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Abstract

Gene silencing is a stable and heritable form of repression of gene
expression that is thought to be mediated by higher order chromatin structures.
This thesis consists of two separate studies on gene silencing. The first chapter
deals with X chromosome inactivation which is a particular case of gene
silencing where almost all the genes one X chromosome are inactivated early in
the development of female mammals. The Xist gene is a candidate gene for
contralling X chromosome inactivation because the Xist gene resides on the X
chromosome near the XIC (X inactivation center) and is expressed from the
inactive X in female somatic cells. Chapter | describes an investigation of the
expression of Xist in diploid P10 female embryonal carcinoma cells that have two
active X chromosomes. The transcripts expressed from Xist alleles in P10 cells
could be distinguished by restriction enzyme digestion of their cDNAs. It was
found that both alleles Xist are expressed; thus, Xist transcripts are expressed
prior to X chromosome inactivation and are not always derived from the inactive
X chromosome. Therefore, Xist expression per se cannot be a sufficient signal
to inactivate an X chromosome.

The second chapter is a study of CHD-1, a mouse protein with two
chromodomains, a helicase/ATPase domain, and a DNA binding domain. The
chromodomain connects CHD-1 to gene silencing because the chromodomain,
also present in the Drosophila proteins HP-1 and Polycomb, is required for the
gene silencing function of these proteins. Therefore, CHD-1 was further
examined in Chapter Il. In part A of Chapter il, the finding that CHD-1 was
associated with the nuclear matrix, a protein structure in the nucleus, is
reported. Part B of Chapter Il describes a study investigating proteins that
interact with the chromodomain of CHD-1 in a yeast two hybrid screen. One of
the protein identified as interacting with CHD-1 was N-CoR which is a protein
that is associated with histone deacetylation. Since deacetylated histones are
associated with chromatin containing silenced genes, it was concluded that
CHD-1 can function in gene silencing as part of a complex with histone
deacetylase.
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General Introduction

Only a subset of genes are expressed in a cell at any particular time and the
rest of the genome is in a silenced state. Silenced genes remain stably
repressed throughout the life of the cell and through cell division. The heritable
nature of gene silencing is a defining characteristic (104). Silenced genes are
also associated with a condensed chromatin structure called heterochromatin
whereas the decondensed structure in euchromatin structure is associated with
active genes (104). In addition, regions of silenced DNA are often methylated
and the surrounding chromatin is deacetylated; in contrast to active genes which
are associated with demethylated DNA and acetylated chromatin (115) (12).

This thesis examines two types of gene silencing: X chromosome inactivation
and the maintenance of developmentally regulated gene expression. X
chromosome inactivation involves the inactivation of almost all the genes on a
single X chromosome. In female mammals one X chromosome inactivates early
in the developing embryo. Once the X chromosome is inactivated is remains
silent in daughter cells after cell division. In addition, in female cells there exists
both an active X chromosome and an inactive X. Therefore, the inactive X is
exposed to the same transcriptional regulatory proteins as the active X but
remains stably inactive (70).

The maintenance of gene expression patterns in the developing embryo also
involves gene silencing. In Drosophila, a specific pattern of gene expression is
established in each segment. The Polycomb group of genes were required for
maintaining this pattern of expression, though these protein do not contribute the
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establishment of the expression pattern (52). One protein in the Polycomb
complex is the Polycomb protein, Pc. Pc shares with another Drosophila protein,
HP-1, a protein domain cailed the chromodomain (95). HP-1 is heterochromatin
protein involved in position effect variegation (38). Position effect variegation
occurs when a gene translocates to a region of heterchromatin and be comes
silenced. Therefore, the chromodomain is domain associated with gene
silencing. The second chapter of this thesis examines a mammalian
chromodomain protein, CHD-1.

Although, the two chapters of this thesis are separate studies, they share the

common theme of gene silencing.

11



Chapter I:

Xist and X chromosome inactivation in female embryonal carcinoma cells
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Introduction
The first chapter of this thesis examines X chromosome inactivation. In

mammals, males (XY) inherit only the maternal X chromosome whereas females
(XX) inherit X chromosomes from both parents. Although female mammals have
twice the number of X-linked genes, the level of expression of these genes is the
same in males and females since the genes on one of the X chromosomes are
inactivated in female somatic cells (68). The inactive X chromosome remains
transcriptionally inert through many cell divisions and may be maintained in this
state by DNA methylation of genes on the inactive X (for reviews see (43), (44)).
Hence, X chromosome inactivation in female mammals is an example of gene
silencing.

