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Abstract

Methylation of CpG dinucleotides is the major epigéc modification of mammalian
DNA which results in the remodelling of transcriptally active euchromatin to
transcriptionally inactive heterochromatin. Redtign of methylated CpG by
methylated DNA binding proteins, the MBD familygtiaiso zinc finger family and the
SRA domain proteins results in deacetylation andhgiation of histone side chains
through the recruitment of HDAC and HMT enzymes. etM/lation of DNA is a
heritable process ensuring Methylation dependanrtstriptional repression is passed
from mother to daughter cell during replicationon® of the proteins involved in this
chromatin remodelling, MBD1, DNMT1, MLL, and CFPbrgain CXXC domains.
hMBD1 contains 2 or 3 CXXC domains depending ongpkce variant, with only the
third CXXC domain shown to bind CpG dinucleotides.

This thesis describes the work done to elucidagesthucture of hMBD1 CXXC1 and to
investigate hMBD1 CXXC12 di-domain by NMR spectrogg and biochemical

characterisation. The hMBD1 CXXC1 & CXXC12 domaiwsre successfully over
expressed ifE. coli and purified. Unlabelled and uniformtyN labelled proteins were

produced for nuclear magnetic resonance (NMR) studiAssignment of NMR spectra
was carried out and constraints generated enabtimgture determination of hMBD1
CXXC1 and to investigate the relationship betwe&XC1 and CXXC2 of hMBD1.

The solution structure of hMBD1 CXXC1 determinedrénavas compared to the
previously determined solution structure of hMLL K& in order to investigate their
differences in DNA binding. NOE data from hMBD1 ®&K1 and CXXC12 are
compared in order to investigate the domain strectf CXXC12. DNA titration of
hMBD1 CXXC1 showed no significant interaction wighsingle CpG oligo while the
loop region of hMBD1 CXXC1 differs significant inoth structure and surface charge
suggesting the loop region to be important for DblAding. The recorded NOE data of
hMBD CXXC12 suggests the two CXXC domains form abgilar rather than a linear

structure
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1.1 Epigenetics
Epigenetics is the study of heritable changes inegiinction that occur without a
change in the sequence of nuclear DNA. This forminteritance allows the
transmission of information from mother to daughdell without the information being
encoded in the nucleotide sequence of the genexiample when a liver cell divides,
the daughter cells do not start to express protgiesific to muscle cells. Methylation
of a CpG dinucleotide at cytosine C5 (mCpG) is gomapigenetic gene silencing
modification in vertebrate genomes. This modifmat recruits proteins which
specifically recognise this motif. These methylaf@NA binding proteins then recruit
enzymes which chemically and physically alter chem which induces transcriptional
repression. Although most CpG motifs are methgateshould be noted that short
(500-2000bp) CG-rich regions, known as CpG islafasnd within 60% of human gene
promoters remain non-methylated (Bird, A. 2002Vhile this is true for normal cells,
de novomethylation of CpG islands occurs in various cascenducing silencing of
tumour suppressor genes e2PH1 in breast, bladder and prostate cancer (Gl
1995), CDKN2A in many epithelial cancers (Merlet al 1995), and the Rb gene in
retinoblastomas (Saket al 1991).

Control of gene expression/repression is importamt cell development and
differentiation to ensure that only cell-specifiengs are transcribed. Some genes are
constitutively transcribed in almost all cells, .e.Glyceraldehyde 3 phosphate
dehydrogenaseGAPDH); some genes are only transcribed in certain typks, e.g.
carnitine palmitoyltransferase | C in rat brain aedtes (Priceet al, 2002); others are
only transcribed after a signaling cascade has lr@gated, e.g. induction of insulin
gene transcription by glucose in beta cells of Ilets of Langerhans (Leibiget al
1998). Eukaryotic DNA is packaged into a nucled@in complex called chromatin
that is organized into two structurally distinct nomins, euchromatin and
heterochromatin (Heitz, 1928). Euchromatin is caorsgel during cell division but more
open and transcriptionally active during interphaggle heterochromatin is tightly
packed and transcriptionally inactive throughowt tell cycle. While there is only one
class of euchromatin, heterochromatin has two wmtgjaconstitutive or facultative.
Constitutive heterochromatin is fixed, irreversilaled located at very specific spots in
the genome that consist of DNA that contains mamgém (not inverted) repeats of a
short repeating unit known as satellite DNA. Fgatute heterochromatin can revert to a

euchromatin state for example, when a woman trassime X-chromosome to a son; it
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reverts to euchromatin from heterochromatin. Rapbn of these two types of
chromatin occurs at different time points, with drechromatic DNA late and
euchromatic DNA early within the cell cycle (Gilbe2002). DNA methylation is
functionally connected to these two states thraoigtone modification. In a simplified
view, euchromatic DNA contains non-methylated Cp&wl the histones are often
acetylated whereas the CpGs in heterochromatin RBMAmMethylated and the histones
are deacetylated with methylation occurring atdmist3 lysine 9 (H3K9) (Cameronret
al. 1999). De-methylation of CpG motifs allows H3K& be re-acetylated (Bachman
et al 2003) which ultimately leads to a switch froméret to euchromatic DNA. Thus
DNA methylation is a pivotal signal for the epigdnecontrol of gene expression in a

reversible heritable manner.

1.2 Chromatin Structure

The Basic building blocks of Chromatin are five égpof proteins called histones which
contain a high proportion of charged amino acidsThese histones fall into two
categories, the nucleosomal histones and the Hangs. The nucleosomal group is
made up of four histones which are called H2A, HBB, H4 and their variants. They
are small proteins 102-135aa with H3 and H4 histdoeing among the most highly
evolutionally conserved of all proteins. The Hstbnes are larger, approx 220aa, and
are less conserved than the nucleosomal groupthoddh histones are the building
blocks of chromatin, there are also architecturatgins that are comprised of acidic or

non-histone chromatin proteins.

The 11 nm diameter nucleosome (Fig.1.1), the fureshdah building block of chromatin,
is a complex comprised of an 146 bp (base paiytteof DNA wrapped around an
octomer core of histone proteins consisting of tepies each of H2A, H2B, H3, and
H4 (Richmondet al 1984, Dorigcet al. 2004).
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Figure 1.1  X-ray crystal structure of the nucleosome coreiglarsolved by Lugeet
al (1997). Ribbon traces for the 146-bp DNA phospéster backbones (Yellow) and
eight histone protein main chains (orange: H3; H#t:green: H2A; blue: H2B). Image
generate from PDB ref 1AO. (Figure prepared using PyN).
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With a small length, 10-100bp, of DNA (linker) beten each nucleosome, this type of
chromatin thread can be visualized by electron oscopy which gives rise to the
‘beads on a string’ structure description. The Hdtdme protein binds to a specific
region of the nucleosome and mediates the pacKitfgedl1nm nucleosome into a 30nm
chromatin fibre. From this 30nm fibre the DNA da@ condensed into a chromosome.
The histones also possess N- and C- terminal tidl88aa in length, that protrude from
the nucleosome (Lugeat al. 1997) and direct the formation of higher-orderochatin
structures (Doriget al. 2003, Dorigcet al. 2004, Gordoret al. 2005).

As mentioned previously not all proteins associat@ti chromatin are histones. These
non-histone architectural proteins are responsifde the chromatin regulatory
mechanisms such as covalent histone modificationsADBP-dependent chromatin
remodeling (Cosgrovet al 2004, Smith & Peterson, 2004, Studiskyal 2004). The
packing of chromatin at its lower level is definbg DNA-histone and nucleosome-
nucleosome interactions. Chromatin remodelingpatsic loci is carried out through
tagging of the histone tails (Fig 1.2a). Covalemdification of the histone tails in the
form of acetylation and methylation are importaoit the remodeling of chromatin to
activate and repress transcription respectivelyrd&e 2001, Strahl and Allis, 2000).
Other covalent modifications include phosphorylatiobiquitylation, sumoylation (Gill,
2004) and ADP-ribosylation (Cohen-Armehal 2004) (fig 1.2b)
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Figure 1.z  a Diagram of the 11 nm beads on a string chromatiiarmation
showing histone tail$ The various histone tail covalent modifications, &cetyl ; P
phosphate; M, methyl; Ub, Ubiqutin; C, carboxsntenus; N, amino terminus.
Adapted from Mark®t al (2001)

Histone deacetylation (H3K9) by histone deacetylrsgymes (HDAC) and methylation
of the same residue by histone methyl transfer@d®&$T) (Fuks et al. 2003) can be
brought about by the binding of methylated DNA hingdproteins to methyl-CpG motifs
which recruit HDACs to chromatin (Nan &t al 1998). The methylation of H3K9
allows the binding of heterochromatin protein 1 {HjiRia its chromodomain (Banistet
al. 2001) which stabilizes the formation of heterachatin and induces transcriptional
repression. DNMT1 also binds the HDACs HDAC1 (Rtden et al. 2000) and
HDAC?2 (Rountreeet al, 2000) via its N-terminal domain. DNMTdinding to HDAC2
is associated with binding to another protein, DMA@®NMT1 associated protein)
which can mediate transcriptional repression (Rea@gt al 2000). It should also be
noted that loss of DNMT1 fro®NMT1 knockout human cancer cells KO1 results in an
increase of H3 acetylation and loss of trimethglatof lysine 9. Also HDACs and HP1
no longer interact with histone H3 and pericentroioeepetitive sequences (Espagia
al. 2004). This suggests that DNMT1 contributes mor&eterochromatin formation

than just the methylation of CpG motifs.
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1.3 DNA Methylation
Methylation is the major covalent modification afkaryotic DNA and almost always
found in a palindromic CpG sequence such that thendshyl cytosine is found
symmetrically on both strands (Sinsheimer 1955)thyllated DNA was first proposed
by Scarano (1971) and later by Holliday & Pugh @Rand Riggs (1975) to be involved
in cell differentiation and gene function. LateeiYin and Razin (1993) showed that
epigenetic control of gene expression in mammalslues DNA methylation associated
with gene-specific methylation patterns. Methyatioccurs at 70-80% of mammalian
CpG sites (Ehrlich and Wang 1981) with the remanimmethylated CpG sites being
found in CpG rich islands. CpG islands have bd®sws to be present at promoter
regions of all constitutively expressed and apprately 40% of tissue specific genes
(Larsenet al, 1992. Zhuwet al, 2008). However, not all CpG islands are non-lylatid,
some of which are involved in X-inactivation andngeic imprinting (Edwards &
Ferguson-Smith, 2007., Reik, 2007)

Without the replacement of methylated cytosines AD®plication would remove 50%
of methylated CpG from DNA after two rounds of ieption through passive
demethylation. In order to protect the symmetricathylation of CpG, the enzyme
DNA methyl transferase (DNMTL1) catalyses the cowabdtachment of a methyl group
to the naked cytosine in a hemi-methylated CpG tBeand Ingram 1983). DNMTL1 is
associated with proliferating cell nuclear antigdaring DNA replication at the
replication foci, with methylation occurring withione to two minutes of replication to
restore a state of full methylation to the DNA (@hget al 1997). It is through this
process that methylated DNA induced gene repressioimherited from mother to

daughter for many generations of actively dividogdis (Razin and Riggs 1980).

The reason that CpG Islands are not methylate@@ication could be explained by
their replication during G1/early S phase (Delgatlal 1998) when DNMT1 levels are
low (Szyfet al, 1991) and levels of the transcription factor @& high which could
out-compete DNMT1 for binding to PCNA (Chuargal 1997). This could prevent
DNMT1 being present at the replication foci of Cp&lands thus preventing their
methylation. This theory is strengthened by thet fhat many CpG islands are also
replication origins (Delgadet al. 1998) and, due to the proteolytic factors invdlive
DNA replication, could block DNMT1 access to the RNHowever, it does not explain

the lack of methylated CpG islands that are locateithe promoters of genes that lack
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p21 recognition sites. Recently the CXXC Fingest€in 1 (CFP1), a component of the
SET1 H3K4 methyltransferase complex (Skalatkal, 2008), has been shown to bind
CpG islands (Thompsoat al, 2010). Methylation of H3K4 is a euchromatic mark
associated with transcriptional activity (Bernstetral, 2002., Santos-Ros al, 2002.,
Schneideret al, 2004). Therefore the recruitment of CFP1 to Citands and

subsequent methylation of H3K4 may prevent metioiathrough steric interference.

It has been reported that methylated DNA does wudactive demethylation (Oswadd
al, 2000) but this is not necessarily associated véfhication (Kafriet al. 1992) while
the paternal genome in fertilized mouse eggs ippd of DNA methylation prior to
zygotic fusion and subsequent replication (Mageal 2000). This demethylation of
the paternal genome is a feature of mouse, ratahuand pig zygotes but surprisingly
not of rabbit and sheep zygotes (Beaujetial 2005, Beaujeart al 2004a, Young &
Beaujean, 2004). Interestingly the sheep pateyaabme is significantly demethylated
when injected into mouse oocytes (Beaujetal 2004b) suggesting it is not inherently
resistant to demethylation. While DNMTL1 is resgbtes for maintaining methylation
patterns during DNA replicatiode novomethylation at previously unmethylated sites
during early embryogenesis is catalyzed by DNMT3®EMT3b (Okanoet al. 1999).
However, DNMT1 can be stimulated to methylate Cpudeotides by the addition of
fully methylated DNA (Fatamet al, 2001, Lainget al, 2001). DNMT1 is essential for
mouse embryogenesis as targeted knockouts of DNMSlts in death around mid
gestation (Liet al 1992, Bird & Wolffe, 1999). This is also true féenopus laevis
embryos which die before mid-blastula transitio®NMT1 is knocked out (Stancheva
& Meehan, 2000). However, this is independent NMDI'1’s methyltransferase activity
(Dunicanet al, 2008)

Aberrant DNA methylation is of particular importanm cancer (Jones & Baylin, 2002)
as hypomethylation can result in the inapproprigepression of genes while
hypermethylation of CpG islands can switch off ge#ones & Baylin, 2002, Feinberg
& Vogelstein, 1983). Hypermethylation of CpG iglgrfound in tumor suppressor gene
promoters is a prevalent mechanism for the trapsonal silencing of these genes
(Robertson, 2001, Rountres al 2001. Esteller & Herman, 2002., Jones & Baylin,
2002.). Removal of methyltransferase activity fréme human colorectal cancer cell
line HCT116 by genetic (antisense/siRNA against DNIVRNA) or pharmacologic
methods (5-aza-2'-deoxycytidine) causes extensigorhethylation throughout the
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genome, including hypermethylated regions (Robérale 2003, Ting et al. 2004).
However, controversy surrounds the question of kimgcout DNMT1 is sufficient for
this observed hypomethylation event. Ting et 2004) suggest that DNMT1 is
redundant due to a compensatory role for DNMT3b.onder to investigate this they
produced a double knockout of DNMT1 & DNMT3b cellidich showed greater than
95% reduction in genomic methylation and crucigtigse cells re-expressed the tumour
suppressor gene Cdkn2a, providing a direct linkvbeh the methylation of its promoter
and its transcription. These double knockout chlsl a 90% reduction in growth
compared to the wild type HCT116 cells. DNMTL1 ntiglso be targeted to methylate
DNA at Histone H3-K9 methylated chromatin via itetion with the histone
methyltransferase SUV39H1 (Fuks et al. 2003).

Females contain two copies of the X chromosome eoetpthe male having just one. In
order to compensate for this random inactivationooe copy occurs during early
development (Lyon, 1961). This inactivation is casated with widespread DNA
methylation (Heard et al. 1997), while transcriptiof genes on the inactive
chromosome can be reactivated when cells are trégtenhibitors of DNA methylation
(Boumil & Lee, 2001). Not all gene transcription the inactive X chromosome is
silenced as some CpG islands remain unmethylatedr(et al. 1997).

DNA methylation plays a critical role in genomicpnnting, the phenomenon whereby
a small subset of all the genes in the genomeaeessed according to their parent of
origin (Bartolomei & Tilghman, 1997). The contrthle reciprocal parental gene for
almost all imprinted genes identified to date isagsated with differentially methylated

regions (Paulsen & Ferguson Smith, 2001).

Thus DNA methylation states play an important rial¢he transcriptional repression of
genes, regulation of chromatin structure and thesld@ment of embryos while aberrant
DNA methylation can cause disease, including cadcedevelopmental disorders, and

death during gestation.

1.4 Methylated DNA binding proteins

MeCP2, MBD1, MBD2, MBD3 and MBD4 constitute a fayibf proteins which
contain the methyl-CpG-binding domain (MBD). Iretlhate 1980s a nuclear factor
called MeCP1 (Methyl CpG binding Protein) was disred. This factor could
discriminate between DNA molecules that contain2dd more methylated CpG pairs
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and unmethylated DNA in band shift assays (Meeétaal 1989). MeCPl1 is a large
multi-subunit protein complex and has been showmeteomprised of MBD3 (Zhangf
al. 1999), the Mi2/NuRD complex and MBD2 (Ng &t al 1999, Feng and Zhang
2001). More recently other methyl-CpG binding pios have been discovered. The
zinc finger proteins Kaiso (Daniel and Reynolds99.9 Prokhortchoulet al, 2001),
ZBTB4 and ZBTB38 (Filioret al, 2006) and UHRF1 & -2 that contain an SRA (SET
and Ring finger-associated) domain (Unekial, 2004). The first well characterized
member of the MBD family is MeCP2.

1.4.1 MeCP2

Identified in 1992, MeCP2 is a 53kDa protein cdeaif binding one methyl-CpG pair
(Lewis et al 1992) although it is suggested thatyitro, a flanking run of 4 or more A/T
base pairs (Klosetal. 2005) enhances the affinity. This is backed ypmalysis of the
binding sites in two of its known targets, Bdnf dntk6, which show the methyl-CpG
site flanked by an A/T greater than 4 motifs (Kl&eird 2006). Levels of MeCP2
protein vary depending on cell type with rat braontaining the highest followed by
kidney, spleen, liver with the lowest found in tesst(Nan Xet al. 1993). Although
widespread, MeCP2 is not a major repressor of gegelation (Tudoret al 2002) but
binds to loci not targeted by other MBDs (Kloseal. 2005). However, these reports
used cultured neurons from embryonic or immatureemvhere MeCP2 levels are low.
Skeneet al (2010) determined the binding pattern in matureisedorains which showed
a different pattern, with MeCP2 tracking the met6yG density of the genome. These
results suggest, in mature mouse brain, that MelSR2global regulator of chromatin

structure.

The MBD domain, defined as the minimum requirecbiod methyl-CpG, comprises
amino acids 78-162. This MBD domain has similaarelsteristics of the full length
protein when binding methyl-CpG DNA in that it wilind a single methyl-CpG motif in
duplex DNA and has negligible binding to hemime#tgti DNA or 5-methylcytosine at
non-CpG motifs (Nan Xet al 1993). Within mouse EB28/10 cells, MeCP2 shows
punctate labeling, co-localising with heterochramathen transiently over expressed.
This localisation to the chromatin is dependant methylation, as over expressed
MeCP2 in MTase mutant (methylase negative) mousedlS produced diffuse nuclear
staining with only 20% localizing to chromatin (Naf et al 1996). The small
percentage of MeCP2 binding to chromatin is likedybe due to the lower levels of
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methyl-CpG remaining (Nan Xt al 1996) and non specific DNA binding (NaneXal
1993). Once bound to methylated CpG, MeCP2aies transcriptional repression by
recruiting the transcriptional co-repressor Sin3d amistone deacetylase (HDAC)
complex (Nan Xet al 1998). Binding of the HDAC is via a transcriptibmapression
domain (Nan Xet al 1997) and is localized to amino acids 207-310 €¥al 2000).
Removal of the acetyl group from histone H3 lysth@Nan Xet al 1998) facilitates the
methylation of the same residue by a histone metndferase (HMT) (Fuket al
2003). Treatment with trichostatin A (an inhibitwr HDAC), however, does not fully
remove transcriptional repression which suggests MeCP2 can repress by another
pathway (Yuet al 2000) or interaction with other complexes thatdo require HDAC
to inhibit transcription.

1.4.2 MBD1

Crosset al (1998) identified MBD1 (formerly PCM1) by searchitige XREF database
for sequences homologous to the MBD of MeCP2. MBIE shown to bind methyl-
CpG via its MBD. MBD1 was originally thought to lpart of the MeCP1 complex
(Crosset al 1998). However, Huck-Huet al (2000) showed that MeCP1 band shift
assays were not affected when MBD1 was immunopitat#ol using a sheep antibody
against MBD1 amino acids 351-556 from the extra&s well as the N-terminal MBD
domain, MBD1 also contains, depending on altereasplicing, 2 or 3 CXXC domains
(Fujita et al, 1999, Jgrgenseet al, 2004). There are a total of 8 known isoforms of
MBD1 with the number and type of CXXC domains shawifigure 1.3
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Figure 1.3 schematic representations of MBD1 splice variamigh different
combinations of CXXC domains. A: represents isoi®rl, 2, 6, 8; B: represents

isoforms 3, 4 ,7; C: isoform 5 (formerly known aSNR1).

