measure the HDAC activity of the protein complex, an in house HDAC assay was
used. A Boc-lysine was used as an artificial substrate (Figure 2.1). When the lysine is
deacetylated the Boc-Lysine becomes a substrate for Trypsin, which is not able to target
acetylated lysine residues. The cleavage by trypsin releases the Boc fluorescent group
and the amount of fluorescence is relative to the activity of the complex as the lysine is
only a substrate for trypsin when it has been deacetylated.
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Figure 2.1: Schematic of the BOC-lysine assay.
The deacetylation of a BOC-lysine substrate will lead to a fluorescence change and
HDAC activity can be measured.
Purified protein was diluted to the appropriate concentrations in HDAC assay buffer
(50 mM Tris-Cl pH 7.5, 50 mM NaCl, 5 % glycerol) and this was aliquoted out in 40 μl
quantities into a Costar 96 well assay plate. This 40 μl may also include inositol
phosphate at the desired concentration. The plate was incubated for 30 minutes at 37
°C in the dark. After incubation, 10 μl of 500 μM BOC-acetyl substrate was added to
each of the wells and the plate was incubated again in the dark for 30 minutes at 37 °C.
After incubation, 50 μl of developer solution (50 mM Tris-Cl pH 7.5, 50 mM NaCl, 10
mg/ml Trypsin, 0.06 ng/ml TSA) was added and mixed. The plate was read using a
Perkin Elmer Victor X5 plate reader. Fluorescence was recorded with an excitation
wavelength at 355 nm and an emission wavelength of 460 nm. HDAC activity assays
were analysed using GraphPad Prism version 6.00 for Mac, GraphPad Software, La
Jolla California USA, www.graphpad.com. A control experiment performed previously
in the lab by a postdoc Gregg Hudson, established the maximal fluorescence of the
BOC-lysine HDAC activity assay using 100 µM in 50 µl. This was used as a control to
establish the specific activity of the three MiDAC complexes that were used in this
project.
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- MiDAC(628-887) , DNTTIP1, HDAC1: 42.3 µmoles/min/mg
- MiDAC(717-887) , DNTTIP1, HDAC1: 45 µmoles/min/mg
- MiDEAS(717-887), DNTTIP1(1-150), HDAC1: 58.6 µmoles/min/mg

2.11 - Binding kinetics using Bio-Layer Interferometry

To measure accurate binding kinetics, ForteBio’s Octet QKe (PALL ForteBio, Menlo
Park, CA, USA) machine was used. The Octet uses bio-layer interferometry (BLI) to
measure the association and dissociation rates of proteins with ligands that are
immobilized onto a biosensor tip. The Octet is turned on 1 hour prior to use for the
lamp to warm up and reach a steady signal to reduce noise. Octet experiments were
carried out as outlined below however these conditions were optimized as described in
Chapter 4. Streptavidin coated biosensors were used for all experiments and these were
hydrated in reaction buffer (50 mM Tris-Cl pH 7.5, 150 mM NaCl, 0.05 % Tween-20)
at room temperature for 30 minutes before the run.
Biotinylated ligand was immobilized onto the streptavidin sensors by first washing the
sensors in reaction buffer for 5 minutes. Sensors were then dipped into biotinylated
ligand at 1 μg/ml for 60 seconds followed by a second wash step in reaction buffer for 5
minutes.
The sample for the Octet was set up in a 96 well plate with a reaction volume of 150
μl. Tips were washed and a baseline was taken by dipping tips into reaction buffer for 5
minutes. The tips were then dipped into wells containing protein for 2 minutes for the
association constant to be measured. Tips were then dipped into fresh buffer for the
dissociation step. To ensure a control well was recorded for each individual tip a second
row of tips with no ligand immobilised on the surface was then ran through the same:
wash, association and dissociation steps to record a parallel reference for each of the
wells. Values for the dissociation constant (KD) were generated from steady state binding
kinetic analysis using the Octet QK software package (verision 7.1). Binding affinities
derived from steady state binding kinetics on the Octet used the KD nomenclature.
Whereas apparent dissociation constants derived from fluorescence anisotropy and the
BOC-Lysine assay used Kd.
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2.12 - Substrate turnover measurements using the Caliper

The Caliper EZ reader II system (Caliper Life Sciences, http://www.cali- perls.com)
is a micro-fluidic lab on a chip system that uses electrophoretic separation to charaterise
protein samples. The technique relies on a microfluidic mobility shift assay (MSA). After
deacetylation the charge difference between an acetylated substrate and a de-acetylated
substrate causes these two species to travel through capillaries in the machine at
different rates. Here this technique has been used for the determination of and real time
kinetic analysis.
Protein samples at the required concentrations were aliquoted out into a 384 well
microtiter plate (Perkin Elmer). A very small sample of protein was ‘sipped’ into
capillaries, where it was mixed with substrate. After deacetylation the substrate with a
positive charge on the lysine residue migrates through the capillaires at a faster rate than
acetylated substrate. The machine measured the appearance of products, in this case
deacetylated substrate, and the disappearance of reactants (Figure 2.2). This allowed for
accurate measurements of enzymatic rates and kinetics using the built in Caliper
software.

Figure 2.2: Graphs generated from the Caliper EZ reader.
Appearance of products (P) and disappearance of substrate (S) over time.
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2.13 - Protein Crystallisation

Crystal trials were set up using 3 commercially available 96 crystallisation condition
screens, MORPHEUS, PROPLEX and PACT. 80 μl of precipitant was dispensed into
the large well of an MRC 96 well sitting drop crystallization plate. 100 nl of protein at 5
mg/ml and 100 nl of precipitant were dispensed using a Cartesian micro-fluidics robot
to produce a 200 nl drop. Plates were then incubated either at room temperature or 4
°C and checked regularly for crystal formation.

2.14 - Peptide Synthesis

To test the binding affinity of MiDAC to a histone H4 tail peptide on the Octet, a
biotinylated H4K16ac peptide was synthesized in house with the help of the Andrew
Jamieson group (Chemistry). The peptides were synthesized using a CEM Liberty 1
automated microwave peptide synthesizer on a 0.05 μmol scale. The peptide was
synthesized using solid phase peptide synthesis (SPPS). In this technique an N-protected
C-terminal amino acid residue is anchored to an amino resin, in this case H-RinkAmide
ChemMatrix resin. The amino acids were loaded onto this resin in a sequential manner
from the C-terminus to the N-terminus by repetitive cycles.
Amino acids used in the synthesizer were Fmoc-protected and were solubilized in DMF
to a concentration of 0.2 M. The first amino acid was loaded onto the resin and then
this was deprotected using 20 % piperidine in DMF to remove the Fmoc group. 0.5 M
HCTU in DMF was used as the activator with 3M DIPEA in NMP (N-Methyl-2pyrrolidone) as an activator base. The deprotection and amino acid coupling reactions
were repeated in a linear manner for each amino acid to build the peptide sequence
from C-terminus to N-terminus.
After synthesis of the full peptide sequence using the CEM Liberty 1 synthesizer the
resin was removed, washed and biotinylated manually. DMF was used to swell the resin
before two deprotection steps were performed by washing the resin in deprotectant and
leaving on a shaker for 15 minutes at room temperature. The peptide, still on the resin,
was incubated with biotin-PEG3-propionic acid (0.1 mmol, 2 equivalents), HCTU (0.1
mmol, 2 equivalents) and DIPEA (0.2 mmol, 4 equivalents) for 2 hours on a shaker at
room temperature.
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Biotinylated peptide was cleaved from the resin by incubating the resin in 1ml of
TFA:TES:H2O at room temperature for 3 hours. The peptide was precipitated using
cold diethyl ether and then centrifuged at 3500 x g for 5 minutes. Supernatant was
discarded and the pellet was washed twice more with diethyl ether. After the 3rd ether
wash the peptide was freeze-dried and left overnight before purification using semi-prep
HPLC. The fractions containing peptide from HPLC were pooled and a sample was
submitted for LC-MS to determine purity.
2.15 - Fluorescence Anisotropy

As an alternative to the Octet, kinetic assays were also measured by fluorescence
anisotropy using a fluorescently labeled InsP5 molecule. Fluorescent anisotropy relies on
the observation that after excitation with plane-polarized light, the emitted light from a
fluorophore that is tumbling freely in solution is largely depolarized and thus the
intrinsic polarization is low. When this fluorescent molecule binds a larger molecule in
this case MiDAC the rotation is slowed and the emitted light is in the same plane as the
excitation energy and thus the intrinsic polarization is increased.
A fluorescein labeled InsP5 molecule (obtained from Prof. Barry Potter at the University
of Bath and Oxford) was used as the fluorophore. A concentration gradient of MiDAC
was set up in a Greiner 96 well half area microplate. This was then centrifuged briefly to
ensure proper mixing. Labelled InsP5 was then added to each well to give a final volume
of 25 μl and a final concentration of 10 nM fluorophore. The plate was then spun for 20
seconds at 61 x g before being read in a Perkin Elmer plate reader at an excitation
wavelength of 480 nm and a emission wavelength of 535 nm.
The difference in anisotropy between bound and unbound InsP5 was determined using
the fluorescence anisotropy equation and a binding affinity was calculated.
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Where I|| is the intensity of the emission signal in the parallel direction with respect to
the excitation light and I^ is the intensity of the emission signal perpendicular to the
excitation light. FA graphs were generated using non linear least squares regression,
using GraphPad Prism version 6.00 for Mac, GraphPad Software, La Jolla California
USA, www.graphpad.com.
2.16 - Protein Crosslinking

Crosslinking is a technique that can be used to map regions of protein that are in close
proximity to each other. The bifunctional isotopically labeled crosslinkers, DSSG and
CBDPSS (Creative molecules), were used in these experiments (Figure 2.3).

Figure 2.3: Chemical structures of the crosslinkers DSSG and CBDPSS.
The crosslinked sample can then be cleaved using trypsin and analysed using mass spec.
The mass spec data identifies crosslinked peptide fragments and also the site of
crosslinking. This information can be used to identify the spatial arrangement of
components in a protein complex.
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Purified MiDAC complex was first buffer exchanged into crosslinking buffer (50 mM
HEPES pH 7.5, 50 mM potassium acetate, 0.5 mM TCEP) by washing the sample
three times in an Amicon spin concentrator with a 10 kDa cut off. MiDAC was then
diluted to 0.5 mg/ml into crosslinking buffer. The crosslinker (both DSSG and
CBDPSS) was diluted in H20 to 10 mM and these stocks were used to optimise the ratio
of crosslinker to protein (Chapter 6).
Having optimised the conditions and found DSSG to be the most efficient crosslinker,
complex at 2.5 mg/ml was crosslinked with1 mM DSSG in a volume of 40 μl. This
reaction mixture was incubated for 30 minutes at 25 °C. To stop the reaction 0.5 M
NH4HCO3 was added to a final concentration of 40 mM. SDS buffer is then added and
the full sample is run over several lanes of an SDS-PAGE gel. The crosslinked samples
were then excised from the gel and cleaved using trypsin. Crosslinked peptides were
identified using tandem mass spectrometry (MS/MS) analysis (PNACL). Models were
generated using the PyMOL Molecular Graphics System, Version 1.8 Schrödinger,
LLC.
2.17 - SAXS

Small angle X-Ray scattering (SAXS) was used to look at the overall shape and size of
the MiDAC complex. SAXS data was collected on beamline 21 at Diamond light
source (Didcot, UK) under the guidance of Dr Robert Rambo. Each sample was
measured according to the standard protocol used at Diamond.
The MiDAC complex was gel filtrated (section 2.5) however fractions were not pooled
together. To ensure the highest quality sample individual peak fractions were
concentrated and then filtered to remove any contaminating aggregation. 30 μl of
sample was added to a 96 well micro plate at concentrations between 2 and 0.5 mg/ml.
SAXS data was collected with two different exposures to measure the ultra-low and
moderate angle X-ray scattering of the sample. The two exposures were then combined
during data reduction and the buffer control is subtracted to remove the buffer
scattering.
SAXS data was processed using ScAtter, a software suite developed by Robert Rambo
(Version 3.0I, Diamond, bioisis.net). Scattering curves were produced and using the
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ScAtter software suite, flexibility and the unfolded-ness of the sample was analysed.
Quality of data was assessed and a radius of gyration and distance distribution was
calculated. DAMMIF was then used to generate 5 SAXS envelope models at each
concentration and with and without two different imposed symmetry models (P2 for
dimer and P22 for dimer of dimers. These were then averaged to produce a final model
envelope for each concentration and for each protein sample.
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Chapter 3 - Characterising the Mideas:DNTTIP1:HDAC1
complex
3.1 - Introduction

The class 1 HDAC containing co-repressor complex MiDAC shares homology with
other HDAC containing co-repressor complexes and acts on histone tails to facilitate the
compaction of chromatin and the subsequent repression of gene targets. The MiDAC
complex was first identified from a chemoproteomics screen in which HDAC inhibitors
were used to identify novel HDAC containing co-repressor complexes (Bantscheff et al.
2011). The MiDAC complex is conserved from nematodes to humans and in humans
contains the proteins; DNTTIP1, HDAC1/2 and MIDEAS; an ELM2-SANT domain
containing protein. The two closely related proteins TRERF1 and ZNF541 also contain
an ELM2-SANT domain and have been shown to be associated with both DNTTIP1
and HDAC1/2 (Hao et al. 2011; Bantscheff et al. 2011; Choi et al. 2008). Both
DNTTIP1 and MIDEAS are uncharacterized proteins with hitherto unknown function.
The crystal structures of two different class I HDAC proteins in complex with parts of
their co-repressor proteins have previously been solved within the laboratory (Millard et
al. 2013; Watson et al. 2012). These structures have aided in the understanding of the
mechanism and regulation of these and other HDAC-containing co-repressor
complexes. Identification of the novel MiDAC complex that may share these
characteristics, was therefore of particular interest.
This chapter will outline the initial characterisation of MiDAC, which was performed
using secondary structure predictions, sequence alignments and domain identification
tools. This was essential to compare MiDAC to other proteins in the literature,
including other HDAC containing complexes, in order to understand the domain
architecture and conserved regions.
To investigate the MiDAC complex using biochemical and biophysical techniques it
was necessary to establish a reproducible expression and purification procedure for
generating MiDAC at high purity and high yield. The latter part of this chapter focuses
on the optimization of expression and purification of MiDAC from human embryonic
kidney (HEK293) cells; a mammalian cell line that is becoming routinely used for the
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expression of protein and protein complexes that can be used in various biochemical
assays. The HEK293F cell line is routinely used within the laboratory to produce
milligram quantities of HDAC containing complexes. The expression and purification
of HDAC containing complexes that are stable and homogenous sample from E. coli has
proven to be impossible as is discussed in Chapter 7.

3.2 - Bioinformatic analysis of the MIDEAS protein.

The gene that encodes for MIDEAS (aka C14ORF43) maps to chromosome 14 at
14q24. C14ORF43 is a complicated locus that produces several proteins with seemingly
no sequence overlap. Although rare, distal interstitial deletions involving the 14q24
locus have been reported to result in developmental delay, speech impairment,
plagiocephaly and congenital heart defect (Cingöz et al. 2011). Whether these issues are
due to disruptions in the MIDEAS gene or other genes in the locus is not understood.
There is still very little known about MIDEAS since its discovery as part of an HDAC
containing complex, that included DNTTIP1 (aka TDIF1) and HDAC1(Bantscheff et
al. 2011).
An alternative name for MIDEAS is ELMSAN1 due to the presence of an ELM2SANT domain. Previous studies in the group have demonstrated that the ELM2-SANT
domain of MTA1 is essential for the formation of the NuRD co-repressor complex
(Millard et al. 2013). The MTA1 protein also contains a zinc finger domain that could
be important for binding DNA and a bromo-adjacent homology (BAH) domain that is
directly N-terminal to the ELM2-SANT domain and has implications for substrate
recruitment to the HDAC active site (Millard et al. 2013). It was therefore necessary to
define the boundaries of the ELM2-SANT domain within MIDEAS and identify any
further conserved domains that may be important for MIDEAS function or the
recruitment of other protein components. Three separate domain identification tools
were used for full coverage of the online database and to ensure all domains could be
identified; ‘conserved domains’ (NCBI), InterPro (EMBL-EBI) and Prosite (ExPASy). All
three domain identification tools defined the ELM2-SANT domain to be within the
same boundaries but identified no other conserved domains in MIDEAS. This is distinct
to the two highly related proteins TRERF1 and ZNF541 that have three and five
recogniseable zinc finger domains respectively (Figure 3.1).
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Figure 3.1: Gene schematics of MIDEAS, TRERF1 and ZNF541.
The ELM2 domain is shown in pink and cyan and the SANT domain in green with
zinc fingers shown in orange. MIDEAS shows no known conserved regions except for
the ELM2-SANT domain, which has homology to other known ELM2-SANT domains.
This is distinct in that All work carried out in this project has used a truncated version of
the MIDEAS protein which only included the ELM2-SANT domain.
The ELM2-SANT domain boundaries in MIDEAS were defined as amino acids 723 –
876 (Figure 3.1). This domain is homologous to other ELM2-SANT domain containing
proteins such as MTA1 and CoREST. The differences between the SANT domains of
MIDEAS, MTA1 and SMRT are thought to give specificity to the different HDAC
enzymes as SMRT/NCOR is exclusively recruited to HDAC3, whereas MIDEAS and
MTA1 are able to bind HDAC1 or HDAC2. Previous studies within the laboratory
have shown that HDAC3 only binds the SANT domain of SMRT/NCoR whereas
HDAC1 is able to bind SANT domains of various co-repressor proteins including
CoREST, MTA1 and Sin3A (Millard et al. 2013). Multiple sequence alignments were
performed against MTA1 and the three closely related proteins TRERF1, ZNF541 and
MIDEAS (Figure 3.2). There is no recognisable ELM2 domain in SMRT and therefore
SMRT was not included in these sequence alignments.
It had previously been noted that the residues involved in inositol phosphate binding are
conserved between HDAC1, HDAC2 and HDAC3 and also SMRT and MTA1. The
sequence alignment was performed to identify whether these residues were also
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conserved in MIDEAS, which would give an insight into whether MiDAC, like
MTA1:HDAC1 and SMRT:HDAC3 is activated by inositol phosphate.

Figure 3.2: Clustal sequence alignment of the ELM2 (pink and cyan) and
SANT (green) domains of MTA1, TRERF1, MIDEAS and ZNF541.
The residues highlighted in orange shows the conservation of the ELM specific motif
between MTA1 and MIDEAS. Residues mediating interactions with inositol phosphate
and HDAC1 are highlighted in blue and purple respectively.
The ELM2 domain is highlighted in pink and blue (Figure 3.2). A component of this
conserved sequence is an ELM2 specific motif (ESM) (consensus: EIRVGxxYQAxI)
highlighted in orange (Figure 3.2) (Millard, et al. 2013). The ESM was identified in the
structure of MTA1 bound to HDAC1 and is conserved in SMRT/NCoR despite
SMRT not having a recognisable ELM2 domain. The ESM is responsible for mediating
the interaction between MTA1 and HDAC1 such that the ELM2 domain wraps
HDAC1 in a conserved groove (Millard et al. 2013). The conservation of this motif in
MIDEAS suggests that like MTA1, MIDEAS is able to wrap around HDAC1 (Figure
3.4).
The SANT domain is highlighted in green and contains within it the residues important
for mediating the interaction with HDAC1 and the inositol phosphate molecule. The
conservation of residues, indicated by purple boxes (Figure 3.2), that mediate the
HDAC1 interaction, suggests that MIDEAS binds to HDAC1 in a similar manner to
MTA1. It is likely that the ELM2 domain of MIDEAS wraps the HDAC1 and the
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SANT domain of MIDEAS adopts a similar structure to MTA1 with conserved residues
binding HDAC1 (Figure 3.4) (Millard et al, 2013).
The residues highlighted in blue are conserved between SMRT, MTA1 and MIDEAS
and mediate the interaction between the co-repressor and an inositol phosphate
molecule. The Ins(1,4,5,6)P4 molecule was discovered bound at the interface between
the SANT domain of SMRT and HDAC3 and has since been shown to activate both
SMRT:HDAC3 and MTA1:HDAC1 (Millard et al. 2013; Watson et al. 2012). It is
interesting to note the conservation of these residues in MIDEAS, suggesting MiDAC,
like other class I HDAC containing co-repressor complexes, is able to bind and
therefore be activated by inositol phosphate molecules.
The HDAC1:MTA1 complex forms a dimer that is mediated by the MTA1 protein. A
secondary structure prediction of MIDEAS was performed to understand if MIDEAS
shares the dimer interface seen in MTA1 (Phyre; structural prediction) (Figure 3.3).
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Figure 3.3: Structure prediction of MIDEAS compared to the known
structure of MTA1.
The known structural features of MTA1 are shown in the corresponding colour above
the MTA1 sequence. The ELM2 domain is highlighted in pink and cyan with the
SANT domain in green. The MIDEAS sequence is aligned below the MTA1 sequence
with the predicted structures shown in grey.
Secondary structure predictions show key similarities between MIDEAS and MTA1.
The conservation of helices five, six and seven are in the region of MTA1 that mediates
the interaction with inositol phosphate, giving more evidence to support the hypothesis
that MiDAC could be activated similarly to MTA1:HDAC1 and SMRT:HDAC3. The
striking differences between the MTA1 and MIDEAS are in helix one, two and four of
MTA1. Helices one and four form the majority of the dimer interface of MTA1 with a
small contribution from helix two. The secondary structure prediction suggests helix one
in MIDEAS is similar to MTA1, however helix four is significantly truncated and there
is a lack of helix two altogether which suggests that MIDEAS might not form a dimer in
the same arrangement as that which is seen in the MTA1:HDAC1 structure, if at all.
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The similarities between helix one and the short helix four of MTA1 and MIDEAS do
suggest the potential for a dimer to occur but further investigation is required.

Figure 3.4: Structure of HDAC1 bound by MTA1.
The SANT domain in grean and cyan interacts with one side of HDAC1 forming a
basic pocket that can bind inositol phosphate. The ELM2 domain of MTA1 (pink)
wraps HDAC1 in a groove and the N-terminal portion of the ELM2 domain comes
close to the active site of HDAC1 (yellow cross) (PDB code: 4BKX) (Millard et al. 2012).
The sequence homology between MTA1 and MIDEAS suggests that MIDEAS wraps
HDAC1 in the same groove as seen in the MTA1:HDAC1 structure (Figure 3.4)
(Millard et al, 2013 ). It is worth noting the proximity of the amino-terminal portion of
MTA1 to the active site of HDAC1. If MIDEAS does bind in the same manner, this
region could interact at the active site and confer substrate specificity. It is also possible
that this region of MIDEAS could extend further and form an interaction with the
inositol phosphate binding pocket of MIDEAS:HDAC1. In order to study the activation
and mechanism of action of MiDAC, three constructs of MIDEAS were generated that
varied in length at the N-terminus (Figure 3.5).
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Figure 3.5: MIDEAS Gene schematics.
Shown here are the three constructs of MIDEAS that are being used in this study.
ELM2 domain is highlighted in pink and cyan and the SANT domain in green. The
ELM specific motif is shown in black.
These constructs were then used to study whether the sequence in the amino-terminal
region to the ELM2-SANT domain of MIDEAS affects inositol phosphate or substrate
binding. This could aid in the understanding of whether these co-repressor complexes
have specificity for higher order inositol phosphates or whether the N-terminal portion
of MIDEAS is able to confer substrate specificity.

3.3 - Bioinformatic analysis of the DNTTIP1 protein

DNTTIP1 is a DNA binding protein that contains two key domains, a DNA binding
domain (DBD) (Figure 1.14) and a dimerization domain (DD) (Figure 1.13). The
structures of the DBD and the dimerization have previously been solved within the
laboratory by NMR and X-ray crystallography, respectively (Itoh et al. 2015). Despite
the available structural information of these domains, little is currently known about the
function of DNTTIP1 and its DNA binding properties.
The lack of conservation between the dimerization domain of MTA1 and MIDEAS
suggests that the dimerization domain of DNTTIP1 could be essential for formation of
the full MiDAC assembly. This novel dimerization domain buries 69% of the whole
surface of the monomer and forms a very tight interaction highlighting its importance in
the structural assembly of MiDAC (Figure 1.13).
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Despite several studies by members of our own laboratory and a group led by Dr O.
Koiwai at the University of Tokyo (Fujisaki et al. 2006; Hayano et al. 2009; Kubota et
al. 2013), little is known about the DNA binding specificity of DNTTIP1. The DNA
binding domain shares some structural similarities with the SKI/SNO/DAC family of
proteins although it lacks the CLPQ motif that is suggested to be characteristic of this
family of proteins (Itoh et al. 2015). The DNA binding domain of DNTTIP1 has been
shown to bind double stranded DNA although it appears that this binding is not
sequence specific (Itoh et al. 2015). This could suggest that other components of
MiDAC are responsible for conferring sequence specificity to MiDAC and that the
DBD of DNTTIP1 is responsible for binding DNA and stabilizing the interaction
between MiDAC and chromatin.
The full length construct was used for the majority of this project, however expressing
and purifying the complex lacking the DBD allowed us to identify whether the DBD
played a role in substrate binding, inositol phosphate binding or complex formation.

3.4 - HDAC1

As discussed during the Introduction, HDAC1 is a class I zinc dependant histone
deacetylase enzyme that is very similar to HDAC2. To highlight the similarities and
differences between HDAC1, HDAC2 and HDAC3 a multiple sequence alignment was
performed on the three proteins (Figure 3.6). Although HDAC8 is also classified as a
class I HDAC containing co-repressor it is distinct, as it does not require recruitment to
co-repressor complexes and so was not included in this alignment.
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Figure 3.6: Sequence alignments of the class one HDAC enzymes.
Grey box highlights the flexible C-terminal tail of HDAC enzymes. Purple boxes
highlight the conserved residues in the three HDAC enzymes that form the core of the
active site. Blue boxes show the conserved residues that from part of the basic pocket
between the SANT domain of the co-repressor and the HDAC enzyme. It was in this
basic pocket that Ins(1,4,5,6)P4 was found in the HDAC3:SMRT-DAD structure.
The chemoproteomics screen performed by the Bantscheff group found that MiDAC
contained both HDAC1 and HDAC2 (Bantscheff et al, 2012). Due to the similarities
between the HDAC1 and HDAC2 proteins it was decided only HDAC1 would be used
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in this study, as any differences in having HDAC1 or HDAC2 expressed with MiDAC
could be confidently assumed to be negligible.

3.5 - Expression and purification of MiDAC from HEK293F cells.