In early female embryos, both X chromosomes are active until the early
blastocyst stage when X inactivation is first detected (39) (60). X chromosome
inactivation takes place in all cells of the female mouse embryo between days
5.5 to 8.5 post-coitum (100) (111). Inactivation is thought to initiate at a unique
site on the X chromosome called the X inactivation center (Xie/XIC; (19) 1 (101),
for review see (22)). Once X inactivation has been initiated it spreads along the
X chromosome in cis (43) (70). The inactivation of either the maternally or
paternally-inherited X chromosome is random in cells of in the inner cell mass
that give rise to the embryo proper. However, the paternal X chromosome is
preferentially inactivated in cells of the primitive endoderm and trophectoderm
(111) (111) (120). The timing of X chromosome inactivation in the embryo
seems to coincide with tissue differentiation (82).
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The human XIC was localized using naturally occurring human X
chromosome mutations combined with somatic cell hybrid technology (21). The
XIC was defined as the minimal segment of the X chromosome that could still
induce X chromosome inactivation (21). Therefore, genes that affect X
inactivation could be isolated from the XIC. Brown et al. cloned one such gene
derived from the human XIC, XIST (21) (19). They found that XIST transcripts
were expressed from the inactive X but not the active X chromosome in female
somatic cells, which is opposite to most X-linked genes. An XIST homologue in
mouse, Xist, was also cloned (15) (17). Murine Xist is also expressed exclusively
from the inactive X chromosome in female somatic tissues (18) (17) (15) and in
male germ cells that also inactivate their X chromosomes (76) (103) (105).
Furthermore, the Xist transcript was found in the nucleus associated with the
condensed inactive X chromosome (20) (18). Hence, it was proposed that the
Xist gene has a role in controlling X chromosome inactivation.  The XIST/Xist
mRNA is 15 kb in mouse and 17 kb in humans but contains no long open
reading frame with no protein coding potential (18) (20). Regions of homology
between the mouse and human genes are highest in repeated sequences with
low protein coding potential. It was hypothesized that Xist/XIST either functions
as an RNA molecule or as a sterile transcript where transcription through that
region of the genome results in a change in DNA structure that favors
inactivation (18) (20). Furthermore, Xist expression was shown to precede X
chromosome inactivation in the female mouse embryo (58). Therefore the timing
of Xist expression is also consistent with the idea that Xist may play a role in

14



initiation of X inactivation.

Embryonal carcinoma (EC) cells resembie cells of the early embryo. Female
EC cells with two X chromosomes may bear two active X chromosomes or one
active and one inactive X chromosome (69) (74) (71). We examined Xist
expression in the P10 line of female EC cells that have two active X
chromosomes. . P10 cells can be induced to differentiate with retinoic acid. This
differentiation is accompanied by inactivation of one X chromosome in each cell
(74) (96). Xist expression was examined in P10 cells in the study described in
Chapter | of this thesis. These results were also published in a paper in 1994
(110). Northern blots show that Xist is expressed prior to X chromosome
inactivation, which confirms the finding published by other using female embyos
(58). In addition, expression of Xist increases in differentiating cells undergoing
X chromosome inactivation.

P10 cells were made using embryos derived from a cross between a female
Mus musculus mouse and a feral Danish male mouse. Therefore, P10 female
embryonic carcinoma cells are heterozygous for many genes including Xist. The
two Xist alleles in P10 cells contained Restriction Length Polymorphisms (RFLP)
which were used to identify which allele of Xist was expressed. Chapter | of this
thesis as well as Tai et al. (110) describe experiments | did using Reverse-
transcription polymerase chain reaction (RT-PCR) to monitor expression of the
Xist. The RT-PCR products were digested with Hae Ill or Hind |l whose
recognition sites were present in one allele of Xist but not the other. The results
indicate that Xist expression prior to X chromosome inactivation bi-allelic
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(expressed from both X chromosomes). This was a novel finding at the time |
published this study (110) that challenged existing models for Xist function.
Subsequent studies from other labs (9) (92) confirmed my results. Instead of
RT-PCR used in my work, these newer studies employed allele-specific probes
for RNA-FISH to ailow for the detection, in single cell, of Xist transcripts derived
both alleles.