A subunit of CAF-1 (chromatin assembly factor 1)15p, and SUV39hl, a
methyltransferase enzyme both interact with the MBDjitaet al 2003b, Resset al
2003). It is thought that MBD1 is displaced fronetimyl-CpG during replication but
that through its interaction with CAF-1 via PCNA,remains at the replication fork
during S-phase. Once replication has occurred, DMMctivity fully methylates
hemimethylated CpG motifs allowing MBD1 to rebind the methyl-CpG (Sarraf &
Stancheva, 2004) (Fig. 1.4)

Like MeCP2, MBD1 contains a transcriptional repr@ssiomain which, when fused to
the Gal4 DNA binding domain, can repress transiotiptfrom a Gal containing
promoter. The transcriptional repression domaiRJ is known to interact with a
methyl-DNA glycosylase (Watanabet al 2003) and MCAF (MBD1-containing
chromatin associated factor) (Fujitadilal 2003a). Although MBD1 does not appear
to interact with HDAC1 or HDAC2 (Ng Het al. 2000) there is variable repression
sensitivity when cells are treated with the HDAQibitor trichostatin A (Ng Het al
2000, Fujita Net al. 2003a) suggesting that MBD1 induced repressias dmt always
require HDACs

Although MBD1 knock out mice have been produced MBDI" mice show no
detectable development defects and appear physhudilthy throughout their life span.

However, adult knockout mice show decreased neuexie and impaired spatial
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learning, while neural stem cells exhibited redunedral differentiation and increased
genomic instability (Zhaet al. 2003).
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Figure 14. Model summarizing the function of MBD1 complexas i
transcriptional repression and DNA replication-dedpmaintenance of histone
H3-K9 methylation. MBD1 and H3-K9 methylase SETDiBtm a stable
MBD1/SETDB1 complex detectable throughout the cgdle in G1, S, and G2
(Reproduced from Sarraf & Stancheva, 2004)

1.4.3 MBD2

MBD2 was identified by Hendrich & Bird (1998) by aehing for putative MBD
domains in the EST database. It has two possd#afoims depending on translation
from the first (MBD2a, 43.5 kDa) or second (MBD29.kDa) ATG codon. The
translation from the second ATG codon producesotepr with the MBD at the extreme
N-terminus (Hendrich & Bird, 1998) lacking the giye rich region found in MBD2a
(figure 1.5).
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Figure 1.5 Schematic representation of the two isoforms 8[M.

It was proposed thaiBD2b has DNA demethylase activity (Bhattachaetaal 1999)
but subsequent attempts by Mgal (1999) and Wadet al (1999) were unable to
reproduce these results. Like MeCP2, transcriptiaepression via MBD2 occurs
through histone modification and it was proposeat tliDB2 is part of the MeCP1
complex (Nget al 1999) which comprises MBD3 (Zhang &t al 1999) and the
Mi2/NuRD complex (Feng Q and Zhang Y 2001). Regehtiwever, Guezennest al
(2006) have suggested that MBD2/Nurd and MBD3/Nairel two distinct complexes.
Evidence to further back up Guezennec’s resultshewn in MBD2 and MBD3
knockout mice. WhileMBD3' mice die during early embryogenesiéBD2’ mice are
viable and fertile suggesting distinct but overlagp roles for MBD2 & MBDS3.
Although MBD2" mice are viable, they show a lack of maternalimestthat results in
reduced pup weight (Hendriclt al 2001). WhenMBD2" mice are crossed with
Apc™™* mice, the offspring show reduced adenoma and e&telifé span compared to
normalApd™™* mice (Berger & Bird. 2005).

It has been shown that MBD#gteracts with the NURD complex via a 633 aa protei
called p66 (Brackertet al. 2002). This interaction between p66 and MBD2 besn
shown to involve two domains. In p66 aal34-238 IC& aa372-633 (CR2), with the
second sequence also containing a Zinc finger GAld&ain. In MBD2 the domains
aa27-45 and aa211-262 bind p66 in a pull down agBeackertzet al 2002). The
MeCP1 complex also contains p68 which has high amarid similarity to p66. p68
also interacts with MBD2 but only through the hightonserved CR1 N-terminal
binding site.

1.4.4 MBD3
Human MBD3 is a 265 amino acid 32.2kDa protein vath N-terminal MBD domain
and a C-terminus rich in acidic residues. It is hehigh sequence similarity to MBD2b
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although unlike other members of the MBD familgl@tes not bind methyl-Cp@ vitro
or localize with major satellite DN vivo (Hendrich & Bird. 1998). Similarly it does
not possess DNA demethylase activity (Wadeal 1999). Unlike the human form,
Xenopus laevixMBD3 binds methyl-CpG (Wadet al 1999). Xenopus laeviglso
expresses an isoform xMBD3LF, a product of altemeaspicing with a sequence of 20
amino acids inserted in the MBD domain, which cdrisind methyl-CpG (Wadet al
1999). xMBD3 is expressed constitutively in thelyeatages of development with high
levels detected in the prospective eye regionsnpbaad branchial arches. Suppression
of XMBD3 in early development severely effects éyenation and brain development
(lwanoet al 2004). Although MBD3 does not bind methyl-CpQGlaes co-purify with
the histone remodeling complex Mi-2/NuRD (Guezenetegl. 2006). This coupled with
the fact thatMBD3" knockout mice are non-viable, dying during eanhybeyogenesis
(Hendrich et al 2001), suggests that MBD3 plays an important role early
development like that of xXMBD3. While the MBD domaof MBD3 does not bind
methyl-CpG it does bind HDAC and metastasis-assedigene 2 NITA2) (Saito &
Ishikawa, 2002). This suggests that MBD3 has awmeskits MBD because of the

secondary role played by the MBD in protein-proteteractions.

1.4.5 MBD4

MBD4 was identified at the same time as MBD2 and D8Bby Hendrich & Bird
(1998). This 62.6kDa protein has its MBD domainttee N-terminus and lacks the
CXXC domains of MBD1. Like MBD1, MBD2 and MECP2,BID4 can also bind to
one symmetrically methylated CpG. The MBD is meistilar to that ofMeCP2in
sequence and the protein shows little homologyhé&adther MBD family members out
with the MBD domain. MBD4 does however share a ksworing match to bacterial
DNA repair enzymes. (Hendrich & Bird, 1999). A<lwas the N-terminal MBD
domain, MBD4contains a C-terminal DNA glycosylase catalytic @am (Hendrich &
Bird, 1999, Bellacosa&t al. 2005) and it has been shown that MBD4 is a thgnand
uracil glycosylase specific for G-T and G-U misnfegs resulting from the deamination
of 5-methylcytosine and cytosine, respectively,CaiG sites (Hendriclket al. 1999).
MBD4 is expressed in many human tissues and MBDR-Gdhstructs co-localise to the
foci of heavily methylated satellite DNA (HendriéhBird, 1998). Results fronMiBD4
deficient mice suggest that MBD4 suppresses turanggis and CpG mutability vivo
as there is an increase in CpGpG mutation and accelerated tumor formation ircean
susceptiblepd™™* mice (Miller et al. 2002).
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1.4.6 MBD domain structures
There several MBD domain structures that have blegosited in the protein data bank.
The solution structure of MBD1 MBD (Ohkt al. 1999), MBD1 MBD in complex with
DNA (Ohki etal, 2001), solution structure of MeCP2 MBD (Wakéfiet al 1999) and
the crystal structure of MeCP2 MBD in complex WidiNA (Ho etal, 2008) have been
solved. The NMR derived structures for MBD1 MBD ad@CP2 MBD show similar
structures consisting of a wedge shaped fold wathr fanti-parallelp-strands which
constitute one face of the wedge. Comparison efdtystal structure of MeCP2 in
complex with DNA (PDB 3C21) and the unliganded NM&Ructure of MeCP2 (PDB
1QK?9) illustrated in figure 1.6 reveals little défence apart from the loop (L1) where
most of the protein to DNA sugar-phosphate backlmrgacts are made. While there
is only moderate homology between MBD1 and MeCRZettare conserved residues
within the MBD of the whole family. It is likelyhat the MBD of MBD2, MBD3 and
MBD4 have similar structures. The lack of binditgg methyl-CpG by mammalian
MBD3 can be attributed to two amino acid differemeathin the defined MBD domain,
a phenylalanine at position 34 in place of a tyresand a histidine at position 30 in
place of an arginine (MBD1 & MBD4) or a lysine (MBD& MeCP2) (Saito &,
Ishikawa. 2002). The effect of the F34 differenaes the greatest effect on mCpG
binding. This is not surprising due to the intéi@c of the tyrosine side chain hydroxyl
group hydrogen bonding to structural water grodnyas are involved in the protein-DNA

interaction.
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Figure 1.6  Superposition of unbound MeCP2 (green) and MeC&inhd to DNA
(yellow). Methyl-cytosine (sticks) shown as cyam BDNA shown in orange (ribbon),
Tyrosine 34 shown in red (sticks) and the strud¢twater shown as a black sphere. N,

N-terminus. Image generated in pymol.

1.4.7 The Zinc finger family of methyl-CpG binding proteins

The first member of the zinc finger family of mCpénding proteins, Kaiso, was
identified by a yeast 2 hybrid screen for p120 wimtéDaniel and Reynolds, 1999) and
is a component of the NCoR corepressor complexitgnda its BTB domain (Yoot
al, 2003) Kaiso contains three tandem zinc fingetthatC-terminus that recognize two
consecutive symmetrical CpG sequences. In culteedls, Kaiso recruits the NCoR
complex to the MTA2 promoter when methylated. Thesults in transcriptional
repression with H3 K9 being deacetylated and matkyl (Yooret al, 2003). Although
in normal cells there is presently no informatidioat the target of Kaiso, it is essential
for amphibian development. When embryonic levélthe XenopusKaiso homologue,

xKaiso (Kim et al, 2002), are depleted by morpholino oligos, premsatctivation of
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zygotic genes occurs before the mid-blastula ttemsi resulting in failure of
gastrulation and death (Ruzev al, 2004). Kaiso also binds to a non-methylated DNA
sequence, TCCTGCNA, known as a Kaiso-Binding SecpigiikBS) (Danielet al,
2002). This KBS sequence has been found in the giemof matrilysin (Springet al,
2005) and the 5’ beta-globin insulator (Defosséal, 2005). The proteins ZBTB4 &
ZBTB38 (Filionet al 2006) contain a homologous Kaiso zinc finger dionmahich also
contain a BTB domain but also have additional Zingers making them longer and
more complex. Unlike Kaiso, the ZBTB proteins daind a single methylated-CpG
which may be due to sequence differences comparéiso within the % Kaiso like
zinc finger although thein vivo targets are as yet unknown. ZBTB38 has been shown
to recruit CtBP to the densely methylated pericangtric heterochromatin (Sasatial,
2005). CtBP is a corepressor which has also lie@md to interact with the CXXC
domain from MLL (Mixed Linkage Leukemia) (Xi@t al, 2003) and can induce
transcriptional repression by recruiting HDACs (8rbanian & Chinnadurai, 2003).
Unlike ZBTB38, ZBTB4 lacks the CtBP interaction esiand the BTB domain is
disrupted by a long serine-rich insertion (Pererrdaoet al, 2006).

1.4.8 Methylated CpG binding by the SRA domain

UHRF1 was originally identified by Hopfnest al (2000) as CCAAT box binding
protein before Unoki and co workers (2004) showed UHRF1 could bind methylated
CpG with higher affinity. The SET and Ring fingassociated (SRA) domain of
UHRFL1 is responsible for recognizing a single mktteg CpG and interacting with
HDAC1 (Unoki et al, 2004). Recently Bostickt al (2007) showed UHRF1 has a
preference for hemi-methylated DNA and that UHRFD-laralizes with
heterochromatin replication foci and interacts WitNMT1 & PCNA, suggesting a role

in the transfer of heritable transcriptional regres similar to that of MBD1.

1.5 Epigenetic Disease

Many cellular processes including embryonic develept, transcription, chromatin
structure, X chromosome inactivation, genomic imfang and chromosome stability are
controlled by epigenetic mechanisms. Any disruptio these processes will have a
profound effect on the cell and the organism. A swn disruption in humans (1:10,000
births) is Rett Syndrome, a complex neurologicalodier mainly affecting girls who
become profoundly and multiply disabled. In a éapgoportion of patients this has been
linked to mutations in MeCP2 (Amat al 1999). Epigenetic disruption is common in
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many cancers with the tumour cells displaying globgpomethylation but having
hypermethylated CpG islands in conjunction with tdn® modifications that

repress/silence tumour suppressor genes (Fabéraé¢r2002, Ballestaet al 2003).

1.5.1 Rett syndrome

Rett syndrome is both sporadic and familial in rigvith various mutations found
within the gene responsible for its aberrant agtiviAmir et al (1999) identified
missense mutations within the highly conserved MDion as well as missense and
frame shift mutations within the TRD region whilerther novel mutations were
identified by Waret al (1999) & Cheadlet al (2000). A recent review by Matijevic
at al (2009) noted that 67% of alleCP2mutations are caused by a C>T mutation at
8CpG sites (R106, R133, T158, R168, R288, R2704R2®& R306) the most common
of which is R168X.

The various mutations dfleCP2(nonsense, missense, and frame shift) vary thed tdv
functionality that the protein has. Nonsense aathé shift mutations in the 5’ region
are likely to lead to unstable transcripts throtighprocess of nonsense-mediated decay
(Dragichet al 2000) while several missense mutation show retibaeding to mCpGn
vitro (Ballestaret al 2000). Two common mutations, R106W & R133C, lacated
within the p-sheet (Wakefieldet al 1999) and show 100 fold reduction in affinity for
binding methylated DNA in unassembled chromatinll@saret al, 2000). However in
native mouse heterochromatin only R106W had maykeedluced binding, whereas
R133C showed wild-type-like affinity and increasezpression of a non-methylated
reporter construct iDrosophilacells (Kudoet al. 2001). This increased affinity for non-
methylated CpG in the R133C mutant may be partytduine alteration of the DNA
binding site since R133 is completely conservedvbeen MBD family members while
mutation of this arginine to an alanine in MBD1 bdites binding to mCpG (Ohlet al
1999). Another common mutation, T158M, found lwe foop structure of the MBD,
showed only a 2-fold reduction in the binding tothytated DNA while it retained
partial affinity for heterochromatin (Kudet al. 2001). Disruption of mCpG binding
and the ability of MeCP2 to interact with HDACs Wdffect the role of MeCP2 in
transcriptional repression. The brain has tighdést abundance of MeCP2 compared to
any other tissue (Naet al 1997) which might suggest that brain tissue ighlyi
susceptible to abnormalities arising from aberrgahe expression. This idea is
supported by work carried out in 2000 by Cheagtlal who noted that patients with
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missense mutations had significantly milder diseam®pared to those with truncated
isoforms. This may be due to truncation abolishihgCP2’s ability to interact with
Sin3A and recruit histone deacetylase to represstription through its TRIJoneset
al, 1998, Naret al, 1998). However, since inhibition bfstone deacetylassctivity by
the drugTrichostatin Aonly partially relieves transcriptional repressioy the TRD
suggesting the TRD can mediate repression in arfestieacetylase independent manor
(Joneset al, 1998, Naret al, 1998). This may not be the only mechanism.

1.5.2 Disease associated with other MBD proteins

MBD1, 2, 3 do not have any known disease/syndrasse@ated with mutations in their
genes. Knockout mice have been produced for akexMBD3 for which knockout is a
lethal genotype. MBD1 knockout mice show no ohbsgiaevelopment abnormalities
and appeared healthy throughout their life. Howgetheeir neural stem cells exhibited
reduced neuronal differentiation, increased genomstability and deficits in adult
neurogenesis and hippocampal function (Zegal, 2003) indicating that MBD1 maybe
important for normal brain function. As a conseaaeeeof knocking out MBD2,

MBD2’" mice appear to suffer post natal depression bubther physical or mental
abnormalities (Hendrickt al 2001). MBD4 knockout mice suffer increased (BHdC
to G mutations particularly at mCpG sites and wberssed with thépd"™* mouse the
resultantMbd4 ', Apd"™* litter haveincreased levels of intestinal neoplasia when
compared taApd"™* (Miller et al 2002).

While there are no disease syndromes attachee tWlBD1-3 proteins, MBD4 has been
shown to be mutated in colorectal tumours (Bagleal 1999) and primary gastric
cancer (Yamadat al 2002). However, expression levels of these prsteave been
shown to vary in cancer cell lines and tissue. réPat al (2003) compared the
expression of MBD1, MBD2 and MECP2 in prostrate &RH cancer cell lines. They
found protein expression levels of MBD1 increasethie cancer cells compared with a
BPH (human prostatic epithelial) cell line, withetprotein levels of MBD2 & MeCP2
being repressed at the translation step, whileldesé DNMT1 and HDAC1 where
significantly increased. MBD1 has been shown torasp transcription of the pl6
tumour suppressor gene (Hendrethal 1999) although levels of this protein where not

analysed.
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1.5.3 Disease associated with Hypermethylation
Hypermethylation of CpG islands occurs within thhemoter regions of many critical
cancer genes (Bayliet al. 1999, Estelleet al 2001, Billardet al 2002) which leads to
transcriptional repression. The promoter regiornhefr-class glutathion&transferase
gene,GSTP1 has been shown to be hypermethylated in >90% axtate cancers (Lee
et al. 1997, Linet al. 2001.), >70% in liver cancers (Tchetial 2000) and >30% in
breast cancer (Estelleat al. 1998). The reduction in gene transcription hagsnb
attributed the hypermethylation event as treatroéttie cells with inhibitors of DNMT1
increased both GSTP1 mRNA and protein levels @tiral 2001, Singakt al. 2001).
Using siRNA techniques Lin & Nelson (2003) knocldmvn the transcription of MBD2
(~79%), DNMT1 (~83%) & MeCP2 (~77%) in MCF-7 (bréasancer) cells and
recorded an increase in transcription of GSPT1 framy the MBD2 and DNMT1
SiRNA treated cells. DNMT1 and MBD2 have also be#stected bound to the
hypermethylated GSTP1 promoter in MCF-7 cells udiigP assays (Lin & Nelson,
2003) but it is unknown if DNMT1 is repressing tsanption although the recruitment
of DNMT1 to the GSTP1 promoter is dependent onntiehylation of the CpG island
(Lin & Nelson, 2003). These data suggest that bBD2 and DNMT1 are involved in
aberrant transcriptional repression of GSTP1 inNt@&=-7 cell line although the exact

role of DNMT1 has not been described at this time.

MBD2 expression has been studied in other cellslingillard et al. (2002) studied
MBD2 expression during normal and pathological gtowf the human mammary
gland. They found that MBD2 expression was 2030 higher in benign tumours than
normal tissue, but in neoplastic samples MBD2 artelO®2 were deregulated. It was
also noted that MBD2 expression varied with tumsige in invasive ductal carcinomas.
In contrast to the varied transcription in breaanhaer, human colorectal, gastric
cancerous tissues (Kanat al. 1999) and the peripheral blood lymphocytes irdtiéa
cancer patients (Zhet al. 2004) show a decrease in transcription suggestierg could

be a protective role for MBD2 in these diseases.

DNMT1 has also been shown to be over expressedaiibus cancers compared to
normal tissue (Suret al 1997, Kanaiet al 2001, Saitoet al. 2001), and that over
expression correlategignificantly with detection of methylated CpG istls (Kanaiet

al. 2001). However, DNMT1 is expressed mainly durwphase and because tumour

tissueis presumed to contain a greater proportion ofdiing cellsthan normal tissue is,
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the increase in DNMT1 expression could be due tanarease in dividing cells or an

increase in each cell.

MBD2 and DNMTL1 have been implicated as key playergarious gastric cancers and
are therefore targets for anticancer drugs. MBpZears to be the more attractive target
as knocking out MBD2 does not appear to have astyndi or severe side effects unless
you are a nursing mouse, and while inhibition of DNL can restore almost wild type
growth in cell culture it is not without side effsc The interaction between p66 and

MBD2 within the MeCP1 complex is an obvious tarigetdrug design.