An optimized technique for using suspension grown human embryonic kidney
(HEK293) cells for the production of protein and protein complexes has been previously
established in the laboratory (Portolano et al. 2014; Nettleship et al. 2014). This method
produces high quality protein and protein complexes that are pure and of a high yield
suitable for biochemical analysis, at a relatively cheap price due to the use of an
inexpensive cationic polymer, polyethylenimine (PEI), as the transfection reagent. It had
also been demonstrated that the E. coli was not suitable for the expression and
purification of HDAC containing co-repressor complexes (Chapter 7). It was decided
therefore that MiDAC would be exclusively produced using the HEK293F expression
system that had been developed by the group (Portolano et al, 2014: Nettleship et al
2015).
The MIDEAS protein constructs were expressed with a 10 x His - 3 x FLAG Nterminal affinity tag and a TEV protease cleavage site. Using anti-flag resin, the FLAG
tagged MIDEAS could be isolated with interacting proteins from the HEK293 cell
lysate (materials and methods). The isolated protein could then be cleaved from the
resin using TEV protease and purified further using S200 gel filtration chromatography.
The use of HEK293 cells allowed for production and purification of MiDAC in
stoichiometric amounts at milligram quantities that was suitable for use in a range of
biochemical assays (Figure 3.7).
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Figure 3.7: Domain structures of the three components of MiDAC.
Schematic representations of the three components of MiDAC highlighting known
domains and their boundaries. The annotations represent residue numbers.
Having established the domain boundaries of interest for the three components of
MiDAC the constructs were then used in expression trials in HEK293F cells (materials
and methods, 2.5). With all three components present, the complex was purified in
stoichiometric amounts and after gel filtration chromatography fractions could be
pooled to produce a pure sample at a suitable concentration for biophysical studies.
Early purification trials showed a high absorbance profile at 260nm in the gel filtration
chromatography, suggesting some nucleic acid contamination. It is a known
phenomenon that in E. coli expression systems, DNA fragments can be eluted with the
protein of interest when over expressing proteins. A similar problem is observed in
mammalian cell lines. Cancer cells are known to be transcriptionally permissive
environments due to the huge increase in components of the Pol II enzyme. This leads
to accumulation of large amounts of RNA fragments in the cell that can be purified with
overexpressed proteins and protein complexes. The presence of the DNA binding
domain of DNTTIP1 is thought to exacerbate this problem, which would lead to a large
amount of RNA being purified with MiDAC. A similar problem had been identified
within the laboratory in the past with a different complex and in that case the RNA
fragments had been sequenced which demonstrated that these RNA fragments were a
mix of highly abundant RNAs and not a subset of sequence specific RNA. To remove
the RNA contamination a one-hour incubation at 4°C with 50 μl of 10 mg/ml RNAse
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A was introduced following the second wash step during the protein purification
(materials and methods 2.5). Three MiDAC complexes were expressed and purified for
this work (Figure 3.8).

Figure 3.8: Expression and purification of the MiDAC complex.
Chromatograms from column chromatography and SDS-PAGE gel analysis of peak
containing fractions. A) Purification of the long MIDEAS construct (628-887) with full
length DNTTIP1 and full length HDAC1. B) Purification of the short MIDEAS
construct (717-887) with full length DNTTIP1 and full length HDAC1. C) Purification
of the short MIDEAS construct (717-887) with the dimerization domain of DNTTIP1
(1-150) and full length HDAC1.
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All three complexes were expressed and purified from HEK293 cells using the method
outlined in Chapter 2 (materials and methods 2.3). The first two complexes contained
full length DNTTIP1 and full length HDAC1 and varied only in the amino terminal of
MIDEAS, with one construct containing residues 717-887 (MIDEAS(717-887)) and the
longer construct containing residues 628-887 (MIDEAS(628-887)). These variations were
important to investigate whether this region had an effect on inositol phosphate or
substrate binding. A third complex containing the shorter MIDEAS(717-887) construct and
a truncated DNTTIP1 (DNTTIP1(1-150)) fragment that did not contain the DNA
binding domain was also used, predominantly for crystallography studies. All of the
three expressed to a similar extent and a yield of between 1 and 2 mg of protein was
typically seen from a 1.2 litre transfection.

3.6 - Discussion

Previously, little was known about the domain architecture of the novel co-repressor
protein MIDEAS, however the structures of the two domains of DNTTIP1 had been
solved in isolation as had the structure of HDAC1 in complex with MTA1 (Itoh et al.
2015; Millard. et al. 2013). Using a combination of sequence alignments, domain
predictions and structural predictions the aim of this chapter was to identify key features
of the MIDEAS protein that could be important for our understanding of the structure
and function of the MiDAC complex.
Using the online domain identification tools; ‘conserved domains’ (NCBI), InterPro
(EMBL-EBI) and Prosite (ExPASy), alongside sequence alignments it was shown that
MIDEAS contains an ELM2-SANT domain but no other predicted domains. This is
unlike MTA1 that contains a zinc finger motif and a BAH domain along with an
ELM2-SANT domain. The two proteins ZNF541 and TRERF1 which are related to
MIDEAS also contain an ELM2-SANT domain but are also predicted to contain
several zinc finger motifs (Choi et al. 2008; Hao et al. 2011) (Figure 3.1). The fact that
TRERF1 and ZNF541 contain zinc finger motifs suggests that these proteins might be
able to bind DNA directly, whereas MIDEAS likely requires interaction with DNTTIP1
to be recruited to DNA (Itoh et al. 2015).
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The sequence alignments performed between the ELM2-SANT domains of MTA1,
MIDEAS, TRERF1 and ZNF541 demonstrated that MIDEAS is likely to bind HDAC1
in a similar manner to MTA1 due to the conservation of specific residues in the SANT
domain and the presence of the ELM specific motif (ESM) (consensus:
EIRVGxxYQAxI). It is likely that MIDEAS is able to wrap and bind HDAC1 in the
same groove identified in the crystal structure of MTA1:HDAC1 (Millard et al, 2013).
The homology identified between the SANT domains of MTA1, SMRT and MIDEAS
suggests that the highly basic pocket observed between the SANT domain of both
MTA1 with HDAC1 and SMRT with HDAC3 is also conserved between MIDEAS
and HDAC1. The five conserved residues in the SANT domain of MTA1 and SMRT
(K449, Y470, Y471, K474, K475 (numberings respective to SMRT) that have been
shown to mediate the interaction with inositol phosphate are also present in MIDEAS
(Figure 3.2). This suggests that like SMRT and NuRD, inositol phosphate molecules
might be able to significantly activate the catalytic deacetylase activity of MiDAC.
It remains unclear whether MIDEAS is able to dimerise through the ELM2 domain.
The secondary structure prediction for MIDEAS and sequence alignments between
MIDEAS and MTA1 suggests that the dimer interface mediated by helices one, two
and four in MTA1 are not well conserved in MIDEAS. Previous work in the group has
shown that the CoREST complex is not able to dimerise despite it containing a
homologous ELM2-SANT domain. More work is needed to determine whether there is
a dimerisation interface in the ELM2 domain of MIDEAS, however there is a
dimerisation domain in DNTTIP1 meaning it is likely that MiDAC still forms a
multimeric protein complex. The minimal region of DNTTIP1 required to form a
stable complex with MIDEAS and HDAC1 is residues 1-150 that corresponds to the
dimerisation domain of DNTTIP1 (Itoh et al. 2015). This suggests that MiDAC
requires the presence of all 3 proteins, DNTTIP1, HDAC1 and MIDEAS in order for it
to assemble into a stable complex. This is different from both MTA1:HDAC1 and
SMRT:HDAC3 complexes which are both able to form stable complexes in the absence
of other binding partners.
This chapter also demonstrates that the MiDAC complex is readily expressed and can
be purified from HEK293 cells. Initial expression trials demonstrated that large
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amounts of nucleic acid are co-purified with the MiDAC complex. High amounts of
nucleic acids have been co-purified previously when expressing different HDAC
containing complexes in HEK293F cells and was easily removed with RNase treatment
during protein purification. Previous studies in the group have shown that proteins
expressed and purified from HEK293 cells are stable and of a high enough purity and
yield for use in a range of biochemical assays including structural studies, that can be
used to give insights into the function and mechanism of multi-protein complexes
(Watson et al. 2012; Millard et al. 2013). Having established a reproducible technique
for purifying MiDAC in stoichiometric amounts without nucleic acid contamination it
was possible to start further studies on the assembly and mechanism of activation of the
MiDAC complex.
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Chapter 4 - Analysis of the binding and activation of MiDAC by
inositol phosphates
4.1 - Introduction

Recent studies have shown that inositol phosphates are able to activate the HDAC
activity of both the NuRD and SMRT complexes (Watson. et al. 2012; Millard. et al.
2013). In particular, it is the higher order inositol phosphates that have phosphate
groups occupying the A, B and C positions that are able to activate both SMRT and
NuRD co-repressors (Figure 1.12).
The residues that mediate the interaction of inositol phosphate; K449, Y470, Y471,
K474, K475 (numberings respective to SMRT), are conserved in all co-repressors
except Sin3A (Watson et al. 2012; Millard et al. 2013). These residues are also
conserved in MIDEAS (Chapter 3.2) leading to the possibility that inositol phosphate
molecules also activate MiDAC. To investigate the activation of MiDAC by various
inositol phosphates a commercially available BOC-lysine fluorometric assay was used
(Materials and Methods, 2.9). This assay utilizes the release of a fluorophore when an
artificial substrate is deacetylated. The amount of fluorescence detected is proportional
to the activity of the purified HDAC containing complex (Materials and Methods, 2.10).
Whilst this technique allows for investigation of the ability of inositol phosphate to
activate MiDAC it can only generate an apparent Kd as it is not a direct measurement
of actual binding affinity.
In order to directly measure the binding and activation of MiDAC by inositol phosphate
two distinct techniques were used and compared to establish the affinity of inositol
phosphate for MiDAC. The first was Bio-layer interferometry (BLI) using the Octet
QKe system, which was used to determine association and dissociation rates of MiDAC
binding Ins(1,3,4,5,6)P5(biotin) immobilised onto a biosensor. The second was a
fluorescence anisotropy (FA) assay using 2-Fam Ins(1,3,4,5,6)P5. This allowed for
comparison of an apparent Kd generated from the BOC-lysine assay and two direct
binding techniques to establish an accurate binding affinity.
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4.2 - HDAC Deacetylation assay and Activation by Ins(1,4,5,6)P4

The HDAC activity assay used throughout this project was based on a commercially
available fluorometric assay. It is a two-step assay using an artificially acetylated lysine
attached to a fluorophore. After deacetylation of the artificial lysine residue the BOClysine becomes a substrate for Trypsin, which cleaves the substrate and releases the
fluorophore that is then detected using a Perkin Elmer Victor X5 plate reader (Materials
and methods, 2.10). The levels of fluorescence detected are therefore relative to the
activity of the protein complex (Figure 4.1).

Figure 4.1: Schematic representation of a BOC-lysine assay.
The removal of the acetyl group by a HDAC enzyme results in a substrate that is
cleavable by trypsin leading to release of the fluorophore.
This assay has been exploited previously in the laboratory to investigate the ability of
various different inositol phosphates to activate varying HDAC containing co-repressor
complexes.
Initially, it was necessary to demonstrate that the artificial lysine peptide was a suitable
substrate for MiDAC and to determine the linear range of the assay such that a change
in activity was detectable. A serial dilution of MiDAC was set up in a 96 well plate in
triplicate with a starting concentration of 450nM (Figure 4.2).
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Figure 4.2: MiDAC activity in the BOC-lysine assay.
BOC Lysine Activity Assay showing increase in activity with increase in MiDAC
concentration. Error bars indicate 1 s.e.m (n=3).

As shown in Figure 4.2, when the concentration of MiDAC increases above 200 nM the
detected fluorescence plateaus. This concentration and above is outside the linear range
of the assay and so any increase in activity would be undetectable. A concentration of
20nM was therefore chosen as a suitable concentration for MiDAC in these assays. At
20 nM MiDAC the fluorescence signal is such that a decrease or increase in activity
would be within the linear range of the assay.
To investigate whether the addition of Ins(1,4,5,6)P4 would affect the activity of
MiDAC, a BOC-Lysine assay was carried out in triplicate with 20 nM of MiDAC in the
presence and absence of Ins(1,4,5,6)P4 (25 μM) (Figure 4.3). A high concentration of
inositol phosphate was essential to saturate the MiDAC complex.
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MiDAC activity in the presence and
absence of Ins(1,4,5,6)P4
Fluorescent intensity
(RFU)

800000

600000

MIDAC (20nM)
MIDAC (20nM) + 25 uM Ins(1,4,5,6)P4

400000

200000

0

Figure 4.3: Measuring the affect of inositol phosphate on MiDAC activity.
A BOC-Lysine Activity Assay showing the activity of MiDAC with and without
Ins(1,4,5,6)P4. Error bars indicate 1 s.e.m (n=3).
The addition of Ins(1,4,5,6)P4 increased the ability of MiDAC to de-acetylate the BOClysine substrate 2 fold. This strongly suggests that MiDAC, like other class 1 HDAC
containing co-repressor complexes, is activated by Ins(1,4,5,6)P4 (Figure 4.3). To ensure
that the assay had not been saturated by the addition of Ins(1,4,5,6)P4 and the true
increase in activity was being detected the concentration of MiDAC was reduced to
10nM to test whether a greater increase in activation was detected (Figure 4.4).

Measuring activity of MiDAC at 10nM
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Figure 4.4: Measuring the affect of inositol phosphate on a lower
concentration of MiDAC.
A BOC-Lysine Activity Assay showing the activity of MiDAC with and without
Ins(1,4,5,6)P4. Error bars indicate 1 s.e.m (n=3).
A similar increase in activity was seen with MiDAC at 10nM and as the HDAC activity
assay plateaued at close to 3 million fluorescent units (Figure 4.2), it was determined that
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the HDAC assay had not been saturated by the addition of inositol phosphate in figure
4.3.
Ins(1,4,5,6)P4 co-purified with the SMRT complex and can be removed by treatment
with a high ionic strength buffer. This results in a complex with low HDAC activity
which can be restored by the addition of exogenous Ins(1,4,5,6)P4. The NuRD complex
however does not co-purify with Ins(1,4,5,6)P4 which was confirmed by mass
spectrometry but can be robustly activated by addition of exogenous Ins(1,4,5,6)P4
(Millard et al. 2013). It is unknown whether MiDAC also co-purifies with inositol
phosphate. Therefore, purified MiDAC was treated with high ionic strength buffer to
remove endogenous inositol phosphate that is potentially bound to MiDAC (materials
and methods, 2.6). The activity of pre and post salt-washed complexes were compared
in the presence and absence of Ins(1,4,5,6)P4 (Figure 4.4).
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Figure 4.5: Boc Lysine activity assay showing complex before and after 1M
NaCl treatment.
The MiDAC complex shows significant activation by Ins(1,4,5,6)P4 pre-NaCl treatment.
After a high salt wash the activity is significantly reduced and not recovered with the
addition of Ins(1,4,5,6)P4. Error bars indicate 1 s.e.m (n=3).
The HDAC activity post NaCl treatment is significantly reduced however the addition
of exogenous Ins(1,4,5,6)P4 is not able to rescue activity of MiDAC (Figure 4.4). It is
therefore likely that MiDAC is sensitive to the high ionic strength buffer resulting in
dissociation of the protein complex.
It is unclear from this data whether or not MiDAC is purified with inositol phosphate
from HEK293 cells. Due to the clear difference in MiDAC activity upon addition of
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inositol phosphate it is apparent that the purified complex is not saturated with
endogenous inositol phosphate. It was therefore decided to continue assessing the ability
of inositol phosphates to activate the MiDAC complex without high NaCl treatment.

4.3 - Stereochemical requirements of MiDAC activation by inositol

phosphate.
It has been shown that positions A, B, C are the key positions of phosphates in order to
activate the HDAC3:SMRT(350-480) complex (Figure 1.12). To test the specificity of
MiDAC for different inositol phosphates, a BOC-lysine HDAC assay was carried out
using serial dilutions of several IP derivatives which were set up in triplicate and
incubated with 20nM MiDAC. MiDAC containing both the long (MIDEAS(628-887)) and
the short (MIDEAS(717-887)) were used to investigate whether a longer MIDEAS
construct was able to confer specificity between the higher order inositol phosphates, i.e
between Ins(1,4,5,6)P4, Ins(1,3,4,5,6)P5 and InsP6.
MiDAC complexes were expressed and purified according to the protocol outlined in
materials and methods (section 2.5). Four different inositol phosphate molecules were
tested in triplicate. Each of the protein complexes were used at a final concentration of
20nM and the rest of the assay was performed as detailed in (Materials and methods
section 2.23) (Figure 4.5).
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Figure 4.6: Stereochemical requirements of MiDAC activation by inositol
phosphates.
MiDAC activation in the presence of Ins(1,4,6)P3, Ins(1,4,5,6)P4, Ins(1,3,4,5,6)P5 and
InsP6. A) The activation of MiDAC(717-887) by various inositol phosphates shows that
Ins(1,4,5,6)P4, Ins(1,3,4,5,6)P5 and InsP6 are able to activate MIDAC at a similar rate.
Apparent Kd given in μM. B) Activation of MiDAC containing a longer MIDEAS
construct does not affect the ability of inositol phosphates to activate MiDAC. The value
at 25 μM Ins(1,4,5,6)P4 has been excluded as substrate was not added to the wells.
Apparent Kd shown in μM. Error bars indicate 1 s.e.m (n=3).
Both MiDAC(628-887) and MiDAC(717-887) were activated by Ins(1,4,5,6)P4, InsP5 and InsP6
to a similar extent, whilst Ins(1,4,6)P3 shows little or no ability to activate MiDAC. The
complex containing the longer MIDEAS construct shows a different pattern of
activation than the shorter MIDEAS construct (Figure 4.6b) with a reduced apparent
Kd for inositol phosphate binding. This difference is most pronounced in MiDAC(628-887)
binding to InsP6. This could be due to the extended portion of MIDEAS interacting
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with the inositol phosphate binding pocket however the differences in apparent Kd’s
between the two complexes are not thought to be significant and can be explained by
experiment error. The lack of activation by Ins(1,4,6)P3 meant that an apparent Kd
could not be calculated. The apparent Kd of the higher order inositol phosphates are
comparable and are in the μM range. The tighter binding of InsP6 to the shorter
MiDAC complex is likely due to the increased charge on the inositol phosphate and this
pattern of activation is similar to that seen for the SMRT complex (Watson et al. 2016).
The ability of different inositol phosphate molecules to activate MiDAC has
demonstrated that, like SMRT and NuRD co-repressor complexes, MiDAC is activated
by inositol phosphates that contain phosphate groups occupying the A, B and C
positions (Figure 1.12). The Ins(1,4,6)P3 used was not able to activate MiDAC as the
three phosphate groups were not adjacent and therefore unable to satisfy the three
binding sites A, B and C (Figure 1.12) (Watson et al. 2016).

4.4 - Determining the Binding Affinity of MiDAC for Inositol Phosphate

using Bio-layer interferometry
So far it has been established that MiDAC like other class 1 HDAC containing corepressor complexes is activated by inositol phosphates that contain phosphate groups at
the A,B and C positions. The activity assay used so far does not allow for accurate
determination of binding affinity and so an alternative method was established using
BLI on the Octet QKe system.
Bio-layer interferometry is an optical analytical technique that analyses the interference
pattern of white light reflected from two surfaces; a layer of immobilised protein on the
biosensor tip and an internal reference layer. When a protein of interest binds to the
biosensor surface there is an increase in optical thickness, which causes a wavelength
shift (Δλ) that is a direct measurement of analyte binding and can be used to determine
accurate association and dissociation constants (Figure 4.6).
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Figure 4.7: Biosensor and principles of BLI.
The wavelength shift (Δλ) of incident white light when an analyte binds onto a biosensor
surface. When an immobilized ligand on the biosensor tip binds to an analyte in
solution a phase shift in the incident light is a direct measure of affinity.
The Octet uses a simple dip and read technique to obtain accurate association and
dissociation rates for protein:protein, protein:peptide and protein:small molecule
interactions. Kinetic measurements are recorded in real time and a global fit analysis is
used for the accurate determination of Kon, Koff and KD. There is a range of biosensors
available from Forte Bio that are coated in various biocompatible matrixes, including;
Anti-mouse Fc, Anti-GST, Ni-NTA, Streptavidin and many more. Streptavidin coated
tips were used for accurate kinetic determination as streptavidin is ideally suited for the
kinetic analysis of biomolecular interaction pairs (Green, 1975, Wolf 1964.). For this
work, a Biotinylated InsP5 molecule with a long chain linker (Figure 4.7) was
immobilised to the streptavidin biosensor with a high affinity such that no unwanted
effects will be seen from the binding or dissociation of the biotin-streptavidin interaction.
In order to obtain reliable kinetic data from the Octet machine the technique had to
first be optimised to ensure data collected was accurate and reproducible.
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The technique uses dip and read biosensors that have an immobilised ligand of choice
bound at their surface, in this case inositol phosphate. The inositol phosphate molecule
used for the Octet experiments (kind gift from Barry Potter) comprised of an
Ins(1,3,4,5,6)P5 molecule attached to a biotin group via a long linker such that the
inositol phosphate molecule would be available for binding (Figure 4.7).

Figure 4.8: Chemical structure of biotinylated Ins(1,3,4,5,6)P5.
The Ins(1,3,4,5,6)P5 molecule is attached to the biotin group via a long chain linker.
The length of linker was important to ensure no steric hindrance at the biosensor
surface between the streptavidin and MiDAC. It is also worth highlighting that the
linker and biotin have been attached such that the A, B, C and D positions are available
for binding to MiDAC and the hydroxyl that is bound by the linker would normally be
facing up and out of the inositol binding site.

4.4.2 - Optimisation of BLI experiments

Due to the sensitivity of the Octet system the assay was first optimised to ensure
accurate data collection. The three key considerations for optimisation were ligand
immobilisation on the biosensor surface, protein concentration and buffer conditions.
The ligand immobilisation and protein concentration optimisation was to ensure
biosensors weren’t over or under saturated, over saturation causes protein aggregation
at the biosensor surface whilst under saturation leads to a reduced signal and increased
noise, both over and under saturation cause inaccuracies in the obtained data. Buffer
conditions were optimised to reduce non-specific binding at the biosensor surface.
Previous studies had demonstrated that inositol phosphate binding to the SMRT
complex was sensitive to the ionic strength of the buffer and low salt buffers had been
used in protein purification to ensure complex stability (Watson et al. 2012). However
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to obtain the most physiological relevant results a buffer needed to be used that was
close to the ionic strength of intracellular conditions.
For accurate steady state analysis, a concentration gradient that ranges from ten times
above to ten times below the expected or predicted KD is needed. The apparent Kd
from the BOC-lysine HDAC activity assay suggested that inositol phosphate binding is
in the low μM range. An initial experiment was set up on the Octet, using a
concentration of MiDAC that ranged from 5 μM to 0.16 μM in HDAC assay buffer (50
mM NaCl, 50 mM Tris pH 7.5, 5 % glycerol). A row of eight biosensor tips was dipped
into 10 µg/ml biotinylated InsP5 for 5 minutes for immobilisation (Figure 4.8).

Measuring the direct binding of MiDAC to
InsP5(biotin) using the Octet Qke
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Figure 4.9: Initial concentration gradient of MiDAC binding InsP5.
This graph shows clear problems with the conditions used for this initial experiment and
much more optimisation was needed.
Initial BLI experiments demonstrated the key areas of optimisation to consider when
using the Octet. At a concentration of 5 μM, MiDAC appears to bind at the biosensor
surface and then dissociate rapidly as can be seen by the blue curve. This is likely due to
over saturation of MiDAC leading to aggregation at the biosensor surface and
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dissociation from Ins(1,3,4,5,6)P5(biotin). The red curve has a similar profile although not
as pronounced and this is again likely due to over saturation and aggregation at the
biosensor surface. This was prevented by reducing the concentration of immobilising
Ins(1,3,4,5,6)P5(biotin) immobilised at the biosensor surface as well as reducing the
concentration of MiDAC that was used in the assay. At lower concentrations of MiDAC
the binding shows a consistent association phase and then a very slow dissociation.
Some non-specific binding is seen at 1.25 μM and 0.625 μM MiDAC, indicated by the
association phase not reaching a plateau. The slow dissociation was likely due to the
assay buffer favouring inositol phosphate binding and this was optimised to ensure a
more physiologically relevant affinity could be generated. There is clearly a technical
error on the biosensor in orange. Technical problems with biosensors were not a regular
problem during Octet experiments but it was an issue in a small minority of assays.

4.4.3 - Ligand Immobilisation on the biosensor surface

To reduce overcrowding and protein-protein interactions at the biosensor surface the
concentration of Ins(1,3,4,5,6)P5(biotin) used in the immobilisation was reduced 10 fold to
1 μg/ml. A fresh row of 8 biosensors were activated with 1 µg/ml Ins(1,3,4,5,6)P5(biotin)
and were all subsequently dipped into 500 nM MiDAC, in HDAC assay buffer to
confirm the immobilisation was consistent between the biosensors (Figure 4.9).
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Figure 4.10: Consistency of binding on the Octet.
These graphs show the consistency of MiDAC binding to Ins(1,3,4,5,6)P5(biotin),
immobilised onto the Octet surface. A) Association and dissociation phases from BLI
showing that binding and dissociation are consistent between biosensors. B) A bar chart
highlighting the observed rate constant is consistent between biosensors. A-G indicate
biosensors. H was removed due to a technical error on the biosensor.
One of the biosensors was discarded as there was an error on the tip and no data was
recorded. The small variations in the response between each biosensor are negligible
and not significant to affect the binding affinities that were generated (Figure 4.9B). This
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assay demonstrates the immobilisation was consistent across the biosensors and the
binding response was consistent between biosensors.
Early experiments demonstrated some non-specific binding event, as the association
phase did not plateau. To confirm that the majority of binding observed was due to a
specific interaction between the inositol phosphate binding pocket of MiDAC and
Ins(1,3,4,5,6)P5(biotin) at the biosensor surface, a competition assay was designed. MiDAC
was pre-bound with InsP6 before exposure to the Ins(1,3,4,5,6)P5(biotin) immobilised at
the biosensor surface. A concentration gradient of InsP6 from 500 μM to 7.8 μM was
incubated with MiDAC at 500 nM in a 96 well plate for 10 minutes at 27 °C.
Theoretically, the InsP6 would compete for the inositol phosphate binding pocket and
prevent MiDAC binding to immobilised Ins(1,3,4,5,6)P5(biotin) on the biosensor surface
(Figure 4.10).
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Figure 4.11: InsP6 competition assay using BLI.
InsP6 is able to compete for the inositol phosphate binding pocket. A concentration
gradient of InsP6 was set up in the presence of 200nM MiDAC. The increasing
concentration of InsP6 shows a reduced response suggesting MiDAC is binding
specifically to Ins(1,3,4,5,6)P5(biotin) at the biosensor surface.
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The reduction in the binding response with increasing concentration of InsP6
demonstrates that InsP6 is able to prevent MiDAC binding to immobilised
Ins(1,3,4,5,6)P5(biotin) on the biosensor surface. This suggests that Ins(1,3,4,5,6)P5(biotin) is
binding in the inositol phosphate binding pocket of MiDAC and not elsewehere nonspecifically.
Having optimised the immobilisation conditions and demonstrated that the interaction
was specific, a concentration gradient of MiDAC ws used between 500 nM and 3.9 nM
to establish an accurate KD (Figure 4.11).