Previous to the publication of my studies and others which showed bi-allelic
expression; it was the induction of Xist expression that triggered the inactivation
of the X chromosome from which the Xist transcript derived. Bi-llelic expression
ox Xist in cells with two active X chromosomes indicate that the control of X
chromosome is more complicated. Work done by Sheardown et al (107) and
Panning et al. (92) show that Xist transcripts derived from the future active X
chromosomes are selectively degraded. On the other hand, the Xist transcript
from the inactive X is stabilized and becomes physically associated to the
inactive X. Therefore, Xist expression is controlied by degradation of the Xist
transcript.

There has been some controversy concerning how Xist transcript degradation
is regulated. One study shows the presence of transcripts containing different &'
ends using RT-PCR (107). This result was thought to indicate the presence of
early (Po) and late (P1/2) promoters driving Xist transcript expression.
Transcripts driven by the Po promoter were found to be less stable than
transcripts driven by P1/2. They hypothesize that switching from Po to P1/2 is
what triggers Xist transcript degradation. However, others have found that there

16



is an antisense transcript that overlaps with the Xist gene, Tsix. The 3’ end of
the Tsix gene is the same as the &' end of Xist (118). These authors claim that is
evidence against the Po promoter. At present, it is still unclear how Xist

degradation is achieved.

17



Materials and Methods

Cell lines and culture conditions. P10 cells were maintained in alpha medium
(Gibco) supplemented with 10% fetal bovine serum (Hyclone) and cultured on a
layer of irradiated STO fibroblast teeder cells (74). P10 (X*O) and P10 (OX") are
clones derived from P10 cells in which the maternal or paternal X chromosome
has been lost. These cells are maintained in the same media supplemented with
leukemia inhibitory factor (LIF, (122)) and on culture dishes without STO feeder
firoblasts. Cultures of P10 cells can become overgrown with cells that have lost
an X chromosome. To ensure that a cuiture was comprised of populations in
which each cell had two X chromosomes, P10 cells were plated at low density
and colonies grown up from single cells. The alleles of the X-linked
phosphoglycerate kinase gene (Pgk-1) in P10 cells differ at a single nucleotide in
their coding regions (14) which results in two PGK-1 isoforms that migrate
differently on cellulose acetate electrophoresis (26). Colonies were cut in half
and one half was used to assay for the presence of two Pgk-1 alleles by
cellulose acetate electrophoresis and the other haif passaged to 24-well plates.
Colonies of cells that had both Pgk-1 alleles were expanded for use.

C86 (XX) cells are female embryonal carcinoma cells that contain one active
and one inactive X chromosome (71) and were maintained in alpha medium with
10% fetal bovine serum.

To induce differentiation, P10 cells are piated at a density of about 3 X 10°

cells/150mm culture dish without STO feeder cells. 24 h later retinoic acid (RA)

18



was added at a concentration of 10nM or 100nM. The media was replaced

every 2 days.

Northern blot analysis. Total RNA was prepared by the guanidinium
isothiocyanate procedure (27) and was electrophoresed in 0.7% agarose gels
containing 1.1M formaldehyde. The RNA was electroblotted to sheets of Hybond
N (Amersham) using a sandwich apparatus run at 100V for4 hin 1X TAE
(10mM Tris, pH7.5, 5mM sodium acetate, 0.5mM EDTA) with cooling. Blots
were hybridized to [32P]-|abeled DNA probes. Hybridizations were done at 42°C
in a buffer containing 50% formamide, 5X Denhardt's solution, 5X SSPE (1X
SSPE = 10mM sodium phosphate, 0.15M NaCl, 1mM EDTA, pH 7.4), 1% SDS
and 100mg/mi denatured saimon sperm DNA. Washes were performed twice in
oX SSC/0.1% SDS at room temperature for 15 min and twice in 0.2X SSC/0.1%

SDS at 65°C for 15 min.

Probe DNAs. A 600bp Xba | fragment of the Xist cDNA 3" end was used as a
probe (15). The Pgk-1 probe was a 1.7 Eco RI fragment of the mouse Pgk-1
pseudogene called B13 (2). The Endo A probe was a 2.2kb Eco R | fragment of
the processed pseudogene (116). The Oct-3 probe was a 220 bp Ava llI-Eco RI
fragment from the cDNA (89). DNA was labelled with [a-2P]dCTP by random

primed replication.