1.6 Non-methylated CpG and CXXC domains

The CXXC domain is characterized by a cystine ¥XCXXC repeat where X is any
amino acid. CXXC domains are found in chromatindoig proteins MBD1 (2 or 3
CXXC domains depending on splice variant), DNA myéitansferase 1 (DNMT1)
(Bestor 1992), CpG-binding protein (CGBP) (Leeal 2001) and the mixed-linage
leukaemia gene (MLL) (Tkachuét al, 1992). The CXXC domain in DNMT1 as been
shown to bind zinc (Bestor 1992) while the CXXC domof CGBP has been shown
require zinc to bind non-methylated CpGs in vitted et al 2001). The ¥ CXXC
domain in MBD1 has also been shown to bind non-giatéd CpG motifs and cause the
repression of non-methylated reporter genes viatrdngscriptional repression domain
while CXXC1 & -2 do not (Jorgenseat al 2004). The CXXC domains (1 to 3) from
MBD1, HRX/MLL, CGBP and DNMT1 show sequence simiiarmainly through 8
cystine residues that form the two zinc clusteig 1f7) with CXXC-3 showing further
homology to CGBP and other non-methylated DNA bigdproteins (Jorgensest al.
2004). The CXXC domain sequences shown in figurealso contain a glycine residue
succeeding the first cysteine in each cluster (pindowever, MBD1 CXXC1l and
CXXC2 lack the sequence KFGG (and other consemsidues D 31 & Q43)ompared
to the other CXXC domains.
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Figure 1.7  Alignment of CXXC domains from hMLL (NP_005924), NIMT1
(NP_001370.1), hCGBP NP_055408), MBD1 CXXC1, CXXCXXC3 (NP_056671).
Sequences were aligned using Jalview (Clatgd, 2004). Cysteines involved in forming the
zinc clusters are shaded blue and numbered acga@ithe cluster they participate in.
Residues conserved between domains than bind ntindaiied CpG are shaded green and nol

cysteine common residues between all sequenceslaged pink

As noted above (p6) methylation occurs at 70-80%nafmmalian CpG sites (Ehrlich
and Wang 1981) with the remaining unmethylated Gii€s being found in CpG rich
islands usually found in the promoter regions ofiseokeeping genes (Bird 1986). It is
therefore likely that CXXC domains have a role inding to CpG islands. Recently
Thomsonet al (2010) showed that CXXC finger protein CKP1), part of the Setdl
H3K4 methyltransferase complex (Leeal, 2007), localize to CpG islands and appears
to be required for H3K4 methylation, which is nofipassociated with transcriptionally
active promoters. In acute myeloid leukemia the LMabrotein is fused withLCX
(leukemia-associated protein wigh CXXC domain) (Oncet al, 2002). This fusion
protein is essential for target recognition, tratisation, and myeloid transformation by
the MLL oncoprotein (Attoret al, 2004). With a mutated CXXC domain from MLL
which is unable to bind non-methylated CpG, the MI@X fusion protein is unable to
induce transcription from target genes. The difecttions of the CXXC domains from
MBD1 are currently unknown. It has been shown thatCXXC domain from DNMT1
is essential for enzymatic activity and that singéént mutations in the CXXC domain
disrupt the DNA binding ability but do not interéerwith DNMT1 targeting to
replication foci (Fatemet al, 2001., Pradhaet al 2008). CXXC domains also have
been shown to interact with various proteins inediin chromatin remodeling. Xt

al (2003) investigated the protein-protein interagsiof the MLL/LCX CXXC domain.
Using GST-pull down assays and co-immunoprecipitathey were able to show that
the CXXC domain interacts with CtBP (C-terminal diimy protein) and hPc2 (human
polycomb 2 protein). CtBP can meditate transasipdl repression by recruiting HDACs
(Subramanian & Chinnadurai, 2003) while hPc2 is emiper of the PRC1 complex
(shaoet al 1999). MLL/LCX CXXC recruitment of PRC1 mediatésanscription
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repression independent of HDAC activity (Xé al, 2003). Fukset al (2000) also
reported the DNMT1 CXXC domain could mediate HDA®@ependent transcriptional
repression using the Gal4 reporter system. The MBBXC3 domain is similar to the
MLL & DNMT1 CXXC domain in sequence and it can bindn-methyl CpG DNA
(Jorgensemt al. 2004). With this similarity in mind, Sakamatbal (2007) used a yeast
two hybrid screen to identify proteins that intéradth the three CXXC domains from
MBD1. They were able to show the MBD1 CXXC3 alsteracted with hPc2 while
CXXC12 interacted with amino acids 250-337 of RingRinglb, like hPc2, is a major
component of the Polycomb group (PcG) multiproRC1 complex (Miret al, 2003).
This suggests that although the first two CXXC domedrom MBD1 do not bind CpG
DNA they have a role in transcriptional repressibrough the interaction of the PRC1

complex.

The solution structure of the MLL CXXC domain (Allet al, 2006), MLL in complex
with DNA (Cierpicki et al, 2009), xDNMT1 (Thomson & Smith, unpublished) ahe
crystal structure of DNMT1 CXXC in complex with DN@&onget al, 2010) have been
solved. The structure of MLL CXXC domain formsrascent like structure containing
two zinc atoms. Each zinc atom is coordinated loystine residues (figure 1.8). These
two zinc atoms are required for structural intggaf the domain since mutation of any
of the conserved cysteine residues results in dalded protein (Allenet al, 2006,
Cierpickiet al, 2009)

Figure 1.8 Stereo view of the solution structure of the MLX)XXC domain in cartoon
form (Cierpickiet al, 2009). Zinc atoms shown as gray spheres, N,riuels; C, C-
terminus. PDB 2KKF (Figure prepared using PyMol).
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Shown in figure 1.9, the MLL CXXC domain binds t8@G motif in the major groove
though formation of hydrogen bonds from the N4-argnoups of C118 and C106 and
the backbone oxygen of K1185 and K1186 respectiv&lye side chain of K1186 forms
hydrogen bonds to G119 while the side chain amfd@ld 87 hydrogen bonds to G107
(Cierpicki et al, 2009). Cierpicket al (2009) also discovered weak NOEs between the
side chains of R1150, S1152 and L1197 and the ngramve. Mutation of R1150 and
L1197 to alanine resulted in a 5 and 4 fold reductin DNA binding affinity

respectively.

Figure 1.9 Stereo view of the solution structure of &L CXXC domain in complex
with DNA in cartoon form showing the CpG palindrommered, the DNA backbone in
orange and the residues involved in DNA bindingNNterminus; C, C-terminus. PDB
2KKF (Cierpickiet al, 2009) (Figure prepared using PyMol).
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2.1 Nuclear Magnetic resonance

In this section the fundamental theory underlyihg experiments that | applied in
investigating MBD1 CXXC1 and MBD1 CXXC12 are outith | have written this
chapter from the point of view of a biologist usiNyIR as a technique used to answer
questions about a proteins function. As such lehtipat a scientist without any

experience of NMR should be able to follow and ustind.

2.1.1 Basic Theory of one dimensional NMR

Nuclear magnetic resonance (NMR), first describgd-blix Bloch and Edward Mills
Purcell in 1946, is the phenomenon of atoms absgriadio-frequency electromagnetic
radiation (RF) under the influence of a magnettdfi For protein NMR the detection of
this absorption requires the use of isotopes diaarnitrogen and hydrogen which have
a spin 1/2. Spin is a quantum mechanical propatttyouted to protons, neutrons and
electrons, measured in multiples of %2 and can Isé&ipe or negative. In protein NMR,
isotopes of carbon, nitrogen and hydrogen that lzameclear net spin +/- %. Nuclear
net spin % occurs when the isotopes have an umppitgon e.g'H, *°C, **N are used.

It is a quantum mechanical requirement that nuelth a spin %2 be in one of two states
(low or high energy state) when placed in a magngeéld (figure 2.1). When no
external magnetic field is applied the two statesad equal energy. The energies of the

spin states are split with the application of a e field.

Applied
Mo field magnetic field

o ——— m— magnetic quantum number

Energy

Figure 2.1 Figure showing the effect on the potential enesfjyhe spin states on a

nucleus when an external magnetic field is applied.
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At equilibrium jumping from one spin state to tbéher is a relatively infrequent
occurrence. However, application of RF energy etputhe difference between the two
states will generate a greater amount of jumpingvéen states. The frequency of the
RF energy required for nuclei to absorb radiatisrkmown as the Larmor frequency.
The Larmor frequency is equal to the frequencyhef precessional orbit of the nucleus
in the applied magnetic field. After a pulse of Biergy, the spin states of the majority
of nuclei will under go relaxation to their origingtate. This relaxation is known as a
Free Induction Decay (FID) The energy required lip the states depends on the
strength of the magnetic field they are placedtie, type of nucleus e.gH or **C, and
the chemical environment of the nucleus e.g. thehyheand hydroxyl protons of
methanol absorb at different frequencies and thigl@protons of two tryptophans in a
protein are likely to absorb at different frequescibecause they are in different
chemical environments. This effect is known aswileal shift and is a major source of
information in NMR spectra for assignment of atoy/pes since protons attached ta, C
amide N and side chain heavy atoms have charaateriemical shifts.

2.2 Homonuclear *H NMR

In protein NMR there are various experiments tbah be performed in order to
elucidate a three dimensional structure. In ess¢ney fall into 2 categories: through
bond, where the magnetization is transferred fre@mao atom through the intervening
covalent bonds; and through space, where the magtiet is transferred between
atoms that are close together (< 5A apart) butneaessarily covalently linked. The
experiments are performed on samples that arereithiabeled or labeled with’C
and/or’™®N. NMR structures of small proteins <10kDa canmalty be elucidated with
unlabelled samples using homonuclear NMR, sincarally abundant hydrogen has a
spin ¥2 (Wuthrich, 1986).

2.1.1 Water suppression

The NMR experiments carried out for this thesisevgerformed in agueous solutions.
The concentration ofH nuclei in water is approximately 110 M compared0t5-1.0
mM for the protein molecules. This results in >gfeater equilibrium magnetization of
water'H spins. Without suppressing the signal from theen detection of the protein
signal without spectrum distortions is impossibleBy replacing HO with D)0
(99.999%) as the solvent, it is possible to redineeHO resonance signal a factor of

10°. However, signals from exchangeable, e.g. amidlenuclei will be reduced or
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absent from the spectra. Since scalar coupling dipdlar interactions between
backbone amidéHN spins with amide™N and 'Ho spins are required for backbone
assignment certain NMR experiments must be caoigdn an HO solvent.

The simplest method of water suppression is pres@n. A long low powered pulse
which is applied scrambles the water signal aratedapplied Z-axis. The net effect of
this pulse causes the water signals from diffepants of the sample to cancel each other
out before the main sample pulse sequence is tedtia Water suppression by
presaturation is a simple and effective method. &l@w, *H* spins close to the water
signal can be saturated by the RF field and saburdtansfer may partially saturate
exchangeabléH spins. A more effective water suppression teghe is excitation
sculpting (Hwang and Shaka, 1995). This methodvafer suppression is executed
before detection of the FID and requires pulsadfggladients. A gradient pulse is first
applied to scramble the homogeneity of magnetinaitiothe sample. A selective 180°
pulsed on water followed by a non selective 180%eturns the water through 360°.
Since the initial magnetization on non-water pretdras been turned though 180° a
second gradient pulse refocuses the non-waterlsifpod not the water. A variation of
this excitation sculpting is known as a 3-9-19 wgaée. This type of water suppression
IS more suited to 2D and 3D experiments due toudeof selective pulses that do not
excite water rather than the water selective anadgabective pulse in the Hwang and
Shaka (1995) method. The use of the non-watectbadepulses shortens the time of the
water suppression element in the pulse sequertegirgy the length of time the sample

has to relax.

2.2.2 1D homonuclear NMR

A 1D 'H NMR experiment consists of two parts: preparatom acquisition. In the
simplest case, shown in figure 2.2, preparatioa 80° pulse applied along the x-axis
which transfers the magnetization from the z-axi® ithe transverse plane to the
negative y-axis. The receiver coil records thenaigemitted by the nuclei as they

precess at their Larmor frequency (figure 2.3)
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90° x

H FID

Preparatio Detectior

Figure 2.2  Shematic diagram of a simple 1D NMR experiment

4

Figure 2.3  Effect of applying an external RF field (red) affficient strength along
the x axis to induce rotation of the equilibriumgnatization (green) magnetization into

the transverse plane to —y (dark blue).

The 1D*H NMR experiment records the RF emission fromrthelei of*H atoms only
and the FID, a concentration of sinusoidal wavasgtdomain) is Fourier transformed

to provide a frequency domain spectrum (figure.2.4

Fourier transform

" I I
050 075 1.00 1.25

Time (s) 'H (ppm)
Figure 2.4  Fourier transformation of a time domain signalatdrequency domain

spectrum
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This 1D spectrum can be used to provide informati®to whether the protein is
structured. The x-axis represents the chemic#t, shielative frequency scale expressed
in parts per million compared to the reference coumal tetramethylsilane and figure

2.5 relates the peaks to different chemical envirents.

methvl
Backbone H" ——
' Y
aliphatic
aromatic Ha - D
/N SR
Side-chain H"
/N

| I I I | I T | I I T T | T

1 10 9 8 7 6 5 4 3 2 1 0 -1 ppm
Figure 2.5 1D 'H spectra of unlabelled hMBD1 CXXC1l (10mM deutedate
tris(hydroxymethyl) aminomethane, 250mM NaCl, pB3)6.relating chemical shift (in

ppm) to different chemical environment.

The 1D 'H experiment can be a powerful diagnostic tool sirthe sharpness or
broadness of the peaks relate to how structuregrttein/peptide is. Very sharp methyl
peaks coupled with lack of dispersion (where peakmot be distinguished one from
another) of the backbone amides clustered arou8dbppm can indicate unstructured
protein. A structured protein will show good dispen of peaks (Figure 2.5) in the
methyl and backbone amide regions. Broader thgmea®d line widths can be
indicative of protein aggregation and/or conforroadl flexibility.

2.2.3 2D Homonuclear 1H NMR

The 1DH experiment is limited in the information it caropide and it is not usually
possible to assign individual peaks to specificraomacid residues due to overlap. 2D
homonuclear NMR experiments utilize magnetizati@amsfer between hydrogen nuclei
that appear as crosspeaks in the spectra. Thislation of hydrogen nuclei is the basis
of amino acid assignment and distance restraintsorement. The simplest 2D

homonuclear experiment (COSY - Correlation Spectipyg) takes the preparation and
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detection from a 1D experiment (figure 2.2) andsadd indirect evolution time {fand

mixing sequence (figure 2.6).

HFPy tl

Figure 2.6  Anatomy of a simple 2D homonuclear experiment (SDS

After preparation, the spins precess for a givemefiT;, where the magnetization is
labelled with the chemical shift of a proton. Thexing time transfers some of
magnetization to another proton before detectidaring detection, the magnetization is
labelled with the chemical shift of the correlatpdoton. Magnetization can be
transferred during the mixing time by scalar couglfor through bond Total Correlation
Spectroscopy/Correlation Spectroscopy (TOCSY/CO®Y)dipolar interactions for

through space Nuclear Overhauser Effect Spectrgs¢N@ESY) experiments. The
COSY experiment only transfers magnetization throwgp to 3 bonds due to the
weakness of the scalar coupling over greater numbleonds. Figure 2.7 illustrates the
connectivities that give rise to cross peaks in BYC& NOESY spectra. A 2D

homonuclear experiment produces a spectrum with fteguency axes. Signals for
each proton detected are recorded along a diagepkiting the spectrum into two

halves.

H~ C—H ™ H+~ C—H
R RN =g °<NC“C
o) HY O ‘H H O H H! O
» R ‘
A B

Figure 2.7  Connectivities that can give rise to cross peak8)i*H-TOCSY and B)
'H-NOESY. Solid arrows represent intra-residuensfar, dotted lines represent inter-

residue transfer.
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5H F1

SH F2

Figure 2.8  Schematic of a 2D homonuclear spectrum. ProtodsBAare correlated
by the cross peaks X. Cross peaks either sideeofliagonal result from magnetization
originating from each proton. The green arrow iatks a cross peak arising from

magnetization which originated on proton A that wassferred to B.

This diagonal results from magnetization which Ima$ been transferred during the
mixing time and therefore remains on the same mscleSignals not on the diagonal are
the result of two protons exchanging magnetizadionng the mixing time (figure 2.8).
The cross peaks that correlate a proton to angbheton provide information for

assignment of each cross peak in the spectrum.

2.3 Protein Assignment using  *H homonuclear data

There are typically three 2D homonuclear experimenCOSY (Correlation
Spectroscopy), TOCSY (Total Corralation Spectroggopnd NOESY (Nuclear
Overhouser Effect Spectroscopy) that can be usedrdsonance assignment and
extraction of distance information. These expentsare used to assign spin systems,
each of which is a group of resonances represettimghemical shifts of each residues
protons (amide, alpha and side chain). As withlthéH spectrum (figure 2.5) specific
regions within the 20H spectrum correlate transfer between differentqoraroups.
Figure 2.9 shows the layout of a 2B spectrum relating chemical shift coordinates to

proton-proton magnetization transfer.
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Figure 2.9 Layout of magnetization transfer for a 2B experiment in KO

2.3.1 Correlation spectroscopy

The COSY experiment transfers the magnetizatiosdayar couplings and as such only
crosspeaks between protons that are up to 3 bgaatsia the spectrum since couplings
over 3 bonds are too small to be visible. The COSYperiment is important for
discriminatingp & y protons for example in glutamate where the chelnsicdt ranges
of thep & y protons overlap. There would be a COSY cross peatelating the K to
the H3 but not to the . Every amino acid has specific chemical shift emnfpr protons
with in each residue.

The TOCSY (total correlation spectroscopy) expenimeorrelates every proton in an
amino acid residue (figure 2.10) Magnetizationrensferred through the entire spin
system (amino acid) by successive scalar couplings.both the TOCSY and COSY
experiments depend on scalar coupling, they caosked for identifying the chemical

shift values for the resonances within each spatesy.
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Figure 2.10 Diagram the pattern of crosspeaks for an arbitigmyn system in a
TOCSY experiment. Green circles — autocorrelatovsspeaks for the nuclei of the

spin system, blue circles — cross peaks correlatirgiei.

However, this characteristic pattern (figure 2.ll3hared between certain amino acids
e.g. cysteine, aspartic acid, phenylalanine, higgidasparagine, tryptophan and tyrosine
have the same pattern. Therefore while it is fds$0 assign cross peaks to a particular
spin system it is not possible to assign the spatesn to a specific amino acid on the
basis of the pattern of chemical shifts aloneslnot possible to sequentially link or

calculate structure based solely on spin systengrasgnts in COSY/TOCSY spectra.

Assignment of spin systems to sequence specifio@m@cids requires the spin systems

to be linked together (see chapter 2.3.3).
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Gly Ala Val lle
g'CH:
bCH3 oCHs
a'H bH
aH aH
aH
Leu Thr Ser, Cys, Asp, Asn, GIn, Glu, Met

Phe, Tyr, His, Trp

b'H

gH
agH

His ring Tyr ring Phe ring Trp ring

4H(He3)

Figure 2.11 Characteristic COSY spectra for each of the 1@sda of amino acid

residiues and aromatic side chains (reproduced 8orith, 1994)
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2.3.2 Nuclear Overhauser Effect Spectroscopy

For structure determination by proton NMR, inforioatabout the distance between
atoms is crucial. The NOESY (Nuclear OverhausdedifSpectroscopy) experiment
relies on dipolar interactions of spins to transfer magnetization, through space, from
one nucleus to another. This through space mamtiein transfer allows distance
information to be obtained for both intra- and iatesidue interactions between protons
that are typically less than 5A apart. The striergjt correlation between two nuclei
depends on the distance between them. The closeruclei are to each other the more
intense the cross peak in the spectrum. The NO&&®Xtrum not only contains cross
peaks for intra-residue correlation, which areh& $ame chemical shift coordinates as
the COSY/TOCSY correlations, but also inter-residogelations between nuclei close
in space. This information is required for linkisgin systems together in order to

assign them sequence specifically.

2.3.3 Sequential Assignment

Since correlations between nuclei in the same sygtem are at the same chemical shift
in both NOESY and TOSCY/COSY spectra and thetblHy i+ distance is often short
there is typically an NOE cross peak correlating lHa from one amino acid and tl,

the next in sequence. Figure 2.12 shows an exaofpbackbone sequential linking
using the H; toHy i+1 inter-residue NOE. It is not possible to relyedplon the H; to

Hn i+1 crosspeaks to sequentially link spin systems siheee is not always a strong or
well resolved H; toHy i+1 cross peak. For example, residues in an alpha have
weak Hy; toHy i+1 but strong K to Hy i+1 NOEs. Using the known protein sequence it is
possible to link spin systems using NOE crosspeaklating H, andHp protons and

Hn and H, resonances of i to.j to make the sequential assignment less ambiguous.
Another problem arises when trying to sequentiluflig a proline residue since proline
lacks an amide proton. Proline residues can ndynbal sequentially linked using the
correlation of the proline Hand the H of the residue before. Once spin systems have
been linked sequentially, assignment of the sidencbhemical shifts can be completed

using the COSY experiment to help distinguish sidain protons.
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e AN
\ 214ArgH 214ArgHa

'H (PPM)

43 43

44 44

4.6 213ArgH 213ArgHa 46

214ArgH 213ArgHa

\ 4

4T 16 75 74 73 72 b | 7.0 69 68 67 66 4765

'H (PPM)

Figure 2.12 Example of sequentially linking backbone resonarafehMBD1 CXXC1
using 2D homonuclear TOCSY (green) & NOESY (blupgdra by identifying the
inter-residue 213Arg bto214Arg Hy crosspeak.

2.3 Heteronuclear NMR

Atom specific assignment of resonances observethoimonuclear experiments are
dependant on well resolved spectra. This can nityrbe carried out for small globular
proteins that produce spectra with well disperdeehtcal shifts for the protons in each
of the residues. Spectra become less well res@sgmoteins increase in size due to:

1) The increase in number of resonances due tanitrease in number of protein
residues while the chemical shift range over wlsignals are spread does not change.
This increases the probability of overlap of crgmsaks making assignments more
difficult.