Figure 4.12: MiDAC binding Ins(1,3,4,5,6)P5(biotin) on the Octet.
i) The initial binding shows a very fast on rate. ii) In the second phase of the association
step the curve does not plateau. iii) The dissociation step shows very little dissociation of
MiDAC.
Having reduced the protein concentration and improved the immobilisation conditions,
the association and dissociation curves have improved in consistency and response
(Figure 4.11). The dissociation is very slow and some non-specific binding remains in the
second phase of the association step (Figure 4.11 ii). This second binding event is likely
due to some remaining protein-protein interactions at the biosensor surface due to
overcrowding, which would affect the calculated affinity.
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To reduce the non-specific binding the surface of each biosensor needed to have less
Ins(1,3,4,5,6)P5(biotin) bound to reduce protein-protein interactions and avoid
overcrowding at the biosensor surface. In an attempt to reduce Ins(1,3,4,5,6)P5(biotin)
immobilisation and block any remaining streptavidin sites at the surface, biosensors
were activated using a mix of Ins(1,3,4,5,6)P5(biotin) and free biotin. Three biosensors
were used and these were activated with three different ratios of biotin to
Ins(1,3,4,5,6)P5(biotin); 1:1, 2:1 and 3:1. To ensure the tips were fully saturated the
immobilisation step was increased to 5 minutes. The three biosensors were then dipped
into 200nM MiDAC to test for a reduction in non-specific binding (Figure 4.12).
Using Biotin to reduce non-specific binding
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Figure 4.13: Reducing non-specific binding with biotin.
A comparison of binding 200 nM MiDAC to biosensors that have been immobilised
with different ratios of biotin and Ins(1,3,4,5,6)P5(biotin).
By increasing the ratio of biotin to Ins(1,3,4,5,6)P5(biotin) there was a clear reduction in
binding response due to limiting the amount of available Ins(1,3,4,5,6)P5(biotin) at the
biosensor surface. It was thought that this could reduce the non-specific binding seen at
the biosensor surface however this was not the case and after 20 minutes none of the
three ratios appears to reach a plateau. Although the second binding event isn’t
90

completely prevented, it does appear reduced at the highest ratio of biotin:
Ins(1,3,4,5,6)P5(biotin). With such a high concentration of biotin in the mixture it was
possible that biosensors would not be consistently activated, leading to differences in the
response. To prevent inconsistent activation but reduce the concentration of
Ins(1,3,4,5,6)P5(biotin) at the biosensor surface the immobilisation time of
Ins(1,3,4,5,6)P5(biotin) at 1 μg / ml was reduced from 60 seconds to 30 seconds and
binding was measured using MiDAC at a concentration of 500 nM. The binding data
for these biosensors was consistent between the 3 tips and the response was strong
enough to ensure accurate kinetic analysis. These immobilisation conditions were used
for all future Octet QKe experiments.

4.4.4 - Buffer Optimisation

The HDAC assay buffer used previously in the laboratory (Materials and Methods, 2.5)
had been optimised to ensure stability of the HDAC containing complex throughout the
experiment. The conditions include a salt concentration favouring inositol phosphate
binding. Previous reports on the Octet have shown that non-specific binding is limited
using Tween-20. Therefore, an experiment was designed to investigate if Tween-20
would reduce non-specific binding in this system without affecting MiDAC
Ins(1,3,4,5,6)P5 binding. Comparison of MiDAC in buffer containing, 50 mM Tris pH
7.5, 50 mM NaCl and either 5% glycerol or 0.01% Tween-20, was set up in triplicate to
test whether Tween-20 would reduce non-specific binding. Six biosensors were used
simultaneously to monitor consistency between the tips (Figure 4.13).
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Buffer Optimisation on the Octet
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Figure 4.14: Measuring the difference in binding on the Octet when using
Tween instead of glycerol.
Comparison of binding when MiDAC is diluted in buffer containing Tween-20
compared to MiDAC in the presence of glycerol.
The use of 0.01% tween-20 instead of 5 % glycerol shows a marked difference in
response. The non-specific binding is comparable between the two buffers and the use
of Tween-20 doesn’t result in the association step reaching a plateau, however the
increased response suggests Tween-20 would be more suitable than glycerol for use in
future assays as glycerol is reducing the binding observed at the biosensor surface.
To investigate whether increasing the concentration of Tween-20 would affect the
amount of non-specific binding that was seen at the biosensor surface, a further
experiment was carried out. A comparison of MiDAC binding to Ins(1,3,4,5,6)P5(biotin) in
buffer containing 50 mM Tris pH 7.5, 50 mM NaCl and either 0.01% tween-20 or
0.05% tween-20 was set up in triplicate (Figure 4.14).
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Varying the concentration of Tween-20
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Figure 4.15: Optimising the concentration of Tween in buffers for use on
the Octet.
Comparison of MiDAC binding to Ins(1,3,4,5,6)P5(biotin) in the presence of 0.01%
Tween-20 or 0.05% Tween-20.
Increasing the concentration of Tween-20 to 0.05% reduced the binding response seen
for MiDAC, but again it did not plateau, demonstrating that some non-specific binding
remained. Due to the reduction in the binding response by the increase in Tween-20, it
was decided to conduct all further experiments on the Octet QKe with 0.01% Tween20 in place of the glycerol in the buffer.
The final stage of the buffer optimisation was to confirm that MiDAC maintained its
activity in buffer containing Tween-20. A BOC-lysine assay was carried out in 50mM
Tris pH 7.5, 50 mM NaCl, 0.01% Tween-20, with and without InsP6 (Figure 4.15).
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Figure 4.16: BOC-Lysine assay showing MiDAC activity and activation by
InsP6 is unaffected by the presence of Tween-20.
These experiments have shown that buffer optimisation was essential for the
determination of accurate kinetics using the Octet QKe system. The pH of buffer was
maintained at 7.5 and glycerol was substituted for 0.01% Tween-20 for the following
experiments.

4.4.5 - Establishing an accurate binding affinity for InsP5 binding

Having established the most suitable Ins(1,3,4,5,6)P5(biotin) immobilisation conditions for
the Octet and optimised the buffer composition, an accurate binding affinity of MiDAC
to Ins(1,3,4,5,6)P5(biotin) could now be determined. The data obtained during the
optimisation stages suggested a binding affinity in the nM range therefore to cover ten
times above and ten times the below the expected KD, a concentration gradient of
MiDAC was set up across 8 wells of a 96 well plate between 500 nM and 3.9 nM. A
fresh row of tips was activated with Ins(1,3,4,5,6)P5(biotin) and the experiment was run
with a 20 minute association step and a 20 minute dissociation step (Figure 4.16).
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Figure 4.17: Measuring the affinity of Ins(1,3,4,5,6)P5(biotin) for MiDAC
using bio-layer interferometry.
A) Association and dissocation phases were recorded for 20 minutes. Red curves show
the fit of the data to a 1:1 binding profile. B) Using steady state analysis the binding
affinity was calculated to be 16 nM.
The association curves still show some non-specific binding however the data fits to a
1:1 binding profile and the R2 value is 0.96. As noted in previous Octet experiments, the
dissociation rate is very slow resulting in a very tight binding affinity. The treatment of
the SMRT complex with a high concentration of NaCl has shown that inositol
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phosphate binding is sensitive to the concentration of salt in the buffer. Intracellular salt
concentrations are higher than the 50 mM NaCl used in this experiment, with 150 mM
NaCl usually considered to be the ionic strength comparable to intracellular levels. It
was decided therefore to investigate the effect of the ionic strength of the buffer on the
affinity of MiDAC for Ins(1,3,4,5,6)P5(biotin).
Buffers containing 50 mM Tris pH 7.5, 0.01% Tween-20 and NaCl at 50, 100, 150,
200, 250 or 300 mM were tested with a starting MiDAC concentration of 500 nM. A
concentration gradient of MiDAC was set up for each salt concentration across 8 wells
of a 96 well plate. Tips were regenerated as detailed in materials and methods between
each salt concentration and the same row of 8 tips were used for each run (Table 4.1).
Table 4.1: The effect on Ins(1,3,4,5,6)P5(biotin) binding affinity when varying
the ionic strength of the buffer. The binding affinities were generated
using the same protein sample over a series of 6 runs on the Octet Qke.
Concentration of
NaCl (mM)
50

KD (nM)
87

100

71

150

130

200

160

250

140

300

150

Increasing the ionic strength of the buffer shows a subtle reduction in the affinity of
MiDAC for inositol phosphate (Table 4.1). To generate the most accurate KD from the
Octet a salt concentration of 150mM was chosen to reflect physiological conditions. The
association and dissociation step times were also reduced to just 2 minutes for
association and 3 minutes for dissociation. This meant that the data analysis would focus
on the initial binding event at the biosensor surface and the effect from the slower nonspecific binding would be reduced (Figure 4.17).
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Figure 4.18: Concentration gradient of MiDAC binding InsP5 on the Octet.
A) Association and dissociation curves of the varying concentrations of MiDAC. The
curves in red depict the 1:1 fit generated by the Octet software. B) steady state analysis
of the response generated from each biosensor. C) Table showing the dissociation
constant with the standard deviation from the mean from steady state analysis.
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Using the Octet software the parallel reference biosensors were subtracted from the
InsP5 activated biosensors and the association and dissociation curves were generated
(Figure 4.17). The dissociation constant measured using the Octet was 96 nM (+/- 7.3
nM). This is 10 fold tighter than the apparent KD generated using the BOC-Lysine
assay. This difference in affinity suggests that binding and activation are separate and
distinct. It cannot be ruled out that the fluorophore on the BOC-lysine substrate is
having an affect on binding and activation. Therefore, in order to confirm the affinities
generated using the Octet Qke system were accurate, a second method, fluorescence
anisotropy (FA) was used.

4.5 - Measuring the affinity of InsP5 binding MiDAC using Fluorescence

Anisotropy
To confirm the affinity of MiDAC for inositol phosphate, a fluorescence anisotropy (FA)
assay was optimised. Fluorescence anisotropy requires a small fluorescently-labelled
ligand that tumbles freely in solution. For these experiments a fluorescent derivative of
Ins(1,3,4,5,6)P5, in which fluorescein was coupled via a linker to carbon 2 of the inositol
ring, 2-FAM-Ins(1,3,4,5,6)P5 (a kind gift from Barry Potter, Oxford), was used. The
fluorescent molecule absorbs photons of light when excited by plane polarised light and
subsequently emits photons when excitation is lost. The fluorescently tagged InsP5 will
be tumbling freely in solution and thus the light emitted following excitation will be
largely depolarised. If this rotational lifetime is increased through binding to a larger
molecule the tumbling speed of the fluorophore will decrease and the degree of decorrelation in polarization will decrease. In this case when 2-FAM-Ins(1,3,4,5,6)P5 binds
to MiDAC the tumbling rate is significantly reduced compared to free 2-FAMIns(1,3,4,5,6)P5, leading to a decrease in the amount of polarized light that is emitted.
The difference between the polarization state of the light that is emitted from the free
and bound 2-FAM-Ins(1,3,4,5,6)P5 molecule with increasing concentrations of MiDAC
can be used to determine the dissociation constant.
The buffer conditions were maintained as per the Octet assay (50mM Tris pH 7.5,
150mM NaCl and 0.01% Tween-20) and a fluorescence anisotropy assay was prepared
as described in materials and methods (Figure 4.18).
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Figure 4.19: Using fluorescence anisotropy to measure inositol phosphate
binding affinity.
Direct binding of 2-FAM-Ins(1,3,4,5,6)P5 to MiDAC: Fluorescence anisotropy plotted
against MiDAC concentration and the calculated dissociation constant (Error bars +/SEM n = 3).
The dissociation constant measured using this direct binding assay was 136 nM (+/- 8.3
nM), which was comparable to the affinity seen using the Octet.
Having established these techniques and obtained reliable kinetic data for MiDAC
binding inositol phosphate both BLI and FA experiments were used to investigate the
effect of having an inhibitor bound at the active site on the affinity for inositol
phosphate. This was performed with the aim of understanding the mechanism of
MiDAC activation by inositol phosphate.

4.5.2 - Effect of HDAC inhibitors on Inositol Phosphate Binding

To investigate the mechanism of activation by inositol phosphates, HDAC inhibitors
were used to mimic having substrate bound at the active site of HDAC1. MiDAC was
pre-bound to a variety of inhibitors and this inhibited complex was used in Octet and
FA experiments. These experiments would give insights into the relationship between
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the active site and the inositol phosphate binding site by showing the effect on binding
affinity of Ins(1,3,4,5,6)P5 when the active site of HDAC1 was occupied.
To test the effect of inhibitors on the binding of Ins(1,3,4,5,6)P5(biotin) on the Octet,
500µM MiDAC was pre-bound to 100 µM SAHA. This MiDAC sample was serial
diluted in a 96 well plate and an Octet assay was run as per the materials and methods.
This assay showed no significant difference in the binding affinity of MiDAC for
Ins(1,3,4,5,6)P5(biotin) in the presence or absence of SAHA.
A fluorescence anisotropy assay was performed on MiDAC in the presence and absence
of romidepsin and SAHA. MiDAC was mixed with each of these inhibitors and serial
diluted in triplicate across a 96 well plate. The FA assay was set up as before (Materials
and methods, 2.15) and read using the Perkin Elmer plate reader (Figure 4.19).

Figure 4.20: Comparison of MiDAC binding to 2-FAM-Ins(1,3,4,5,6)P5 in
the presence and absence of SAHA and romidepsin.
The table shows the calculated binding affinity determined using FA.
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There is a pronounced difference in the KD between MiDAC in the presence of
inhibitor and MiDAC on its own. The crystal structures of HDAC1 and HDAC3
demonstrate that although the active site is close to the inositol phosphate binding site
these inhibitors would not be large enough to bridge the gap between these two sites,
suggesting that the difference in affinity is due to an allosteric mechanism rather than a
direct interaction.

4.6 - Discussion

The unexpected discovery that class I HDAC complexes are activated by inositol
phosphates has given a fresh insight into the regulation and mechanism of these
complexes. This has given new possibilities of specifically targeting these complexes in a
therapeutic setting. The aim of this chapter was to investigate whether inositol
phosphates activate MiDAC in the same manner as the NuRD and SMRT complexes
and to investigate the mechanism of this regulation.
The stereochemical requirements of HDAC activation in the SMRT and NuRD
complexes by inositol phosphate has been demonstrated using the BOC-lysine
fluorometric assay (Watson et al. 2016). This work revealed that it was the A, B and C
positions of the inositol phosphate binding pocket that must be occupied by phosphates
for a robust activation of HDAC activity (Figure 4.1). Here it has been demonstrated
that MiDAC is robustly activated by incubating MiDAC with Ins(1,4,5,6)P4,
Ins(1,3,4,5,6)P5 and InsP6 whereas Ins(1,4,6)P3 and Ins(1,4,5)P3 are unable to activate
MiDAC (Figure 4.4 and 4.6). This is consistent with data previously obtained for the
SMRT and NuRD complexes and reveals that MiDAC shares the same stereochemical
requirements for inositol phosphate activation.
The data presented in this chapter demonstrates that BLI on the Octet QKe is a
powerful assay that can be used to generate accurate kinetic data of MiDAC binding
inositol phosphate immobilised on a biosensor surface. Early experiments on the Octet
showed overcrowding at the biosensor surface as well as some non-specific binding that
would have significant effects on the binding affinities generated. This work emphasises
the importance of optimising the immobilisation conditions, protein concentration and
the buffer conditions for use in BLI experiments. These optimisations have reduced
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overcrowding and non-specific binding at the biosensor surface, which allowed for the
generation of accurate binding affinities. BLI on the Octet platform has demonstrated
that inositol phosphate binding is sensitive to the ionic strength of the buffer as was
observed for SMRT (Watson et al. 2012; Millard et al. 2013). Therefore a concentration
of 150mM NaCl was used in the assay buffer to generate a physiologically relevant KD.
The affinity of MiDAC binding to inositol phosphate was calculated to be 96 nM using
BLI (Figure 4.18). A fluorescence anisotropy (FA) assay confirmed that the KD
calculated using FA was 136nM is comparable to the octet QKe assay suggesting that
inositol phosphate binding MiDAC is in the nanomolar range (Figure 4.18). This shows
that there is a difference between the intracellular concentration of inositol phosphate
that has shown to be as much as 10 µM for Ins(1,4,5,6)P4 and the binding affinity of
inositol phosphates (Barker et al. 2004). This could mean therefore that MiDAC is
saturated with inositol phosphate when in the cell and inositol phosphate is lost during
the purification procedure. It is also possible that sub-cellular compartmentalisation of
inositol phosphates is able to separate MiDAC from high concentrations of inositol
phosphate. Fluctuations in inositol phosphate concentration during the cell cycle could
suggest that spatial and/or temporally controlled production of higher order inositol
phosphates results in the control of activation of MiDAC. Limitations on experimental
techniques makes it impractical to measure the sub-cellular concentrations of inositol
phosphate due to their small highly charged nature.
The mechanism of activation of MiDAC was tested using an inhibitor bound at the
HDAC1 active site as a mimic for a bound substrate, to explore the effect of inositol
phosphate binding further. There were no noticeable differences seen in binding to
inositol phosphate immobilised on the Octet when MiDAC was bound by SAHA. The
FA experiments however, demonstrated a significant difference in binding to 2-FAM Ins(1,3,4,5,6)P5 when MiDAC was pre-bound to either SAHA or romidepsin. When the
MiDAC complex was pre-bound to SAHA or romidepsin the affinity for inositol
phosphate increased over two fold. The inability to observe a difference on the Octet
could be due to the sensitivity in the technique or the small variability seen between
samples and biosensors masking any increase in affinity. We cannot rule out however
that the large fluorescent moiety on the 2-FAM-Ins(1,3,4,5,6)P5 could be interacting
with the inhibitors at the opening of the active site of HDAC1 leading to an apparent
increase in affinity. However this is unlikely as both SAHA and romidepsin are
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structurally different HDAC inhibitors yet the effect on binding is consistent. Although
both SAHA and romidepsin are both inhibitors that chelate the zinc in the active site,
romidepsin has a large ‘capping’ group and would have more interactions around the
surface of the HDAC1 at the periphery of the active site. SAHA is smaller and has a
benzene ring that sticks up and out of the active site. The differences between these two
inhibitors would suggest that it isn’t an interaction between the inhibitor and the
fluorescent Ins(1,3,4,5,6)P5, rather it is an allosteric mechanism.
This work could be further progressed by investigating whether the observed changes in
affinity using FA and inhibition using the HDAC activity assay were consistent in the
presence of other inhibitors, including benzamide derivatives, such as chidamide or MS275 and the weaker aliphatic acids, such as Valproic acid.
The difference in inositol phosphate binding affinity in the presence of different
inhibitors using FA is consistent with other work performed on the NuRD and SMRT
complexes that demonstrated that the affinity for inositol phosphate was increased in the
presence of various inhibitors (Watson et al. 2016). Structural studies on the
MTA1:HDAC1 complex revealed no significant structural differences in the HDAC1
active site in the presence or absence of InsP6. This led to the conclusion that inositol
phosphate activation is an allosteric mechanism driven by a change in entropy. It is
likely that the activation of the MiDAC complex is also driven by an entropic change
however not having a high resolution structure of the MiDAC complex means that we
cannot confirm this.
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Chapter 5 - Analysis of the binding and specificity of MiDAC for
its histone tail substrate
5.1 - Introduction

The nucleosome core consists of two copies of four histone proteins; H2A, H2B, H3 and
H4. Each of these histone proteins has a terminal flexible region called the histone tail
that extends outwards from the core of the protein and is subject to a diverse array of
modifications. Each tail contains multiple lysine residues that can be acetylated or
deacetylated. The acetylation state of these lysine residues is a dynamic process that
brings about structural rearrangements to the local chromatin structure. Although
acetylation plays a role in all four of the histone tails it is the acetylation state of histone
H3 and histone H4 that has been most widely studied and implicated in transcription
regulation (Ropero & Esteller 2007; Waterborg & Matthews 1984; Drogaris et al. 2012).
With the exception of HDAC8, class I HDACs need to be recruited to their corepressors in order for them to have enzymatic activity (Imai et al. 2000; Lechner et al.
2000; Guenther et al. 2007). HDAC3 is unique amongst the class I HDACs as it is
exclusively recruited to SMRT/NCoR (Wen et al. 2000; Watson et al. 2012), whereas
HDAC1 and HDAC2 are recruited to a variety of co-repressor complexes to carry out
their function including MTA1, MiDAC and CoREST (Imai et al. 2000; Kao et al.
2000; Bantscheff et al. 2011). Despite recent advances in our understanding of class I
HDAC enzymes, very little is known about their substrate specificity or their mechanism
of activation. It is not clear at this stage whether it is the co-repressor by which the
HDAC is bound that confers substrate specificity or other components of the complex.
Having established that inositol phosphates are able to activate MiDAC (Chapter 4) the
next stage was to investigate the role of inositol phosphate on substrate binding. Using a
catalytically dead HDAC1 mutant, the binding affinity of MiDAC for a histone tail
peptide substrate and the effect of inositol phosphate on this binding affinity were
examined. This would give further insight into the mechanism of activation by inositol
phosphates.
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In order to investigate the binding of MiDAC to its substrate, initial work needed to be
carried out to examine whether MiDAC demonstrated any specificity towards different
histone substrates. This work was important to give insights as to whether MiDAC is
active against multiple lysine residues on histone tails or whether its activity is limited to
particular histone substrates. It would also identify a suitable substrate that could be
used for measuring the binding affinity of substrate on the Octet QKe. To determine
the ability of MiDAC to deacetylate specific lysine residues, the Caliper EZ reader was
used. Various histone tail peptides were synthesised that corresponded to known
substrates of HDAC enzymes. These peptides were incubated with MiDAC and run on
the Caliper EZ reader that is able to select between substrate and product.

5.2 - Investigation of MiDAC substrate specificity using the Caliper.

The focus of this investigation was on lysine residues within the tails of histone H3 and
histone H4, as these histone proteins are implicated in transcriptional regulation and
contain the majority of known targets for HDACs (Tessarz & Kouzarides 2014;
Drogaris et al. 2012; Waterborg & Matthews 1984). Fluorescently labelled histone tail
peptides corresponding to nine of the known substrates of HDAC1 in histone H3 and
H4 were synthesised by the Andrew Jamieson laboratory at the University of Leicester.
To investigate whether MiDAC has specificity for any of these nine different peptide
substrates, a microfluidic mobility shift assay (MSA) was used. The MSA experiment
was carried out on the Caliper EZ reader robot (Perkin Elmer).
Histone tail peptides were synthesised as 7-mers that included residues N and Cterminal to the acetylated lysine. In total 9 peptides were synthesised that represented
acetylated lysine residues; 4, 9, 14, 27 and 56 of histone H3 and lysine residues; 5, 8, 12
and 16 of histone H4 (Figure 5.1).
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Figure 5.1: Sequence schematics of histone H3 and histone H4 and the
chemical structures of the histone peptides.
(A and C) Sequence schematic of H3 and H4, highlighting the lysine residues used for
peptide synthesis that will be tested against MiDAC. (B and D) Chemical structures of
the five H3 and four H4 tail peptides showing the fluorescein isothiocyanate (FITC)
group joined to the peptide sequence using a short linker.
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5.2.2 - Introduction to the Caliper Assay

The Caliper EZ Reader is a microfluidics robot that is able to ‘sip’ small quantities of
reaction mixture that are then separated based on size and charge. The sample passes
through the capillaries and the difference in mobility between acetylated and
deacetylated peptide substrate is detected by a fluorescent signal generated via LED
induced fluorescence. The height of the fluorescent signal gives a measure in the
progress of the reaction by monitoring the signal generated by product and substrate
(Figure 5.2).

Figure 5.2: Schematic flow of the Caliper EZ reader.
Histone tail peptide moves through the capillaries of the Caliper, deacetylated peptide
moves faster through the capillaries due to its increased charge. The reaction is
monitored by the ratio of product to substrate.
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5.2.3 - Protein Purification

The MiDAC protein complex used in the MSA assay was expressed and purified as per
materials and methods (materials and methods 2.6). Samples of the peak containing
fractions were analysed using SDS-PAGE gel electrophoresis to confirm sample purity.
To verify the sample was active and was activated by InsP6 a BOC-lysine activity assay
was performed (Figure 5.3).

Figure 5.3: Expression and purification of MiDAC.
A) Gel filtration chromatography showed a clean uncontaminated peak. B) MiDAC
purity was confirmed by SDS-PAGE gel electrophoresis. C) A BOC-lysine HDAC
activity assay demonstrated this sample waa active and could be activated by InsP6.
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5.2.4 - Substrate specificity of MiDAC using the Caliper.

MiDAC was aliquoted out in duplicate, into a black 384 well microtitre plate to a final
concentration of 125 nM in the presence or absence of 100 μM InsP6. Peptide was
added at a final concentration of 4 μM to the micro-plate was inserted into the Caliper
EZ reader for analysis. The increase in product was plotted against time to generate an
initial rate (data not shown). The initial rates of MiDAC deacetylating the various
histone tail peptides in the presence and absence of InsP6 was plotted using Prism
(Figure 5.4).
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Figure 5.4: Initial rates of MiDAC in the presence and absence of InsP6.
Initial rates of lysine deacetylation of the eptide substrates indicated were determined
using a microfluidics assay on the Caliper EZ reader in the presence and absence of
InsP6.
A large fluorescent group on the peptide substrate could have prevented the peptide
from being recognised by the MiDAC complex due to steric hindrance. The data
suggests that this wasn’t the case as MiDAC is clearly able to deacetylate the majority of
the peptides and the clear differences in initial rate between very similar peptides
suggests that the fluorescent moiety wasn’t preventing binding or recognition.
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The differences in initial rates suggest that MiDAC has some specificity towards
particular substrates. In the absence of inositol phosphate MiDAC is able to deacetylate
the majority of the lysine residues. The most significant differences are seen between
H3K9, H4K12 and H4K16. MiDAC is almost completely inactive against H3K9 and
H4K12, whereas it is strongly active against H4K16. In the absence of InsP6 MiDAC is
moderately active against H3K4, H3K9, H3K27, H3K56 and H4K5 suggesting that in
vivo MiDAC is able to deacetylate many lysine residues or a factor other than DNTTIP1
or MIDEAS confers substrate specificity.
With the exception of H4K8, the initial rate is significantly increased against all
substrates in the presence of InsP6. It is interesting to note that MiDAC does show some
activity against H4K8 but the activity is not increased in the presence of InsP6. Activity
is increased roughly two fold for H3K27, H3K56, H4K5 and H4K16, whereas it is
increased to a lesser extent for H3K4 and H3K9. It is also interesting to point out the
increase in activity against H3K14. In the absence of inositol phosphate MiDAC shows
very little activity against H3K14 however it is clearly able to deacetylate H3K14 in the
presence of inositol phosphate. This could be due to the artificial nature of the assay and
that HDAC1 is highly active in the presence of inositol phosphate, which may affect
specificity.
This assay has shown that MiDAC is able to deacetylate a range of peptides and it
demonstrates some specificity towards certain substrates. It is likely that MiDAC is able
to deacetylate a multitude of different acetylated lysine residues and in vivo substrate
specificity is conferred by other components of the complex that are not present in this
sample. Of the nine peptides, MiDAC is most active against the H4K16ac peptide and
so this peptide was chosen for use in further binding assays.

5.3 - Investigating the affinity of MiDAC for a histone tail substrate using

Bio Layer Interferometry
Having established the Octet QKe as a reliable technique to measure binding affinities
(Chapter 4) this was used to measure the affinity of MiDAC for a histone tail peptide.
Lysine 16 of histone 4 was chosen as MiDAC showed the most amount of activity
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against this peptide in the caliper microfluidics assay. This substrate was then
immobilised onto streptavidin coated biosensors and the binding affinity was measured
in a similar way to inositol phosphate binding (Chapter 4).

5.3.1 - Peptide Synthesis

Bio-layer interferometry requires the H4K16ac substrate to be produced with a biotin
group via a long linker rather than a fluorescent moiety as for MSA. The biotinylated
H4K16ac peptide was synthesised using a CEM Liberty 1 automated peptide
synthesiser with assistance from the Jamieson group (Leicester, Chemistry) (Materials
and methods 2.13). The length of the peptide was increased by the addition of two
glycine residues compared to the peptide used on the Caliper. This was to ensure the
length of the peptide was such that it sat out in solution and MiDAC was able to bind.
After synthesis of the full peptide sequence the peptide was washed and biotinylated
manually whilst still bound to the H-RinkAmide ChemMatrix resin (Figure 5.5).