Genomic DNA preparation. Cells were extracted in 10mM Tris, pH8.0, 10mM
19



EDTA, 10mM NaCl, 0.5% SDS with 50mg/mi Proteinase K at 55°C overnight.
DNA was then extracted gently once with phenol and twice with

chloroform:isoamyalcohol (24:1).

Polymerase Chain Reaction (PCR) conditions. PCR ampilification of genomic
DNA was with 2.5units/100u! Taq polymerase (BRL) in BRL Taq buffer (with
2.0uM MgCl, and 1mg/mi BSA, 200uM dNTPs) and 0.25mmol primers for 30

cycles (95°C for 40 sec, 55°C for 1 min, 72°C for 2 min) in the thermai cycler (MJ

Research).

Reverse Transcription - Polymerase Chain Reaction (RT-PCR). Total RNA
was treated with RNase-free DNase (0.02U/mg RNA, BRL) for 10min at room
temperature before reverse transcription. 2mg of total RNA was reversed
transcribed with Moloney murine leukemia virus reverse transcriptase (200U/mi,
BRL) for 1hr at 37°C using 10pmol of specific primers. For each sampie of RNA
a control experiment was carried out in parallel omitting the reverse transcriptase
(-RT). One fiftieth of the CDNA or -RT was used for PCR ampilification with Taq
polymerase (BRL). PCR conditions were the same as above. RT-PCR products
were analyzed on a 1% agarose gel. Gels were blotted by capillary transfer and

probed with labelled PCR product.

Sequencing. Genomic DNA ampiified using PCR with primers containing Bam

20



HI restriction enzyme recoghnition sites was subcloned into Bluescript
(Stratagene). Double stranded sequencing was done using dideoxy chain
termination and [SSS]dATP (Amersham). The sequencing reactions were done

using a Pharmacia kit with universal primer.

Restriction Fragment Length Polymorphism (RFLP) analysis. PCR or RT-
PCR products were digested with restriction enzymes Hae Iil or Hind Ili.
Digested DNA was electrophoresed on 5% polyacrylamide mini-gels. Gels were
electroblotted in a sandwich apparatus at 100V for 1h in 1X TAE (10mM Tris,
pH7.5, 5mM sodium acetate, 0.5mM EDTA) with cooling. Blots were hybridized

with labelled PCR product.
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Results
A) P10 cells express Xist

Northern blots of total RNA from female somatic tissue was probed with the
7' end of the Xist cDNA and showed a smear of hybridizing material along with
two bands of approximately 14.3 and 11.8kb (Figure I.1.1a, lane 2). No
hybridization to RNA from male somatic tissue was evident. These results are
similar to those of Borsani et al. (15) and Brockdorff et al. (17) and are
consistent with Xist expression from the inactive X chromosome. We examined
Xist expression in P10 female embryonal carcinoma celis with two active X
chromosomes. The two Xist transcripts were present in these P10 cells (Figure
I.1a, lanes 3 and 13). Because both X chromosomes are active in P10 cells,
this result indicates that expression was not strictly associated with the inactive X
chromosome.

Reverse Transcription-Polymerase Chain Reaction (RT-PCR) cenfirmed the
results obtained with northern blots. Figure |.2a shows RT-PCR ampilified Xist
transcripts from P10 cells (Figure 1.2a, lane 1). Because the amplified region
was present in the last Xist exon, we carried out the reaction with (+) and without
(-) reverse transcription to ensure that the 397bp signal derived from cDNA and
not contaminating genomic DNA. RT-PCR of Xist transcripts was also done with
primers that spanned the spliced region of the Xist gene from the 3' end of the
first exon to the 5' end of the last exon (Figure 1.2b). The 601bp PCR product
from P10 cells with two active X chromosomes (Figure 1.2b, lane 1) indicated

that these cells expressed spliced transcripts of the Xist gene.
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C86 (XX) is female embryonal carcinoma cell line with one active X
chromosome and one inactive X chromosome (71). This cell expresses Xist
(Figure 1.1a, lane 8; Figure |.2a lane 6); Figure 1.2b, lane 6) whereas the male
embryonal carcinoma cell line, P19 (XY), did not (Figure l.1a, lane 11).
\rradiated STO fibroblasts, which were used as feeder cells in P10 cell cuitures

did not express Xist (Figure .13, lane 12).