2) The decreased rotational correlation time effifotein causing faster relaxation, thus
increasing overlap due to from broader linewidths.

The use of*N labelled protein allows NMR experiments to beriea out which add a
third (nitrogen) dimension to the spectra. Sepamabverlapped 2D crosspeaks possible
because the spin systems can have different nitrogemical shifts (see chapter 4 p81
for a specific example). When proteins are laleldth both *C and °N, NMR
experiments can be recorded that transfer magmtetizacross the peptide bond
connecting two spin systems though bonds meaningdgm’t have to use NOEs to get

sequential assignment to work.



52
2.3.1 2D *N-HSQC
The N heteronuclear single quantum correlation (HSQ&)eement correlates the
nitrogen atom of an N group to the attached proton. Thus, the HSQC spact
contains a cross peak for each backbone amide gnaegpt proline. Also visible in an
HSQC spectrum are the NKide chain groups of Asn & GIn, the aromatic Nidugs
of Trp & and more rarely His and the it of Arg (figure 2.13).
The pulse sequence for a basic HSQC experimeriusrated in figure 2.14. The
INEPT (Insensitive Nuclei Enhanced by Polarizafioansfer) pulse sequence is used to
transfer magnetization from the proton to the gigmm atom. A 180° pulse mid evolution
inverts the proton scalar coupling so that(Ritrogen dimension) lineshape does not
contain contributions fromH scalar coupling. A reverse INEPT sequence teanghe
magnetization back to the proton and detection isccecoupling the nitrogen channel
removes the contribution of the nitrogen scalamptiog to the E line shape. There is no

diagonal in the HSQC spectrum because differenenace observed during; Bnd T,
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Figure 2.1 '*N HSQC of hMBD1 CXXC1, (Bruker Avance 800 MHz
with cryoprobe, 10mM deuterated tris(hydroxymetagtjnomethane,,
250mM NaCl, pH 7.5, 293K).
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5N I It./2 t1/2| I Decouple

Figure 2.14 Pulse sequence for a basic HSQC experiment. Hdms are 90° & thick
bars are 180° pulses. Pulses are applied withasgshunless indicated above the bar

Although it is not possible to assign cross peakspgecific residues using an HSQC
alone, the spectrum provides a unique footprintfach protein. This footprint can
change depending on buffer conditions and bindmnbigands. This is due to a change
in the nuclear shielding that the atoms are expeing, which affects the chemical shift
at which their resonances are observed at. Thasuseful technique for investigating
which residues, if assignments are available, autewith an added compound. Another
important technique that requires use of the HS@@=ement is hydrogen-deuterium
exchange for investigating solvent accessibilitg &gdrogen bonding. In solution, the
amide hydrogen in the peptide bonds exchange Wwélstlvent. When D is used as a
solvent in place of kD, the amide hydrogen exchange with deuteronsiceSieuterons
cannot be detected in &N HSQC experiment those cross peaks that surviee ar
considered to originate from slowly exchanging wWhich result from amide protons
either involved in hydrogen bonds, or burred withihydrophobic core.

2.3.2 3D N heteronuclear NMR experiments

Ambiguity of sequential resonance assignment inrlapped 2D spectra can be
generally overcome using 3D heteronuclear versain8D homonuclear experiments.
These experiments combine a 2D homonuclear TOCSNGESY pulse sequence and
an HSQC pulse sequence. For an HSQC-NOESY expatrithe pulse sequence
(Figure 2.15) starts with a homonuclear NOESY wah 90° pulse to switch
magnetization to the transverse plane, a variabtéugon time { to provide chemical
shift information in the F1 domain then another §0fse to move the magnetization
back to the z-axis with magnetization transfer dgto dipolar coupling during the
mixing time T,. The remainder of the pulse sequence is identcalhe HSQC
experiment described above.
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1 I 2 12 I T

BN I I IQ/Z E/ZI I Decouple

Figure 2.15 Pulse sequence for a 3BI-">N HSQC-NOESY experiment. Thin bars

are 90° & thick bars are 180° pulses. Pulses@uked with x-phases unless indicated

above the bar.

The advantage of introducing th& 8imension in &°N HSQC-NOESY or —-TOCSY
experiment is that since only cross peaks linkecatoNH are seen in each slice,

overlapped peaks can normally be separated by'finezthemical shift (figure 2.16).

s T @

3D L

F,

FZ
Figure 2.16 lllustration showing the relationship between al&nonuclear spectrum

and a 3D heteronuclear spectrum. The overlappesscpeaks in the 2D spectrum

(green) are separated by the introduction of thegen dimension (F3).
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2.4 Data Processing
Before resonance assignment can begin, the recoMtild data has to be processed
from the time domain to the frequency domain. Naliyn the direct Fourier
transformation (DFT) of the recorded NMR signal slo®t yield an optimal spectrum.
In order to maximize the information that can bé&aoted from the spectrum a number
of digital signal processing techniques can be iadpbefore and after Fourier

transformation.

2.4.1 Pre-Fourier transformation data processing

A DFT of the FID recorded by the NMR spectrometesduces a frequency domain
signal with a Lorentzian line shape. The shapehefline can be improved to give
greater resolution and sensitivity by applying filmes to the FID before DFT. The
Lorentzian line shape is produced from an FID theatays exponentially. Therefore, if
the decay of the FID is altered to decay with #ed#nt time dependence the resolution
and/or single to noise can be adjusted. Multigyime FID by exponential function will
deemphasize the later parts of the FID where tgasirom the protein is weakest. The
Lorentzian-to-Gaussian is a common function appieethe FID. The Lorentzian lines
are converted to Gaussian lines by multiplying byrereasing exponential followed by
a Gaussian function. Figure 2.17 shows the etiéeipplying the Gaussian function to
the FID.

Lorentzian

Gaussian

Figure 2.17 Diagram of the effect on line shape for a Loremtzio-Gaussion
transformation. Line width at half height are teme. (Adapted from James Keeler
lecture notes University of Cambridge, http://www-

keeler.ch.cam.ac.uk/lectures/understanding/chapieaf)
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A function similar to the Gaussian is the sine fatiction. There is also a squared sine
bell function which is more concentrated aroundrtteximum. Figure 2.18A illustrates
the difference between sine bell and squared safleabd figure 2.18B illustrates the
flexibility of the (squared) sine bell function. h& squared sine bell function is good to
use because it goes smoothly to zero which prodieeesr truncation artifacts compared

to the sine bell function.

sine bell

squared
sine bell

0 t../2 t

acq acq

phase 0

/8 /4 /2
0

2 g

tac

Figure 2.18 comparison of sine bell & squared sine bell car{#) Flexibility of the
squared sine bell function by applying a phaset ¢Bf. (Adapted from James Keeler
lecture notes, University of Cambridge, http://www-

keeler.ch.cam.ac.uk/lectures/understanding/chajpiedf)

For each NMR experiment a sweep width is set wigdhe range over which the data
is collected (set in ppm or Hz). To obtain a hdjbital resolution it is necessary to
record a large number of data points in this sweigeh (Hz/data points). The noise in
an FID remains more or less constant whereas tialssinusoids decay over time.
Therefore, at some point noise contributes motted~ID than the nuclear resonances.
It is possible to record a smaller number of poiatsl then extrapolate the FID by
process called zero-filling if the signal has deszhipy the end point. Zero-filling simply
adds zeros to the data sequence. If the signatdtagecayed when recording stops the
FID is truncated and zero-filling leads to oscibbats around the base of the peak called
sinc-wiggles (the name comes from the peak shapeiagelated to a sinc function).
(figure 2.19).
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These sinc-wiggles can cause problems during reserassignment later on.

A B

Figure 2.19 Figure illustrating the effects of truncation of ethFID on the
corresponding spectrum. For spectrum A the FID allsved to decay to almost zero
where as spectrum B shows sinc wiggle artifactsseauby truncation of the FID.
(Adapted from James Keeler lecture notes, Uniwersit Cambridge, http://www-

keeler.ch.cam.ac.uk/lectures/understanding/chapiedf)

2.4.2 Post-Fourier transformation data processing

After DFT the spectrum normally displays a phas®rer This is because the time-
domain signal is a complex signal as the sum @& aimd cosine functions. The DFT of
this complex time domain results in a frequency domcomprising of real part

(absorption) and an imaginary part (dispersionpwshin figure 2.20, which are out of
phase. This results in their full width of the pestkhalf maximum no longer being the

same for each part.
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absorption

dispersion L
\J frequency

Figure 2.20 illustration showing the real (absorption) and gimary part (dispersion)

of a Lorentzian.

Applying zero-order (frequency independent) corcectwill correct phasing at the

chosen pivot point. To correct remaining phasersraway from the pivot point, first

order (frequency dependent) correction is applid@cturved or rolling baseline makes it
more difficult to pick peaks in a spectrum andIgaa source of error in quantification.
Baseline distortions are mainly caused by the @bion of the first few data points of an
FID. Baseline correction methods fall into two cpiges, time domain correction

methods that reconstruct the corrupted data pamthe FID and frequency domain
correction methods that construct baseline curvdd the spectra directly then subtract
these baseline curves to remove the distortion. terARdjusting the processing
parameters to produce a well resolved spectrumdéta can be loaded into various
programs for resonance assignment and productiddMiR distance constraints (See

chapter 4)

2.5 Alternative to DFT processing

Processing using Fourier transformation is a fasg of producing a frequency domain
spectrum from a recorded FID. The DFT, as showovapintroduces oscillation
artifacts when the FID is truncated. If strong eow functions are applied to reduce
these artifacts there is a reduction in resolutidm.the case of 3D NMR experiments
where the indirect detected dimensions are trudcdtes to time constraints, various
methods have been developed to overcome this pnobl&or example, maximum
entropy reconstruction (Sibigt al, 1984), linear prediction (Barkhuijset al, 1985),
maximum likelihood (Hoffmanet al, 1989) and Multi-Dimensional Decomposition
(Orekhovet al, 2003) . Processing of the 3D data in this thesis carried out using the

maximum entropy reconstruction method. The maxinamntnopy reconstruction method
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creates a trial frequency domain spectrum thenrgav& T back to an FID to compare
with the FID recorded on the spectrometer. Théwsok then adjusts the simulated
frequency domain spectrum until the inverse FT meddhe recorded FID. The inverse
FT will never exactly match the recorded FID sitice simulated frequency domain is
devoid of noise. Noise can be introduced to theukted frequency domain spectrum
so that the inverse FT will match the recorded Ftbre closely. Using maximum
entropy reconstruction on truncated data will ndiynaroduce a frequency domain
spectrum with improved resolution compared to tlerrfer transformation spectrum.
However, maximum entropy reconstruction does notlpce spectra that are as resolved

and distortion free as the Fourier transformatibarountruncated FID.

2.6 important considerations for recording NMR spec tra

Recording NMR spectra is not as simple as puttingraein sample in a tube and

placing it in the NMR machine. Various charactiss of the protein have to be taken

into account in order to prolong the life of thengde enough to record the required data.
Not only are conditions that suit the protein intpat but also conditions that result in

good spectra.

2.6.1 Temperature, pH and Salt

Protein samples should be kept at the lowest testyoer possible in order to prolong the
life of the sample. However, low temperatures geeerally not suited to recording
NMR spectra due to slower molecular tumbling, whiehds to broader lines and lower
sensitivity. However, high temperatures can alswreéase the rate of exchange with
water and broaden the line widths due to increas@a@mics and will ultimately cause
the denaturation of the protein. Therefore a teatpee must be chosen to give the best
overall compromise of resolution and sample lif€igure 2.21 shows the effect of
temperature on the xXDNMT1 CXXC domain in 5K stepmf 283 K to 303K. As we
increase temperature, the resolution increasaaesnarrow around the 8.75 to 9.5 ppm
region. The spectrum at 293K appears to presertig¢lt overall compromise conditions
for adequate resolution.

The optimum pH for protein NMR is pH 4.0-4.5 sinamide proton exchange with
water is slowest at this pH. As you move away frons range, amide exchange
increases which can result in fewer amide protaisdovisible. This can be seen in the
15N spectra of hMBD1 CXXC1 where NH of histidine 280not visible (p ). However
not all proteins are stable at low pH, or theirabgtc activity may be altered due to
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altered protonation states of the active site re=sd

Sodium chloride is an important constituent of mangtein chemistry buffers as it can
prevent the protein from precipitating. This pnetven of precipitation may be due to
solvent counter-ions migrating towards the protesulting in a layer which repulses the
co-ions left in solution. However, as you incre&d&eC| concentration the conductivity
of the solution also increases. The increase mugctivity not only affects the effective
radio frequency power felt by the sample but also tbe receiver coils of the
spectrometer used to record the RF signal. Thositsaty is reduced. The reduction in
effective RF power can be partially corrected byréasing pulse width, but this results
in pulses that are further from ideal with variacesequences for the quality of the

resulting spectrum.
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Figure 2.21 1D ™H spectra of unlabelled xXDNMT1 CXXCb (10mM deutexhtris
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2.6.2 Protein size
In solution NMR, amidéH from any unstructured regions of a protein wiipear in the
7-8.5 ppm region of a 1BH spectrum, resulting in a decrease in peak dispemnd
increase in the overlap of the cross peaks inpletea. Shortening of the domain at the
N- and C- termini can have a pronounced effecthenspectra recorded since the termini
of protein domains are often unstructured. In ¢hse of XDNMT1 CXXC domain,
shortening the construct from both termini had antitic effect on the resolution of the

recorded spectra. Figure 2.22 shows the diffeebeéwveen the three constructs

CXXCa  °%FFSEQIEKDAHEEEN DEDEEVEDVLPEMPSPKIQGKKKKLE ©°
CXXCb Sl DEDEEVEDVLPE®
CXXCc Sl o 572

T SYKENGIKRRRCGVCEVCQOPDCGQCKACQAMLKFGGAGRTKQACM
QRRCPNLAVKEAR"

Figure 2.22 Schematic showing the amino acid sequences ofthttee XDNMT1
CXXC constructs. The green box represents xDNMTXIXCc whose sequence is

shown below

NMR spectra for the three xXDNMT1 CXXC constructewh above are shown in figure
2.23. Both CXXCb and CXXCc show less peak oventathe 7-8.5 ppm region when
compared to CXXCa, with the 8.5 — 9.5 ppm regiocdbeing better resolved as the size
of the construct becomes smaller. The peak arOuBigppm also becomes more intense
relative to other peaks in the aliphatic regiontlas domain is shortened (this peak

disappears when the protein is unstructured e@n agddition of EDTA to the sample).
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Figure 2.23 1D 'H spectra of unlabelled various XDNMT1 CXXC contsi(L0mM
deuterated tris (hydroxymethyl) aminomethane, 250MCI, pH 7.0) Water
suppression using the method of Hwang and Shal@b§19
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3.1 Cloning of hMBD1 CXXC1 Domain
This section describes the strategy used to dédpD1 CXXC1 constructs, to express
and purify the hMBD1 CXXC1. The NMR experimentsread out are also described.

3.1.1 Bacterial transformations

All bacteria used were chemically competent. Hsladbck was therefore used to
transform the DNA into the cells. The bacteria evaemoved from —80°C and
immediately placed on ice to defrost beforall(mini prep DNA) or 1.5ul (DNA
ligation) was added and gently stirred with theegpi@ tip. The bacteria were incubated
on ice for 2 minutes before being heat shocked&E 4or 30 seconds and then placed
back on ice for a further 5 minutes. 30037°C pre-warmed SOC media was added
before the bacteria were incubated at 37°C & 20 fpr 1 hour. For plasmid
transformations 50, or for ligations 3hDof culture was spread onto pre-dried LB-agar
containing the required selection antibiotics. Tu#ure was allowed to dry into the
LB-agar (approximately 15 minutes) before beingcethin a 37°C incubator overnight.
Single colonies could then be picked the next aayirfoculation into LB for plasmid

purification or protein expression.

3.1.2 Agarose Gel Electrophoresis

1 gram of multiple purpose agarose (Roche, Cat1888991) was put into a 250 ml
conical flask containing 100 ml TBE buffer. Thgasose was dissolved by heating in a
900 W microwave for approx 90 s. Ethidium bromidas added to the agarose to a
final concentration of 1@g/ml once it had cooled to approximately 50°C.wéts then
poured into the casting tray of the electrophorapzaratus (BioRad, Cat No. 164-0310)
containing a sample comb and allowed to solidifyatm temperature. Once the gel
had set the comb was removed carefully and TBEebw#Htlded to the tank in order to
cover the gel by approx 5-6 mm. DNA samples wemeeth with 6x loading buffer
(Promega, Cat No. G1881) then pipetted into thdsweNEB 2-log ladder (Cat. No.
N3200S) was added for size referencing before relglcbresis was carried out under
conditions of constant voltage at 100V for as l@git was required to separate each
specific sample (30-60 minutes). Migration of A was detected by fluorescence of

ethidium bromide bound to DNA under UV illumination

3.1.3 Considerations when choosing domain sizetoe  xpress
When studying a protein in solution, non-structuaeelas of a protein are more flexible
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than the structured domains. The flexible unstmgzt regions will tend to have no long
range NOEs and when present at the N & C termira pfotein will not contribute any
information to the overall structure of the proteiflexible N- & C- termini will also
give rise to additional poorly resolved cross peaksthe NMR spectra making
assignment more difficult. Thus, it is importaotexpress a domain with minimal N- &

C-terminal overhangs if possible.

3.1.4 PCR of hMBD1 CXXC1 Domain

Using the sequence identified by Crostsal (1997) a BLAST search revealed an
IMAGE clone that contained the cDNA required to difgpthe hMBD1 CXXC1
domain. The clone containing the DNA sequencentérest, GENBANK accession
number CF552871, was purchased from Geneservicddade ID 30529682). The
cDNA had been cloned into pCMV SPORT (ampicllirwhich was transformed into
chemically competent DHSE.coli cells (Invitrogen, Cat N0.18265-017). A stock of
plasmid was prepared by inoculating a single coliomy 10 ml of Lauria Broth (LB) +
100 pg LB and grown overnight at 37°C in an orhitaubator at 200 rpm. Plasmids
were purified by alkali-lysis using a GenEllfeplasmid mini prep kit (Promega, Cat
No PLN-350). PCR primers were designed based ersttution structure of the MLL
CXXC domain (Allenet al, 2006) in order to minimize flexible non-structdr- & C-
termini. Allenet al assigned and calculated the structure for resitfld=l6 to K1214
of the MLL CXXC domain but found that only residue4150-P1201 adopted a well-
defined tertiary structure. Based on their strrecfarimers were designed to amplify the
region from MBD1 encoding amino acids 166-222, ieeghe least amount of flexible
N- & C- termini (figure 3.1). The gene fragmentsmveoned into a pGEX-6P1 (GE
healthcare, Cat No. 27-4597-01) expression vedntaining an N-terminal PreScission
protease site (Figure 3.2). PreScission protemse fusion protein of glutathione S-
transferase and human rhinovirus type 14 3C pret@dabiget al, 1974) allowing a one

step cleavage/protein elution step when using a-&Sih for purification.

167 222

MBD1 CXXC1 EQRMFERVGCGECAACQVTIEDCGACSTCL--LOLPHDVASGLFCECERRRCLRIVERS
MLL CXXC PQEPPVEEGRRSRRCGQCPGCQVREDCGVCTINCLDEPREFGGRNIKKQCCEMRECQNLOQWMP SKAYLQE QAKAVE

1146 1214

Figure 3.1 Amino acid alignment of CXXC domains from MLL armdVBD1

comparing the sequence used by Allen et al anddh®in cloned for this study
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PGEX-6P-1
FreScission Protesss

[Lew Glu Val Lew Phe @n*Gly Frol Lsu Gly Ser Pro Gu Phe Fro hL{[ rgaL Le Gy Am Fro His
£TE GAA GTTCTG TTC CA GEE GCE CTE 854 TOC,008 A4 TTCCOR GAT DA CTC GAG CAE 006G GAT

FamH T EcuHII_q.nﬂ Bl ¥Ry Notl

Figure 3.2 Plasmid map and multiple cloning site of pGEX-&Rbwing the
PreScission protease cleavage site (GST handbdoke@lthcare).

The PCR primers (figure 3.3) included restrictiotes to clone the PCR product into
PGEX-6P1 so that the CXXC domain would be expregséame with the GST tag.

hMBD1 CXXC1 fwd 5 GGGATCC GAGCAGAGAATGTTTAAG 3’
hMBD1 CXXC1lrev 5CTCGAGTCAGCTCCTTTCCACAATC 3

Figure 3.3  Primers for the PCR amplification of h(MBD1 CXXCtrdain. The
restriction sites used (fwd BamH1, rev Xho 1) dreven in bold with the stop codon

underlined

PCR primers were ordered from Sigma Genosys amdedilto a stock concentration of
100 uM. Amplification was carried out on a Techh€-512 thermo cycler using
PfuTurbo® DNA polymerase (Stratagene, Cat No. 6002&ith the IMAGE clone
30529682 as a template. The DNA template wasadilat100 from a plasmid mini prep
stock. PCR reaction mix was as follows:

1 pl (0.5pug) DNA template

1 pl of each primer (50uM stock)

1 pl of dNTP mix (NEB, Cat No N0447S)

0.5 pl (1.25 units) Pfu Turbo DNA polymerase
5 ul 5x Pfu Turbo DNA polymerase buffer

41.5 ul ultrapure water
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As PfuTurbo is not a hotstart enzyme, it was adethe reaction after the initial 5
minutes at 95°C followed by
1min 95°C
1min 60°C 35 cycles
1min 72°C
With a final extension of 10 mins at 72°C producingroduct 183bp long.