Figure 5.5: Chemical structure of Biotinylated H4 10 – 18 (K16ac).
Histone tail peptide was synthesised using a CEM liberty 1 peptide synthesiser and
biotinylated manually.
The biotinylated peptide was cleaved from the resin and purified using HPLC before
being submitted for LC-MS to determine purity.
The biotinylated H4K16ac substrate was immobilised onto streptavidin coated
biosensors. Biosensors were washed and equilibrated in assay buffer containing (50mM
Tris pH 7.5, 150mM NaCl, 0.05% Tween-20). Streptavidin coated biosensors were
then dipped into assay buffer containing biotinylated peptide at a final concentration of
1 μg / ml.
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5.3.2 - MiDAC sample preparation

To measure the binding of MiDAC to its substrate using the Octet QKe, the HDAC1
used in the complex needed to be catalytically dead to ensure the substrate was not
turned over on the biosensor surface. The HDAC4 enzyme has a histidine residue
instead of a tyrosine in the active site, this single base pair change is the reason that
HDAC4 shows no enzymatic activity (Lahm et al. 2007; Hudson et al. 2015). Mutation
of the equivalent tyrosine residue within the catalytic site of HDAC1 to a phenylalanine
residue (Y303F) produces a catalytically dead HDAC1 (Figure 5.6).

Figure 5.6: Proposed mechanism of deacetylation by HDAC1.
Numbering of residues corresponds to HDAC3. Tyrosine 297 contributes a hydroxyl
group to stabilise the intermediate. Mutating the tyrosine to a phenylalanine results in a
catalytically dead HDAC1 that should still bind substrate.
The Y303F mutation removes the hydroxyl group and prevents the enzyme from
stabilising the intermediate, thus blocking activity but allowing substrate binding (Figure
5.6).
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The catalytically dead mutant was expressed and purified with MIDEAS(717-887) and
DNTTIP1 from HEK293 cells and a comparable yield was seen to that of wild type
HDAC1. The gel filtration chromatography and SDS-PAGE gel electrophoresis
analysis demonstrated that this was a stable complex that could be readily expressed
from HEK293 cells (Figure 5.7).

Figure 5.7: Gel filtration chromatogram and SDS-PAGE gel electrophoresis
to demonstrate the mutant HDAC1 is stabily expressed and purified from
HEK293 cells.
A) Gel filtration chromatogram. B) SDS-PAGE gel electrophoresis shows a
stoichiometric complex.
The appropriate fractions were pooled and concentrated and a BOC-lysine HDAC
activity assay was performed. The activity of MiDAC(HDAC1:Y303F) in the presence and
absence of InsP6 was tested alongside wild type MiDAC to confirm that mutating this
tyrosine had resulted in a catalytically dead complex (Figure 5.8).
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Figure 5.8: Boc-Lysine assay showing the difference in activity between
HDAC1:Y303F and wild type HDAC1. Error bars indicate ± s.e.m (n=3)
The Y303F mutation of HDAC1 abolishes activity of MiDAC (Figure 5.8). In the
presence of InsP6 the activity seems to increase slightly but this is within the noise of the
assay and doesn’t seem to be significant.

5.3.3 - MiDAC(HDAC1:Y303F) binding H4K16ac on the Octet.

Having established that HDAC1(Y303F) mutant was inactive within MiDAC using the
BOC-lysine activity assay, binding affinities could then be tested using the Octet QKe.
The H4K16ac peptide was immobilised to biosensors in the same conditions as
Ins(1,3,4,5,6)P5(biotin), (1 μg / ml for 60 seconds). The tips were then washed and
equilibrated before being dipped into a serial dilution of MiDAC ranging from 2 μM –
0.015 μM for association and back into buffer for dissociation (Figure 5.9).

114

Figure 5.9: MiDAC binding H4K16ac on the Octet.
A) Binding and dissociation curves for MiDAC binding to immobilised peptide, tips are
placed into buffer for dissociation. B) Steady state binding kinetics that determines
overall binding affinity.
Using a concentration gradient of MiDAC(HDAC1:Y303F) from 2 µM to 0.015 µM, a
dissociation constant of 540 nM was determined (Figure 5.9). The binding affinity
generated is likely to be physiologically relevant as the tyrosine that has been mutated is
implicated in stabilising the intermediate during the deacetylation and not in the
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binding and recognition of the peptide. This assay demonstrated that the mutant
MiDAC(HDAC1:Y303F) is able to bind but not de-acetylate the histone tail peptide. The
affect of having InsP6 bound at the interface of MIDEAS and HDAC1 on the affinity
for substrate was then tested.
To determine the effect of InsP6 on MiDAC binding to H4K16ac, a dilution series of
MiDAC from 5 μM to 1.25 μM was set up across 3 wells in the presence of InsP6 at 100
μM (Figure 5.10). The Octet QKe was run as described in materials and methods
(Section 2.11).
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Figure 5.10: Octet assay of varying MiDAC concentration in the presence of
100 μM InsP6.
Just the association phase of the assay is shown to highlight the shape of the curve.
Interestingly, in the presence of InsP6, MiDAC(HDAC1:Y303F) has a very rapid on rate and
then dissociates quickly whilst still in the association phase of the experiment (Figure
5.10). A rapid on rate and then an immediate dissociation event has been previously
observed on the Octet and is hypothesised to be due to oversaturation and aggregation
of complex at the biosensor surface (Chapter 4, Figure 4.9). An excess of MiDAC was
not the cause of the dissociation from substrate, as binding and dissociation rates could
be determined at these MiDAC concentrations in the absence of InsP6. It was
speculated that this phenomenon was due to the inositol phosphate increasing the
activity of MiDAC(HDAC1:Y303F) to a point where the deacetylation of the H4K16ac
peptide on the tip could be observed in real time. The BOC-lysine assay performed on
116

MiDAC(HDAC1:Y303F) did show a small increase in activity upon addition of InsP6, but this
was thought to be insignificant, however this activity could be the cause of the observed
effect at the biosensor surface.
To test the hypothesis that deacetylation was occurring at the biosensor surface, an
experiment was set up to determine whether the tips that had been previously exposed
to MiDAC(HDAC1:Y303F) and InsP6 could be re-used. Biosensors were washed and reconstituted using 0.1M Glycine pH 3.5 to remove any bound protein, as described in
materials and methods. An Octet assay was then set up with a single concentration of
MiDAC(HDAC1:Y303F) across these 3 tips to test for binding (Figure 5.11).

Figure 5.11: MiDAC(HDAC1:Y303F) binding re-used H4K16ac containing
biosensors that had been exposed to MiDAC(HDAC1:Y303F).
A) No binding is observed as the change in response is within the noise of the assay. B)
The binding of MiDAC(HDAC1:Y303F) to new unused biosensors, used as a reference to
scale.
As seen in Figure 5.11 no binding was observed for these tips, unlike previous
experiments where MiDAC(HDAC1:Y303F) had been able to re-bind to the same biosensors
after reconstitution using 0.1M Glycine. This suggests that the acetylated lysine had
been deacetylated by MiDAC(HDAC1:Y303F) in the presence of InsP6.
To test if it was possible to observe wild type MiDAC binding to and deacetylating
H4K16ac on the biosensor surface an experiment was set up with four new biosensors
that had been activated with H4K16ac. Using wild type MiDAC, the assay was
performed using a concentration gradient of MiDAC from 2.5 μM to 0.31 μM (Figure
5.12).
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Figure 5.12: Comparison of wild type MiDAC binding H4K16ac compared
to MiDAC(HDAC1:Y303F) binding H4K16ac.
(a) Both association and dissociation phases of the assay are shown. No binding is
observed for wild type MiDAC binding H4K16ac as any observable binding is within
the noise of the assay. (b) The binding of MiDAC(HDAC1:Y303F) to new unused biosensors,
used as a reference to scale.
The very low response seen for wild type MiDAC shows that no binding was observed.
The lack of binding is likely due to the wild type MiDAC being so active that the rate of
deacetylation occurring at the biosensor surface is too fast for detection. To investigate
whether the lack of binding was due to a fast rate of deacetylation at the biosensor
surface, the biosensors were re-used to test for binding to mutant MiDAC(HDAC1:Y303F) at
a concentration of 500 μM that had previously shown consistent and reproducible
binding to H4K16ac. No binding was observed demonstrating that MiDAC can bind
and turnover the acetylated lysine peptide in the absence of InsP6.
To further confirm that InsP6 increases the rate that MiDAC(HDAC1:Y303F) is able to bind
to acetylated lysine peptide another Octet assay was set up. New biosensors were used
and 1 μg / ml of H4K16ac peptide was immobilised at their surface.
MiDAC(HDAC1:Y303F) at a concentration of 200nM was incubated with a concentration
gradient of InsP6 ranging from 100 µM to 12.5 µM (Figure 5.13).

118

MiDAC (HDAC1: Y303F) Binding H4K16ac with varying InsP6
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Figure 5.13: Octet assay of MiDAC(HDAC1:Y303F) incubated with a
concentration gradient of InsP6 binding H4K16ac.
The response at the biosensor surface corresponded to a change in varying InsP6. Only
the association phase of the assay is shown to highlight the shape of the curve.
The differences in the response seen across the biosensors confirm that the binding and
dissociation is due to the presence of inositol phosphate (Figure 5.13). The response is
consistent with the rapid association and dissociation seen with varying
MiDAC(HDAC1:Y303F) concentration against a consistent InsP6 concentration (Figure
5.10). The presence of inositol phosphate is clearly having an effect on the active site of
HDAC1, however whether this is influencing just the binding of substrate or whether it
is contributing to the deacetylation of the lysine residue by stabilisation of the
intermediate is yet to be understood.

5.4 - Discussion

Determining the substrate specificity of class I HDAC enzymes has proven to be
challenging for several reasons. Functional redundancy within the HDAC enzyme
family means that knockdown of one HDAC enzyme can be compensated for by the
activity of another HDAC enzyme. Class I HDAC enzymes are recruited to large
multimeric protein complexes for full enzyme activity and their active sites are highly
conserved. It is possible that each co-repressor complex demonstrates different substrate
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preferences. The aim of this chapter was to investigate whether MiDAC demonstrates
substrate specificity in vitro. This was then taken further by investigating the affect of
inositol phosphate binding on the affinity for substrate, which would help to understand
the crosstalk between inositol phosphate binding and the active site (Chapter 4).
The data presented in this chapter shows that MiDAC is active against a range of
histone tail peptides and has some specificity towards H3K27ac and H4K16ac (Figure
5.4). H3K27me3 is a well-characterised mark of gene repression and since acetylation
and methylation are mutually exclusive, de-acetylation of H3K27ac could be the initial
step before methylation and a more repressive mark (Barski et al. 2007). H4K16ac is
found in the promoter regions of active genes and is a marker of gene activation,
whereas H3K27ac has been found predominantly in the transcription start sites of
active genes (Z. Wang et al. 2008). Both H3K27 and H4K16 are adjacent to an arginine
residue. Although the arginine in H3K27 is N-terminal to the acetylated lysine and in
H4K16 the arginine is C-terminal, the presence of this large positively charged amino
acid could be a contributing factor in the binding and recognition of these particular
substrates.
Bio-layer interferometry analysis using the Octet was used to measure the affinity of a
MiDAC complex containing a catalytically inactive HDAC1 (Y303F) mutant for a
histone tail peptide substrate. Interestingly, the addition of InsP6 to MiDAC(HDAC1:Y303F)
was able to rescue some of the activity of the mutated HDAC1 enzyme. After a very fast
association a slow dissociation was observed and this was demonstrated to be
deacetylation occurring at the biosensor surface. A comparison of the steepness in the
association phase of the curve between MiDAC in the presence and absence of InsP6
suggests that MiDAC bound by InsP6 has a greater affinity for histone substrate than
MiDAC on its own. The absence of the tyrosine meant that the hydroxyl group that
stabilises the intermediate was not present. The formation of the tetrahedral
intermediate was likely mediated by a water molecule in the active site leading to
deacetylation of the lysine residue.
The results from BLI and the fluorescence anisotropy studies (Chapter 4) demonstrate
that there is crosstalk between the active site of MiDAC and the inositol phosphate
binding pocket. The BLI experiments using a mutated HDAC1 were performed to
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investigate whether inositol phosphate binding would increase the affinity for substrate.
The affinity could not be measured as the substrate was being deacetylated at the
biosensor surface. How the mutated HDAC1 was able to show deacetylase activity
without the hydroxyl group there to stabilise the intermediate is not understood. The
structures of the NuRD and SMRT co-repressor complexes show that the inositol
phosphate binding site is to far away from the substrate binding pocket for the inositol
phosphate to be affecting substrate directly (Millard et al. 2013; Watson et al. 2012). It
has also been shown that there are no significant structural changes in the active site of
HDAC1 in the NuRD complex when it is bound by inositol phosphate, suggesting that
it is an allosteric mechanism of regulation driven by changes in entropy (Watson et al.
2016). From the data presented here it is likely that the allosteric mechanism that is
driven by entropy is the same for MiDAC.
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Chapter 6 - Structural Characterisation of MiDAC
6.1 - Introduction

Structural analysis of HDAC containing co-repressors has given insights into the
mechanism of their regulation and also how they are targeted to chromatin (Millard et
al. 2016; Watson et al. 2016). X-ray crystallography has been successfully used to solve
the structures of both HDAC3 and HDAC1 in complex with domains of their corepressor partner proteins (Watson et al. 2012; Millard et al. 2013). The crystal structure
of HDAC1 in complex with the ELM2:SANT domain of MTA1 revealed the
dimerization interface of the protein was mediated by the SANT domain whilst the
ELM2 portion of MTA1 wrapped around HDAC1 in a groove such that MTA1 is
constitutively bound to HDAC1 (Millard et al. 2013). It has subsequently been shown
that HDAC3 is also wrapped by SMRT and it is now clear that inositol phosphates are
conserved regulators of class I HDAC containing co-repressor complexes (Watson,
Fairall & Schwabe 2012; Millard et al. 2013; Watson et al. 2016). Electron microscopy
in combination with small angle X-ray scattering and crosslinking data has revealed the
assembly of the core NuRD complex consisting of HDAC1:MTA1:RBBP4 (Millard et
al. 2016).
Less information is known about the MiDAC complex however insights into the
function of MiDAC have been helped by structural studies on distinct components of
the complex previously performed in the laboratory. The dimerization domain of
DNTTIP1 was solved by X-ray crystallography and the DNA binding domain (DBD) of
DNTTIP1 was solved by NMR (Itoh et al. 2015), however the domain architecture of
the entire complex and how these components assemble to form MiDAC remains
unknown. Sequence conservation between MTA1 and MIDEAS suggests that the
ELM2-SANT domain of MIDEAS will wrap HDAC1 in the same groove as seen in
MTA1:HDAC1, however whether the dimerization domain is also conserved is
unknown.

Investigating the assembly of DNTTIP1, MIDEAS and HDAC1 was therefore a key
element in this project. Information on the position of the active site of HDAC1 and the
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DBD positions within MiDAC would allow for better understanding of the mechanism
of chromatin binding and substrate recognition. In order to investigate the structure of
MiDAC several techniques were used. X-ray crystallography was attempted however
the size and the multi component nature of MiDAC made growing crystals challenging.
Techniques not reliant on crystal growth including small angle X-ray scattering (SAXS),
crosslinking and SEC-MALS were implemented alongside crystallography trials. This
chapter will give a short introduction to each of the structural and biophysical
techniques as they are discussed.

6.2 - SEC-MALS

SEC-MALS is the combination of Size Exclusion Chromatography (SEC) and Multi
Angle Light Scattering (MALS) analysis. This technique was used to determine the
molecular mass and radius (rg) of MiDAC in solution. MiDAC was prepared as detailed
in materials and methods and passed through a Sephadex S200 column attached to the
DAWN HELOS II detector (Wyatt technology). In the detection chamber collimated
light is directed at the sample flow sample detectors to measure the light scattering
intensity as a function of the scattering angle, which can then be used to calculate the
molecular weight of the protein in solution. SEC-MALS was performed on the
MIDEAS(717-887): DNTTIP1: HDAC1 complex (Figure 6.1).
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Figure 6.1: SEC-MALS analysis of MIDEAS(717-887), FL HDAC1, FL
DNTTIP1.
Table showing the theoretical molecular weight and the molecular weight calculated
from SEC-MALS.
The molecular weight of 459 kDa agreed closely with the theoretical molecular weight
of a tetrameric MiDAC complex. One dimerization interface is known to exist in the
DNTTIP1 protein and it is predicted that the other interface exists between two of the
MIDEAS proteins as seen in the MTA1:HDAC1 dimer (Millard et al. 2013), hence a
dimer of dimers.

6.3 - Crystallography

The successful determination of a protein structure using X-ray crystallography relies on
protein molecules assembling into a well-ordered periodic lattice, forming a
homogenous well-ordered crystal that will diffract X-rays. Salts and simple organic
molecules can form robust crystals by rapid evaporation from a solution. Proteins are
more delicate and require water for their structure so to achieve crystal growth the
protein must be taken out of solution slowly.
For the successful growth of protein crystals a protein sample at a high concentration is
mixed with various reagents that reduce the protein solubility close to spontaneous
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precipitation. Under suitable conditions the slow further concentration of protein can
result in nucleation sites and the formation of protein crystals (Figure 6.2).

Figure 6.2: Illustration for the conditions found in the protein drop and
how they relate to crystal growth.
(i) Protein drop remains clear, (ii) Protein drop contains amorphous precipitant, (iii)
protein drop contains many microcrystals, (iv) Ideal conditions for crystal growth, the
conditions become suitable for nucleation and as several microcrystals are formed the
solution conditions move into the crystal growth zone (Chirgadze 2001).
The successful formation of crystals is dependant on both the protein sample itself and
the precipitant mixture that the protein is mixed with. To find the correct conditions for
spontaneous crystal growth there are a great deal of commercially available screens
available that cover a range of pH, polyethylene glycol (PEG), salt concentrations and
various additives. If crystals are seen in any of these screens then an optimised screen
can be produced with the aim of generating improved crystals that may be more
suitable for analysis.
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For all of this work, sitting drop vapour diffusion was used. Equal volumes of protein
and precipitant are mixed in a well above the reservoir solution of precipitant. Over
time the two chambers reach equilibrium by diffusion resulting in crystal growth (Figure
6.3).

Figure 6.3: Sitting drop crystallisation plate and set up.
A) Sitting drop crystallisation plate (Molecular Dimensions) contains 3 wells, two for
protein drops and a third large well for the reservoir solution. B) Cartoon showing the
protein drop in relation to the reservoir solution.
MiDAC was produced as per materials and methods (Materials and Methods 2.5). The
sample was then concentrated to between 2 and 5 mg/ml and set up in sitting drop
vapour diffusion plates. In all cases MiDAC was set up at various concentrations and
dispensed using a Cartesian micro-fluidics robot. A volume of 100nl of protein was
dispensed into a volume of 100nl of precipitant to produce a 200nl drop. Initial trials
used three commercially available screens, MORPHEUS, PROPLEX and PACT. The
crystallisation plates were incubated at both room temperature and 4 °C but no hits
were obtained with any of these screens.
In the MORPHEUS screen there were around 50 % of conditions with large amounts
of precipitation and the other 50 % being clear drops. This suggests that MiDAC was at
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a suitable concentration that could have resulted in crystallisation. The lack of positive
hits could be attributed to a number of factors such as protein flexibility, a nonhomogenous sample or insufficient additives. In an attempt to optimise hits several
iterations of crystal trials was attempted (Table 6.1).
Table 6.1: Summary of the conditions attempted for MiDAC crystallisation
trials.
Crystal

Protein Sample

Screen
Proplex

MiDAC (717-887),

Protein Concentration

Storage

(mg/ml)

temperature

3 and 5

4°C and

FL HDAC1, FL DNTTIP1
Proplex

MiDAC (628-887),

20°C
4 and 6

FL HDAC1, FL DNTTIP1
25% Proplex

MiDAC (717-887),

4°C and
20°C

3 and 5

20°C

3 and 5

4°C and

FL HDAC1, FL DNTTIP1
PACT

MiDAC (717-887),
FL HDAC1, FL DNTTIP1

PACT

MiDAC (628-887),

20°C
4

20°C

3 and 5

4°C and

FL HDAC1, FL DNTTIP1
MORPHEUS

MiDAC (717-887),
FL HDAC1, FL DNTTIP1

20°C

These conditions didn’t provide any hits and so conditions were not optimised any
further. The lack of crystals was attributed to the possible flexibility in the protein
sample itself. The HDAC1 N-terminal tail is unstructured and only the first 376 amino
acids were seen in the structure of HDAC1 solved in complex with MTA1 (Millard et al.
2013). The carboxy terminal tail of the HDAC1 (106 amino acids) is thought to be
unstructured and could have prevented protein crystallisation in the case of MiDAC. It
is also possible that the linker between the dimerization domain and the DBD of
DNTTIP1 is intrinsically unstructured. This would confer flexibility between the two
domains and prevent crystal formation. Future studies could use a short trypsin
incubation to cleave unstructured tails from HDAC1 and could help in crystal
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formation. Another approach is to use MiDAC that contained just the dimerisation
domain of DNTTIP1 instead of full length.

6.4 - Crosslinking

Crosslinking was used as an alternative method to crystallography to generate structural
information on the MiDAC complex. Although crosslinking is a low resolution
technique it does not rely on crystal growth. Low resolution distance restraints were
generated using chemical crosslinking in combination with LC-MS/MS. This is an
emerging technique that has been proven to be successful for characterising protein
complexes and establishes spatial relationships of subunits in protein complexes. A
purified protein sample is exposed to a crosslinking molecule, which in this case was a
homobifunctional molecule that reacts with the primary amine of lysine side chains.
Either end of the bifunctional molecule is able to attach to a lysine residue thus linking
lysine residues that are close in space in a protein complex. The protein sample is then
digested and the resulting fragments analysed using mass spectrometry. Peptides that are
linked by a crosslinker can be identified using tandem mass spectrometry due to the use
of a 1:1 mix of heavy and light crosslinker (materials and methods, 2.16). Crosslinkers
are utilised as an identical mix of heavy and light crosslinker analogs at a 1:1 ratio due
to the use of deuterated crosslinking reagents. During mass spectrometry analysis
crosslinked peptides are identified as they appear as doublets due to the isotopic mix of
crosslinker (Leitner et al. 2012). Crosslinked peptides can be identified and the location
of these crosslinked molecules can be used to build a model of the protein complex.
In this work two homobifunctional crosslinkers, CBDPSS and DSSG were used (Figure
6.4). DSSG has a spacer arm length of 7.7 Å, plus the lengths of two lysine side chains
(6.5 Å each) giving a maximum inter Cα distance of ≤23.7 Å. CBDPSS is similar in
length to DSSG and gives a maximum Cα distance of ≤27 Å due to a slightly longer
spacer arm length of 14 Å.
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Figure 6.4: Chemical structures of the crosslinkers DSSG and CBDPSS
An initial experiment was set up to establish that the crosslinkers selected were able to
crosslink MiDAC, which of the two chemicals were the most suitable to be taken
forward for analysis and the optimum concentration for the crosslinker. The chemicals
were both set up as a concentration gradient against 3 μg of MiDAC and analysed using
SDS-PAGE gel electrophoresis (Figure 6.5).
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Figure 6.5: SDS-PAGE gel analysis of the ability of DSSG and CBDPSS to
crosslink the MiDAC protein.
SDS-Page gel shows increasing complex multimerisation with increasing concentration
of crosslinker. The table shows the concentration of crosslinker that was mixed with 3 μg
of MiDAC. Labeled on the gel are suspected crosslinked complexes based on molecular
weight.
Both DSSG and CBDPSS were able to crosslink MiDAC and form a stable complex
that could be visualised by SDS-PAGE gel electrophoresis (Figure 6.5). Both DSSG and
CBDPSS were able to produce a band at the molecular weight that would be consistent
with a tetrameric MiDAC complex and so both were used with a view to using both to
generate data for crosslinking analysis. The concentration of crosslinker was selected to
be 1 mM crosslinker per 3 μg of protein. This was chosen to avoid producing protein
aggregates (Leitner et al. 2014). The next stage was to mix 100 μg of MiDAC with
33.3mM of DSSG and 33.3mM of CBDPSS in a final volume of 100 μl. This was
incubated for 30 minutes at 25 °C before stopping the reaction using a final
concentration of 40mM NH4HCO3. The whole volume of sample for both crosslinkers
was analysed by SDS-PAGE gel electrophoresis (Figure 6.6).
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Figure 6.6: SDS-PAGE gel showing crosslinked MiDAC by both CBDPSS
and DSSG.
The gel band highlighted by the orange box was excised and used for LC MS/MS
analysis.
After excising the gel bands the crosslinked complex was processed by the Proteomics
facility at the University of Leicester using a technique described by (Leitner et al. 2014).
Following trypsinisation data analysis was performed with help from Dr. Sidhu, Senior
Experimental officer at the University of Leicester. The raw MS data is converted into
an open mzXML file that can then be searched using the xQuest software. This is
dedicated software for automated identification of cross-linked peptides. Following
xQuest, xProphet is used to estimate false discovery rates (FDRs) for cross-linked
peptides identified by MS and to assess the statistical significance of the search results
from XL-MS experiments. The results can then be ranked and ordered into inter and
intra crosslinks. The limited known structural information was mapped onto gene
schematics (Figure 6.7).
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Figure 6.7: Gene diagrams to show the regions of the MiDAC complex that
have been solved using NMR and crystallography.
There is no structural information for the N and C-terminal regions of DNTTIP1 or the
linker region between the two domains of DNTTIP1. MiDAC has a Phyre predicted
model based on the MTA1 structure. HDAC1 has a C terminal tail that is unstructured
and was not seen in the crystal structure.

It was then possible to identify the crosslinks that were in the known regions of structure
and use these to map the spatial location of individual MiDAC components (Table 6.2).
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Table 6.2: Full table of identified crosslinks. Highlighted in red are those
that are in regions of the proteins that have no structural information
available and so are therefore discounted.
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The crosslinks formed between regions with known structural information were taken
forward and separated into intra protein crosslinks formed between the same protein
and inter protein crosslinks formed between different proteins (Table 6.3).
Table 6.3: Two tables separating the intra and inter crosslinks that could
be taken forward to determine structural information of the MiDAC
tetramer.
Distances were measured between Inter protein crosslinks from the final model. Some
distance could not be measured (N/A) as they lay outside of the previously determined
structural information.

Inter Protein Crosslinks
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Intra protein crosslinks were used to confirm the validity of the technique by showing
crosslinks formed between lysine residues previously known to be in close proximity
(Table 6.3). Inter protein crosslinks were used to infer new information about the
location of protein components in space. The intra and inter protein crosslinks were
mapped onto the known regions of structure (Figure 6.8).

Figure 6.8: Gene diagrams showing where the location of crosslinks
formation.
Boxes in colour show the regions of the constructs that have known structural
information associated with them. (A) Diagram showing the inter-crosslinks that were
formed between the proteins. Orange and grey lines were used for clarity. (B) Diagram
showing the intra-crosslinks formed within the protein components.
First the intra protein crosslinks were used to demonstrate that the crosslinks generated
were viable and could be trusted. Intra protein crosslinks formed in the DBD of
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DNTTIP1 were mapped using Pymol to demonstrate the crosslinked lysine residues
were in close proximity in the high resolution NMR structure (Figure 6.9).