B) Xist expression is increased with X chromosome inactivation
P10 cells differentiate when exposed to retinoic acid (RA). This

differentiation is accompanied by inactivation of one of the X chromosomes in
each cell 3-4 days following RA treatment (36). Figure |.1a shows that Xist
transcript levels increased after RA treatment. The biggest increase in level of
Xist occured between 1 and 3 days after RA (Figure I.1a, lanes 4 and 5) when X
inactivation occurs. The experiment was repeated with a 10 fold higher dose of
RA (Figure I.1a , lane 14). When Xist expression was normalized to loading
controls (Figure 1.1b), transcripts were found to increase 6.5 fold after 10nM RA
treatment (Figure |.1a, lane 3 versus lane 5) and 16 fold after 100nM RA
treatment (Figure |.1a, lane 13 versus lane 14) reflecting the more efficient
induction of differentiation induced by the higher dose of RA (see below).
Hybridization to the 14.3kb transcript was 2-5 fold more intense than the 11.8kb
band in differentiated cells (Figure l.1a, lanes 5-7), whereas in undifferentiated
cells with two active X chromosomes (lane 3) aimost equal amounts of the two

transcripts were present.
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To confirm that P10 cells were differentiated with RA in these experiments the
expression of two genes, Endo A and Oct-3, was analyzed using northern blots.
Endo A encodes a cytokeratin and is expressed in visceral and parietal
endoderm but not in undifferentiated embryonal carcinoma cells (116). Endo A
expression in P10 cells increased with RA induced differentiation (Figure I.1c).
Oct-3 is a transcription tactor expressed in embryonal carcinoma cells but
down-regulated after RA induced differentiation (89). Figure I.1d shows that
Oct-3 is expressed in all the embryonal carcinoma cell lines analyzed but not in
adult tissue or STO fibroblasts. In P10 cells the level of Oct-3 transcripts is
diminished after RA induced differentiation but only at the higher dose of RA
(Figure 1.1, lane 14). These data show that P10 cells had characteristics of
undifferentiated embryonal carcinoma cells and differentiated into an

endoderm-like cells after RA treatment (96).

C) Both alleles of Xist are expressed
We further examined the expression of Xist in P10 cells to determine

whether the Xist transcript was derived from one X chromosome or both. To do
this the paternal and maternal alleles of Xist had to be distinguished. The P10
cell line was derived from an embryo obtained from a cross between a male
mouse carrying an X chromasome originating from a feral Danish animal (26)
and a female Mus musculus. Thus, a number of allelic differences exist between
maternal and paternal X-linked genes in P10 cells. To characterize

polymorphisms we made use of clones of P10 cells that had lost an X
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chromosome: P10 (X*O) and P10 (OX") are clones that have retained the
paternal or the maternal X chromosome respectively. Genomic DNA from P10
(X"0) and P10 (OX") cells amplified with primers exA and exB (Table |.1, Figure
.3a) yielded a 397bp fragment that was digested with Hae lll. This revealed a
polymorphism allowing us to distinguish paternal and maternal Xist alleles (V.
Chapman, personal communication and Figure 1.3a). The maternal Xist allele
yielded Hae lil fragments of 72, 140, 185 bp (Figure 1.3b , P10 (OX") lane C)
while the paternal allele resuited in two bands of 72 and 325 (Figure 1.3b, P10
(X°0) lane C). Sequencing of the two alleles revealed a 15bp deletion in the
paternal allele from P10 (X:O) that encompassed the Hae Il site that digests the
325bp fragment into 140bp and 185bp fragments (Figure 1.3a).

The Hae Ill RFLP was then used to analyze RT-PCR products to see if the
expression of Xist prior to X chromosome inactivation was derived from both X
chromosomes. P10 cells used in our experiments are clonal cell lines derived
from a single cell (74). RNA was isolated from three P10 (XX) subclones and
reverse transcribed as described in Figure 1.2. These cDNAs were amplified with
primers exA and exB. RNA preparations that were not reverse transcribed were
also subjected to PCR with the same primers but no PCR product was present
indicating that there was no genomic DNA contaminating these RNA
preparations. The amplified RT-PCR products were then digested with Hae 1,
electrophoresed, blotted and hybridized for Xist sequences. Four bands of 397,

325. 185, 140 bp were in the RT-PCR products from each of the P10 (XX) cell
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lines (Figure 1.3c, -RA samples). The predicted band of 72bp was not detected
likely because it failed to adhere to the membrane. The band at 397bp
represented undigested DNA. The band at 325 bp derived from cONA of the
paternal allele (which lacks the Hae ili site). Bands at 185 and 140 are the
digested fragments from the cDNA of the maternal Xist allele. The results
indicate that both Xist alleles were expressed in undifferentiated P10 cells.