To purify the DNA, the sample was subjected to agargel electrophoresis. The PCR
reaction was mixed with loading buffer (Promegat 8a. G1881) and run on a 1%
agarose gel (Roche, CAT No 1388991) prestained ®ijith ethidium bromide (stock
10mg/ml) alongside 2-log DNA marker (NEB, Cat No208S) (fig 3.4). The DNA
was visualized by detection of ethidium bromideoflescence upon exposure to ultra
violet light and excised from the gel. The DNA wasified from the gel slice using a
QIAquick gel extraction kit (Qiagen, Cat No 2870)cording to the manufacturer’'s

instructions and eluted in 30pul.

 ——
—
300bp
200bp S <« VBDI1CXXC1
100bp PCE
M

Figure 3.4  Agarose gel electrophoresis negative image ofMB®1 CXXC1 PCR
product. M - 2-log DNA marker

3.1.5 Cloning of PCR product into pGEM-T easy

In order to clone the cDNA fragment into the pGEMeasy vector (Promega, Cat No
1360) adenine overhangs (A-tail) had to be createde Pfu Turbo is a proof reading
enzyme and removes any overhangs. Tag polymek®, (Cat No M0273S) was used
in the following reaction to add the A-tail to tiRCR fragment. The reaction was
incubated for 15 mins at 72°C.
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1 pl (5 units) Taq DNA polymerase
1 pl dATP 4mM stock (Promega, Cat No. U1201)
1 pl 10x Taq polymerase buffer
7 ul gel purified DNA

The A-tailed DNA was then cloned into pGEM-T easga@ding to the manufacturer’s
instructions and transformed into chemically corepetDH% cells. Positive clones
were identified using blue/white selection (seeeaulx), inoculated into 10 ml LB +
100 pg/ml ampicillin and grown overnight at 37°Cain orbital incubator at 200 rpm.
Plasmids were purified by alkali-lysis as descriladdve. Cloning into pGEM-T easy
allowed the digestion of the construct with BamHNEB, Cat No R0136S) & Xhol
(Promega, Cat No R6161) to release the MBD1 CXX@rhent with sticky ends
enabling ligation into pGEX-6P1. pGEX-6P1 wasediggd with the same enzymes; the
fragments were then separated by agarose gel@daciresis and then excised from the
gel (Fig. 3.5). The restriction digest which unbéd the following

34ul DNA from standard mini prep elution

4ul NEB BamH1 buffer

1pl BSA (10mg/ml stock concentration)

1pl of BamH1 (20 units) & Xhol (10 units) enzymes

was incubated for 90 minutes at 37°C
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fikb

 — ‘ame

—
_—
300tp
oy <+«—— CXXC1 Fragment
100bp
M1 M2 \% I

Figure 3.5 Agarose gel electrophoresis of the digested pGBX-@ctor and
PGEM-T CXXC1 construct. M1 1KB ladder NEB, M2 100lgpider NEB V — pGEX-
6P1, | - pGEM-T CXXC1

3.1.6 Cloning of MBD1 CXXC1 into pGEX-6P1

The MBD1 CXXC1 insert and pGEX-6P1 were ligatedngsNEB T4 Ligase (Cat No
M202S) according to the manufacturer’s instructjdrensformed into DHb cells and
spread onto LB agar plates containing 100 pg/mlieifiip and grown overnight at
37°C. Colonies were inoculated into 10 ml LB + 10§/ml ampicillin and grown
overnight at 37°C in an orbital incubator at 200rpPlasmids were purified from the
bacteria using alkali-lysis as described above diggsted with restriction enzymes
BamH1 & Xhol to identify clones containing an irtsef the expected size (fig 3.6).
Correct clones were sent to Cogenics for sequendignes with the correct sequence

were used for protein expression
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Figure 3.6  Agarose gel electrophoresis of a selection of 8atue pGEX6P1-
hMBD1CXXC1 clones digested with BamH1 and Xhol. Téeow
indicates the expected position of the CXXC1 fragmm€lones 2, 5, 6 &
8 show the expected fragment pattern. M- NEB 2ldalgler.

3.2 Protein Sample preparation

The pGEX-6P1 system utilizes a GST (Glutathioner&3ferase) tag for purification of
the target protein on a Glutathione sephaPddefastflow resin (GE healthcare, Cat No.
17-5132-01). Cleavage of the GST tag from theetmyotein was achieved using
PreScission Protease (GE Healthcare, Cat No. 23-08%

3.2.1 Expression of the hMBD1 CXXC1 domain

Based on previous experience with the CXXC domaimmf xXDNMT1 and the
publication of the MLL CXXC structure (Alleet al, 2006) pGEX-6P1 CXXC1 was
transformed into chemically competent TUEDE3 cells genotype FompThsd$ (s
mg ) gal dcm lacY1(Novagen, Cat No 70623-4), spread onto LB plategaining 100
pag/ml ampicillin and grown overnight at 37°C. Sengolonies were inoculated into 50
ml of LB containing 100 pg/ml ampicillin in a 2501 roonical flask then incubated
overnight.

The 50 ml cultures were pelleted by centrifugatadm300 g for 5 mins at 5000 rpm.
The supernatant was removed and the pellet resdedaen 5 ml LB which was used to
inoculate 500 ml of LB containing 100 pg/ml amginilin a 2 L conical flask. The

bacteria were grown at 37°C in an orbital shake®, pm, to an Ok, between 0.6-0.8

before being cooled to 4°C. Protein expressionimdéisced by the addition of 150 pl of
IPTG (1 M stock) to give a final concentration diGBuM. The bacteria were placed
back in the orbital incubator to express overnightl3°C. For isotopically labelled
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protein, the bacteria were grown in 500 ml of MSmmal media rather than LB.

3.2.2 Purification of hMBD1 CXXC1 domain

A typical preparation of 4-5 mg of protein requir2dl of bacteria grown in 4x500 ml
lots. The bacteria were pelleted by centrifugafmml0 minutes at 4300 g. The
supernatant was removed and the bacteria resugpengbosphate buffered saline
solution (PBS) pH 7.3 (10 ml per 1 L of culturegthfrozen at -20°C. To lyse the cells,
they were first defrosted and warmed to room teaipee (RT) before 2 ml of 10x
BugBusterTM (Novagen, Cat No 70921-5) and 125 urfitsenzonase® nuclease
(Novagen, Cat No 70746-3) were added. The samateimcubated on a roller mixer
for 20 mins at room temperature (RT). Soluble msdluble material was separated by
centrifugation for 25 mins at 19872 g. An emptpm®o-pac column (Bio-Rad, Cat No
732-1010) was filled with a 3 ml bed volume of Fgivtm 4 glutathione sepharose and
equilibrated by washing the resin with 5 bed volsroéPBS pH 7.3. The supernatant
was passed through the resin twice which was theeshed with 5 bed volumes of PBS
pH 7.3. To remove the tag, 80 units of dialyseelSeission was mixed with 3 ml of
PreScission protease buffer minus EDTA. To renteR&A from the PreScission
protease it was dialysed against 1L 50 mM Tris-KgE 8.0), 150 mM NaCl, 1 mM
DTT using a Thermo Scientific Slide-A-Lyzer DialgsCassette 7000MWCO (Cat. No.
66373). Glycerol was added to the dialysed sataptefinal concentration of 20%. The
PreScission protease was aliquoted and stored)d€FBis was then added to the
column and the resin gently resuspended beforggbeaubated at 4°C overnight. The
cleaved MBD1 CXXC1 domain was eluted from the catumy applying 20 ml of
elution buffer (see appendix). Samples of theldellysis fraction, the flow through,
the resin and the elution were analysed by SDS-P@&tgure 3.7). The samples were
mixed with 4X NUPAGE LDS sample buffer (Invitrogebat No. NPO0O7) prior to
being loaded into pre-cast NUPAGE 4~12% bis-tris avitrogen, Cat No.
NP0321BOX). The samples were heated t8@%or 10 min with 90 mMB-
Mercaptoethanol before loading. Protein markersiid, Cat No. 161-0373) were
diluted with two volumes of water and one voluméNoePAGE LDS sample buffer and
10 ul was loaded. The gel was run at 200 V constartagelfor 35 minutes. The protein
bands were visualized after staining the gel witpraximately 100 ml of coomassie
stain for 5 to15 min followed by destaining in 1®0of destaining buffer overnight at

room temperature
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Using the conditions described above for expresamhpurification of the protein
resulted in an approximate yield of 4-5 mg of pedfsoluble protein when measured by
Bradford assay which could be concentrated andebeffchanged (chapter 3.2.3).

M — Biorad prestained molecular weight

75kda , - marker
S — 20 ul soluble lysis fraction
50kda F — 20 ul flow through fraction
R — 20 pl of resin after washing
37kda E — 10 pl of eluted MBD1 CXXC1 protein

20kda

15kda

10kda -

M S F R E

Figure 3.7 SDS-PAGE analysis of the expression and purificatif MBD1 CXXC1
domain expressed in Turl¥rDE3 cells. The image has been edited to places|Bn&R
and E together since they were spaced out on tgmalrgel.

3.2.3 Sample concentration and buffer exchange

For NMR spectra to be recorded within a sensilieefithe protein concentration within
the NMR sample must be at least 0.5 mM. Since axgats can take place at
temperatures which make the protein more liablegaooff (precipitation, protease
digestion, unfolding) the shorter the experimentiahe taken the better. More
concentrated samples produce better signal to rmabling this. Using a vivaspin20
5kDa molecular weight cut off spin concentratorr{®aus Stedim, Cat No VS2012) it is
possible to both buffer exchange and concentraeséimple to the appropriate volume
(500 ul). The concentrator was washed with waiaemove the glycerol preservative
before addition of the eluted protein. The sampks concentrated to 500 pl by
centrifugation at 3056 g and 10°C. NMR buffer wdsled slowly to a total volume of
20 ml and the process repeated twice achieving(®® I6ld dilution of the original
buffer. The purification of MBD1 CXXC1 resulted INMR samples of between 1-
1.25mM
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The concentrated sample was centrifuged at 130@® figr 5Smins in a bench top
microcentrifuge to remove any particles before 86fD,O was added. D provides a
deuterium lock signal for the NMR spectrometerheample was made up to 600 pl
with ultrapure water before being gently pipettetbian NMR tube (Wilmad 535-pp or
Novell S607)

3.3 NMR spectroscopy

Data was recorded on Bruker AVANCE 600 MHz & 800MNMR spectrometers,
equipped with 5 mm TCI cryoprobes. NMR experimemése carried out using 1 mM
protein samples except for DNA titration (100 pMJhe experiments carried out are
shown in table 3.1. 1D and 2D NOESY, TOSCY expenta unlabelled protein was
used. For COSY (and another 2D NOESY) experimdMR buffer was made with
D,0 in place HO. 3D TOCSY-HSQC and NOESY-HSQEN labelled protein was
expressed using M9 minimal media supplemented Wit labelled ammonium
chloride. All experiments were carried out at@perature of 293 K.

3.3.1 DNA Titration of hMBD1 CXXC1

A Palindromic DNA oligonucleotide of 12 bp length?fner -GCTTAGTAAGC ) was
purchased from Sigma Genosys (reverse phase HPlU@iegy The oligo was
resuspended in nuclease free water (promega) toneentration of 84 uM per ml.
Annealing of the oligo was performed by heating $heple to 95°C then allowing it to
cool slowly to room temperature. The 12mer was$ thkquoted into 600 pl (5QM)
samples before being lyophilized. This allowed B¢A to be mixed with the NMR
sample without decreasing the concentration of NiMR sample. An HSQC was
carried out at protein:DNA concentration ratios,1100.5, 1:1, 1:3 to investigate the
DNA binding ability of the hMBD1 CXXC domain
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Dimension 1 Dimension 2 Dimension 3
Experiment|  Nuc ™D sw!| Nuc ™ sw Nud ™D SW fn[; NS | WS
nggrgf( o 2048 8503 | H 2048 7001 10| 32| ES
200ms 1 1
NOSEY H 2048 8503 H 2048 7001 1.0 32 ES
100ms 1 1
NOSEY* H 2048 9615 H 1024 9596 1.0 32 ES
6%8;530 1 2048 8503 | H 2048 7000 10| 16| Ps
T%)C”S‘i( Iy 2048 8503| !H 2048 7001 1.0 32 ES
COSY 4 2048 8503 | 'H 2048 7001 1.0 32 WG
D20 COSY| 'H 2048 8503 | 'H 2048 6999 1.0 24
HSQC* H 2048 12820/ N 128 1702 1.0 8 WG
H[S)Sg * 4 2048 9615 | N 128 1277 1.0 32 WG
N'BSS%%* H 1024 11160, 'H 512 11160 N 128 1702 1.0 8 WG
TN | 1024 11160 H 256 11160, 15N 128 1702| 10| 8| wo

Table 3.1 Acquisition parameters of NMR experiments (BruR&ANCE 600 MHz unless * then Bruker AVANCE 800 MHmgsed for resonance
assignment and structural restraints collectiorc:NNucleus, TD: time domain points (complex), SWesep width in Hz, RD: relaxation delay, NS:
number of scans, WS: water suppression, WG: waittey, §S: excitation sculpting, PS: presaturatiost, milliseconds,



CHAPTER FOUR

CHEMICAL SHIFT ASSIGNMENT AND STRUCTURE CALCULATION  OF
hMBD1 CXXC1
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4.1 NMR protein structure calculation

This chapter shows how the chemical shifts of #snances of hMBD1 CXXC were
assigned using CcpNMR analysis software (Vranlenal 2005), how distance
restraints were derived from NOESY spectra and ARIA (Ambiguous Restraints for

Iterative Assignment) was used for structure calitoihs.

4.2 1s the protein is structured?

NMR experiments used to generate spectra for clanshift assignment and to
calculate NOE distance restraints takes signifidame to complete. Before such
experiments are undertaken the sample must be etietk evaluate whether it is
structured. For an unlabeled sample, the observati particular features in a 11
spectrum is normally sufficient to suggest thatample is structured. The 1B
spectrum of unlabeled hMBD1 CXXCL1 (figure 4.1) segig that the protein sample is
folded due to the overall dispersion of chemicdttsiin the methyl (0-2ppm) and amide
(8.5-10ppm) regions and thel line widths. The 1DBH experiment is relatively short,
typically 8 seconds for a 0.5mM hMBD1 CXXC1 samptegrefore it is ideal to run, to
be sure the sample has not unfolded or precipitdietiveen the longer 2D TOCSY,
NOESY, COSY experiments.

For larger proteins, >10kDa, the Bl NMR experiment is not ideal due to potential
overlap of chemical shifts and broader line widthk these situations isotopically

labeled proteins are required due to increasinglawen homonuclear 2-D spectra.
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4.3 Sequence specific resonance assignment of hMBD1 CXXC1
The relatively small size of the CXXC domain lentself to structural determination
though homonuclear NMR, thus not incurring the higist associated withC & *°N
labeling or problems of achieving sufficient quantof protein from growth in M9
minimal media. Sequence specific resonance assignmie hMBD1 CXXC1 was
attempted using 2D NOESY & TOCSY spectra accordmghe method described by
Wutrich et al, and although significant stretches of amino aadsld be assigned,
crucially the remaining resonances could not begasd due to features of the spectrum

as set out below.

4.3.1 Overlapping regions make sequential assignmen  t difficult

The TOCSY and NOESY spectra for hMBD1 CXXCL1 arentyawell dispersed except
for a part for the k-Hy correlation region where there is significant dapr(figure 4.2).
This region, centered around 4.3, 8.3 ppm provedlpmatic for sequential assignment
of the backbone kito Ho atoms. An example of the difficultly in assigniogsspeaks
in overlapped spectra is shown in figure 4.3. Fegdii3 shows the TOCSYd-Hy and
aliphatic-H, crosspeaks for arginines 169 & 173. Arginines &973 share the same
Hx chemical shift which makes it difficult to distingh which cross peak belongs to
which amino acid. It was also not possible togssidechain cross peaks to either of

these arginines.

Not only did it prove difficult to assign certaim@o acids using only 2D spectra but it
was also difficult to sequentially assign spin eys$. As previously described in
chapter two (p49) side chains have characterisbsspeak pattern and chemical shift
patterns which allow spin systems to be assigneahtamino acid type. This allows
spins systems to be labelled as e.g. a cysteingly@ine without assigning it in
sequence. For example, the amino acid sequentlBD1 CXXC1 contains only one
histidine. Therefore it was possible to identifyiah crosspeaks belonged to histidine
200. However, using only 2D homonuclear NOESY &% spectra is was not

possible to assign the adjacent residues 199 ahd 20



5 'H (ppm)
Ha-Hy region of the homonuclear 2D TOCSY (black) andOESY (purple) spectra of h(MBD1 CXXC1. Note

overlapped region is between 8-8.5pmm)End 4-4.5ppm (k)

Figure 4.2
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8*H (ppm) 8 *H (ppm)

5

(ppm) N—

820

a) Ho- Hy chemical shift region  b) Aliphatic-Hy chemical shift
region
Figure 4.3 TOCSY strips for the partially assigned arginin@1& 173 residues.
Annotated with assignments made usirg labelled protein

4.3.2 Assignment of phenylalanine side chains

Using DO rather than KD as the NMR sample solvent means theare replaced by a
deuteron due to proton exchange with the solveFtie Dy no longer produces
NMR signal and therefore there are no cross peakba H, region of the spectrum.
However the cross peaks from aromatic sidechaimsirevisible (figure 4.4). Of the 3
types of aromatic protons in phenylalanine, onbyislexpected to give strong NOESY
cross peaks to ¢dor HB, with He and H showing weaker signals. hMBD1 CXXC1
only contains two phenylalanines. Thus, with taguence specific assignment of P207
from C208 this allowed for the rapid assignmentP@07 sidechain. The remaining

crosspeaks were therefore where assigned to P171.
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3*H (ppm)

5H
(ppm)

Figure 4.4  Strips for the NOESY of hMBD1 CXXC1 recorded in@showing cross
peaks of 171F & 207F. A,J® NOESY only (aqua) B, b NOESY overlaid with the
NOESY experiment carried out i@ (red).

Because complete resonance assignment could notadmeved using solely
homonuclear datad®N hMBD1 CXXC1 was prepared and 3D HSQC-TOCSY & HSQC
NOESY was recorded

4.3.3 Assignment using 3D spectra

Assignment of cross peaks in 2D spectra is a vagur intensive process. Any one
horizontal or vertical at a particular chemicalfsloen have cross peaks belonging to
more than one amino acid as figure 4.3 shows. Byimgothrough the nitrogen
dimension in 3D HSQC-TOCSY & HSQC-NOESY spectra @an distinguish spin
systems based on their nitrogen chemical shiftt eéxample, R169 and R173 that have
very similar Hy chemical shift, their spin systems could be mamgletely assigned
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using 3D HSQC-TOCSY & HSQC-NOESY since they havéedant nitrogen chemical
shifts (figure 4.5).

8 *H (ppm)

8.5 8.4 83 Vil NN\ % 80

174ValN ) ) o

LA, 1]6‘9Ar§|'-'| 169ArgN

/

122 - ] 122

123

Figure 4.5 N HSQC of hMBD1 CXXC1 showing different nitrogeneshical shifts
for R169 and R173

Not only do isotopically labeled samples allow tlse of 3D experiments to help resolve
overlapped regions but it also allows the use allyais’'s (Vrankeret al, 2005) semi
automated linking of spin systems. When assigeimgs peaks to a particular amino
acid or spin system we look for specific correlatian the NOESY spectrum to help
qualify the assignments e.gyHo Ha NOE cross peaks for i to i+1, NOE cross peaks
between sidechain andyHor i to i+1. The software can automatically lofk possible
matches. For example, starting from C176 (figuf),4&nalysis will look for NOE cross
peaks assigned to theytdf other spin systems which match the chemicdtssbi the
assigned C176 TOCSY cross peaks. As the residleving C176 is G177 we can
look for cross peaks at a particular chemical smiftongst the matching spin systems.
For a glycine we would expect to see 2 TOCSY cpesxks correlating bothd-protons

to the H, proton. Once the next amino acid is identified sbéware can then be used to

search for the next spin system to match to it.
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Assignment of H-H cross peaks in the HSQC-TOCSYcspm allows the assignment
of the N-H cross peak in theN-HSQC. The complete assignment of the hMBD1
CXXC1 N-HSQC is shown in figure 4.7 which shows well disged peaks for most
amides as well as nitrogen bound proteins in ttie shains of glutamines 168, 183, 197
and arginines 213 & 214. Amino acids G162, M1t &200 are unassigned in the
HSQC. Although there are still overlapped peakshim 8.25ppnTH region there is
sufficient dispersion in the 15N chemical shift amd 120ppm to resolve the cross
peaks. Also present are cross peaks which carssigngd to a minor form of the
protein. The minor form of the protein may be dogroteolysis, loss of a zinc ion or
an incorrectly folded version. Although there Aré¢l correlations from the minor form
there are no visible cross peaks in tB-HSQC-TOCSY orN-HSQC-NOESY

spectra.