Figure 6.9: Intra protein crosslinks formed in the DBD of DNTTIP1.
Previously determined structure of the DBD of DNTTIP1 (PDB code: 2MWI) (Itoh et
al, 2015). Lysine residues identified as forming intra crosslinks are shown as stick
representations and coloured orange for clarity.
The DBD of DNTTIP1 is flexible and had many crosslinks identified to itself. It is not
possible to determine from these experiments whether these crosslinks form between
multiple DNA binding domains or within the same domain. The five high scoring
crosslinks mapped here are presumed to be formed between lysine residues in the same
DNA binding domain. The distances between these lysine residues was measured using
the NMR structure of the DBD of DNTTIP1. The distances are consistent with the
maximum distance that the crosslinker would be able to span and the shorter distances
are likely due to the flexibility in the domain.
Inter protein crosslinks were then used to generate new information about the MiDAC
complex. It was clear from inter crosslinks that the N-terminus of HDAC1 was more
exposed and in close proximity to DNTTIP1 and the C-terminus of MIDEAS (Figure
6.8). The DBD of DNTTIP1 showed extensive crosslinking to itself as well as MIDEAS
and HDAC1. This was thought to be due to the flexible nature of the DBD and how
exposed many of its lysine residues were. Inter crosslinks formed between MIDEAS and
HDAC1 were mapped onto the respective proteins to determine whether MIDEAS
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binds HDAC1 in a similar manner to the SMRT and NuRD complexes. Only a few
crosslinks were made between HDAC1 and MIDEAS and these tended to be between
MIDEAS and the flexible C-terminal tail of HDAC1 and so these could not be mapped
on to known structures. A crosslink was made was between K50 of HDAC1 and K879
of MIDEAS, which corresponds to F250 of MTA1in the known structure (Figure 6.10).

Figure 6.10: Crosslink formed between K50 of HDAC1 (grey) and K879
MIDEAS (equivalent to: F250 in MTA1) (orange).
Previously determined structure of HDAC1 in complex with MTA1 (PDB code: 4BKX)
(Millard et al, 2013). Residues forming crosslinks are highlighted in cyan.
The list of inter protein crosslinks between DNTTIP1, MIDEAS and HDAC1 complex
were then used to generate further information about complex assembly. It was
presumed that MIDEAS:HDAC1 would look similar to the MTA1:HDAC1 dimer due
to sequence homology between MTA1 and MIDEAS and from the structure prediction
of MIDEAS. The DNTTIP1 dimerisation domain was likely to be positioned between
the two dimers of MIDEAS:HDAC1 with the DBD of DNTTIP1 somewhere on the
outside of the tetramer where it would have access to DNA.
Each crosslink generated was statistically validated and given a rank based on its
likelihood (Leitner et al. 2014). To generate a model of MiDAC the inter crosslinks were
focused on, as these would give the most information about the overall architecture of
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the complex. Only the regions of MIDEAS, DNTTIP1 and HDAC1 that had been
structurally resolved were used in generating the model. Crosslinks formed between the
dimerisation domain of DNTTIP1 and either HDAC1 or MIDEAS were considered
first in an attempt to position the dimerisation domain of DNTTIP1. The crosslinks
formed from the DBD of DNTTIP1 to either HDAC1, MIDEAS or the DD of
DNTTIP1 were than added in an attempt to position the DBD of DNTTIP1 in relation
to the two dimers of MIDEAS:HDAC1. In a stepwise manner each crosslink was added
to the model of MiDAC and assessed for its likelihood based on crosslink position and
rank (Figure 6.11).
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Figure 6.11: Model of the MiDAC tetramer based on crosslinking data.
The two MIDEAS:HDAC1 dimers (orange and grey respectably) are positioned almost
perpendicular to each other with the dimerisation fomain of DNTTIP1 (cyan) in the
centre. The four DBD of DNTTIP1 (blue) are positioned on the outside.
The model generated orientated the MIDEAS:HDAC1 dimers almost perpendicular to
each other with the DNA binding domains on either end. There is an apparent hole in
the centre of the complex. This model was generated from the highest scoring crosslinks
in a stepwise manner. The distances of the crosslinks generated after the model was
completed were measured in order to understand how many were within the distance
constraints of the crosslinking molecule (table 6.3). Several crosslinks were not measured
as they were not within the known structures of the components. The four crosslinks
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that show a distance of 38 Å or greater between lysine residues are outside of the 27 Å
distance that CBDPSS could span however these could be caused by flexibility in the
MiDAC complex or likely formed due to multimerisation. The other measured
crosslinks are less than or just higher than the 27 Å distance a crosslinker could span and
these differences are likely due to protein flexibility.
To investigate the accuracy of the model generated, small angle X-ray scattering
(SAXS) was used to generate a low-resolution envelope that would give information on
the overall shape of the complex.

6.5 - Small Angle X-Ray Scattering (SAXS)

SAXS is an analytical technique that uses the scattering pattern generated from an Xray beam passing through a protein sample in solution to produce a low-resolution
envelope that gives information on the overall shape and size of the protein molecule.
SAXS has become particularly important and popular for the study of large proteins
and protein complexes that would be unsuitable for NMR and are difficult to crystallise.
Comparison of the model generated by crosslinking with a SAXS envelope would allow
validation of the model generated by crosslinking.
During a SAXS experiment the protein sample is exposed to a monochromatic focused
X-ray beam. Unlike crystallography where protein molecules are organised in a crystal
lattice, SAXS samples are freely tumbling in solution. In crystallography the resultant
diffraction peaks of specific intensities are detected and a 3D electron density map can
be calculated, however in SAXS the majority of X-rays pass through the sample without
interacting with the protein sample. The scattered photons are radially averaged and
these are subtracted from a buffer blank to generate a scattering pattern, from which a
low resolution envelope can be calculated that represents the space occupied by the
protein sample in solution.
SAXS experiments were carried out at Diamond Light Source (Oxford) on beamline 21
with the help of Robert Rambo, Katsuaki Inoue, James Doutch and Mark Tully. In
order to obtain the most information from the SAXS experiments it was useful to take 3
different MiDAC complexes;
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•

MIDEAS(628-887), DNTTIP1(1-150), HDAC1

•

MIDEAS(628-887), DNTTIP1(full length), HDAC1

•

MIDEAS(717-887), DNTTIP1(full length), HDAC1

These different complexes were used for comparisons as any differences in envelope
shape and size between various samples could help in locating each protein in the
envelope.

6.5.1 - Data collection

In the first set of SAXS experiments performed, MiDAC was expressed and purified as
described in materials and methods. Fractions from gel filtration chromatography were
pooled and then taken to Diamond Light Source (Oxford). Pooled samples were
transported dilute to reduce aggregation that could have occurred in transit. These
samples showed good potential as SAXS samples with a reasonable scattering curve
generated for both MiDAC with and without the DBD of DNTTIP1. Unfortunately in
this first round of SAXS experiments the Guinier analysis showed evidence of
aggregation or inter particle interference. SAXS is particularly sensitive to oligomeric
species in solution and small amounts of aggregation will significantly distort the data
and so these samples were unsuitable for further analysis.
For the second and third SAXS trips, protein samples were prepared as detailed
previously (Materials and methods section 2.5), after gel filtration the fractions were kept
separate and dilute. Individual fractions were concentrated to between 0.5 and 2 mg/ml
and filtered on site at Diamond light source. For the highest concentrations a serial
dilution was set up across 3 wells with MiDAC at 2, 1 and 0.5 mg/ml (Table 6.4).

6.5.2 - Assesing the quality of data generated by SAXS

The data collection involved taking 30 separate 1-second measurements, giving 30 files.
These exposure signals were then checked for consistency (Figure 6.12). Signal plots of
exposure against time should be consistent, however an upward inflection in signal
suggests X-ray damage during SAXS collection (Figure 6.12).
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Figure 6.12: Signal plots from two separate samples of MiDAC.
(A) Signal plot of MIDEAS(717-887), DNTTIP1(full length), HDAC1. The consistent signal
plot in A shows that the X-ray exposure has had little to no effect on the sample
integrity. (B) Signal plot of MIDEAS(628-887), DNTTIP1(1-150), HDAC1. The increasing
integral of ratio to background seen in B shows that this sample has been damaged by
the exposure to the monochromatic X-ray beam.
The upward trend (Figure 6.12B) gives evidence that the sample is damaged by X-ray
exposure and so is not suitable for further analysis. The straight line (Figure 6.12A)
shows consistent signals and no radiation damage.
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The 30 exposures of the samples that didn’t show radiation damage were merged and
subtracted from a buffer blank. The scattering curve generated was then subject to
Guinier analysis (Guinier 1939). Guinier analysis refers to the analysis of the SAXS
scattering curve at very small scattering angles. It is an essential step to determine
sample quality, protein size, compactness, interactions and oligomeric state. The
samples of MiDAC at a high concentration (above 1.2 mg / ml) were seen to be
aggregating due to the non-linear nature of the curve at small scattering angles. These
were discounted from further analysis alongside samples that were damaged by X-ray
exposure.
Of the 22 samples used for SAXS experiments only 12 were suitable for further analysis
(Table 6.4).
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Table 6.4: MiDAC samples and the concentrations that were tested at
diamond.

Sample

Protein Components

1

Concentration Suitable For
(mg/ml)

Analysis

MiDAC (717-887), FL HDAC1, FL DNTTIP1

0.49

✕

2

MiDAC (717-887), FL HDAC1, FL DNTTIP1

0.25

✕

3

MiDAC (717-887), FL HDAC1, FL DNTTIP1

2.1

✕

4

MiDAC (717-887), FL HDAC1, FL DNTTIP1

1.4

✕

5

MiDAC (717-887), FL HDAC1, FL DNTTIP1

0.7

✓

6

MiDAC (717-887), FL HDAC1, FL DNTTIP1

2.59

✕

7

MiDAC (717-887), FL HDAC1, FL DNTTIP1

1.72

✕

8

MiDAC (717-887), FL HDAC1, FL DNTTIP1

0.86

✓

9

MiDAC (717-887), FL HDAC1, FL DNTTIP1

0.5

✓

10

MiDAC (717-887), FL HDAC1, FL DNTTIP1

0.25

✓

11

MiDAC (717-887), FL HDAC1, FL DNTTIP1

1.2

✕

12

MiDAC (717-887), FL HDAC1, FL DNTTIP1

0.61

✓

13

MiDAC (628-887), FL HDAC1, FL DNTTIP1

0.52

✕

14

MiDAC (628-887), FL HDAC1, FL DNTTIP1

0.26

✓

15

MiDAC (628-887), FL HDAC1, FL DNTTIP1

0.55

✓

16

MiDAC (628-887), FL HDAC1, FL DNTTIP1

0.37

✓

17

MiDAC (628-887), FL HDAC1, FL DNTTIP1

0.18

✓

18

MiDAC (628-887), FL HDAC1, FL DNTTIP1

0.3

✓

19

MiDAC (717-887), FL HDAC1, DNTTIP1 (1-150)

0.7

✕

20

MiDAC (717-887), FL HDAC1, DNTTIP1 (1-150)

0.35

✓

21

MiDAC (717-887), FL HDAC1, DNTTIP1 (1-150)

0.74

✕

22

MiDAC (717-887), FL HDAC1, DNTTIP1 (1-150)

0.37

✓

Of the 12 samples, six were used for analysis of the complex. Samples 8, 9 and 10 and
samples 15, 16, 17 (MiDAC(717-887) and MiDAC(628-887) respectively) could be used to
compare two complexes that varied in the N-terminus of MIDEAS. A distance
distribution curve (P(r)) was generated for the 6 samples using a Fourier transform of the
scattering curve. The generation of the P(r) curve gives information about the distances
within the molecule. It was used to generate the maximum particle diameter and the
radius of gyration of each complex (Table 6.5).
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Table 6.5: Radius of gyration and maximum particle diameter of the 6
samples taken forward for analysis.
Maximum
Particle
Diameter
(Angstrom)

Radius of
Gyration
(Angstrom)

Sample

Protein Components

Concentration
(mg/ml)

8

MiDAC (717-887), FL HDAC1, FL DNTTIP1

0.86

263

76

9

MiDAC (717-887), FL HDAC1, FL DNTTIP1

0.5

231

72.8

10

MiDAC (717-887), FL HDAC1, FL DNTTIP1

0.25

201

63.9

15

MiDAC (628-887), FL HDAC1, FL DNTTIP1

0.55

255

72.5

16

MiDAC (628-887), FL HDAC1, FL DNTTIP1

0.37

414

94.1

17

MiDAC (628-887), FL HDAC1, FL DNTTIP1

0.18

304

58.2

At a concentration above 0.5 mg / ml both complexes demonstrated a consistent
maximum particle diameter. The complex containing the shorter MIDEAS construct
(samples 8, 9, 10) showed that as the concentration of MiDAC decreased so did the
maximum particle diameter and Rg (Table 6.5). It was possible that at very low
concentrations of MiDAC, the complex was transitioning between a tetramer and a
dimer, which would reduce the overall envelope size. When the longer construct of
MIDEAS was used (samples 15, 16, 17) the highest concentration of 0.55 mg / ml was
consistent with the size determined for the MiDAC(717-887) complex, however as the
concentration decreased the maximum particle diameter increased. This was explained
as the signal plot showed an abnormal profile and although it wasn’t an upward trend as
seen previously, some X-ray damage could have occurred (data not shown). The P(r)
distribution curve of sample 17 was not as consistent as other samples, which is
indicative of sample aggregation or X-ray damage. It was decided therefore to focus on
the two highest concentrations of the two different MiDAC complexes that are sample 8
and sample 15.

145

6.5.3 - Generating a MiDAC Envelope

The P(r) curve generated for both samples was subject to analysis using the Atsas suite.
DAMMIN/F was used to generate an envelope that represents the space occupied by
the protein molecules in solution. Built into DAMMIN/F are restraints of symmetry
that can be imposed upon the final envelope, here P1 symmetry was used (Figure 6.13).

Figure 6.13: Envelopes generated for MiDAC(717-887) (cyan) and MiDAC(628887) (grey). These envelopes were similar in shape and size.
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The two envelopes generated gave further evidence for MiDAC being a tetramer.
There are no clear differences between the two envelopes suggesting that the small
increase in MIDEAS length has no real effect on protein assembly.
6.5.4 - Comparisons between SAXS and crosslinking.

The model generated from crosslinking was overlaid with the SAXS envelope to
compare the two (Figure 6.14).
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Figure 6.14: SAXS envelope overlaid with the model of MiDAC generated
from crosslinking.
The envelope is the correct size and the crosslinking model fits inside the envelope,
however the low resolution of the SAXS envelope makes it impossible to determine the
orientation of MiDAC. It is likely that the flexibility in the MiDAC complex results in
the extra density seen in the SAXS envelope.
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Analysis of the model generated from crosslinking suggested that MiDAC exhibits
pseudosymmetry forming pseudo-two-fold symmetry through the centre of the complex.
The DAMMIN/F software has the ability to impose symmetries on the SAXS envelope.
Both P2 and P22 symmetry restraints were used to generate SAXS envelopes using the
same P(r) curve used for P1 symmetry. P2 is used to impose mirror symmetry to
represent a dimer and P22 is used to show a dimer of dimers. The envelopes generated
by imposing these symmetries were unrealistic and not believable; therefore it was
deemed that these symmetry constraints were not suitable as they resulted in distortion
of the data.

6.6 - Discussion

The aim of this chapter was to investigate the structure and assembly of MiDAC. This
would help in our understanding of how MiDAC is targeted to chromatin and its
mechanism of action. Several techniques have been used here to generate a lowresolution model using the high-resolution structures of homologous proteins and
components of the MiDAC complex.
In particular this work has benefitted from the crystal structures of HDAC3 in complex
with the DAD domain from SMRT and HDAC1 in complex with the ELM2-SANT
domain of MTA1, which have demonstrated how class I HDAC enzymes are recruited
and bound by co-repressor proteins (Watson et al. 2012; Millard et al. 2013). These
structures have been incredibly insightful into our overall understanding of class I
HDAC containing complexes but also has implications in drug development.
Using SEC-MALS analysis it has been demonstrated that the MiDAC complex exists as
a tetramer. This was confirmed using SAXS analysis and suggets that there are four
copies of each of the three proteins; DNTTIP1, HDAC1 and MIDEAS that make up
the MiDAC complex. The model proposed using crosslinking data is a starting point to
understanding how MiDAC assembles into a tetrameric complex. Using sequence
homology and structural predictions (Chapter 3) it is likely that the HDAC1 and
MIDEAS proteins will form a similar dimer to that seen in the NuRD complex.
Crosslinking data suggests that these two complexes stack anti-parallel to one another
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and the two dimerisation domains from DNTTIP1 sit in between the HDAC1MIDEAS proteins. The DBD’s of DNTTIP1 are positioned on the outside of the
tetramer where they can interact with DNA.
The envelope generated from SAXS confirmed that MiDAC exists as a tetramer. Some
intrinsic symmetry almost certainly exists, however the SAXS processing software is
limited in the symmetry it can impose on the envelope. Future SAXS experiments
should be attempted, as this technique and the software develop to improve upon this
early data.
Using the crosslinking data it is likely MiDAC is a dimer of dimers. The envelope
generated using P1 symmetry does not match the model generated from crosslinking
and although it is the correct size it is likely that some symmetry needs to be imposed to
improve the accuracy of the envelope. The two most likely symmetries that are available
in the SAXS processing software for the MiDAC complex are P2 and P22 symmetry.
These symmetries imposed on the SAXS envelopes for MiDAC create unrealistic
envelopes and it is likely that the simplicity of these symmetry algorithms limits the
ability of the software to impose rational symmetry on the scattering curve. Although
the envelope generated didn’t match with the crosslinking model, recent work by
Almutasem Saleh, a PhD student within the group has demonstrated that the MiDAC
complex is a suitable candidate for electron microscopy (EM). EM studies are in their
early stages however negative stain images of the complex do show a four lobed
structure that would be consistent with the model generated from crosslinking data
(Figure 6.15).

Figure 6.15: Class averages of negatively stained MiDAC complex.
A selection of four images showing MiDAC particles in different orientations fixed on a
grid. Images generated from negative stain EM performed by Almutasem Saleh.
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Although X-ray crystallography was attempted with MiDAC, the screens that were set
up with varying conditions and a selection of MiDAC samples did not generate crystal
growth. This could be due to the flexibility that exists in the DBD of DNTTIP1 and the
HDAC1 tail. The MiDAC complex is still being used for X-ray crystallography trials
within the laboratory, as this is a viable method to generate high-resolution structural
information on MiDAC, and has been successful for the NuRD and SMRT complexes.
Different constructs that remove the DBD of DNTTIP1 and the HDAC1 tails could
help to remove the inherent flexibility in MiDAC that may be preventing crystallisation.
Insights into the assembly of MiDAC may give information regarding its behaviour in
vivo, since MiDAC is a tetramer with four copies of HDAC1. How the active sites of
HDAC1 are orientated in relation to the DBD of DNTTIP1 would give information on
how MiDAC is able to target chromatin. It is likely that MiDAC is able to target
multiple histone proteins or multiple lysine residues on a single histone tail at any one
time. This may be important during mitosis where epigenetic modifications need to be
stably passed on to daughter cells so that a cell type can survive multiple cell divisions
(Probst et al. 2009).
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Chapter 7 - Expressing HDAC3:SMRT-DAD in E. coli
7.1 - Introduction

The structure of HDAC3 in complex with the deacetylase activating domain (DAD) of
the co-repressor SMRT (Watson et al. 2012), revealed the presence of an inositol
phosphate molecule bound at the interface between the two proteins. The inositol
phosphate was unambiguously assigned as Ins(1,4,5,6)P4 and was initially suggested to
be either a structural cofactor or a regulatory molecule (Watson et al. 2012). The
subsequent structure of HDAC1 in complex with one of its co-repressors, metastasis
associated 1 (MTA1), was solved by X-ray crystallography. This structure showed a
highly conserved basic pocket at the interface between the two proteins, but no inositol
phosphate was present (Millard et al. 2013). The structure of HDAC1:MTA1 also
showed that the ELM2 domain of MTA1 wraps almost completely around HDAC1 in a
groove that is conserved between HDAC3 and HDAC1 (Watson et al. 2012; Millard et
al. 2013). It was demonstrated that SMRT also bound HDAC3 in the conserved groove
between HDAC1 and HDAC3 suggesting that complex formation was possible in the
absence of Ins(1,4,5,6)P4 (Millard et al. 2013). It was demonstrated that inositol
phosphate was able to robustly increase the activity of the purified HDAC3:SMRT and
HDAC1:MTA1 complexes (Millard et al. 2013). These results showed that
Ins(1,4,5,6)P4 is a conserved regulator of class I HDAC containing complex activity
rather than a structural cofactor.
To further understand the mechanism of regulation by Ins(1,4,5,6)P4 we sought to
express the HDAC3:SMRT-DAD complex using E. coli rather than mammalian cells as
had been the case for crystal studies. The reason for using E. coli expression was because
E. coli are not able to produce higher order inositol phosphates. This would allow for the
study of inositol phosphate binding and activation without endogenous inositol
phosphate interfering with biochemical assays. Further benefits would include a greater
yield of protein at a reduced cost.
There are three main methods to produce protein complexes from E. coli. Proteins can
be co-expressed and purified using an affinity tag and corresponding resin. It is also
common for proteins to be expressed individually and the cells can be mixed before
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further processing. Alternatively, proteins are expressed individually and the cells are
lysed and the cell lysate with individual proteins is mixed before being purified further.

7.2 - Expression and purification of individual protein components from

E. coli cells
Although expression of HDAC3:SMRT-DAD from E. coli had been attempted before,
these trials were performed using constructs without the N-terminal extension of the
SMRT-DAD domain (XtDAD) that binds in the groove of HDAC3. The constructs
required for XtDAD expression in E. coli were cloned using the Protex service at the
University of Leicester using the BD in-fusion cloning method and plasmids were
previously available in the lab for the expression and purification of HDAC3 from E.
coli. The HDAC3 was C-terminally tagged as the N-terminus of HDAC3 folds with the
β-sheet of the HDAC3 protein and a tag in this region would prevent correct folding of
HDAC3. Each gene was cloned into various vectors to allow expression and purification
using several tags to investigate their contribution to protein stability and folding (Table
7.1).
Table 7.1: The genes and tags available for expression and purification
trials from E. coli.
Gene

Tag

HDAC3

C-terminal GST

HDAC3

C-terminal His

HDAC3

C-terminal non-cleavable His

HDAC3

Untagged

SMRT-XtDAD

N-terminal His

SMRT-XtDAD

N-terminal GST

Initially both proteins with His and GST tags were expressed individually and purified
(Materials and methods, 2.7) to investigate whether these constructs were suitable for
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expression in E. coli. These samples were analysed using SDS-PAGE gel electrophoresis
(Figure 7.1).

Figure 7.1: Analysis of the expression of His:XtDAD, GST: XtDAD,
His:HDAC3 and GST:HDAC3 in E.coli using SDS-Page gel electrophoresis.
All four proteins were shown to express in E. coli, however high amounts of bacterial
protein contaminants were co-eluted with both HDAC3 and SMRT-XtDAD
expression (Figure 7.1). The His-tagged SMRT-XtDAD, lane 4, appears to be more
readily expressed than GST tagged SMRT, lane 7, however there are clearly less
contaminants that are pulled out with the GST tagged SMRT-XtDAD, suggesting that
this may be more suitable for expression and purification of the whole complex.
HDAC3 was also strongly expressed in E.coli, with the GST tagged construct appearing
to increase protein solubility and reduce the amount of bacterial contaminants.
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The proteins were purified against their opposite resins to control for any non-specific
interactions. This was to ensure that any protein complex observed using SDS-PAGE
gel electrophoresis was due to bona fide complex formation and not non-specific
binding of individual proteins (Figure 7.2).

Figure 7.2: Control pull down experiments to check for non-specific
binding to the opposite resin.
(1) His-XtDAD purified using NiNTA resin. (2) His-XtDAD purified using GST resin.
(3) GST-XtDAD purified using GST resin. (4) GST-XtDAD purified using NiNTA
resin. (5) Untagged HDAC3 purified using GST resin. (6) GST-HDAC3 purified using
GST resin. (7) GST-HDAC3 purified using NiNTA resin. (8) His-HDAC3 purified
using NiNTA resin. (9) His-HDAC3 purified using GST resin.
Using the resin corresponding to the tag of the target protein it is possible to purify both
HDAC3 and SMRT:XtDAD as individual proteins from E. coli, lanes 3, 6, and 8.
Purification by the opposite resin to the protein tag only results in small amounts of nonspecific binding with untagged HDAC3 (lane 6) and His-HDAC3 (lane 10). There was a
clear band at the molecular weight of GST tagged HDAC3 (lane 7) however this runs at
the same position as some bacterial contaminants seen in lanes 1 and 2. GST-SMRT
was shown to bind non-specifically to NiNTA resin (lane 5), this was taken into
consideration in future experiments when purifying the full complex from E. coli.

7.2.2 - Co-expression and purification of HDAC3:SMRT-DAD from E. coli

Having established that the individual proteins can be expressed and purified
individually in E. coli, co-transformations of a combination of HDAC3 and SMRT155

XtDAD with various tags, was carried out. These were then purified using pull-down
assays to test whether it was possible to express and purify a stable HDAC3:SMRT
complex from E. coli (Figure 7.3). A pull-down assay consists of using a tagged ‘bait’
protein to purify multiple interacting proteins using a single tag.

Figure 7.3: Pull down experiments to check complex formation from coexpressed protein.
(1) His-SMRT:XtDAD / GST-HDAC3 purified using NiNTA resin. (2)HisSMRT:XtDAD / GST HDAC3 purified using GST resin (3) GST-SMRT:XtDAD /
His-HDAC3 purified using NiNTA resin. (4) GST-SMRT:XtDAD / His-HDAC3
purified using GST resin. (5) GST-SMRT:XtDAD / Untagged HDAC3 purified using
GST resin
Co-expression and purification trials using both NiNTA and GST resin demonstrated
successful co-purification of HDAC3:SMRT-DAD, with the exception of lane 2 that
showed that His tagged SMRT and GST tagged HDAC3 could not be purified using
GST resin (Figure 7.3). This was consistent with individual expression trials, since GST
HDAC3 was same molecular weight as one of the bacterial contaminants it was unclear
whether GST-HDAC3 was expressed at all (Figure 7.2, lane 7). The amount of
chaperone proteins seen in lanes 2, 4, 5 and 6 show that although these complexes
appear to be forming they likely require chaperones for correct folding and stability.
To investigate whether different techniques of protein purification from E. coli would
reduce the presence of the contaminating bacterial proteins, several expression trials
were attempted. Individual proteins were expressed and the cells were lysed, cell lysate
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was mixed and HDAC3:SMRT-XtDAD was purified using affinity resin. Differentially
tagged HDAC3 and SMRT-XtDAD were also co-expressed and co-purified using
different tags (Table 7.2).
Table 7.2: Expression trials of various HDAC3, SMRT-XtDAD constructs.
Constructs were either co-expressed or expressed individually and then
mixed together before purification.
HDAC3 tag

XtDAD tag

Volume

Resin

Expression

GST

His

50ml
Co-transformation

GST

Yes HDAC3
No XtDAD

His

GST

50ml
Co-transformation

NiNTA

Yes HDAC3
Small amount
of XtDAD

Untagged

GST
XtDAD

50ml
Co-transformation

GST

Yes XtDAD
Yes HDAC3

Untagged

GST
XtDAD

Mix 25ml of each
cell extract after
individual expression

GST

Yes XtDAD
Yes HDAC3

His

GST

Mix 25ml of each
cell extract after
individual expression

GST

Yes XtDAD
No HDAC3

GST

His

Mix 25ml of each
cell extract after
individual expression

GST

Yes HDAC3
No XtDAD

His

GST

Mix 25ml of each
cell extract after
individual expression

NiNTA

Yes XtDAD
No HDAC3

GST

His

Mix 25ml of each

NiNTA

Yes HDAC3

cell extract after

No XtDAD

individual expression

All combinations of the available constructs were used in expression trials to test the
formation of stable and stoichiometric complexes. Several of these combinations
resulted in successful complex formation however bacterial contaminants were still
present.
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Of the various protein purifications that were attempted (Table 7.2), it was found that
His-HDAC3 co-transfected with GST-XtDAD and purified using NiNTA beads gave
the best and highest yield of the HDAC3:SMRT-XtDAD complex (Figure 7.4).

Figure 7.4: Co-expression and purification of GST-XtDAD with HisHDAC3.
Co-expressed protein was purified using NiNTA resn and analysed using SDS-PAGE
gel electrophoresis.
During the purification, three additional washes were performed, much redicing the
presence of bacterial contaminants, however a large amount of chaperone proteins were
still co-purified with the complex (Figure 7.4). There was also a clear excess of HDAC3
in comparison to SMRT-XtDAD, which is likely due to the non-specific binding of
GST-SMRT:XtDAD to the NiNTA resin, shown in lane 5 of Figure 7.2.
To try and remove the possibility of non-specific binding, the second more successful
complex formation was tested. Untagged HDAC3 was co-expressed with GSTSMRT:XtDAD and purified using GST resin (Figure 7.5).
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Figure 7.5: Co-expression of untagged HDAC3 with GST-SMRT:XtDAD.
Co-expressed protein was purified using GST resin and analysed using SDS-PAGE gel
electrophoresis.
Using GST tagged SMRT:XtDAD to pull out untagged HDAC3 was successful in
generating a small amount of complex, however there was clearly more SMRT:XtDAD
than HDAC3 and a large number of bacterial proteins were still present.
In order to identify the bacterial proteins that were co-purified with the HDAC3:SMRT
complex and to confirm the presence of HDAC3 and SMRT:XtDAD a SDS-PAGE gel
was run and samples were sent for mass spectrometry analysis to PNACL at the
University of Leicester (Figure 7.6).
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Figure 7.6: Purified and cleaved co-expressed HDAC3 and SMRT-XtDAD.
Holes indicate samples that were taken and sent for mass spectrometry analysis with
PNACL. The labelled samples indicate the analysis showing the samples that were
extracted and sent for mass spectrometry analysis to PNACL.
The contaminating proteins were identified as heat shock protein 70 (HSP70) and
GroEL. Both of these proteins are commonly co-purified from E. coli expression systems
as they are required for the correct folding of proteins. They are often present when
expressing large quantities of eukaryotic proteins in E. coli. The two bands that were
presumed to be HDAC3 and SMRT-XtDAD were also confirmed using mass
spectrometry.
To generate the most stable complex and to reduce the amount of chaperone
contaminants, the following conditions were varied. The optical density (OD) of the E.
coli at the point of induction with IPTG (materials and methods 2.4) was varied to
determine whether the HDAC3: SMRT-XtDAD was being sequested in inclusion
bodies and whether a lower cell density or shorter expression time would help complex
formation and stability.
Cells were transformed as before and induced at an OD of either 0.5 or 0.8. After the
addition of IPTG, transformed cells were cultured at 37 °C for up to 4 hours and 50ml
samples taken at one hour time intervals to determine expression levels at this time.
Protein samples were purified as before using GST resin and samples of protein
complex pre and post TEV cleavage were analysed using SDS-PAGE gel
electrophoresis (Figure 7.7).
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Figure 7.7: Time course of protein expression after inducing cells with
IPTG at an OD of either 0.5 or 0.8. Samples before and after cleavage were
run for each time point.
Subtle differences were seen in the levels of tagged protein expression over four hours,
and of chaperone proteins. The highest yield of protein complex is at three hours post
induction at an O.D of 0.8, however this sample also has the highest quantity of
chaperone proteins. Earlier time points of one and two hours show a high protein yield
with reduced chaperone proteins.

7.2.3 - Using gel filtration chromatography to further purify HDAC3:SMRT-DAD

expressed in E. coli.
In order to reduce chaperone proteins and to produce a purer HDAC3:SMRT-DAD
complex from E. coli, gel filtration chromatography was attempted. A large-scale sample
of 1 litre was 161radford161d, induced at an OD of 0.8 and cultured for 2 hours before
harvesting. The protein was purified (materials and methods) and further purified by
size exclusion chromatography using a Sephadex S200 to remove the chaperone protein
from the HDAC3:SMRT-XtDAD complex (Figure 7.8).
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Figure 7.8: Expression and purification of Untagged HDAC3 and GSTSMRT-XtDAD from 1.2l culture.
(A) Gel electrophoresis chromatogram using S200 size exclusion chromatography.
B) SDS Page gel electrophoresis analysis of peak containing fractions.
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The chromatogram shows multiple peaks, indicating the presence of various separate
species, indicating that the complex is not stable. The SDS-PAGE gel analysis confirms
a lack of complex in any of the peak fractions. It appeared that HDAC3 was completely
absent, possibly due to degradation, and the SMRT:XtDAD was seen as a truncated
species (lanes 8 and 9, Figure 7.8).

7.2.4 - Optimising the folding of the HDAC3:SMRT-XtDAD complex.

As gel filtration chromatography of the co-expressed complex was unsuccessful at
producing a pure, homogenous and stable sample, a literature search was carried out to
investigate other methods of removing the chaperone proteins, specifically HSP70 and
to help maintain protein folding during purification. HSP70 is known to have two
different conformations depending on whether it is bound by ATP or ADP (Mayer &
Bukau 2005). This property has been previously exploited as a method to remove
HSP70 by the addition of ATP to buffers during purification. The presence of ATP
results in a conformational change that results in a conformational change of HSP70
and thus reduces its affinity for overexpressed protein (Mayer & Bukau 2005). To this
end further complex purification trials were carried out in the presence of ATP at a
concentration of 1 mM. ATP must be bound by a magnesium ion in order for it to be
biologically active and therefore 1mM magnesium chloride was also added. In an
attempt to promote the correct folding of HDAC3 growth media was supplemented
with 20 μM zinc acetate 30 minutes prior to induction. The addition of zinc to HDAC
enzymes th at are zinc dependent has been shown to be effective in the production of
HDAC4 (Bottomley et al. 2008) The other consideration was HDAC3 is a zinc
dependent enzyme. Therefore zinc acetate was added to a final concentration of 20mM
to the E. coli growth media as well as 1mM magnesium chloride. The same buffers that
had been used for the purification of HDAC containing complexes from mammalian
cells were implemented with the addition of ATP, zinc and magnesium (Watson et al.
2012). Cells were lysed into buffer containing: 50mM Tris pH 7.5, 100mM Kac, 5%
Glycerol and Roche protease inhibitor as per materials and methods (chapter 2.8)
(Figure 7.9).
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Figure 7.9: Two separate expression and purifications analysed using
SDS-PAGE gel electrophoresis.
Lane 1 shows the protein after the addition of ATP, Zinc and MgCl2 to remove
chaperone proteins and help folding. Lane 2 shows protein purified using buffers
common for mammalian expressed proteins that were thought to improve protein
stability.
The addition of ATP and MgCl2 appeared to reduce some of the HSP70 that was seen
in earlier purifications, lane 1. Using buffers that were used for the purification of
mammalian expressed proteins decreased HDAC3 yield considerably and chaperone
proteins were increased, showing that these buffers were not suitable for purification
from E. coli.
A large-scale culture and purification of untagged HDAC3 co-expressed with GST
tagged SMRT-XtDAD, supplemented with zinc acetate, ATP and MgCl2 was then
carried out. To give insights into whether complex stability had been improved by the
addition of Zinc and the removal of some of the chaperone protein by the addition of
ATP size exclusion chromatography on an S200 column was performed (Figure 7.10).
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Figure 7.10: Expression and purification of Untagged HDAC3 and GSTSMRT-XtDAD from 1.2l culture in the presence of ATP, MgCl2 and zinc
acetate.
(A) Gel electrophoresis chromatogram using S200 size exclusion chromatography.
B) SDS-PAGE gel electrophoresis analysis of peak containing fractions.
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Similar to the first gel filtration result, there are many separate species being eluted from
the column (Figure 7.10). This demonstrates that the complex is not stable on gel
filtration. Analyzing the peaks using SDS-PAGE gel electrophoresis showed that there
was a small amount of co-purified HDAC3:SMRT-XtDAD (lanes 5 and 6, Figure 7.10).
These fractions were pooled and concentrated using an Amicon centrifugal filter unit,
however no protein could be detected by SDS-PAGE gel electrophoresis or by a
166radford assay suggesting that what small amount of complex was lost during
concentration.
The amount of chaperone protein associated with the HDAC3:SMRT-XtDAD
complex suggests that it is not able to fold correctly when expressed in E. coli and so it is
therefore unsurprising that when the chaperone proteins are removed by gel filtration
chromatography and the addition of ATP this complex is unstable. To investigate
whether the complex that was present before gel filtration was at all active and therefore
correctly folded it was decided to perform a series of BOC-lysine HDAC activity assays.

7.2.5 - HDAC activity assay on affinity purified bacterially expressed protein

In order to test whether the small amount of protein complex that was purified from E.
coli contained correctly folded and active HDAC3, a BOC-lysine HDAC activity assay
was carried out. Samples were taken from each of the different expression conditions
that had been outlined in the previous sections. Various samples of protein purified
using Tris buffers or PBS buffers and in the presence or absence of ATP and zinc were
prepared and used in the BOC-lysine assay. The protein was purified as before and the
concentration of this crude sample was estimated using Bradford reagent (Materials and
methods 2.9) (Figure 7.11).
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Figure 7.11: HDAC activity assays comparing various E. coli expressed
proteins with mammalian expressed proteins.
Protein expressed in E. coli shows no activity when used in the BOC-lysine activity assay.
Note the scales are different between A, B and C. Error bars indicate +/- 1 s.e.m, (n=3)
(A) Protein expressed in E. coli shows no activity towards the BOC-lysine substrate
despite the addition of various additives to improve protein folding. Any fluorescence
lies within the noise of the assay. (B) There is no inherent activity of E. coli expressed
protein and this is not rescued by the addition of Ins(1,4,5,6)P4 . (C) The activity of
purified HDAC3:SMRT-XtDAD complex purified from mammalian cells.
The activity of the E. coli expressed HDAC3:SMRT-XtDAD is much reduced when
compared to that of the complex expressed and purified from mammalian cells. The
addition of Ins(1,4,5,6)P4 had no significant effect on the HDAC3:SMRT-XtDAD
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expressed from E. coli. The differences in activity between graph a, and graph b in figure
1.11 is likely due to complex instability and variability in the protein sample. The
activity of the complex expressed and purified in the presence of various additives and
purified using different buffers shows no inherent activity in the BOC lysine assay. The
lack of activity observed for E. coli expressed HDAC3:SMRT-XtDAD complex was
unsurprising due to the problems with expression and purification of HDAC3:SMRTDAD from E.coli.
This demonstrates that the HDAC3:SMRT-DAD complexes expressed and purified
from E.coli, even when spiked with various additives to help folding have no activity
against a BOC-lysine substrate.
7.3 - Discussion

The discovery of an inositol phosphate molecule bound at the interface between SMRT
and HDAC3 (Watson et al. 2012). At the time the inositol phosphate was postulated to
be a structural cofactor or a regulatory molecule. Following on from the crystal structure
of HDAC3:SMRT the structure of HDAC1 in complex with the ELM2 SANT domain
of MTA1 was solved by X-ray crystallography(Millard et al. 2013). This structure
revealed that the ELM2-SANT domain of MTA1 was able to wrap HDAC1 in a groove
conserved between HDAC1 and HDAC3. No inositol phosphate was bound at the
interface of HDAC1:MTA1 as confirmed by mass spectrometry however the inositol
phosphate binding pocket was conserved between the NuRD and SMRT complexes
(Millard et al. 2013). Subsequently inositol phosphate was shown to be acting as a
regulatory molecule and not a structural cofactor.
In order to understand the stereochemical requirements and kinetic parameters of
inositol phosphate binding and activation it was essential to produce HDAC3:SMRT
without inositol phosphate bound at the interface. Sequence homology between SMRT
and MTA1 showed that it SMRT was also able to wrap HDAC3 and therefore would
remain constitutively bound in the absence of inositol phosphate. The aim of this
chapter was to express and purify a stable homogenous HDAC3:SMRT complex from
E. coli. The lack of higher order inositol phosphates in E. coli meant that expression and
purification of HDAC3:SMRT from E. coli would result in a complex with no
endogenous inositol phosphate bound at the interface.
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Early work showed that a small amount of HDAC3 and SMRT could be individually
expressed and purified from E. coli however the samples were highly contaminated with
bacterial chaperone proteins (Figure 7.1). Co-expression and purification failed to
remove these chaperones or increase protein yield. To remove these chaperones and
help with protein folding additives such as ATP, magnesium and zinc were used during
the expression and purification stages. This had been shown to be successful in the
expression and purification of both HDAC4 and HDAC8 from E. coli (Bottomley et al.
2008; Vannini et al. 2004). Despite some success with producing small quantities of the
SMRT complex a large quantity of bacterial chaperones were still present and further
purification using gel filtration chromatography caused the complex to dissociate. A
BOC-lysine HDAC activity assay confirmed that the small amount of complex that was
produced was not active and could not be activated by the addition of InsP6.
Having reviewed the work on the expression of HDAC3:SMRT-XtDAD from E .coli it
is likely that the inability of E. coli to produce a stable and homogenous SMRT complex
could be due to mutual incompatibility of the plasmids used in co-transformations. As
both plasmids used in co-transformations contained the same origin of replication they
were incompatible. It may be worth re-visiting this in future experiments however the
inability of a stable complex to be made using mixed cell lysates suggests that expression
of HDAC3-SMRT from E. coli is not possible. This is likely due to the absence of the
correct chaperone proteins or the inability of E. coli to carry out the correct post
translational modifications that are required for the correct folding.
Whilst this work on E. coli expression trials was being performed, a technique was
developed that allowed for the removal of endogenous Ins(1,4,5,6)P4 from the SMRT
complex expressed in HEK293 cells. After expression and purification, the SMRT
complex was incubated for 30 minutes in a buffer containing 1M NaCl followed by a 12
hour dialysis to remove the high salt. The ability to remove endogenous Ins(1,4,5,6)P4
allowed for the successful determination of the stereochemical requirements of
HDAC3:SMRT activation by inositol phosphate (Watson et al. 2016). This meant that
purification of HDAC containing complexes from E. coli, which could lack inositol
phosphate, was no longer necessary.
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Chapter 8 - General Discussion
The acetylation states of histone tails have been shown to play a role in transcriptional
regulation. The HDAC enzymes are responsible for the deacetylation of histone tails,
which leads to gene inactivation. Structural and biophysical studies have demonstrated
that class I HDAC containing co-repressor complexes are able to deacetylate many of
the lysine residues found on all four of the histone proteins and that inositol phosphate is
a key regulator of these complexes (Millard et al. 2013; Watson et al. 2012; Kouzarides
2000).
This thesis investigates the activation, substrate specificity and structure of the novel
class I HDAC containing co-repressor complex MiDAC. The MiDAC complex is a corepressor consisting of the three proteins DNTTIP1, MIDEAS and HDAC1, that has
been was identified in a study looking at HDAC containing complexes specifically
(Bantscheff et al. 2011) and also several more general proteomics studies (Joshi et al.
2013; Wan et al. 2015; Havugimana et al. 2012; Tarallo et al. 2011; Huttlin et al. 2015;
Hein et al. 2015). At the conception of this project very little was known about this
complex and its mechanism of action. A variety of biophysical techniques were used to
establish that MiDAC is activated by inositol phosphates in a similar manner to other
class I HDAC containing complexes. Followed by studies that characterised the
mechanism of activation, substrate specificity and structural assembly of the MiDAC
complex.
In this discussion I will consider the role of inositol phosphate on HDAC containing
complexes and how varying inositol phosphate levels may relate to the function of
HDAC enzymes. I will discuss the substrate specificity demonstrated by the MiDAC
complex in the context of other HDAC containing co-repressors. Finally the structural
assembly of the MiDAC complex and how this relates to its function will be considered.

8.1 - Regulation by inositol phosphate

Previous studies demonstrated that the HDAC activity of both the NuRD and SMRT
co-repressor complexes are increased by inositol phosphate. Sequence homology
between MIDEAS and the co-repressors SMRT and MTA1 showed that the residues
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required for inositol phosphate binding are conserved. Giving strong evidence that
inositol phosphate molecules could also activate the MiDAC complex. The activation of
MiDAC by inositol phosphate has been confirmed using an HDAC activity assay and
assays on the Caliper microfluidics platform. Investigation into the stereochemical
requirements of inositol phosphate activation has shown that it is the higher order
inositol phosphates; Ins(1,4,5,6)P4, Ins(1,3,4,5,6)P5 and InsP6 that are able to activate the
MiDAC complex. However, Ins(1,4,5)P3, the major precursor for higher order inositol
phosphates, is not able to stimulate the HDAC activity of MiDAC (Berridge 2009).
Ins(1,4,6)P3 is a well characterised inositol phosphate that binds to Ins(1,4,6)P3 receptors
in the endoplasmic reticulum leading to the release of Ca2+ (Berridge 2009). The
inability of Ins(1,4,6)P3 to activate class I HDACs separates the calcium signaling
pathway and the activation of class I HDAC containing complexes. The ability of
higher order inositol phosphates to activate the MiDAC complex shows that the
MiDAC complex is not saturated with inositol phosphate after purification. Whether
MiDAC is saturated with inositol phosphate in a cellular setting remains to be
determined.
The higher order inositol phosphates; Ins(1,4,5,6)P4, Ins(1,3,4,5,6)P5 and InsP6 can be
generated through a variety of pathways. The most abundant inositol phosphates in
mammalian cells are InsP5 and InsP6 however little is known on the subcellular
compartmentalisation of inositol phosphates (Vallejo et al. 1987; Barraco et al. 1989;
Oliver et al. 1992). It is conceivable that local production or variation in levels of inositol
phosphate, e.g in the nucleus, will ultimately regulate class I HDACs. Early studies on
both InsP5 and InsP6 have implicated InsP5 and InsP6 in extracellular signaling although
these were crude experiments where InsP6 was injected directly into the solitary nucleus
of rats and respiratory and cardiovascular effects were observed (Barraco et al. 1989).
Other work has suggested that InsP5 and InsP6 locate primarily to the cytosol which
would fit well with them being exported and used as extracellular signals (Stuart et al.
1994), however it is possible InsP5 and InsP6 would be able to freely diffuse between the
cytosol and nucleus. Further studies are required to confirm whether inositol phosphates
are able to freely diffuse between cell membranes and also to understand the location
and abundance of specific inositol phosphates within the cell, and how the levels of
inositol phosphate vary through the cell cycle (Barker et al. 2004). Although the
stereochemical requirements of inositol phosphate activation have been investigated, it
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is yet to be determined if class I HDAC containing co-repressors are able to
demonstrate full selectivity between the higher order inositol phosphates (Watson et al.
2016). While the SMRT complex was shown to be exclusively co-purified with
Ins(1,4,5,6)P4 from HEK293 cells, it is clear that several higher order inositol
phosphates are able to activate SMRT, NuRD and MiDAC co-repressors in vitro.
Investigating whether these complexes are able to select between the higher order
inositol phosphates in vivo may turn out to be a red herring if it is discovered that there
exists temporal or spatial control of the higher order inositol phosphates within the cell
as this would separate certain inositol phosphates from class I HDAC enzymes
throughout the cell cycle.
The major mechanism for Ins(1,4,5,6)P4 synthesis in animal cells is addition of a
phosphate group to Ins(1,4,5)P3 by the activity of the inositol phosphate multikinase
(IPMK) (Irvine & Schell 2001). Therefore it is possible that stimulation of HDAC
activity in vivo is dependent on the activity of IPMK. The levels of the higher order
inositol phosphates do vary through the cell cycle (Barker et al. 2004) and this is
consistent with the observation that the acetylation state of histone tails also vary
through the cell cycle (Unnikrishnan et al. 2010).
Binding affinity studies were used to investigate the affinity of MiDAC for inositol
phosphate. Initially the Octet QKe was optimized and implemented as an accurate and
reproducible method for measuring the binding affinity of MiDAC for a biotinylated
Ins(1,3,4,5,6)P5 molecule immobilised onto a biosensor surface. The affinity was
determined to be in the nanomolar range, which was subsequently confirmed using
fluorescence anisotropy. This affinity is distinct from the intracellular concentrations of
inositol phosphate and there would have to be some separation of inositol phosphate
from the MiDAC complex for it to regulate the activity of MiDAC rather than
saturating the complex. Following this, it was demonstrated that crosstalk exists between
the active site of HDAC1 and the inositol phosphate binding site of the MiDAC
complex. Recent studies on the NuRD and SMRT complexes also demonstrate an
allosteric mechanism of activation (Watson et al. 2016). In this study X-ray
crystallography was used to solve the structure of the NuRD complex bound to both
InsP6 and an artificial H4K16 substrate peptide. This substrate comprised of residues 12
- 18 of H4 with a hydroxamic acid functional group replacing lysine 16 (H4K16Hx).
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This structure revealed no major structural changes in the active site of HDAC1 when
InsP6 and H4K16Hx was bound (Watson et al. 2016). It was therefore proposed that
SMRT and NuRD are regulated by an entropic mechanism of allosteric regulation by
inositol phosphate (Watson et al. 2016). Using an assay similar to that used in studies
with SMRT and NuRD, an inhibitor bound at the active site of MiDAC was used to
investigate crosstalk between the active site of and the inositol phosphate binding site.
This showed that the affinity for inositol phosphate increased when MiDAC had
inhibitor bound. It is likely that the mechanism of activation for the MiDAC complex is
the same as the entropic mechanism of allostery proposed for the NuRD and SMRT
complexes however more high-resolution structural information of MiDAC is required
to determine this.
Activation of class I HDAC containing co-repressors by inositol phosphates is an
evolutionary conserved mechanism found from yeast to humans. Investigating the
inositol phosphate levels and how they change during the cell cycle could have
implications in our understanding of HDAC function during cell senescence, cell
division, circadian rhythm, DNA replication and a range of other cell functions.

8.2 - Substrate specificity of MiDAC

During this project we sought to understand whether the MiDAC complex was able to
show any specificity for particular lysine residues on histone tails. Using a range of
histone tail peptides containing an acetylated lysine (supplied by the Andrew Jamieson
laboratory, University of Leicester) the substrate specificity of MiDAC was investigated
using a microfluidics mobility shift assay. The initial rates demonstrated significant
differences between the ability of MiDAC to deacetylate certain lysine residues
contained within H3 and H4 tails and some specificity was observed towards H4K16ac
and H3K27ac. The ability of MiDAC to deacetylate certain lysine residues is consistent
with data produced for SMRT and NuRD complexes, for example MiDAC was shown
to be most active against H4K16ac and H3K27ac (both of which are marks of gene
silencing) which is consistent with other studies investigating HDAC1 and HDAC3
specificity (Johnson et al. 2002; Ropero & Esteller 2007). In contrast to our findings
here, HDAC1 has previously been shown to deacetylate H4K12ac when incorporated
into the NuRD complex (Johnson et al. 2002; Seto & Yoshida 2014). These previous
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studies used purified nucleosomes as opposed to the isolated peptides used for the
Caliper assay (Chapter 5). Early studies showed that HDAC1 containing complexes are
able to deacetylate all of the lysine residues contained on H2A, H2B, H3 and H4
(Grozinger et al. 1999; Johnson et al. 2002), however these studies used crude samples of
HDAC1 containing complexes rather than the purified complexes used here. It is likely
therefore that HDAC1 specificity comes from the co-repressor complex that it is
recruited by.
A more thorough assessment of substrate specificity using peptides corresponding to
lysine substrates from all four of the histone proteins is required to obtain a wider
understanding of MiDAC specificity. This work would also benefit from experiments on
purified nucleosomes to determine if the deacetylation observed on histone tail peptides
in isolation is consistent when in the context of full nucleosomes.

8.3 - Structural insights into the MiDAC complex

The structural information of MiDAC determined in this work has demonstrated that
MiDAC exists as a tetramer and therefore would be able to target multiple histone
substrates simultaneously. A model of the assembly of the MiDAC complex has been
proposed using SAXS, crosslinking and sequence homology using the already known
high-resolution structures of NuRD and SMRT (Watson et al. 2012; Millard et al.
2013). The proposed model of MiDAC contains two dimers of HDAC1-MIDEAS
perpendicular to one another and stacked with the dimerisation domains of DNTTIP1
sandwiched between them. The DNA binding domains of DNTTIP1 are proposed to
sit on the outside of the complex where they are able to make interactions with the
DNA.
A higher resolution structure of MiDAC either from X-ray crystallography or from
electron microscopy is required to provide more insight into how MiDAC behaves in
vivo. Advances in electron microscopy and cryo-electron microscopy has allowed for
large multi-protein complexes to be solved at near-atomic resolution, such as PRC1 at 4
Å and APC/C at 3.9 Å (S. Zhang et al. 2016; Kellogg et al. 2016). The use of EM for
studying large HDAC containing complexes has already been proven by the recent
publication of the EM structure of the core NuRD complex at 19Å (Millard et al. 2016).
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MiDAC is an ideal target for electron microscopy due to its size, purity of sample and
the known structures of individual components contained within the complex. Ongoing
work within the group is showing potential for the use of electron microscopy (EM) and
cryo-electron microscopy to visualise HDAC containing co-repressor complexes. This
work is in its infancy, however some progress has so far been made on the MiDAC
complex and negative stain EM grids have shown individual protein particles in various
orientations (Figure 6.15). This data is preferable to SAXS modeling due to less
theoretical errors in data processing.
The negative stain images show four distinct lobes that are predicted to be HDAC1.
These raw images suggest that the HDAC1 enzymes are stacked perpendicular to
eachother, which would be consistent with the model proposed using crosslinking
(Figure 6.11).
It is therefore likely that MiDAC is a multivalent complex that is able to target multiple
lysine residues simultaneously. More work is required on the chromatin binding
properties of the MiDAC complex to determine how chromatin is bound. It is possible
the MiDAC complex targets multiple lysine residues on the same histone protein;
multiple lysine residues on different histone proteins within the same nucleosome or that
MiDAC binds DNA between nucleosomes and is able to target multiple nucleosomes
simultaneously.