Using NMR experiments listed in table 3.1 (p75)amcomplete assignment of hnMBD1
CXXC1 was possible. Resonances that could nosbigm@ed to cross peaks are listed in
table 4.1. These amino acids are found in unstradtregions of the hMBD1 CXXC1

domain.

Amino acids Unassigned protons

R 169 Ne He
F171 Y

R 173 Ne He
H 200 NSl No2
R 212 Ne He
R 214 Ne He
R 221 Ne He

Table 4.1 list of protons and their amino acids twald not be assigned
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176CznH 176CznHbb |

> i
&

179CyoH 179CyoHbb
35 |

77GIyH 177GIyH

5'H
(ppm)

b 77GlyH 177GlyH/| |

176CznH 176CznHa 17

32‘37 “' 9\0 | A11§‘34\ 9? 8! | 1%3‘72\ 9\5 wl.ZQ':;%m 7‘J0 t,—_'\ | jo
5N (ppm) 5N (ppm) 5N (ppm) 8N (ppm)

Figure 4.6  Strips from 3D NOESY (blue) & TOCSY (green) spactshowing
sequential assignment of amino acids C176 to Ca#@MBD1 CXXC1l. The dashed
line shows the sequential links involvingrHwhile the red arrows links NOE cross
peaks correlating C176f8 to G176 K, and G177
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4.4 Structure calculation of hMBD1 CXXC1 using ARIA
Since the majority of restraints for NMR structwadculations are provided by NOESY
derived distance restraints, the cross peaks witl@rspectrum have to be assigned to a
particular resonance. However, due to the largaujadion of protons within a protein
many protons may share the same chemical shifhe@ tmay be several assignment
possibilities for each NOE cross peak. Manualgassent is a time consuming process
which may not provide an accurate structure dusnig@assignment. In order to speed
up the process and reduce the risk of mis-assigfrstencture calculations were carried
out using the program ARIA 2.2A(biguous Restraints forlterative Assignment)
(Riepinget al, 2007). ARIA does not perform the structure ckitians itself but drives
the calculation of structures through the use ofbigoous distance restraints
(unassigned crosspeaks which may have more tharcamtebuting resonance) in an
iterative structure calculation scheme. Strucwae calculated using the program CNS
(Crystallography & NMR System) (Brungeat al, 1998), ARIA then analyzes the
conformers obtained in order to update the redgaamd obtain a set of improved
conformers. During distance restraint generatimon-degenerate prochiral chemical
shifts e.g. methylene protons or the methyl groapsaline & leucine are arbitrarily
stereospecifically assigned. This can result rorsrif the wrong member of a prochiral
pair is chosen for a particular restraint. To warkund this, ARIA applies a floating
chiral assignment testing both alternatives durisgucture calculation.  The

conformation with the lowest energy is acceptedetaeh prochiral centre.

Distance restraints derived from NOESY cross pezls be generated in two ways:
restraints can be generated by ARIA itself or e@sts can be generated in Analysis and
imported into ARIA. Both methods were tried forugiture calculations as ARIA cannot

use spin diffusion correction with restraints gexted in Analysis.

4.4.1 Structure calculation using constraints gener ated by Analysis

Ambiguous distance constraints were generated ialydrs using the shift match
restraint function. This function generates a t@mst list based on user defined input
data. Since the structure of the hMLL CXX&llén et a] 2006) domain was known it
was hypothesized that certain secondary strucpinesssent would also be seen within the
structure of the hMBD1 CXXC1 domain. Amino acid$70-1173 of hMLL CXXC
form an alpha helix incorporating two cysteinesnirthe second CXXCXXC cluster.
Since the corresponding residues in hMBD1 CXXC17-180, had strong NHo NH*!
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and weak NHto Ha'™* NOESY resonances suggesting it was likely to balpha helix.
Since the average distance of N:tN-H™in an alpha helix is 2.84, the average NOE
intensity of N-Hi to N-Hi+1 cross peaks for amincigs 191-195 should approximately
correspond to a distance of 2.8A. Reference NQ&nsities for two 2D NOESY and
one 3D HSQC-NOESY experiments were calculated.arRaters used for generating
constraints are set out in Table 4.2. To calculdite distance constraints for
unambiguous cross peaks the same parameters vegte us

Ref. Distance 2.8A

Distance function Intensity” —-1/6

Intensity type Height

Max ppm tolerance F1 0.05 F2 0.05 F30.4
Min ppm tolerance F10.05 F2 0.05 F30.4

Table 4.2 Parameters used for generating distance constasinig CcpNMR.
Analysis software. F1 — direct proton dimensio,+indirect proton dimension, F3 —

Nitrogen Dimension

The problem with this method of distant constrajaheration is that it is not currently
possible to subsequently use ARIA’s spin diffusammrection algorithms to recalibrate
the restraints based on the calculated structder structures calculated from these
restraints NOE energies failed to dip below 18@ria)* and it was not possible to obtain
structures without violations below 0.5A. Pergistgiolations above 0.5 A included

intra-residue Valine Kl to methyl groups and HistidineyHo B hydrogens. Currently

ARIA 2.2 does not support spin diffusion correct{@hapter 4.4.4 p87) when importing

distance constraints generated in Analysis.

4.4.2 Structure calculation using constraints gener ated by ARIA

In order to use spin diffusion correction duringusture calculation, the assigned
chemical shift list and crosspeaks were importednfiAnalysis into ARIA for each of
the NOESY spectra. The tolerances for directjréad proton and heteronuclear
dimensions were set to 0.025, 0.025 and 0.25 r&@spbBc These values differ from the
tolerances used in analysis due to the way theused. In Analysis the tolerance is the
total distance across the crosspeak where as i\ Al tolerance is set from the centre
of the cross peak. Therefore if the same tolesmnsed in Analysis for generating
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constraint lists were to be used in ARIA, ARIA wduproduce significantly more

constraints. This would likely result in the gestt@n of poor structure ensembles.

Spin diffusion correction requires the input spewteter frequency, mixing time and
molecule correlation time into the ARIA project faach spectrum. Molecule
correlation time was worked out using stokes lawhe hydrodynamic radius was

estimated from molecular weight.

4.4.3 Additional restraints used by ARIA during str ucture calculations

In addition to the distance restraint informatioengrated from the NOESY spectra,
restraints specifically for the co-ordination othaof the zinc ions by 4 cysteine residues
were included during structure calculations. Idesrto use zinc co-ordination restraint
information, one of the cysteines involved in eatister was defined as residue type
CZN (cysteine + zinc ion) and the remaining 3 dyse CYS in Analysis. This
involved the addition of residue definition fileadachanging the residues from CYS to
either CZN or CYS of the protein sequence locatedhe molecule description. To
proceed with the calculation, the ARIA CNS protofitd was modified by the addition
of a code patch. This patch, provided by the ARWgrammers, defined the bond
lengths between the sulfur atoms of the cysteimesthe zinc ion as well as the bond
angles (table 4.3). Structure calculations withthwt zinc co-ordination restraints were

also carried out to verify which cystines clustetegether.

Atoms Bond Length Bond Angle
S Zn 23A
Ca—B-S 114.3558
CB-S-2Zn 109.5000
HB-CB-S 107.9185
S-Zn-S 109.5000

Table 4.3 Additional restraints used by ARIA for zinc co-amdtion by four

cysteine residues. S, sulfur; Zn, zinc.

Restraints generated from residual dipolar couplidigcouplings, dihedral angles, and
disulphide bridges, can also be used during streatalculations by ARIA in order to

build a more refined structure that can be produgeNOESY distance restraints alone.



90
4.4.4 Spin diffusion
The choice of mixing time in a NOESY experimengaerned by a number of facts. A
NOESY experiment with a long mixing time has thevaadtage of no zero-quantum
peaks (artifacts present in the NOESY spectra fdbooupled peaks, such as ortho-
protons on a ring). Long mixing times allow for hiple magnetization transfers which
distort cross peak intensity to distance relatigmsh This multiple magnetization
transfer, known as spin diffusion, can affect crpsaks between pairs of protons both
close and far apart in space. Protons close ioespan be affected by back transfer of
magnetizationi I,— 1, reducing the intensity of NOE cross peak that wawdrmally
result. Protons far apart in space can be affdeyesth indirect transfer of magnetization
l1— lo— I3, increasing the intensity of the cross peak thaulds normally result or
create a cross peak that would not normally existhie absence of spin diffusion.
Therefore, the mixing time needs to be long enaioglet the NOE build up and allow
zero-quantum effects to decay but short enoughinamse the chance of spin diffusion.
As discussed in section 2.2.1 (p44) the NOESY ewjpart utilises dipolar interactions
between two spins5 A apart. The intensity of these cross peakséslior calculating
distance restraints. If left uncorrected, spinfudiion leads to inaccurate distance
restraints between protons leading to overly cairsdd and incorrect protein structures.
Spin diffusion correction in ARIA (Lingest al 2004) is based on the calculation of a
theoretical transfer matrix from the set of struetuproduced in each iteration. The
theoretical intensity values are then used to catiébthe experimental intensities and to
correct the distance target. The calibrated intersscan be then used to estimate the

error.

4.4.5 lterative structure calculation scheme

ARIA uses an iterative strategy for structure ckdtans (table 4.4). For the structure
calculation of hMBD1 CXXC1, unambiguous (manuallgs@ned resonances) and
ambiguous restraints were used from the stargatisar 0. When structures have been
calculated, a user defined subset from the ensemb&hosen on the basis of their
potential energy. These structures are used ter fihe restraints (partial assignment
filter) based on their contribution to the integsif the crosspeak. Restraints which are
above the threshold, a percentage of the totalriboibn, are removed from the
restraint list. Restraints that are not filteraed are used to recalibrate the spectra based
on their average distance chosen from the subsstroftures. The restraint list is

checked again for violations using the new intgnsitdistance matrix. In the next



91
iteration structures are calculated based on therastraint list created at the end of the
previous iteration. Each iteration subsequentijuoces the partial assignment filter
threshold and violation tolerance. This procesgpeated for a user defined number of
iterations. In order to improve the recalibratiorestraints, spin diffusion correction
was included from iteration 3 using a distanceatfiof 6 A. The cut off is used to filter
the calculated intensities used for correctionin@myuding only those corresponding to a
distance smaller than the distance cutoff valussignment statistics are carried out on
a user defined number of structures in each iratihich are selected on the basis of
having lowest total energy. The number of strieturhosen to be used depends on the
number of structures calculated in each iteratiot #ne range of total energies of the
ensemble. The greater the number of structuresiled¢d the greater number can be
used for analysis. In the initial round of struetucalculations where assignment
mistakes and artifact peaks are likely to be pre®re is no advantage in generating a
large number of structures during each iterati@tructure calculation can be a time
consuming process depending on the number of poreshat can be accessed. With
this in mind the total number of structures in edehation generated in the initial round

of structure calculations was set to 20.
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Partial . Violation  No. of Noof
) ) Spin structures
lteration Restraints  Assignment diffusion Tolerance Structures used for
Filter
analysis
0 Origirllal 1.0 No 10000 20 7
restraints
Checked
1 restraints from  0.999 No 5.0 20 7
round O
Checked
2 restraints from 0.99 No 3.0 20 7
round 1
Checked
3 restraints from 0.99 Yes 1.0 20 7
round 2
Checked
4 restraints from 0.99 Yes 1.0 20 7
round 3
Checked
5 restraints from 0.96 Yes 1.0 20 7
round 4
Checked
6 restraints from 0.93 Yes 0.3 50 7
round 5
Checked
7 restraints from 0.9 Yes 0.3 100 7
round 6
Checked
8 restraints from 0.9 Yes 0.3 200 20
round 7

Table 4.4 Iterative strategy used for hMBD1 CXXC1 structur@calation using

ARIA.




93

For speed, structures are typically calculatedvdnuum” which can result artifacts as a
result of the simplified treatment of non-bondedcés and missing solvent contacts.
ARIA provides the option of refining structures anshell of water molecules for a
defined number of structures from the final itesatiwith a full molecular dynamics

force field incorporating electrostatics (Linge al, 2003). This refinement helps to
avoid unrealistic side chain packing and unsatisfigdrogen bond donors or receptors.
To ensure there are no systematic differencescthat influence validation results, the
force fields used for water refinement (file PARAHDG 5.3) are consistent with the

force fields used for structure calculation anddation.

4.4.6 Analysis and report files
At the end of each iteration, ARIA generates vaiautput files which report the

analysis ARIA carried out for each iteration.

1. noe_restraints.unambig & noe_restraints.ambighese files contain all the
unambiguous and ambiguous restraints, noting tlferenece cross peak, the
restraint bound, the distance found in the enseitdethe result of the violation
analysis

2. noe_restraints.violationdists just the violated restraints containing gzame
detail as for 1. above

3. noe_restraints.assignments: provides informatiorwither the assignments
stem from fully, partially or unassigned cross peak
4.noe_restraists.mergetists all restraints discarded by the mergingcpdure.

5.report summarises analysis of the restraint lists ardstiucture ensemble.

In addition to these reports, ARIA can export thst literation of structures (and water
refined structures) to Analysis, a peak list of #esignments (for each spectrum) and a
list of violated restraints which were not used &tructure calculation in the final
iteration. Ambiguous assignment of resonances ByAAis not infallible since noise
and artifact peaks can be assigned if they matelthiemical shift data. ARIA can also
mis-assign ambiguous peaks if any manual assigrareet incorrect. This is due to
manual assignment forcing ARIA to satisfy the disteestraint calculated from the NOE
crosspeak driving structure calculations in a dpewiay. After each round of structure
calculation violated peaks were inspected and eittenually assigned or removed from

the peak list. Noise and artifact peaks are remiowvbile mis-assigned peaks were
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corrected. Mis-assignment can be a problem iftdherances for automatic assignment
are set too low (see chapter 4.4.6) which canxanmgple allow intra-residue cross peaks

to be assigned as inter-residue.

Once calculations started to yield structures tizate low energies then the number of
structures calculated in iteration 8 was increasedin increase in the number of
structures calculated will increase the number @t lenergy structures within the
ensemble. For example, if 20 structures are calledlthey may not all be statistically
similar even though they fit the experimental datBlowever, if 200 structures are
calculated, then 25 structures of the ensemble ea@fbsignificant similarity. Once
NOE energies had reached a sufficiently low lexel00 kJ mof, water refinement was
introduced to the calculation. Since the waterineghent step introduces new
constraints, the overall energies of the ensenarid to increase. Therefore there is no
advantage in introducing this step in earlier roohdalculations when the structures are
not near converging. When calculation producedctires of significantly low NOE
energies <50 kJ moland no more improvement could be made using theemu
restraints, analysis was carried out to verify gihecision and accuracy of the structures.
Using NMR to generate a unique three dimensiorralcgire is not possible because
multiple structures can be calculated that are istet# with restraints derived from
experimental data. This is compounded by lessnddfiregions of protein structure
which are dynamic in solution. Thus an ensembilstfctures with the lowest energies
can be produced to show a meaningful representafitime structure consistent with the

experimental data.
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5.1 Overview
This chapter reports the structure of hMBD1 CXXQ aliscusses its implications in
relation to the other known CXXC structures. ThEXCT domains that have been
shown to bind non-methylated CpG contain a conskraenino acid sequence
%K FGG®®* and other conserved residues (D358 & Q370) asdfaumMBD1 CXXC3.
hMBD1 contains, depending on alternative splicidg(55kDa) or 3 (66kDa) CXXC
domains (Fujiteet al, 1999, Jgrgenseet al 2004) with only the third CXXC domain
capable of binding non-methylated CpG (Fugtaal, 2000 & Jorgenseat al, 2004).
Recently, the solution structure of the MLL CXXC rdain in complex with DNA
(Cierpicki et al, 2009) and the crystal structure of DNMT1 CXXC (8cet al, 2010)
have been solved revealing the amino acids redplertsir DNA contact. Comparison
of these structures to hMBD1 CXXC1 reveals why hMBDXXC is unable to bind
non-methylated CpG.

5.1.1 The solution structure of hMBD1 CXXC1

The hMBD1 CXXC1l ensemble, comprising 20 lowest ggeof 25 water refined
structures (figure 5.1), shows a well defined bacidbregion for residues 173-196 &
208-218, with the N- & C- termini and residues TA¥Y~ poorly defined. RMSD was
calculated for each residue using CcpNMR Analysi&nalysis uses singular value
decomposition (SVD) to calculate an optimum rotatior two coordinate sets with co-
located centroids. Each atom is weighted, bothttier SVD and centroid calculation.
There are multiple rounds of superimposition to thet ensemble from pairwise model
comparison and to better refine the weights. litytilne weights come from the atomic
masses, but in the later stages of the alignmentwibights come from the atomic
RMSDs calculated in the earlier round. Accordinghe dissimilar parts have
Proportionately little influence on the final enddm Figure 5.2 shows the per residue
RMSD for the hMBD1 CXXC1 ensemble and the numbemedr-residue NOEs from
the >N NOSEY. Only the®™N NOSEY was used because the peak list imported fro
ARIA has less ambiguouity than the 2Bl NOESY giving a truer representation of
NOEs used. Comparison of the number of inter-tesillOEs and RMSD of each
residue reveal that the defined structured regadrthe ensemble are characterized by a
high number of inter-residue NOEs per residue wthike N- and C- termini have very

few inter-residue NOEs that consist mainly of slartge, sequential correlations
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Figure 5.1 A stereo view of the ensemble of 20 lowest enefg35 final hMBD1
CXXC1 solution structures superposed on tlheo€residues in well-defined regions
(residues 175 to 196 & 208 to 217). The less defined loop (residues 197 to 207) is
blue with the two cysteine clusters coloured red @reen (Figure prepared using
PyMol)
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Figure 5.2  A. Per residue backbone and all atom RMSD forfthal 25 hMBD1
CXXC1 structures. Red bars, backbone; black mr@tom. RMSD calculated using
CcpNMR Analysis 2.1.5. B. Number of per residue N&&ignments fronfPfN-NOESY
generated by ARIA for structure calculations imaten 8.
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5.1.2 Precision of the ensemble of hMBD1 CXXC1 stru  ctures
To be confidant that the ensemble of structureanisaccurate representation of the
experimental data the similarity of the structunes assessed by calculation of the Root
Mean Squared Deviation (RMSD) of the atomic coaaths of each structure. It is
possible to calculate the RMSD by superpositioramelected structure (biased) or by
global minimization of all fits (complete intensity However, by using an unbiased
mean the calculation of the RMSD is not forced ae structure which may not be the
most accurate representation of the ensemblecaltolate the unbiased mean structure,
the unweighted mean program UWMN (Hartshorn andeSaWniversity of York) was
used. UWMN creates a matrix containing the avedig&nces between atoms in the
ensemble of structures. Since this matrix canppically be projected into cartesian
space perfectly, the matrix is projected into mdithensional space and orientated so
that when it is projected back into three dimensitire mean structure is calculated with
the least loss of structural information. The eliinces between the mean and the
structures are listed as well as the average RMSDet unbiased mean of the ensemble
which is listed in table 5.1

RMSD to the unbiased mean structure (A)

Heavy atoms 1.143

Backbone atoms 0.854

Table 5.1 RMSD of the final structures in the ensemble @aled to an unbiased
mean. RMSD calculated for residues 175-196 & 208-2

5.1.3 Geometric analysis of the ensemble of h(MBD1 C  XXC1 structures

The geometric quality of an NMR structure can bkdased by the distribution of the
backbone ¢ andy) side chainy;) torsion angles (Morrigt al, 1992). Thep angle is
the dihedral angle between thg Bind G, they angle is the dihedral angle between the
Ca and carboxylic carbon. The geometric quality ofteucture can be analysed the
program using Procheck-NMR (Laskows#i al, 1996). Procheck-NMR assesses the
stereochemical quality of structures by comparimgnt with the known stereochemical

properties of well refined, high resolution X-rayrustures. Therefore, Procheck
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assesses how normal, or how unusual, the geometheaesidues in a given protein
structure is. This analysis is reliant on the nefiee structures having normal geometric
quality. The summary of Ramachandran statistias the residues (excluding all
prolines and glycine residues) of the ensembleMBb1 CXXC1 structures is shown in
table 5.2 and the plots shown in appendix B. Grehtn 90% of the residues fall within
most favorable and additionally allowed regionsisTis indicative of a structure with a
good geometric quality. The contribution of unfealle ¢ andy angles (Appendix B,
figure b2a-c) in the unstructured N- (163-174) & @417-222) termini as well as the
poorly defined loop region (197-207) results inH@gthan average number of residues
in the disallowed region. This is due to a lackedtraints to define these regions of the
domain. If the unstructured regions are removedthfthe Ramachandran analysis, the

percentage of residues in the disallowed regiosgysficantly reduced.