8.4 - Perspectives

In conclusion, the work described in this thesis has contributed significantly to our
understanding on the assembly, regulation and enzymology of the MiDAC complex.
However, a number of important questions remain to be addressed.
Some of these questions will be answered through obtaining an atomic resolution
structure of the whole complex. These include the relative positions of the subunits and
how this multivalent complex positions the four HDAC sub-units to act on their histone
tail substrates. These studies will also benefit from structural analysis of the MiDAC
complex bound to chromatin.
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Perhaps the most significant, as yet unanswered questions revolve around the biological
role of the complex. Clearly the fact that the MiDAC complex is conserved in all
multicellular organisms suggests an important and evolutionarily conserved function.
Given the association with cyclin A, it is likely that the MiDAC complex contributes to
the regulation of the cell cycle or its activity is regulated by the cell cycle. Unravelling
these questions will clearly be exciting and will likely require a range of experiments that
bridge cell biology and chromatin regulation.
Through the work presented in this thesis we now have a much clearer understanding of
the assembly, structure and enzymatic properties of the previously uncharacterised
MiDAC complex and it is exciting to consider the future potential in investigating the
role of this complex in vivo and how this will contribute to our understanding of mitosis
and histone turnover.
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Chapter 9 - Appendix
9.1 - Plasmid Vectors

Figure 9.1: Plasmid vectors used in the cloning of constructs for E. coli
and mammalian expression.
pLeics12 was used for the generation of constructs for use in HEK293 cells. pLeics-05,
pLeics-07, pLeics-14 and pLeics-50 were used for constructs produced for E. coli
expression.
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Figure 9.2: Investigating the effect of the ionic strength of buffers used on
MiDAC binding InsP5(biotin).
Steady state analysis of binding curves generated when altering the ionic strength of
buffers. Refers to table 4.1.
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ABSTRACT
Recent proteomic studies have identified a novel histone deacetylase complex that is upregulated during
mitosis and is associated with cyclin A. This complex
is conserved from nematodes to man and contains
histone deacetylases 1 and 2, the MIDEAS corepressor protein and a protein called DNTTIP1 whose function was hitherto poorly understood. Here, we report
the structures of two domains from DNTTIP1. The
amino-terminal region forms a tight dimerization domain with a novel structural fold that interacts with
and mediates assembly of the HDAC1:MIDEAS complex. The carboxy-terminal domain of DNTTIP1 has
a structure related to the SKI/SNO/DAC domain, despite lacking obvious sequence homology. We show
that this domain in DNTTIP1 mediates interaction
with both DNA and nucleosomes. Thus, DNTTIP1
acts as a dimeric chromatin binding module in the
HDAC1:MIDEAS corepressor complex.
INTRODUCTION
The acetylation of histone tails plays a critical role in determining the accessibility of chromatin to transcriptional regulators and RNA polymerase complexes (1). Histone acetylation is a dynamic process that is controlled by the opposing action of lysine acetylase and deacetylase enzymes. The
* To

class I histone deacetylases (HDACs 1–3) are recruited to
chromatin as large multi-component complexes that bring
about transcriptional repression through chromatin compaction. These complexes typically contain, in addition to
the HDAC catalytic domain, a scaffold protein responsible
for recruitment of the complex to repressive transcription
factors, as well as a number of proteins that mediate interaction with the chromatin substrate. The best understood
of these complexes are the Sin3A, NuRD and CoREST
complexes, which contain HDAC1 and/or HDAC2, and the
SMRT/NCoR complex that contains HDAC3 (2–9). Recent reports have demonstrated that the catalytic activity
of HDACs in the NuRD and SMRT/NCoR complexes is
greatly enhanced as a result of inositol phosphates binding
at the interface of the corepressor and HDAC catalytic domain (10,11). Characterizing HDAC complexes is an important goal toward understanding their role in the cell.
Furthermore, drugs that target specific HDAC complexes
are likely to have therapeutic advantages for the treatment
of various diseases including cancer, HIV and Alzheimer’s
(12–14).
Recent proteomic studies have identified a novel
HDAC1/2 complex in Homo sapiens and Caenorhabditis elegans called the MiDAC complex (15–17). In the
human complex HDAC1/2 was found to be associated
with MIDEAS (aka: C14orf43 and LOC91748) and/or
the closely related proteins TRERF1 (aka: TReP-132,
BCAR2, RAPA) and ZNF541 (aka: SHIP1). In the nematode complex, HDA-2 interacts with SAEG-1 (orthologues
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respectively of HDAC1/2 and MIDEAS). A third protein
was identified in both the human and nematode complexes:
DNTTIP1 (aka: TDIF1) and its orthologue SAEG-2
respectively (15–17). All of the components (HDAC1/2,
MIDEAS and DNTTIP1) of the human MiDAC complex
have been found to be specifically associated with cyclin A
throughout the cell cycle (18). Furthermore, the MiDAC
complex is upregulated in cells blocked in mitosis by treatment with nocodazole (15). However, the exact role of the
complex in cell-cycle regulation remains to be elucidated.
DNTTIP1 was originally identified as a protein that is expressed in all tissue types and binds to the carboxy-terminus
of TdT suggesting a role in regulating the recombination
of immunoglobulin genes (19). There is also evidence that
DNTTIP1 may serve as a regulator of transcription. Interestingly, DNTTIP1 is upregulated in the muscle of callipyge
sheep leading to the increased activity of the promoter of
MYH4, a myosin heavy chain associated with glycolytic
muscle (20,21). DNTTIP1 has also been found to interact
with TRERF1 (22). TRERF1 was originally described as
a transcriptional coactivator protein (23,24). However, TRERF1 contains an ELM2-SANT domain that is found in
co-repressor proteins such as MTA1, RCoR1, MIER and
RERE, which act as scaffolds for several class I histone
deacetylase complexes. We have recently reported the structure of a SANT domain from SMRT bound to HDAC3 (10)
and an ELM2-SANT domain from MTA1 in complex with
HDAC1 (11). These structures show how SANT domains
bind to HDACs and establish that the ELM2 domain of
MTA1 not only interacts with HDAC1 but mediates dimerization of the complex.
In this paper, we show that DNTTIP1 forms a stoichiometric complex with HDAC1 and the ELM2-SANT domain from MIDEAS. We report the structures of both
the amino- and carboxy-terminal domains from DNTTIP1. The amino-terminal domain forms a novel dimerization domain, which we demonstrate interacts with the
HDAC1/MIDEAS complex. The carboxy-terminal domain is structurally homologous to the SKI/SNO/DAC
domain of the nuclear proto oncoprotein SKI and
DACH1 proteins. Our experiments indicate that the
SKI/SNO/DAC domain of DNTTIP1 binds directly to
both naked DNA and to nucleosomes. Together these findings suggest that DNTTIP1 serves as a dimeric chromatin
binding module in the MiDAC complex.
MATERIALS AND METHODS
Transient transfections
For expression in mammalian cells constructs of DNTTIP1, MIDEAS and HDAC1 were cloned into the pcDNA3
vector. The FLAG tagged constructs contained an Nterminal 10xHis-3xFLAG tag and a TEV protease cleavage site. HEK293F cells (Invitrogen) were co-transfected
with mixtures of both tagged and untagged constructs using polyethylenimine (PEI) (Sigma). To transfect cells, 30
!g DNA total was diluted in 3 ml of PBS (Sigma) and
vortexed briefly; 120 !l of 0.5 mg/ml PEI was added, and
the suspension was vortexed briefly, incubated for 20 min
at room temperature, then added to 30 ml cells (final density was 1 × 106 cells/ml). Cells were harvested 48 h after

transfection. For the interaction studies, the cells were lysed
by sonication in buffer containing 50 mM Tris/Cl pH 7.5,
100 mM potassium acetate, 5% (v/v) glycerol, 0.3% (v/v)
Triton X-100 and Complete EDTA-free protease inhibitor
(Roche) (buffer A); the insoluble material was removed by
centrifugation. The complex was then bound to FLAG resin
(Sigma), washed three times with buffer A, three times with
buffer B (50 mM Tris/Cl pH 7.5, 300 mM potassium acetate, 5% (v/v) glycerol) and three times with buffer C (50
mM Tris/Cl pH 7.5, 50 mM potassium acetate, 5% (v/v)
glycerol, 0.5 mM tris(2-carboxyethyl)phosphine (TCEP)).
The complex was eluted from the resin by overnight cleavage at 4◦ C with TEV protease in buffer C.
Protein purification of full length DNTTIP1
Full length DNTTIP1(1–329) was cloned into pGEX2T
(GE healthcare) and expressed in BL21 (DE3) (Novagen). Cells were grown at 37◦ C in 2xTY until
OD600nm = 0.6, induced with 0.5 mM Isopropyl "-D1-thiogalactopyranoside(IPTG) followed by overnight
growth at 15◦ C. The bacterial cells were lysed by sonication in a buffer containing 1x 10 mM Na2HPO4, 1.8
mM KH2PO4, 137 mM NaCl, 2.7 mM KCl (PBS), 1%
Triton X-100, 1 mM Dithiothreitol (DTT) and Complete
(Ethylenediaminetetraacetic acid) EDTA-free protease
inhibitor (Roche). The soluble protein was bound to a glutathione sepharose column (GE healthcare), and washed
with a buffer containing 1x PBS, 1% Triton X-100.
Protease digestion
Full length GST-tagged DNTTIP1 (from 1 litre culture) on
glutathione-sepharose (1 ml) was treated with 5 U thrombin
(Sigma) with 2.5 mM CaCl2 at 4◦ C for 18 h or 0.2 !g trypsin
(Sigma) at 21◦ C for 60 min. The supernatants were run on
a sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel followed by transfer to a PVDF membrane and N-terminal sequencing.
Protein purification of the N-terminal dimerization domain
(DD) and C-terminal DNA binding domain (DBD)
Based on the results of the protease digestion experiments
and preliminary NMR experiments, human DNTTIP1 (56–
147) (DD) and DNTTIP1 (197–316) (DBD) were cloned
into pET30a (Novagen) with the addition of a TEV protease site and expressed in Rosetta-pLysS (Novagen). Cells
were grown essentially as above or in a selenomethionine
based medium in B834(DE3) or 2xTY for crystallization or
in a M9-based medium (supplemented with 15 NH4 Cl or 15
NH4 Cl and 13 C-glucose (Cambridge isotopes)) for NMR.
Cells were lysed by sonication in buffer A containing 20 mM
Tris/Cl pH 7.0, 1 mM 4-(2-Aminoethyl) benzenesulfonyl
fluoride hydrochloride (AEBSF), 2 mM TCEP and Complete EDTA-free protease inhibitor (Roche). After centrifugation the supernatant was applied to a Ni-NTA agarose
column (QIAGEN), and the His-tagged protein was eluted
with buffer A containing 250 mM imidazole. The His-tag
was removed by overnight digestion with TEV protease at
22◦ C.
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The N-terminal domain was further purified on a Resource Q column (GE Healthcare) using a 0–0.5 M NaCl
gradient in buffer A followed by gel filtration on a Superdex
S75 in 20 mM Tris/Cl pH 8.0, 1 mM 4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF), 2 mM tris(2carboxyethyl)phosphine (TCEP) and Complete EDTA-free
protease inhibitor (Roche). The protein was concentrated to
40 mg/ml for crystallization experiments.
The C-terminal domain was futher purified on a Resource S column (GE Healthcare) using a 0–0.5 M NaCl
gradient in buffer A followed by gel filtration on a Superdex
S75 column in 40 mM potassium/sodium phosphate pH
6.0, 1 mM DTT and 1 mM NaN3 . The protein was finally
concentrated to 0.3 mM in 40 mM K/Na phosphate pH 6.0,
1 mM DTT, 1 mM NaN3 with 10% D2 O or 100% D2 O for
the NMR experiments.
Crystallization of N-terminal dimerization domain
Crystallization was carried out using a vapor-diffusion
method at 22◦ C. Crystals of DNTTIP1 (56–147) were
grown in hanging drops of a mixture of 1.0 !l of protein solution and 1.0 !l of reservoir solution containing 100 mM
sodium acetate pH 4.6, 14% propan-2-ol. SeMet substituted
protein was crystallized using 100 mM sodium acetate pH
4.9, 14% ethoxyethanol. Both crystal types were P21 21 21
with cell dimensions a = 54.91 Å, b = 103.05 Å, c = 108.93
Å.
Crystallographic data collection and processing
The native and multiwavelength anomalous dispersion
(MAD) datasets were both collected at ID 23.1 ESRF,
Grenoble. The native crystals were cryoprotected in 100
mM sodium acetate pH 4.6, 20 mM Tris/Cl pH 8.0, 2 mM
DTT, 14% propan-2-ol and 10% glycerol. The SeMet crystals were cryoprotected with 50% paratone and 50% parafin
equilibrated in 100 mM sodium acetate pH 4.9, 20 mM
Tris/Cl pH 8.0, 2 mM DTT and 14% ethoxyethanol. Both
crystal types were frozen in a N2 stream at 100 K. Data
processing was performed in MOSFLM (25). Subsequent
crystallographic computations were performed using CCP4
suite of programs, Coot and REFMAC were used for model
building and refinement (26,27). The data processing and
refinement statistics are shown in Supplementary Table S1.
NMR chemical shift assignment
All NMR data were acquired at 25◦ C on either 600 or 800
MHz Bruker DRX/AvanceII systems with cryogenically
cooled probeheads. The 2D and 3D spectra recorded to obtain sequence specific assignments were: 15 N/1 H HSQC;
NOESY-HSQC with a mixing time of 100ms; 13 C/1 H
HSQC; CCH-TOCSY and HCCH-TOCSY with a mixing
time of 13 ms, 13 C/1 H NOESY-HSQC with an NOE mixing
time of 100 ms, HNCACB, CBCA(CO)NH, HN(CO)CA,
HNHA, HBHA(CO)NH, HNCA and HNCO (reviewed in
(28)). All NMR data were processed using Topspin (Bruker
Biospin Ltd) and analyzed using the Sparky package (T.D.
Goddard and D.G. Kneller, Sparky 3, University of California, San Francisco, USA).

Structure calculations
The family of converged structures was determined in a
two stage process using the program CYANA (29), as described previously (30). Hydrogen bond constraints, involving 13 residues with slowly exchanging backbone amide signals and where the hydrogen bond acceptor was unambiguous in preliminary structures, were added to the final round
of calculations. Backbone torsion angle constraints derived
from the protein backbone dihedral angle prediction program TALOS+ (31) were included in both stages of the calculation. The 65 structures that contained no distance or
van der Waals violation higher than 0.5 Å and no dihedral
angle violations higher than 5◦ were selected for analysis.
The NMR constraints and structural statistics for DNTTIP1 (197–316) are summarized in Supplementary Table
S2. Analysis of the final family of structures obtained was
carried out using PROCHECK-NMR (32) and MOLMOL
(33).
Electrophoretic mobility shift assays
The electrophoretic mobility shift assay probe mixture of
double stranded DNA was prepared by annealing complementary oligonucleotides to the following sequences:
5′ CATAGTCAGGTCAGGTCAGATCAAC3′
5′ CATAGTCAGGTCAAGGTCAGATCAAC3′
5′ CATAGTCAGGTCATAGGTCAGATCAAC3′
5′ CATAGTCAGGTCAATAGGTCAGATCAAC3′
5′ CATAGTCAGGTCATATAGGTCAGATCAAC3′
The double stranded DNA mixture of 1 and 5 !M
was incubated with a one to ten-fold excess of DNTTIP1
(DBD197-316) in binding buffer (20 mM HEPES pH 7.0,
75 mM KCl, 0.1% Triton X-100, 7.5% glycerol, 2 mM DTT)
for 20 min on ice. Samples were analyzed on a 10 cm x 10
cm, 5% acrylamide gel buffered in 0.5x TB (45 mM Tris, 45
mM boric acid) run at 60 V for 60 min at 4◦ C. The gel was
stained with ethidium bromide and visualized using UV.
NMR titration of DNA binding
The titration of DNTTIP1 (100 !M) with the mixed DNA
(100–1000 !M) (as prepared above) was monitored by performing a 15 N/1 H HSQC spectrum at each titer point.
Circular dichroism experiments
For the circular dichroism experiments, the concentration
of DNTTIP1 dimerization domain was 50 !M and DNA
binding domain was 20 !M in 10 mM K/Na phosphate
buffer, 1 mM DTT. Circular dichroism spectra were measured from 200 to 250 nm at various temperatures. For the
melting curves, circular dichroism was monitored at 222
nm, with data points collected as the sample temperature
was increased from 5 to 95◦ C (1◦ C/min) using a Jasco J715 spectropolarimeter with a Jasco PTC-348WI temperature controller. An approximate melting temperature was
obtained by fitting the data to a single-site sigmoidal dose
response curve (GraphPad Prism).
DNTTIP1 DBD (20 !M) was incubated with 60 !M of
the DNA mixture (as prepared above) on ice for 20 min in
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the buffer (10 mM K/Na phosphate buffer, 1 mM DTT).
Circular dichroism spectra and melting curves were measured with and without the DNA.
Nucleosome binding assays
Nuclei were purified from 1 ml of turkey blood by lysis and
washing in phosphate-buffered saline (PBS) pH 7.2, 0.2 M
NaCl, 0.5% Triton X-100 and Complete EDTA-free protease inhibitor (Roche). To digest with micrococcal nuclease the nuclei were resuspended in 10 mM Tris/Cl pH 8.0,
0.3 M, NaCl, 1 mM CaCl2 with 100 U of micrococcal nuclease. This was incubated at 37◦ C for 30 min. The enzyme
was stopped with the addition of EDTA to 2 mM. Short
chromatin was in the supernatant after a brief spin.
GST-tagged proteins were expressed and purified as
above. GST tagged protein from 100 ml of Escherichia
coli bound to 100 !l Glutathione sepharose was incubated
with 100 !l of chromatin with 1 ml 20 mM Tris/Cl pH
8.0, 100 mM NaCl, 0.5 mM DTT, 0.1% Triton X-100 for
20 min. This was then washed three times with the same
buffer. Bound proteins were eluted in SDS-PAGE gel loading buffer and visualized by SDS-PAGE.
Large scale purification of the HDAC1/MIDEAS/DNTTI
P1 complex
The HDAC1/MIDEAS/DNTTIP1 complexes were purified from 1.2 l of HEK293F cells expressed as described
above but with 300 ml of cells in 2 l roller bottles. The
cells were lysed by sonication in buffer containing 50 mM
Tris/Cl pH 7.5, 100 mM potassium acetate, 10% (v/v) glycerol, 0.5% (v/v) Triton X-100, and Complete EDTA-free
protease inhibitor (Roche) (buffer A); the insoluble material was removed by centrifugation. The complex was then
bound to FLAG resin (Sigma), washed twice with buffer A,
three times with buffer B (50 mM Tris/Cl pH 7.5, 50 mM
potassium acetate, 5% (v/v) glycerol, 0.5 mM TCEP), incubated with 0.5 mg RNaseA for 1 h at 4◦ C and then washed
five times with buffer B. The complex was eluted from the
resin by overnight cleavage at 4◦ C with TEV protease in
buffer B. The complex was further purified by gel filtration
on a Superdex-200 column (GE Healthcare).
Chromatin reconstitutions
Chromatin was reconstituted optimizing a previously published method (34). Briefly, the 601 DNA, the competitor
DNA and the histone octamer were mixed in 2 M NaCl, 10
mM triethanolamine pH 7.4, 1 mM EDTA and dialyzed at
4◦ C as follows: 3 h 1.2 M NaCl, 3 h 1 M NaCl, 3 h 0.8 M
NaCl, O/N 0.6 M NaCl, O/D 0.3 M NaCl, O/N 50 mM
NaCl. Trace amounts of cy5-labeled 601 DNA were added
to the reaction to better monitor the formation of NCPs.
The amount of histone octamer required to reach saturation
was empirically determined by titrating a constant amount
of 601 nucleosome positioning DNA sequence with increasing concentrations of recombinant Xenopus laevis histone
octamer. Competitor DNA was added to the reconstitution
at a ratio 1:2 to prevent super-saturation of the 601 DNA.
Competitor increases the chromatin solubility by sequestering the histones excess while promoting full occupancy

of the 601 DNA. After reconstitution, NCPs were loaded
on a native agarose gel run in a 0.2x TB buffer (18 mM
Tris, 18 mM boric acid). The gel was analyzed for cy5 fluorescence emission and ethidium bromide stained to monitor, respectively, the loading of the octamer on the cy5labeled 601 DNA and on the competitor DNA. Only saturated NCPs were used in biochemical assays. When making
mono-nucleosomes the pUC competitor is completely saturated by nucleosomes as described in (35). Arnaudo et al.
(35) purified mono-nucleosomes by selectively precipitating
the pUC poly-nucleosomes with MgCl2 and PEG (35).
Interactions of the reconstituted chromatin with fulllength HDAC1, full-length DNTTIP1 and MIDEAS (650–
887) were analyzed on a 10 cm x 10 cm, 0.7% agarose gel
buffered in 0.5x TB (45 mM Tris, 45 mM boric acid) run
at 30 mA for 30 min. The gels were stained with ethidium
bromide and visualized using UV.
Chromatin purification from HEK293F cells
Chromatin was prepared from HEK293F nuclei essentially
as described in (36). Nuclei at 50 A260 /ml were digested with
50 U /ml micrococcal nuclease for 20 min at 37◦ C. The nuclei were lysed in 1 mM Tris/Cl pH 7.5, 0.2 mM EDTA. Soluble chromatin was fractionated in 5–50% sucrose gradients
in 20 mM Tris/Cl pH 7.5, 60 mM NaCl, 0.2 mM EDTA.
HDAC activity assays
HDAC activity assays carried out as described in (10). To
perform the titration, 62 nM protein was incubated with
varying concentrations of inositol-1,4,5,6-tetraphosphate
and inositol-1,4,5-triphosphate for 30 min at 37◦ C then the
HDAC activity was measured using the HDAC Assay Kit
(Active Motif) and read using a Victor X5 plate reader
(PerkinElmer). Experiments were performed in triplicate
and data were analyzed using GraphPad Prism (version 4.0,
GraphPad Software, Inc.).
Mass spectrometry
FLAG tagged DNTTIP1 was expressed in HEK293F and
purified as above except that 50 mM Tris/Cl pH 8 and 150
mM NaCl were used. Proteomics was carried out by the
University of Leicester Proteomics Facility (PNACL, University of Leicester) essentially as described previously (37).
The TEV eluted protein was run just into the top of the
separating SDS-PAGE gel and the mixture of proteins cut
out of the gel as a single band. The gel slice was digested
with trypsin and subjected to LC-MS/MS mass spectrometry using an RSLCnano HPLC system (Dionex, UK) and
an LTQ-Orbitrap Velos mass spectrometer (Thermo Scientific). The data were analyzed using Mascot (Matrix Science
Ltd) and Scaffold (Proteome Software).
RESULTS
A stoichiometric complex formed by DNTTIP1, MIDEAS
and HDAC1
It has recently been shown using pull-down experiments
from human K562 and HEK293F cells that DNTTIP1 in-
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teracts with three human ELM2-SANT containing proteins, TRERF1, MIDEAS and ZNF541 (Figure 1A) (15–
17). Our own mass spectrometry experiments with transiently expressed FLAG tagged DNTTIP1 also show that
DNTTIP1 pulls down MIDEAS and HDAC1 (Supplementary Table S3). Comparison of the three DNTTIP1 interacting proteins shows that the most conserved region is the
ELM2-SANT domain (Figure 1B). Based on our recent
structure of the ELM2-SANT domain from MTA1 bound
to HDAC1 (11), we would expect TRERF1, MIDEAS
and ZNF541 to also interact directly with HDAC1 and/or
HDAC2. Indeed, the proteomics studies clearly indicated
association with both HDAC1 and HDAC2 (15–17).
To determine whether it is the ELM2-SANT domain
itself that mediates interaction with DNTTIP1, we coexpressed various FLAG tagged constructs of MIDEAS
with both DNTTIP1 and HDAC1 in HEK293 cells. We
found that the ELM2-SANT domain of MIDEAS is sufficient to form a tight stoichiometric ternary complex with
DNTTIP1 and HDAC1 (Figure 1C). In addition, we found
that all three components are required for the purification
of a stable complex (Supplementary Figure S1).
DNTTIP1 contains two independently folded domains
Full-length GST-tagged DNTTIP1 could be readily expressed in E. coli. However, the protein was found to be
sensitive to cleavage by endogenous proteases during purification and by thrombin protease during removal of
the GST tag. Amino-terminal sequencing of the thrombin derived fragments identified amino-termini of Pro137,
Gly149, Arg169 and Ser191 (shown in Figure 2A). To
characterize the potential domains further we digested the
full-length GST-tagged DNTTIP1 using trypsin. Aminoterminal sequencing of the resulting fragments identified
amino-termini of Arg53, Ser54 and Glu198 and Ala260.
Taken together, these data suggest that there are two folded
domains within DNTTIP1. We found that constructs of
DNTTIP1 (56–147) and DNTTIP1 (197–316) were soluble,
express to a high level and could be readily purified.
A novel amino-terminal dimerization domain
Human DNTTIP1 (56–147) crystallized with six molecules
within the asymmetric unit. The structure was solved at 2.1
Å resolution using MAD phasing with seleno-methionine
substituted protein (Supplementary Table S1). It was immediately clear in the electron density that the protein was
arranged in the asymmetric unit as three dimers. Each
monomer consists of a long amino-terminal helix divided
into three by two distinct kinks. Carboxy-terminal to this
long helix, the peptide chain folds back on itself leading into
a second, shorter helix arranged at ∼60◦ to the central portion of the longer helix. The dimer is arranged such that the
longer helices in the two monomers lie anti-parallel to each
other and form a saddle into which the two shorter carboxyterminal helices are packed together, also in an anti-parallel
orientation (Figure 2B). This arrangement results in a large
buried surface between the two monomers of 4083 Å2 . Remarkably, this represents 69% of the whole surface of the
monomer (Figure 2C). The Dali protein structure comparison server (38) identifies no structures that are significantly

similar to the DNTTIP1 dimerization domain suggesting
that this is a novel fold (Figure 2D).
In each of the kinks in the longer helix, a water molecule
is positioned such that it makes hydrogen bonds to the peptide backbone that would normally be satisfied by the helical secondary structure. This has been seen in other structures (reviewed in (39)) and clearly stabilizes the backbone
conformation. At one kink, a proline residue (Pro76) naturally distorts the helix (Figure 2E). The backbone trajectory at the other kink, seems to be caused through the need
to bury two phenylalanines (Phe86 and Phe93) on either
side of the kink (Figure 2F). The core of the interface between the monomers consists entirely of non-polar amino
acid side chains. In addition to the non-polar core, there are
many polar and electrostatic interactions on the surface of
the monomers that bridge the dimer interface.
The structure and extensive buried surface at the dimer
interface, suggests that the DNTTIP1 dimerization domain is a particularly tight interaction. To assess the stability we performed Circular Dichroism melting experiments
which indicate that the domain unfolds at 67◦ C and furthermore that the protein can be melted and renatured multiple times without any material becoming irreversibly denatured (Supplementary Figure S2). The protein will renature fully on both slow-cooling and snap-cooling from 95
to 5◦ C. We conclude therefore, that this is a particularly stable and readily refolded dimerization domain that may have
biotechnological applications.
A carboxy-terminal SKI/SNO/DAC domain
The structure of the carboxy-terminal domain of DNTTIP1 (197–316) was determined by NMR spectroscopy. The
RMSD for the backbone of the amino acids 199–315 was
0.86 Å2 . DNTTIP1 (197–316) forms a compact #/" structure. The core of the structure is a well-converged four
stranded twisted anti-parallel "-sheet with the strands interspersed with #-helices (Figure 3A).
The Dali protein structure comparison server (38) revealed significant matches to SKI-like protein (3eq5), human DACH1 (1lr8) (40) and the SKI oncogene (1sbx) (41)
with Z-scores of 4.5, 4.2 and 4.1, respectively. The lowest RMSD (2.6 Å2 ) is with the SKI-oncogene. A structural alignment using LSQman (Uppsala Software factory)
shows that the core of the carboxy-terminal domain of
DNTTIP1 superimposes with the SKI/SNO/DAC family
(PFam PF02437) (Figure 3B and C). DNTTIP1, however,
lacks the CLPQ motif that has been suggested to be characteristic of this family of proteins.
Despite the similarity to the SKI/SNO/DAC domain,
there are a number of important and significant differences. First, strand 2 of the SKI/SNO/DAC domain is not
present in DNTTIP1, but is substituted by strand 4 from
the carboxy-terminus of the domain. Second, there are additional helices at the amino- and carboxy-terminals of the
domain in DNTTIP1 (Figure 3B).
The SKI/SNO/DAC domain binds double-stranded DNA
and nucleosomes
DACH1, a prototypical member of the SKI/SNO/DAC
family, has been shown to bind double-stranded DNA and
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Figure 1. Interaction of DNTTIP1 with histone deacetylase complexes. (A) Domain structures of MIDEAS, TRERF1 and ZNF541; three co-repressor
proteins associated with DNTTIP1. (B) Clustal alignment of ELM2 (magenta and cyan) and SANT (green) domains of TRERF1, MIDEAS and ZNF541
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to function as a regulator of transcription by competing
for DNA-binding with the transcriptional regulator Forkhead (40,42). DACH1 has a characteristically basic DNAbinding surface with a structural configuration reminiscent
of the Winged-helix family of transcription factors with
a short helix suitable for binding in the major groove of
DNA. Other members of the SKI/SNO/DAC family such
as SKI, do not have a basic DNA-binding surface and are
not thought to bind to nucleic acids (41).
Inspection of the electrostatic surface of DNTTIP1 (calculated in APBS (45)) reveals that an equivalent region to
DACH1 on DNTTIP1 has a strongly basic character suggestive of a similar role in DNA-binding (Figure 3D). DNTTIP1 also has an analogous helical segment (Helix 2) exposed on the surface of the protein, which could bind in the
major groove of DNA. Helix 1 of DNTTIP1 also appears
to contribute to the putative DNA binding surface and, by
analogy with helix-turn-helix and homeodomain proteins,
may interact with the phosphate backbone of the DNA.

To test the hypothesis that the SKI/SNO/DAC domain
in DNTTIP1 is a DNA-binding domain we performed
a number of DNA-binding assays using mixed sequence
DNA. Electrophoretic Mobility Shift Assays showed that
DNTTIP1 binds to mixed sequence DNA with an affinity in the low micromolar range (Figure 4A). This affinity is comparable to the non-specific DNA-binding affinity of many transcriptional regulators. Thermal denaturation assays (monitored by CD spectroscopy) of the DNTTIP1 DNA-binding domain showed that DNA-binding increased the melting temperature of the SKI/SNO/DAC domain from 41 to 52◦ C (Figure 4B). This suggests that there
is a significant structural stabilization on binding to DNA.
Double-stranded DNA-binding activity was confirmed using NMR chemical-shift titrations with a ratio of DNA to
protein of 0.25:1, 1:1 and 5:1 (Supplementary Figure S3).
Significant broadening of the amide crosspeaks in an HSQC
spectrum was observed when DNA was added at a ratio of
0.25:1 DNA:protein. This is likely to be the result of ex-
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SKI/SNO/DAC domain in DNTTIP1 is to bind to DNA
without specificity. This would fit well with the finding that
DNTTIP1 is associated with a histone deacetylase complex
(15,16) where it could act to mediate interaction with chromatin and other protein components could determine the
specificity. Accordingly, we investigated if the DNTTIP1
SKI/SNO/DAC domain could bind to intact nucleosomes.
Strikingly, when the SKI/SNO/DAC domain from DNTTIP1 was expressed with a GST-tag and immobilized on
glutathione sepharose resin, it pulled-down near stoichiometric amounts of single nucleosomes, purified from avian
blood (Figure 4C). This supports the hypothesis that DNTTIP1 is part of the chromatin binding module of the complex.
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Figure 3. The NMR structure of the DNA binding domain of DNTTIP1.
(A) Two views of DNTTIP1 (197–316) oriented at 90◦ to each other of a
superposition of the C# atoms for the 20 lowest energy structures of the
65 that converged are shown colored N to C terminus from blue to red.
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change broadening between bound and unbound species.
Upon addition of an excess of DNA (5:1 DNA:protein)
many crosspeaks reappeared, but with altered chemical
shifts supporting the conclusion that there is a concerted
conformational change upon DNA-binding.
To determine whether DNTTIP1 has a high affinity specific DNA-binding site, we performed several SELEX experiments with both full-length DNTTIP1 and the isolated SKI/SNO/DAC domain (43). However, after multiple rounds of selection, we were unable to enrich for a high
affinity site. This suggests that the physiological role of the

Interaction of the dimerization domain of DNTTIP1 with the
MIDEAS:HDAC1 complex
We recently solved the crystal structures of a SANT domain from SMRT bound to HDAC3 (10) and an ELM2SANT domain from MTA1 in complex with HDAC1 (11).
These structures established that there is a binding site for
inositol phosphates at the interface between the SANT domain of the corepressors and the HDAC catalytic domains.
The inositol phosphates are essential for maximal activity
of the HDAC complex. Importantly, the HDAC1:MTA1
structure shows that the ELM2 domain of MTA1 not only
interacts with HDAC1 but also mediates dimerization of
the complex. To explore the oligomerization state of the
HDAC1:MIDEAS:DNTTIP1 complex we purified a stable
complex containing full-length HDAC1, the ELM2-SANT
domain of MIDEAS (amino acids 717–887) and full-length
DNTTIP1. We then used SEC-MALS to analyze the resulting complex (Supplementary Figure S4). The analysis
showed that the complex exists as a single species with a
molecular weight of 456 ± 14 kDa. This strongly suggests
that the complex is a tetramer, with a calculated molecular
weight of 448 kDa, containing four copies of each component. This is consistent with both DNTTIP1 and MIDEAS
mediating dimerization such that the complex is a dimer of
dimers (Figure 4D).
To determine whether it is the dimerization domain or
chromatin binding domain of DNTTIP1 that mediates
interaction with the HDAC1:MIDEAS complex, we attempted to purify a ternary complex containing either the
dimerization domain (amino acids 1–150) or the carboxyterminal chromatin binding domain (amino acids 150–329).
We were only able to purify a complex with a construct
containing the amino terminal dimerization domain (amino
acids 1–150) (Figure 4E). When the carboxy terminal domain was co-expressed with HDAC1 and MIDEAS it was
not possible to purify a complex suggesting that it is the
amino-terminal domain that mediates interaction with the
HDAC1:MIDEAS complex.
To confirm that the HDAC1:MIDEAS:DNTTIP1
complex is functionally active, we tested the activity of the
complex in deacetylase assays. Since it has been shown
that the HDAC3:SMRT and HDAC1:MTA1 complexes
require inositol phosphates for their activity, we performed
assays with increasing concentrations of inositol-1,4,5,6tetrakisphosphate and inositol-1,4,5-triskisphosphate
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(10,11). We observed that the deacetylase activity of
the MiDAC complex is enhanced by inositol-1,4,5,6tetrakisphosphate, but not inositol-1,4,5-triskisphosphate
which is in line with previous findings with the other
HDAC complexes (Figure 4F) (11).
To explore the ability of the entire MiDAC complex to
bind chromatin, we purified full-length HDAC1, with fulllength DNTTIP1 and MIDEAS (amino acids 650–887)
(Supplementary Figure S5). Electrophoretic Mobility Shift
Assays using naked DNA as well as mono-, tri- and polynucleosomes revealed that the complex is able to bind to
naked DNA and the three chromatin species tested (Figure 5A–C). The complex seems to bind most avidly to polynucleosomes assembled on pUC DNA (Figure 5B) and we

therefore tested the ability of the complex to bind to long
chromatin purified from HEK293F nuclei (Figure 5D). All
the long chromatin was shifted at a MiDAC concentration
of 0.5 !M supporting the finding that the complex preferentially binds to long nucleosome arrays, probably due to the
availability of multiple binding sites. It remains to be seen
whether the complex is just binding to the nucleic acid or
whether there are interactions with histones.
DISCUSSION
Three independent proteomics studies recently showed that,
in addition to the well-studied NuRD, CoREST and Sin3A
complexes, HDAC1 also forms the catalytic subunit of a
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novel cyclin A associated complex that involves the proteins DNTTIP1 and MIDEAS (15–17). We have determined the structure of two domains from DNTTIP1. The
amino terminal domain is a dimerization domain that mediates interaction with the HDAC1:MIDEAS complex.
The carboxy terminal domain is structurally similar to the
SKI/SNO/DAC domain and mediates interaction of the
complex with chromatin.
Multi-angle laser light scattering data show that the intact MiDAC complex forms a tetramer with four copies
of each of the component proteins. This can be explained
through the HDAC1:MIDEAS complex forming a dimer
analogous to the HDAC1:MTA1 complex and that the
dimerization domain of DNTTIP1 mediates dimerization
of the dimeric complex forming the full tetramer. The role
of the DNTTIP1 therefore appears to be not only to target
chromatin but also to act as a scaffold protein for the complex. Oligomerization of transcriptional repression complexes is emerging as a common theme. The HDAC1:MTA1
complex is a dimer mediated by MTA1; the SMRT/NCoR
complex is assembled around the tetrameric scaffold protein
TBL1 and TLE1 mediates tetramerization of the Groucho

repression complex (9,44). The finding that scaffold proteins assemble multiple HDAC catalytic units into multivalent complexes fits well with the requirement to deacetylate multiple histone tails in order to regulate gene expression through concerted changes in chromatin structure.
Another common feature of HDAC complexes is that
there are often multiple versions of the co-repressor protein
that directly interacts with the HDAC catalytic unit. There
are three MTA proteins 1–3 and three CoREST proteins
1–3. There are also three versions of the MIDEAS-like proteins called MIDEAS, ZNF541 and TRERF1. The homology between these proteins is restricted to the highly conserved ELM2-SANT domain and a moderately conserved
region of 80 amino acids amino-terminal to the ELM2SANT domain. Outside this conserved region, the proteins
show very little sequence homology and given their different patterns of expression, presumably have tissue specific
functions that may be associated with different targeting of
these complexes in the cell. ZNF541 is a protein that is associated with spermatogenesis and is found upregulated in
testis (17). MIDEAS is upregulated in cells blocked in mitosis by nocodazole and is found associated with Cyclin A in
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the cell cycle (15,18). In mice, transcripts of TRERF1 were
found to be highest in the brain, thymus and testis (24).
The finding that the SKI/SNO/DAC domain from DNTTIP1 mediates interaction with both naked DNA and nucleosomes suggests that it serves as a chromatin interaction
or substrate recruitment domain for the MiDAC complex.
We show that the intact tetrameric MiDAC complex is able
to interact with naked DNA, mono- and tri-nucleosomes,
polynucleosomes bound to linearized pUC plasmid and
also long chromatin isolated from HEK293F nuclei. Since
the MiDAC complex binds to naked DNA, it is possible
that MiDAC complex might be binding to the linker DNA
in the various chromatin contexts. However, it appears that
the MiDAC complex binds most avidly to the longer chromatin suggesting that this is a closer approximation to the
natural target of this complex.
In conclusion, we have shown that DNTTIP1 is a dimeric
protein required for the stable assembly of the cyclin A
associated MiDAC complex. The three proteins HDAC1,
MIDEAS and DNTTIP1 form a large complex assembly
containing four copies of each protein. In addition to contributing to the assembly of this complex, DNTTIP1 also
mediates a chromatin-binding activity that is likely to be important for substrate presentation to the active catalytic site
of HDAC1.
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Abstract
The expression and purification of large amounts of recombinant protein complexes is an essential requirement for structural biology studies.
For over two decades, prokaryotic expression systems such as E. coli have dominated the scientific literature over costly and less efficient
eukaryotic cell lines. Despite the clear advantage in terms of yields and costs of expressing recombinant proteins in bacteria, the absence of
specific co-factors, chaperones and post-translational modifications may cause loss of function, mis-folding and can disrupt protein-protein
interactions of certain eukaryotic multi-subunit complexes, surface receptors and secreted proteins. The use of mammalian cell expression
systems can address these drawbacks since they provide a eukaryotic expression environment. However, low protein yields and high costs of
such methods have until recently limited their use for structural biology. Here we describe a simple and accessible method for expressing and
purifying milligram quantities of protein by performing transient transfections of suspension grown HEK (Human Embryonic Kidney) 293F cells.

Video Link
The video component of this article can be found at http://www.jove.com/video/51897/

Introduction
The rapid progress of molecular cell biology and the constant need for improved drugs in medicine has created a need for structural biologists to
look at increasingly more complex protein structures. These can often require particular post-translational modifications, molecular chaperones
and co-factors to support their elaborate folding and enzymatic activity. Whilst the vast majority of structures present in the Protein Data Bank
have been obtained using bacterial expression systems, prokaryotes are unable to perform a large number of these modifications and lack
many essential eukaryotic co-factors. This can be an issue for the study of large multi-subunit complexes that are activated by small signaling
molecules as well as for nuclear, cell surface and secreted proteins that require elaborate folding machineries. A number of E. coli strains
1
have been engineered to overcome some of these limitations . In recent years, however, the use of mammalian expression systems has been
2
increasing because they reliably produce eukaryotic proteins that are otherwise problematic to express in other systems . Today it is possible
to obtain stable and transient mammalian expression cell lines through a variety of techniques that range from viral transduction to chemical3
mediated transfection, physical gene-transfer such as electroporation and direct injection . While all of these methods have their own set of
advantages and disadvantages, only a few of them are suitable for structural studies being either too expensive and/or time consuming.
Here we describe a very simple, fast, inexpensive yet highly efficient method for expressing protein complexes for structural biology in
suspension grown mammalian cells. The approach uses transient co-transfection of a Human Embryonic Kidney (HEK) cell line (e.g., Freestyle
HEK 293F cells). These cells have been derived from the HEK 293 cell line, are adapted to grow in suspension cultures, reaching high densities
using serum-free media (such as FreeStyle 293 Expression Medium). Cells are then transiently transfected using a branched version of
4
polyethylenimine (PEI), an inexpensive polymeric reagent that has been reported to function for a large range of mammalian cells by forming
5
DNA/PEI complexes that enter the host cell by endocytosis . This method is suitable for both small scale (30 ml) and large-scale (up to 300 ml)
experiments and can produce high levels of purified protein complexes. It is particularly useful for studying proteins that require complex folding
machineries, co-factors or particular post-translational modifications that cannot be performed by bacteria, yeast and insect cells.
In this protocol we present the expression and purification of the three-protein central scaffold from the Sin3A transcriptional repression complex.
This consists of Histone Deacetylase 1 (HDAC1), Suppressor of Defective Silencing 3 (SDS3) and Switch-independent 3 (Sin3A). The purified
complex is used for high-throughput crystallization trials.
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Protocol
NOTE: The protocol is suitable for any scale of expression, therefore volumes and quantities of reagents should be scaled proportionally. A
suitable mammalian expression vector must be used for this protocol. Here we used a modified pcDNA 3.1 expression vector that conveniently
allows the inclusion or exclusion of an affinity tag depending on the choice of restriction enzymes used in the cloning (Figure 1). The following
protocol describes a large scale transfection.

1. Large Scale Culture/Transfection in 1 L Roller Bottles
Grow and maintain HEK293F suspension-adapted cells according to standard protocols. Typically starter cultures of between 30 and 100 ml are
grown in 250 ml conical cell culture flasks.
6

1. Seed cells at 0.5 x 10 cells/ml into a final volume of 300 ml in each 1 L roller bottle.
NOTE: Roller bottles accommodate a minimum of 150 ml to a maximum of 300 ml of suspension culture. For larger scale transfections use
multiple bottles.
6
2. Incubate for 24 hr in an orbital shaker incubator at 37 °C, 120 rpm, and 5% CO2 until cells reach a density of 1.0 x 10 cells/ml (cells should
divide approximately every 24 hr).
3. Pipette a total of 300 µg of filter-sterilized DNA (see supplementary method) into 30 ml of PBS and vortex vigorously for 3 sec.
NOTE: Use a total of 1 µg of DNA per million transfected cells. If two or more plasmids are to be co-transfected reduce the amount of each so
that the ratio of DNA to cells remains constant.
4. Add 1.2 ml of 0.5 mg/ml filter-sterilized PEI to the PBS/DNA solution and vortex vigorously for 3 sec.
5. Incubate the mix at RT for 20 min.
6
6. Add the DNA/PEI mix to the cells – which should be at a density of 1 x 10 cells/ml (step 1.3).
7. Following co-transfection, incubate the cells in an orbital shaker incubator for a further 48 hr at 37 °C, 120 rpm, and 5% CO2.
8. Harvest intracellular proteins by centrifuging cells at 3,000 x g for 5 min and store the pellet at -80 °C.
NOTE: Alternatively, use a standard (non-CO2) shaking incubator, if the atmosphere above the culture is replaced with 5% CO2 and the bottle
lid is sealed. The atmosphere will need to be replaced at each passage (normally every 2 days).

2. Protein-complex Purification from Whole Cell Extract
This protocol is optimized for the purification of nuclear complexes using flag-tagged proteins.
1. Defrost cell pellet into ~40 ml of pre-chilled lysis buffer (100 mM potassium acetate, 50 mM Tris pH 7.5, 5% glycerol, 0.3% Triton X-100,
protease inhibitors) per L of culture.
2. Re-suspend the pellet by pipetting up and down several times (to avoid foaming, do not vortex).
3. Thoroughly re-suspend cells using a glass homogenizer. Sonicate for 3 cycles (15 sec on, 15 sec off). Centrifuge at 30,000 x g for 25 min at
4ºC and retain supernatant.
4. Equilibrate 1.25 ml of anti-flag packed agarose resin per liter of culture by washing three times with resin equilibration buffer (100 mM
potassium acetate, 50 mM Tris pH 7.5).
5. Incubate the whole cell extract from step 2.3 with the affinity resin in one or more 50 ml centrifuge tubes and gently rotate the sample for
30-120 min at 4 °C.
6. Centrifuge at 3,000 x g for 1 min at 4 °C, discard supernatant.
7. Wash the resin with 45 ml of pre-chilled buffer 1 (100 mM potassium acetate, 50 mM Tris pH 7.5, 5% glycerol, 0.3% Triton X-100). Centrifuge
at 3,000 x g for 1 min and discard supernatant.
8. Repeat step 2.7 using high salt buffer (300 mM potassium acetate, 50 mM Tris pH 7.5, 5% glycerol), followed by low salt buffer (50 mM
potassium acetate, 50 mM Tris pH 7.5, 5% glycerol) and TEV Cleavage Buffer (50 mM potassium acetate, 50 mM Tris pH 7.5, 0.5 mM
TCEP).
NOTE: Ensure each wash is brief i.e., sufficient to fully re-suspend the resin and no longer.
9. Collect a 10 µl sample of resin and dilute into 1 volume of 2x protein loading buffer for analysis (bound protein control). Do not use reducing
agents in order to avoid releasing the antibody from the resin.
10. Re-suspend the resin into 8-10 ml of pre-chilled TEV cleavage buffer and transfer to a 15 ml centrifuge tube.
11. Add ~40 µg of TEV protease (from stock at 1 mg/ml) per L of original culture and mix well by pipetting up and down several times.
12. Replace tube atmosphere with 100% N2 gas to prevent protein oxidation.
13. Gently rotate O/N at 4ºC.
14. Centrifuge at 3,000 x g for 10 min. Transfer the supernatant into an ultra centrifugal filter with an appropriate molecular weight cut-off and
concentrate down to 500 µl.
15. Collect a 10 µl sample of the concentrated protein and dilute into 1 volume of 2x protein loading buffer for analysis. (TEV eluate control).
16. Collect a 10 µl sample of the resin and dilute into 1 volume of 2x protein loading buffer for analysis. Do not use reducing agents in order to
avoid releasing large amounts antibody from the resin. (Post-TEV resin control).
17. Equilibrate the size exclusion chromatography column with gel filtration buffer (50 mM potassium acetate, 50 mM Tris pH 7.5, 0.5 mM TCEP).
18. Filter the protein through a 0.22 µm filter
19. Load the sample into the column and collect the fractions.
20. Run samples from steps 2.9, 2.15 and 2.16 and the gel filtration fractions from step 2.19 on an SDS-PAGE and Coomassie stain for analysis.
NOTE: It is advisable to run an SDS-PAGE of samples from steps 2.9, 2.15 and 2.16 prior to gel filtration to confirm expression of the target
protein.
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Representative Results
Here we show a 2 L (8 x 250 ml cultures) transient co-transfection and purification of the HDAC1, SDS3, Sin3A ternary complex. HDAC1 and
SDS3 interact with Sin3A through the HDAC-interaction domain (HID) of Sin3A. A typical purification yields up to 1 mg of complex per liter of
culture.

Figure 1. Schematic of the modified pcDNA 3.1 expression vector. The plasmid was digested with EcoRV and EcoRI to include the affinitytag and TEV cleavage site on the amino terminus of Sin3A. To clone untagged versions of HDAC1 and SDS3, the vector was digested with KpnI
and EcoRI.
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Figure 2. SDS-PAGE showing the first step of the purification. The “bound protein” lane shows the complex bound to the affinity resin.
Following TEV digestion, the tag present on Sin3A-HID is cleaved off and the complex is eluted from the resin as shown in the second and third
lanes of the gel.
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Figure 3. Chromatogram of protein-complex purified using size exclusion chromatography. Note that the pure complex eluted in the void
volume because it forms a dimer in solution.

Figure 4. SDS-PAGE showing the fractions of the gel filtration shown in Figure 3.
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6

Figure 5. Trypan blue-stained HEK 293F cells at 2.3x10 cells/ml ready to be transfected. Cells should only be present as single or dividing
cells, while large clusters may be broken up by vigorous vortexing for approximately 25 sec.
Problem

Possible causes

Action

Low protein yield.

Low number of cells transfected.

Make sure cell density is approximately 1.0
6
x 10 before adding the transfection reaction
mixture to the culture.

Cells might have been subcultured too many
times.

Use fresh stock cells after approximately 90
passages.

DNA may be degraded or have a high amount
of impurities.

Make sure the plasmid DNA being used has a
260/280 ratio between 1.8 and 2.0. Running the
DNA on an agarose gel is advisable to assess
its quality.

Protein(s) being expressed are not stable or
soluble enough.

Test different constructs in small scale prior to
up-scaling the transfections. Make sure tags do
not interfere with the structure of the protein(s)
of interest.

Cells look cloudy and have an unusual color
and/or odor.

Cells are infected with bacteria or yeast.

Good sterile technique must be used at all
times. Fumigating the laminar flow hoods and
UV-disinfecting the cell culture room in case of
infection helps containing the problem.

Cells have low viability.

Wrong pH in media.

Make sure cultures are grown at 5-8% CO2 at
all times.

Cells have been cultured up to a density over
6
3.0x10 cells/ml.

Cells should not be grown up to densities
6
above 2.5 x 10 cells/ml immediately before a
6
transfection and never above 3.0 x 10 cells/ml.

Protein(s) is not being expressed.

See above.

Purification conditions might be wrong.

Adjust buffer conditions (e.g., high salt, low salt,
pH.)

Affinity purification did not work

Table 1. Troubleshooting.
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Advantages
•
•
•
•

•
•

Baculovirus expression in insect cells

•
•

Disadvantages

Fast expression system
High protein yields
Inexpensive
Suitable for the affordable production of
isotopically labeled proteins

•

Can perform the majority of post
translational modifications
Inexpensive

•

Can perform all post translational
modifications
Baculovirus is less cytotoxic than other
viral strains

•

•
•

•

•
•

Bioreactors with mammalian systems

•
•
•
•
•

HEK 293F suspension cells

•
•
•
•
•

Can perform all post translational
modifications
Can provide all co-factors needed for
protein function and complex assembly
Can culture cells at very high densities
Can express all mammalian proteins that
require complex folding machineries
Very high protein yields

•

Can perform all post translational
modifications
Can provide all co-factors needed for
protein function and complex assembly
Can express all mammalian proteins that
require complex folding machinery
Fast and intuitive transfection protocol
Relatively inexpensive compared to
bioreactors and/or other commercially
available transfection reagents.

•

•
•

Lack of important chaperones that may
be required for protein folding
Lack of many post translational
modifications
May lack co-factors that are important
for protein function and/or complex
assembly.
Lack some post-translational
modifications
May lack co-factors that are important
for protein function and/or complex
assembly.
Preparing the virus for the transduction is
time consuming
The virus is not stable and cannot be
stored for long periods of time
Insect cells may lack co-factors that are
important for protein function and/or
complex assembly.
Requires specialized staff to use the
bioreactor.
Expensive equipment is required.
Optimizing expression conditions may be
time consuming.

Although affordable, not as cheap as
expression in bacteria

Table 2. Advantages and disadvantages of main expression systems.

Discussion
We have developed a straightforward and cost effective method (PEI costs much less than commercially available lipophilic transfection
reagents) for expressing and purifying large amounts of recombinant proteins and multi-subunit complexes from mammalian cells. Optimal
transfection and expression efficiency can be reached if highly pure plasmid DNA (260/280 between 1.8 and 2.0) is used in combination with PEI
as described in the protocol section. Cells must be cultured in serum- and antibiotic-free media, therefore, sterile technique is strictly required
for passaging and transfecting cells in order to avoid costly and time-consuming infections. Cell viability should be 90% or higher and cultures
6
should not be grown to densities greater than 2.5 x 10 cells/ml immediately before a transfection, as doing so will reduce protein yield. For
a successful transfection, cultures should only contain single or dividing cells. Clusters may be broken up by vigorous vortexing 20 to 30 sec
(Figure 5). The ratio of each plasmid used in the co-transfection can be varied by the user according to the stoichiometry of the complex being
studied. Expression efficiency can be optimized for the protein of interest, so that a suitable expression time can be established. Purification
should be performed keeping the protein sample cold at all times to reduce the risk of unwanted proteolytic degradation. The choice of tags
and purification buffers is critical, since they may interfere with structural elements or active sites of certain proteins, often resulting in reduced
solubility and/or loss of enzymatic activity. Small scale transfections are particularly useful for testing different constructs for the purification of
large protein complexes.
Today, a large variety of alternative methodologies are available for the expression of recombinant eukaryotic proteins (Table 2). For example,
Baculovirus expression in insect cells is widely used due to its high transduction efficiency and its lack of cytotoxicity in comparison to other viral
6
species . However, the process of making the virus is time-consuming and its instability does not allow the virus to be stored for long periods. On
the other hand, yeast expression systems offer the possibility of growing cells to very high densities in fermenter cultures, resulting in high protein
7
yields . But they still lack the full variety of post-translational modifications required for eukaryotic proteins to fold correctly and interact with their
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protein partners. HDAC3, for example, is expressed but does not fold in E. coli. However, when expressed in 293F cells, we were able to purify
8
an active enzyme in complex with its co-repressor (SMRT) and a molecule of inositol tetraphosphate (IP4) , which is not found in prokaryotic
cells. This method has also allowed us to purify and solve the crystal structure of HDAC1 interacting with MTA1 in the NuRD complex, which is
9
similarly activated by IP4 . Ideally, we would always like to express eukaryotic proteins in their natural, physiological environment. Mammalian
10-12
expression systems employing HEK 293-EBNA1 cells in bioreactors
have been described and yield very high levels of protein, but these can
be complex to use.
Our method is a simple and accessible alternative to expression in bacteria, yeast and bioreactor systems. The expression method is fast and
does not require the use of expensive equipment, particularly if the roller bottle or flask atmosphere is replaced with 5% CO2 and standard
shaking incubators are used. We have used these protocols to co-transfect multiple plasmids and purify complexes with up to five proteins with
yields of >1 mg/L of culture. Interestingly, the system helps the identification of stable well-behaved complexes. For instance, expression of the
binary complex of HDAC1 and Sin3A gave limited yields of protein, yet addition of SDS3 resulted in 5-fold higher amounts and hence guides the
structural biologist in choice of suitable constructs and stable complexes for crystallization.
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