Regions of Ramachandran plot % residues
Residues in most favoured regions 61.3% (77.7%)
Residues in additional allowed regions 32.3% (21.0 %)
Residues in generously allowed regions 3.3% (0.7%)
Residues in disallowed regions 3.1% (0.7%)

Table 5.2 Summary of the Ramachandran statisticth&ensemble of 25 hMBD1
CXXC1 structures. Percentage in brackets indicstissstics for well defined regions
only (residues 175-196:208-216)

The geometric quality of a structure can also k#yemed by the distribution of side
chain torsion angleg. This is the angle of N-GCB-Xy1 about the @Cp bond. The
distribution of side chains in hMBD1 CXXC are r&laly well defined with no residue

lying in unfavourable regions (appendix B2d-e).

Table 5.3 lists the statistics of experimentalreests used for calculating the structure
of hMBD1 CXXC1. Total number of NOEs representsB$Onerged from the three
NOESY spectra. The constraint violations and R.Ne@iation data refers to 20 lowest

energy structures from 25 water refined structesdsulated.
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NMR distance restraints

Total NOE 1327
Ambiguous (main contributors) 593
Intra-residue 204

Inter-residue

Sequential (i-j=1) 156

Short range (i-j= >1 <4) 118

Long range (i-j>5) 115
Unambiguous 734
Intra-residue 334

Inter-residue

Sequential (i-j=1) 211
Short range (i-j= >1 <4) 102
Long range (i-j>5) 87

Constraint Violations per structure

>0.5 A (+/- SD) 0.10 (+/- 0.06)
>0.3 A (+/- SD) 1.35(+/- 0.16)
>0.1 A (+/- SD) 19.05 (+/- 0.81)

R.M.S. deviations from the ideal geometry

Bond length (A) 0.0038 (+/- 0.000023)
Bond Angle (°) 0.600 (+/- 0.05)
Improper angles (°) 1.476 (+/- 0.04)
Dihedrals (°) 42.17 (+/- 0.137)

Table 5.3 Experimental restraint statistics for nMBD1 CXXC1
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5.2 Structural features of the hMBD1 CXXC1 zinc bin  ding motifs
The solution structure of MBD1 CXXC1 adopts a cezgcshape incorporating two zinc
ions (figure 5.3). Four cysteines provide the igs for the coordination of each zinc
ion, three from each CXXCXXC motif. The main chdoops back 180° after the
second CXXCXXC motif to providing the fourth cysteiin each case. The overall
structure of the domain is governed by the presefiche two zinc clusters. The zinc
clusters have similar structures to each other wittackbone RMSD of 0.86 A over the
CXXCXXC sequence (calculated using Superpose. Maitl, 2004) and form a small
helical turn between the first and second cystefodewed by a single turn of alpha
helix, that includes residues 180A-183Q clustefigufe 5.4a) and 192S-196L cluster 2
(figure 5.4b). However, the two CXXCXXC motifs agap to differ with respect to their
side chainy; dihedral angles (Figure 5.3c). This is consisterdr the ensemble. The
dihedral angles could be determined from J couplidgtermined from an HNHB

experiment:

Figure 5.3 A stereo view of the representative structurehef tlosest to the mean
structure of the 25 calculated hMBD1 CXXC1 solutgtructures. The zinc atoms are
shown as gray spheres; alpha helix are shown iranedgreen; N, N-terminus; C, C-

terminus (Figure prepared using PyMol).
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Figure 5.4  Stereo representation of the two cysteine zinstehs from hMBD1
CXXC1 (A) First CXXCXXC maotif, residues 176-183 &8 (B) Second CXXCXXC,
motif residues 188-194 & 210 (C) superpositiorihaf two CXXCXXC motifs. Sulphur

atoms, yellow; zinc atoms, white (Figure preparsthg PyMol).
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Figure 5.5  Stereo representation of the structural alignneérfd) hMBD1 CXXC1
residues 176-183 & 215 (red) and hMLL CXXC resid@55-1162 & 1194 (blue). (B)
hMBD1 CXXC1 residues 188-194 & 210 (green) andhiMiL CXXC residues 1167-
1175 & 1189 (cyan). White spheres, hMBD1 CXXC zatom; gray spheres, hMLL
CXXC zinc atom. (Figure prepared using PyMol)

The zinc clusters from hMBD1 CXXC1 have a fold whis very similar to the zinc
clusters from hMLL CXXC (Figure 5.5). Backbone RBiSof 1.12 A and 0.46 A were
calculated using Superpose (Madti al, 2004) for the first and second CXXCXXC
motifs respectively. A search of the structuratadbase http://www.ebi.ac.uk/pdbe-
site/pdbemotif/ for proteins that co-ordinate zlme four cysteine residues revealed 62
structures. However, nine of these structures tuse separated CXXC motifs to
coordinate the zinc atom rather than the CXXCXXCtimmund in hMBD1 CXXC1
and MLL CXXC. Alignment of the CXXC motifs foundnithe pdbe database to
residues 179-182, 182-185, 188-191 and 191-194 hMEBIXXC1 reveals a highly

similar backbone conformation with a pairwise RM8D37 A (+0.33). Three structures
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where found with a CXXCXXC motif: horse liver alaalhdehydrogenase (PDB - 1N8K)
(Rubach & Plapp, 2003E.coli RecQ helicase (PDB — 10YW) (Bernsteinal, 2003)
and the delta subunit of the clamp loader compfe.aoli DNA polymerase |1l (PDB
— 1A5T) (Guentheet al, 1997). The horse liver dehydrogenase has thehfaysteine
C-terminal to the CXXCXXC motif like hMBD1 CXXC1 ahunlike the RecQ helicase
and delta subunit of the clamp loader complex atdli. DNA polymerase Il in which it
is N- terminal to the CXXCXXC motif. Table 5.4 shs the pairwise RMSD for the
CXXCXXC motifs of hMBD1 CXXC1 and the other CXXCXX@notifs described
above. Figure 5.7 shows the superposition of tKXCXXC motifs from horse liver
alcohol dehydrogenaskE,coli RecQ helicase, delta subunit of the clamp loaderptex
of E. coli DNA polymerase Ill and the second CXXC&Xnotif from hMBD1 CXXC1

1N8K 97-103 1A5T 59-65 10YW 397-403
hMBD1 176-182 0.85 A 0.98 A 0.95 A
hMBD1 188-194 0.39 A 0.49 A 0.51 A

Table 5.4 Pairwise backbone RMSD of CXXCXXC motifs comparéal the
CXXCXXC motifs from hMBD1 CXXC1l domain. 1N8K, horsdiver alcohol
dehydrogenase; 1A5T, delta subunit of the clammdoacomplex of E. coli DNA
polymerase lll; 1LO0YWE.coli RecQ helicase.

A common feature of all the CXXCXXC motifs of knovatructure is a glycine residue
following the first cysteine. Preference for giyeiat this position may be due to the
requirement for a positive phi angle following tiirst cysteine. The CXXCXXC motif
has a characteristic helical turn between therdd 29 cysteines, similar to that of the
single CXXC motif, before an alpha helix incorpamgtthe ¥ cysteine (figure 5.6).
Mutations of one of the zinc coordinating cysteimel destabilise the structure of the
MLL CXXC domain (Allen et al, 2006. Cierpickiet al, 2009), MBD1 CXXC3
(Stancheveet al, 2010) and CGBP (Skalnikt al, 2001) suggesting the CXXCXXC
motifs are absolutely required for maintaining stieicture of the domain.
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Figure 5.7 Stereo view of the superposition of CXXCXXC motifikom hMBD1
CXXC1 (red), horse liver dehydrogenase (blagkxoli RecQ helicase (blue), and the
delta subunit of the clamp loader complex of E.i @NA polymerase IIl (green).

Cystine side chains shown as sticks, sulphur atorpsllow.

5.3 hMBD1 CXXC1 does not bind CpG DNA

Previous DNA binding experiments (EMSA) have shdwiBD1 CXXC1 not to bind
CpG DNA. However, DNA titration by NMR would showeak binding that might not
be observed by EMSA. Although chemical shift pesation analysis by®N HSQC
does not require the structure to be known, theymsegent of spectrum crosspeaks is
required to know which residues are affected bytiination of DNA. When DNA is
titrated into a protein sample a change in chensbdt will be recorded for any amino
acid that is affected by the binding of the prot@mNA. This change in chemical shift
of a residue is due to an environmental changentfagtbe due to direct interaction with

the DNA or a resultant conformational change ofgheein.
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5.3.1 >N HSQC DNA titration of hMBD1 CXXC1 reveals no prot ein DNA
interaction
The titration of h(MBD1 CXXC1 with DNA measured BIN HSQC is shown in figure
5.8. There is little or no chemical shift perturba with 3 fold excess DNA for the
assigned resonances suggesting that hMBD1 CXXCtisfd DNA is significantly
above 150 uM. However, small chemical shift pdrations are seen for the unassigned
spin system 435 and the minor form A1203. Resomakt203 was assigned as the
minor form of A203 as they share the sameathd H3 chemical shifts. It is likely that
resonance 435 is also from a minor form and sireréugbation is only visible at the 3
fold excess DNA concentration, this suggests natifip DNA binding. The minor
form resonance A1203 is also only visible at tHel@ excess DNA concentration. This
is likely due to unfolding or degradation of theo@in during the course of the titration.
Intensity differences are seen for glycine 165 #ral side chain N of arginine 214.
These highly solvent exchangeable resonances appdas very sensitive to sample
conditions since their intensities vary consideyabbm sample to sample. It is
therefore likely that the effect seen here is mNA-specific, but rather reflects small
differences in ionic strength. The lack of cherhiglaift perturbation that suggests no
protein DNA interaction is consistent with the fings of Fujitaet al (2000) and
Jorgenseret al (2004) who observed no DNA shift in electrophasesiobility shift

assay experiments.
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5.3.2 Why does hMBD1 CXXC1 not bind DNA?
The MLL CXXC (Leeet al 2001), MBD1 CXXC3 (Birdet al, 2004) , CGBP CXXC
(Skalnik et al, 2001) and DNMT1 CXXC (Meehaet al, 2008., Pradhaat al, 2008.)
have been shown to bind CpG DNA and therefore apemison of the known DNA
binding CXXC structures with that of hMBD1 CXXC1alid provide an insight as to
why hMBD1 CXXC1 does not bind CpG DNA. The solutistructure of MLL CXXC
(Cierpicki et al, 2008) and the X-ray crystal structure of DNMT1 C&XSonget al,
2010) in complex with CpG containing DNA revealtttiae positively charged face of

the domain binds to the target DNA major groove.

The MLL CXXC domain binds the CpG motif in the magroove though formation of
hydrogen bonds to the CpG. Using the terminologCierpicki et al (2009), the N4-
amine groups of the negative and positive stanadsayes hydrogen bond to the
backbone oxygen of K1185 and K1186 respectivelyie $ide chain of K1186 forms
hydrogen bonds to the negative strand guanine whdeside chain amide of Q1187
hydrogen bonds to positive strand guanine (Cierptlal, 2009). Cierpicket al (2009)
also discovered weak NOEs between the side ch&iRd 950, S1152 and L1197 and
the DNA minor groove and mutation of R1150 and LA 1® alanine resulted in a 5 and
4 fold reduction in DNA binding affinity respectiye DNA binding domains are
generally evolved to contain positively charged raamacids though which they contact
the negatively charged DNA phosphate backbone §leinal, 2003) while the shape of
the DNA binding face is often complementary to BMA duplex surface (Tsuchiyet
al, 2004). hMLL CXXC has made electrostatic intéiats to the DNA and residues
R1154, K1176, K1178, K1185, K1190, R1192, K1193.

Table 5.5 show the corresponding residues from hMBXXC1 and xXDNMT1 CXXC.
hMBD1 CXXC1 differs from hMLL CXXC in many of theesidues required for CpG
DNA binding, not only in the residues that hydrogeond to the CpG but also in
residues involved in electrostatic interaction.attdition to electrostatic interactions and
hydrogen bonds, repulsive forces between the protegid DNA may reduce or
ultimately abolish DNA binding. Mutation of residul188 from a cysteine to an
aspartate in hMLL CXXC is sufficient enough to abbldetectable DNA binding as
mentioned by NMR.
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hMLL CXXC hMBD1 CXXC1 XDNMT1 CXXC

R1150 R161 E516
S1152 A163 N518
R1154 N165 1520
K1176 Q197 M546
K1178 P199 K548
K1185 L206 T555
K1186 F207 K556
Q1187 C208 Q557
K1190 E211 M560
R1192 R213 R562
K1193 R214 563

L1197 1218 L567

Table 5.5 List of residues involved in electrostatic intdrac with DNA from
hMLL CXXC1 (Cierpicki et al, 2009) and the corresponding residues in hMBD1
CXXC1 and xDNMT1 CXXC. Residues mutated to alartimat abrogate DNA binding
shown in bold, mutated residues that still bind D8#own in blue.

A surface charge plot of hMBD1 CXXC1 was producesing the Adaptive Poisson-
Boltzmann Solver (APBS) plugin in PyMol reveals @spive charge surrounding the
first CXXCXXC motif while the second CXXCXXC motiand loop region has an
overall negative charge. This contrasts with tbsitpve charged face of hMLL CXXC
domain (figure 5.9). In conclusion hMBD1 CXXC doest bind DNA because lacks
the residues that are important for hydrogen bandimd has a slightly negative charged
face compared to the strongly positively chargee faf hMLL CXXC.



111

Figure 5.9  Stereo representation of the electrostatic sugatential of the hMBD1
CXXC1 (A) and hMLL CXXC (B). Coloured using a lineeolour ramp from -75.0 KT
hMLL (red) to +75hMLL (blue). (Figure prepared ngithe APBS plugin in PyMol)
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5.4 Comparison of the loop region of h(MBD1 CXXC1 an d hMLL CXXC
Currently the RCSB protein data bank contains tl@&XC domain structures which
are those of the hMLL CXXC domain (Allest al, 2006.,Cierpicki et al, 2008) and the
DNMT1 CXXC (Songetal, 2010). Figure 5.10 illustrates the structgrgberposition of
hMBD1 CXXC1 with hMLL CXXC (PDB ID 2J2S) that haspair wise RMSD of 1.83
A over the well defined regions of hMBD1 CXXC (réges 175-196 & 208-217). The
loop region residues 197-207 is not well definedhiea hMBD1 CXXC1 ensemble due
to a lack of long range NOEs, whereas the looporegi hMLL CXXC is well defined
in the NMR ensemble.

Figure 5.10 Structural superposition of hMBD1 CXXC1 R169-S22dlue) and
hMLL CXXC S1152-W1196 (green), PKFGG loop (pinkgdrspheres hMBD1 CXXC
zinc; black spheres hMLL CXXC zinc. N, N-termin&; C-terminal (Figure prepared
using PyMol)
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A motif conserved in CpG DNA binding CXXC domainstinot present in hMBD1
CXXC1 (or hMBD1 CXXC2) is the KFGG motif (figure B1). In hMBD1 CXXC1 the
corresponding sequence is PHDV which has a sigmfieffect on the structure of the
loop region since compared with the phenylalanieHtistidine is less hydrophobic and
partially positively charged it is not able to lghtly packed into the main chain. The
kink in the backbone (figure 5.12) due to the pneseof a proline preceding the H200
does not allow the hydrophobic side chain to pgelkagains} protons of cysteine 194,
where as the proline in hMLL CXXC is two residuesfdre the phenylalaine. In
DNMT1 CXXC the KFGG sequence is preceded by a &sather than the proline in
the MLL CXXC domain.

N N

P1177

A B

Figure 5.11 Comparison of second CXXCXXC motif & N-terminus tiie loop
region of hMBD1 CXXC1 C188 to V202 (A) and hMLL CXXC1176 to G1181 (B)
residues. N, N-terminal; C, C-terminal (Figure regul using PyMol) QLPHD
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Figure 5.12 Stereo representation of the structural supefiposaf hMBD1 CXXC1
C188-V202 and hMLL CXXC C1176-G1181. N, N-termin&, C-terminal (Figure
prepared using PyMol)

The solution structure ensemble of XDNMT1 CXXC (tsmn & Smith, unpublished)
has a less well defined loop region than hMLL CXXerefore proline 1177 maybe
required for loop stability. Mutation of hMLL CXXQesidues K1178 or F1179 to
alanine significantly reduced the ability to bindl2bp single CpG DNA in an EMSA
(Allen et al, 2006). These mutations of hMLL CXXC indicatathhe precise, and
ordered structure of this loop be required forogéint DNA binding.

5.5 Conclusion

The solution structure of hMBD1 CXXC1 presented tims thesis shows both
similarities and differences to the known strucsuoé hMLL CXXC (Allen et al, 2006)
and DNMT1 CXXC (Songetal, 2010., Thomson & Smith, unpublished). The &
coordinating cysteine clusters of the CXXCXXC domdorm a common structure
shared with both hMBD1 and DNMT1 CXXC. This foklhighly likely to be common
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to other CXXCXXC domains.
However, hMBD1 CXXC1 lacks the KFGG motif which psesent in the non-methyl
CpG binding CXXCXXC domains. The KFGG motif fornassmall helix after the
second CXXCXXC motif which appears to stabilise BI€A binding loop. Mutations
in this region have been shown to reduce DNA bigdiallen et al, 2006). hMBD1
CXXC1 also differs from other CXXCXXC domains byckang residues important for
DNA binding. These differences not only changegtudace charge of the loop thus not
attracting the DNA through charge-charge interactlout lack the side chains to
hydrogen bond to the DNA bases. The function ofBlIM CXXC1 is currently
unknown although it has been shown to bind resid¥s337 of Ringlb (Miret al,
2003). Ringlb is a component of the Polycomb grg@pG) multiprotein PRC1
complex (Minet al, 2003) which is required to maintain the trandaipally repressive
state of many genes. Since hMBD1 CXXC3 does rtetact with Ringlb that suggests
the difference in the loop region of hMBD1 CXXC1 ynbe involved in the protein

interaction with ringl1b.
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CHAPTER SIX

NMR STUDY OF hMBD1 CXXC12
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6.1 Overview

The first two MBD1 CXXC domains lack the consensaquence DXXKFGG and have
been shown not to bind CpG DNA (Jorgenseal 2004). The function of this pair of
domains is still unknown although it has been shtavinind AA 250-337 of Ringlb
(Sakamoteet al, 2007) suggesting a role in recruitment of theypainb repressor
complex 1 (PRC1) to DNA for maintenance of trargoonal repression. hMBD1
CXXC12 has also been shown to interact with the HMETDB1 and CAF150 in
association with the MBD and TRD (Sarraf & Stanane2004)

With the structure of the first MBD1 CXXC domaindwn, | wish to ask wither the
presence of the second MBD1 CXXC domain affects3Destructure of hMBD1
CXXC1? Should the two CXXC domains interact, weuldoexpect to see chemical
shift perturbation for residues whose environmer# bbeen affected by the presence of
the second CXXC domain. Changes in the extremer@ibal region of CXXC1 are
also likely since this area should be more strectun the presence of CXXC2. There
may also be chemical shift changes for resonarssgreed to the loop or well defined

regions of CXXC1 if the CXXC2 domains interact mesdensively.

6.2 Cloning, expression of nMBD1 CXXC12

Using the previously described pGEX 6P1 expresamhpurification system, PCR
amplification of DNA containing the CXXC1 & CXXC2&tMBD1 was performed
using the primers shown in table 6.1. The restffagment was cloned into pGEM T-
easy vector and subcloned into pGEX 6P1 as preliaiescribed in chapter 2. The
PCR (Figure 6.1), cloning into pGEM T-easy (Figar2) and subcloning into pGEX
6P1 (Figure 6.3) are shown below. Plasmids weraesezpd to make sure no errors

were present.

hMBD1 CXXC1 fwd 5 GGGATCC GAGCAGAGAATGTTTAAG 3
hMBD1 CXXC2rev5 CTCGAGTTCAGCGGGCATGTTTA 3

Table 6.1 Primers used for the PCR amplification of h(MBD1X3X12.
Restriction enzyme sites shown in bold & stop cododerlined.
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The amino acid sequence of the expressed hMBD1 CD2<0onstruct is shown in table
6.2 which has a predicted molecular weight of KD8. Based on the structured region
of hMBD1 CXXCL1 it is likely the two domains are septed by a small linker sequence.

GSEQRMFKRVGCGECAACQVTEDCGACSTCLLQLPHDVASGLFCKCERRRCL
RIVERSRGCGVCRGCQTQEDCGHCPICLRPPRPGLRRQWKCVQRRCLUREAR

Table 6.2Amino acid sequence of the cloned hMBD1 CXXC12 dom The structured
domain of CXXCL1 is shown in red, the CXXC2 sequestoewn in blue with the

putative linker sequence underlined.

500bp
400bp

300bp

M 1
Figure 6.1  Agarose gel electrophoresis image hMBD1 CXXC12 R@diuct. M —
100bp DNA marker NEB (N3231), 1 — hMBD1 CXXC12 arrindicated band of

interest
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1 kb
500bp

Figure 6.2  Agarose gel electrophoresis of a selection oftatue pGEM-T hMBD1
CXXC12 clones digested with BamH1 and Xhol. 1 - 1K&der NEB, 2 - 100bp ladder
NEB, 3-4 putative pGEM-T hMBD1 CXXC12 clones. Awandicates band of correct
size for CXXC12 insert. Lane 4 show the expectadrrent pattern

6 kb

2 kb |
1kb

400 bp

200 bp

M 1 2

Figure 6.3  Agarose gel electrophoresis of a selection aiitaive pGEX6P1-
hMBD1 CXXC12 clones digested with BamH1 and Xhotie&rrow indicates the
expected position of the CXXC12 fragments. Clon&s2L.show the expected fragment
pattern. M- Bioline hyperladder 1
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6.3 Purification of hMBD1 CXXC12

Purification of hMBD1 CXXC12 was carried out usitige method described in chapter
2. Figure 6.4 illustrates the purification of h(MBIZXXC12. The preparation of
hMBD1 CXXC12 was hampered by precipitation of theifeed protein during
overnight cleavage of the tag. The protein sarapftered further precipitation during
buffer exchange and concentration thus makingficdit to produce sufficient quantity

for isotopic labeling in an economic way.

Kda

175

80 ‘
P
58 -
46 —
30
25 .
17 - .
[]

1 2 3 4 5 6 7
Figure 6.4 SDS-PAGE analysis of the expression and puriicabf hMBD1
CXXC12 domain expressed in TUREDES3 cells. 1 — NEB prestained protein marker
(cat. No. P7708S) , 2 -ubwhole cell fraction, 3 —@ of soluble fraction, 4 — 5ul of
flow through, 5 — 20ul of resin before Pre-Scisgwotease treatment, 6 — 20 pl resin
after Pre-Scission protease treatment, 73+ 2Qition of hMBD1 CXXC12 domain.
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6.4 NMR studies of hMBD1 CXXC12

During long NMR experiments hMBD1 CXXC12 would dade & precipitate. This
coupled with the lack of economic viability to eeps isotopically labelled protein
meant that at this time it was only possible t@mrddhomonuclear experiments. Shown
in table 6.3 are the NMR experimental parametarshie 2D*H NOSEY experiment?

F1 F2

Experiment| Nuc TD SW | Nuc TD SW| RDms NS | WS

)

100ms

1 1
NOSEY H 2048 | 8503 H 1700 | 7001 1.0 32 ES

Table 6.3 Acquisition parameter of NMR experiment on hMBDXXXC12 (Bruker
AVANCE 600 MHz) used for resonance assignment anattiral restraints collection.
Nuc: Nucleus, TD: time domain points (complex), SMieep width in Hz, RD:
relaxation delay, NS: number of scans, WS: watppeession, ES: excitation sculpting,

ms: milliseconds,
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6.4.1 Is hMBD1 CXXC12 structured?

To asses the quality of the CXXC12 sample, aHi@xperiment was carried out to
investigate if the purified hMBD1 CXXC12 protein satructured. The recorded 1B
spectrum of hMBD1 CXXC12 is shown in figure 6.5

Figure 6.5 1D 'H spectrum of unlabeled hMBD1 CXXC12 (10mM dTriS0nM
NacCl, pH 7.5, 293K). Water suppression using tie¢hod of Hwang and Shaka (1995)

The 1D’H spectrum of unlabeled hMBD1 CXXC12 suggests thatprotein sample is
folded due to the overall dispersion of chemicéitstand the'H line widths. The
region of the spectrum around 10 ppm shows peakslginot present in the 111
spectrum of CXXC1 while the peak around 0.5 ppstilspresent. Also the 6.5-8.5
ppm region for CXXC12 is not as intense compareithéosame region in CXXC1

suggesting that fewer residues are in unstructoigdaly dynamic conformations.
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6.4.2 Is CXXC1’s structure affected by the presence  of CXXC2?

A 2D homonuclear NOESY experiment was carried outrder to compare the
spectrum with the 2D NOESY of hMBD1 CXXC1. Fig& shows the k-Hy region
of hMBD1 CXXC12 & CXXC1 with the overlaid ktHy region in figure 6.7. Since the
sample precipitated during the course of the erpami further 2D spectra that would

present a more complete analysis could not be dedor

& *H (ppm)

7.7 7.6 7.5 74

218lleH,Ha
(ppm)

& 43

| 204SerH,Ha2045erH,Ha B
218lleH 217ArgHa ©

4.4 44
i 218lleH 217ArgHa B

45 45

202ValH 201AspHa

202ValH 201AspHa

\ ‘ T [ ‘
8.0 7.9 7.8 7.7 7.6 7.5 74

Figure 6.6  Hy-Ha region of the 2D homonuclear spectra of hnMBD1 CXIX{@Glack)
and hMBD1 CXXC12 (pink) overlaid (10mM dTris, 250mN&aCl, pH 7.5, 293K).
Examples of assigned crosspeaks which have chatgedical shifts are indicated.
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3 'H (ppm)

8.2 8.1 8.0 7.9 7.8 7.7 7.6 7.5 74 7.3 7.2 7.1

219ValH 220GIuH

86 N 8.6

o 209LysH 210CysH
8.8 . 8.8

: ' 8

(ppm)
9.0 ' ©—90
213ArgH 212ArgH
_ \(/ 9 9 |
213ArgH 212ArgH

9.2 9.2

218lleH 217ArgH—__

218lleH 217ArgH ~ &

8.2 8.1 8.0 7.9 7.8 7.7 7.6 7.5 74 7.3 7.2 7.1

Figure 6.7  Hyn-Hy region of the 2D homonuclear spectra of hMBD1 CXXBlack)
and hMBD1 CXXC12 (pink) overlaid (10mM dTris, 250mN&aCl, pH 7.5, 293K).

Examples of assigned crosspeaks which have chatgedical shifts are indicated.

However, from a comparison of the CXXC12 & CXXClespa it is clear that certain
CXXC1 amino acids have altered chemical shift inX©42. The most notable changes
are seen in the dynamic loop region of CXXC1lwithramacids S204 and P207, while
others such as C179, A190 & T193 show no chemidétlchange. These chemical
shift changes indicate a change in environment@idop region suggesting that it is
possibly in close proximity to the second CXXC damaln the loop region there are
changes between the two constructs with tRgkbtons of C208 no longer correlated to
the Hy of T193 in CXXC12 while previously strong crossage have reduced intensity
e.g. E211y protons correlation to C19®protons. These NOE changes in the loop
region suggest the second CXXC domain is chandieghape of the loop region.
Residues C179, A190, & T193 are found within theezlusters and seem to be
unaffected by the presence of the second CXXC deomesidues at the extreme C-
terminus, amino acids 219-222, are unstructurechvidBD1 CXXCL1 is expressed on
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its own. However, in hMBD1 CXXC12, their NOE crgssaks shift or disappear.
Certain clearly identifiable crosspeaks in the CXXZD NOESY such as theykHy of
E220 and the sequentiakH Hy & Hy -Ha cross peaks for residues V219-R222 are
absent or significantly shifted in the CXXC12 spaot. The lack of these NOE

crosspeaks means that the structure of this régasrchanged in the CXXC12 construct.

6.5 Conclusions

Initial NMR experiments have shown that the expeddsaMBD1 CXXC12 domains are
structured in solution. However, to carry out 3DIR experiments to facilitate
assignment and eventually structure calculatiorsem purification conditions must be
further optimized. Changes to pH are limited with use of PreScission protease due to
a narrow functional pH range, but NaCl concentratan be adjusted up to 1 M.
Therefore, it would be possible to significantlyealthe salt concentration of the

purification and NMR buffer in an attempt to prevgrecipitation of the protein.

Although the NOE data recorded is not sufficienfuidy assign and calculate the
structure of h(MBD1 CXXC12, it is possible to suggiee relative orientation of the two
CXXC domains. There are significant NOE differemaethe loop region (201N-209K)
in hMBD1 CXXC12 to suggest there is a change inremment. This may be due to
the close proximity of the second CXXC domain.hMBD1 CXXCL1 residues 216L-
222S are poorly constrained resulting in a flexibd® end. Therefore, it is unsurprising
that there are chemical shift changed in this regiace in hMBD1 CXXC12 they form
a small interconnecting bridge between the two dosiaDue to the observed NOE
changes it is likely that the two domains are fdltiegether in one structure rather than
two independent domains. In order to verify thisdry, recording®N relaxation data

for both constructs would provide information aghe relative dynamics of the two
domains domain. If the structure of CXXC12 wasaggested by the homonuclear
NOE data then thEN relaxation parameters recorded for each of tlredomains

would be quite similar and the T1/T2 ratios for C&X2 should be indicative of an
~12kDa globular species rather than independenthpting ~6kDa species. Should the
precipitation problem with hMBD1 CXXC12 be overcomeiill be possible to
isotopically label the protein and carry out 3D NMRperiments. It will also be
possible to investigate the protein-protein intecas with amino acid 250-337 domain
of ringlb (Sakamotet al, 2007) with MBD1 CXXC12 once the domain is isotmgly
labelled.



Appendix A Laboratory buffers and methods

Bacterial Growth Media

Appropriate selection antibiotics were added imadidia prior to use.

LB Medium 1% (wl/v) tryptone, 0.5% (w/v) yeast eadt, 1% NaCl (w/v)

5XM9 stock 3.4% (wiv) NgHPO, 1.5% KHPQO, 0.25% (w/v) NacCl,
autoclaved prior to use

M9 minimal medium for 500 ml; 100 ml 5XM9, 2 mM M@g, 0.1 mM CadC{, 0.3% D-
glucose (w/v), 8 mM (NkE>SQy, 0.004% thiamine (w/v)

Labelled medium  Fol°N labelling, replace 8 mM (NpLSQO; with 16 mM **NH,CI
(Isotec, 11186AE).

GST purification buffers

Lysis/binding buffer 10x PBS: 1.4 M NaCl, 27 mM K@Q00 mM NaHPQ,, 18 mM
KH»PQO,, pH 7.3. Use at 1x

PreScission buffer 50 mM Tris-HCI (pH 8.0), 150 nNACI, 1 mM DTT

Elution buffer 300 mM NacCl, 2.7 mM KCL, 10 mM NdPOy, 1.8mM KH,PO,,
1mMDTT, pH 7.3

Bradford assay
The protein concentration was measured using Brddissay kit brought from Pierce
(Product No. 23236). The measurement was perfora@mbrding to the standard

protocol in the manufacturer's instructions.

SDS-PAGE

Coomassie Stain 45% methanol, 45% ,@QH 10% acetic acid, 0.25% (w/v)
coomassie R250

Destain Buffer 5% methanol, 10% acetic acid, 85%QiH
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Appendix B Ramachandran plots,
average secondary structure for the final ensemble

structures. Structural analysis by Procheck-NMR

xitorsion angle distributions and

of hMBD1 CXXC

PROCHECK-NMR
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Plot statistics
Residues in most favoured regions [A,B,L] 638 61.3%
Residues in additional allowed regions [a,b,1,p] 336 32.3%
Residues in generously allowed regions [~a,~b,~1,~p] 34 3.3%
Residues in disallowed regions 32 3.1%
Number of non-glycine and non-proline residues 16ZO 1(_)_(;(_)?%
Number of end-residues (excl. Gly and Pro) 60
Number of glycine residues (shown as triangles) 120
Number of proline residues 40
Total number of residues 17;670
Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms
and R-factor no greater than 20%, a good quality model would be expected
to have over 90% in the most favoured regions.
Model numbers shown inside each data point.
Figure B.1  Graphical summary of Ramachandsatistics for th

final ensemble of 25 hMBD1 CXXC structures.
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Figure B.2 Per-residue Ramachandran plots foritted énsemble of 20 hMBD1
CXXC1 structures. Yellow boxes indicated favoueabhd red boxes indicate

unfavorablep, v dihedral angle combinations.

128



PROCHECK-NMR
Ensemble Ramachandran plots "=
cv0.019 D v 0.026 D% w0020 ™ ev0.035D %
GLN 183 cf0778 _ VAL 184 cf-060 1 THR 185 Gf-068 0 Gf-075 0
1205 L Lo
604 . 7
0 1 ‘
601 R -
-1204
v 0.024 D@ v 0.051(D® w0114 (M v 0.059 () %
Gf-037 0 Gf 038 0 Gf-008 0 ALA 190 Gf-265 W
1204
60 - )
0 -
604 e
-1204
ev0.023 (D% v 0.107 (D % v 0.081 ¥ v 0.008 M) ¥
CYS 191 cf-0740 _ SER 192 Gf-0.01 O cf0180  CYS 194 Gf-0.35 0
Am @ R 9 L B
O 120 - -
L oo , f , ,
OD - - - -
O 07
&) 4
— -60 -
o=
ij -1204
cv0.068 (D% v 0239 (B v 0272 cv 0.081 () %
Gf-145 @ _ LEU 196 Gf-2.00 B ar221m _ LEU 198 GF-0.55 0
1204 o .
60 |
: L Sy
0 -
]
-60 1
-1204
wv0200D¥ v 0.585 ) % v 0.456 () %
PRO 199 cf-173 @ HIS 200 Gt-le6 @ VAL 202 Gf-242 0
L . f L E b !
1204 = ]
] -.
60 = -
L [ | [EX "
0 :
(] [ ]
-60 4
|
-1204
[:]
-180-120 -60 0 60 120 -180-120 -60 0 60 120-180-120 -60 O 60 120 -180-120 -60 0 60 120 180
Phi (degrees)
cv = Circular Variance (low values signify high clustering of the data points). # Accessible ® Buried
Gf = Average G-factor for the residue (the higher the value the more favourable the conformations) based on analysis of high-res. Xstal structures
Data points coloured according to G-factor: Unfavourable

Figure B.2b Per-residue Ramachandran plots for fih@ ensemble of 20
hMBD1 CXXC1 structures. Yellow boxes indicate favable and red boxes

indicates unfavorable, y dihedral angle combinations respectively.
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Figure B.2c Per-residue Ramachandran plots for fih@l ensemble of 20
hMBD1 CXXC1 structures. Yellow boxes indicate favable and red boxes

indicates unfavorable, y dihedral angle combinations respectively.
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Figure B.2d Per-residue X1 frequency plots forfthal ensemble of 20 hMBD1
CXXC1 structures. Yellow boxes indicated favorabted red boxes indicates

unfavourablep, y dihedral angle combinations.
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Figure B.2e Per-residue X1 frequency plots forfthal ensemble of 20 hMBD1
CXXC1 structures. Yellow boxes indicated favorabted red boxes indicates

unfavourablep, y dihedral angle combinations.
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Secondary structure & average estimated accessibility

e e e R —

Key:- @ Helix |:> Beta strand = Random coil  Accessibility shading: B Buried [ Accessible

Figure B.2d Average secondary structure and aduéfsplot for the final ensemble of
25 hMBD1 CXXC1 structures
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Appendix C Chemical shift assignments of hMBD1 CXXCL1.

unobserved resonances

Residue H N
163Pro - -
164Leu 8.6 122.72
165Gly  8.56 110.52
166Ser 8.24 123.15
167Glu  8.62 122.8
168GIn  8.28 120.76
169Arg 8.24 121.54
170Met  8.19 -
171Phe  8.17 121.09
172Lys 8.15 122.49
173Arg 8.24 122.47
174val 8.24 121.19
175Gly  8.34 111.29
176Cys  9.36 126.38
177Gly  9.55 115.33
178Glu  9.62 123.72
179Cys 7.12 120.34
180Ala 8.84 120.15
181Ala  7.39 120.51
182Cys  8.57 120.38
183GIn  7.44 114.45
184val 7.21 122.55

HA HB HG
4.46 1.92,2.30 1.99,1.99
4.34 157,159 1.66
3.954.05 - -
4.35 3.82,3.89 -
4.2 1.95,2.02 2.26,2.20
4.2 1.96,2.072.34,2.34
4.21 1.73,1.73 1.51,1.57
4.38 1.91,1.92 2.47,2.39
4.59 3.12,2.96 -
4.21 1.75,1.67 1.37,1.31
4.31 1.81,1.75 1.57,1.62

4.2 2.09 0.94,0.94
4.06,4.14 - -

4.48 2.80,3.25 -
3.83,4.35 - -

4.57 1.93,2.06 2.15,2.22
4.7 2.98,3.46 -

3.95 1.42 -

4.4 1.28 -
4.05 2.92,2.95 -

411 1.88,1.872.34,2.25
3.92 2.25 1.19,1.02

HD HE
3.56,3.56
0.87,0.91 -
- 7.59,6.90
3.143.14 -
7.19 7.3

1.63,1.632.93,2.94
3.15,3.15 -

- 7.02,6.69

HZ

Cheahishifts are given in p.p.m, no chemical shiftioades unassigned or
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Appendix C Chemical shift assignments of hMBD1 CXXC1. Cheahishifts are given in p.p.m, no chemical shifticates unassigned or

unobserved resonances

Residue H N NE NZ NH HA HB HG HD HE HZ
185Thr  8.57 116.22 - - - 4.37 4.42 1.19 - - -
186Glu 7.1 119.02 - - - 4.6 1.96,1.77 1.99,2.16 - - -
187Asp  8.78 124.9 - - - 4.5 2.42,3.47 - - - -
188Cys  9.39 127.21 - - - 4.47 3.29,2.84 - - - -
189Gly  9.52 115.74 - - - 4.19,3.89 - - - - -
190Ala  9.95 127.56 - . - 4.61 1.35 - - - -
191Cys  7.06 119.33 - - - 4.85 3.40,2.97 - - - -
192Ser  9.01 114.78 - - - 4.81 3.99,4.03 - - - -
193Thr  7.89 117.58 - - - 4.01 4.26 1.04 - - -
194Cys 9.01 126.91 - - - 3.96 2.98,2.92 - - - -
195Leu  8.03 116.75 - - - 4.08 1.63,1.62 1.46 0.70,0.80 - -
196Leu  7.42 119.34 - - . 4.17 1.87,1.87 1.5 0.84,0.92 - -
197GIn  7.92 117.57 112.73 - - 4.15 2.08,2.022.31,2.32 - 6.86,7.53 -
198Leu  8.32 122.95 - - . 4.52 1.60,1.41 1.64 0.90,0.91 - -
199Pro - - - - - 4.39 1.86,2.30 2.02,2.02 3.84,3.55 - -
200His  8.45 - - - - 451 3.10,3.10 - 8.16 7.11 -
201Asp 8.22 120.5 - - - 4.55 2.65,2.65 - - - -
202Val  7.93 120.82 - - - 3.93 2.08 0.92,0.92 - - -
203Ala 8.31 124.63 - - - 4.23 1.39 - - - -
204Ser  7.98 113.35 - - - 4.32 3.89,3.86 - - - -
205Gly  8.13 110.16 - - - 3.87,3.96 - - - - -
206Leu  7.89 121.02 - - - 4.2 144,143 1.34 0.74,0.81 - 7.23
207Phe  8.07 119.02 - - - 4.53 2.97,3.12 - 7.18 7.29 -
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Appendix C Chemical shift assignments of hMBD1 CXXC1. Cheahishifts are given in p.p.m, no chemical shifticades unassigned or

unobserved resonances

Residue H N NE NZ NH HA HB HG HD HE HZ
208Cys  8.13 120.23 - - - 4.38 2.71,2.78 - - - -
209Lys  8.15 123.48 - - - 4.19 1.58,1.65 1.36,1.37 1.58,1.582.90,2.90 -
210Cys  8.56 125.58 - - - 3.87 2.91,2.30 - - - -
211Glu  9.31 112.13 - - - 3.8 2.27,2.10 2.48,2.70 - - -
212Arg  9.09 119.51 - . - 4.35 2.06,2.11 1.83,1.83 3.29,3.24 - -
213Arg 7.54 11439 83.8 - - 4.66 1.42,2.381.91,1.29 3.11,3.11 6.83 -
214Arg  6.77 120.46  84.52 - - 4.04 1.63,1.771.51,1.84 3.15,3.19 6.67 -
215Cys  8.23 126.72 - - - 3.89 2.98,2.76 - - - -
216Leu  9.08 110.46 - - - 4.31 1.78,1.84 2.11 0.98,1.15 - -
217Arg  9.33 121.68 - - - 4.38 1.95,1.81 1.69,1.58 3.31,3.28 - -
218lle 7.54 121.04 - - - 4.15 1.85 1.12,1.50,0.850.82 - -
219val  8.17 124.39 - - - 4.1 2.02 0.89,0.90 - - -
220Glu  8.47 124.99 - - - 4.29 1.92,2.01 2.20,2.25 - - -
221Arg  8.35 122.82 - - - 4.39 1.75,1.88 1.62,1.62 3.17,3.17 - -
222Ser  8.04  123.13 - - - 4.24 3.83,3.84 - - -
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