A second Xist polymorphism was investigated. A Hind Il site is present in
exon 5 of the maternal but not the paternal Xist allele ((22), see Figure |.4a).
cDNA from P10 (XX) cells was amplified with primers spA and spB and the
601bp product digested with Hind il C86 (XX) cells yielded 3 bands of 320,
204, 77 bp (Figure 1.4b). Undifferentiated P10 (XX) cells yielded four Hind Ili
fragments of 397, 320, 204, 77 bp (Figure 1.4b, -RA). The paternal allele of P10
(XX) cells lacks the Hind Il site that cut the 397 bp fragment into 320 bp and 77
bp (Figure l.4a). The presence of the four bands indicates that both aileles of
the spliced Xist transcripts were present in undifferentiated P10 cells.

In the experiment shown in Figure 1.4b, the 320 and 77 bp bands from P10
cells were less intense than expected. In other experiments we noticed that the
relative abundance of the 320 and 77 bp DNAs varied slightly but never
exceeded the intensity of the bands at 397 and 204 bp. We suspect that there is
a slight bias in amplification of the cDNA products from the two alleles and that
the higher intensity of the 397 band is not indicative of preferential expression of

this allele. No difference in allele abundance was detected with the Hae lli
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polymorphism shown in Figure 1.3c.

Both Hind I1l and Hae 111 polymorphisms of Xist cDNAs indicate that both
alleles were expressed in undifferentiated P10 (XX) cells. Both Xist alleles were
also expressed in cultures of RA treated P10 (XX) cells (Figures 3c and 4b,
+RA). Since each cell in these differentiated cultures could have randomly
inactivated either X chromosome (74), the population would be expected to

consist of equal numbers of cells expressing each Xist allele.

D) Xist is not expressed in P10 cells that have lost an X chromosome
P10 cells that had spontaneously lost an X chromosome were examined for

Xist expression. RNA from P10 (X*0) and P10 (OX") were probed for Xist.
Figure |.1a shows that P10 (X°O) and P10 (OX~ cells do not contain Xist
transcripts. P10 (X*O) and P10 (OX") cDNA did not give amplified products with
primers for Xist (data not shown). Thus, P10 cells with two active X
chromosomes express Xist but that expression is ost in cells that have lost one

or the other of the X chromosomes.
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Table and Figures
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Table 1.1: Oligonucletide primers

exA
exB
exC
spA
spB

spC

Nucleotide

primer
location

TTAGGATCCAGACTGCCCTGAGAAATAATC exon 6

CCTTCTTGGTCTTGGGGATAG

CCCGGATCCTGCATTAGTGACCTAGTTT
CCCGGATCCCTCTGGCTGTTTAGACTACA
TTAGGATCCGTAATATTTGGTAGATGGCA

GGCATGTTGATCCTCGGGTC

axon 6
exon 6
exon 1
exon 6

exon 6

sequence(5™-3')
number’

11723
12004
13484
9473

10083

10186

*5' nucleotide numbers refer to Brockdorff et al., 1992 (19)

underlined sequences indicate Bam HI restriction site extension
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Figure I.1. Northern blots of RNA showing Xist expression as two large
transcripts from P10 cells. Each lane contains 20mg of total RNA from 1) male
and 2) female C3H mouse adult kidney; 3) P10 female embryonal carcinoma
(EC) cells; P10 cells incubated in 10nM retinoic acid for 4) 1 day, 5) 3 days, 6)
5 days, 7) 7 days; 8) C86 (XX) female EC cells; 9) P10 (X°0) EC cells; 10) P10
(OX™) EC cells; 11) P19 (XY) EC cells; 12) STO feeder fibroblasts; 13) P10 cells;
14) P10 cells incubated in 100nM retinoic acid for 11 days; 15) P10 (X°0);16)
P10 (X°O) incubated in 100nM retinoic acid for 11 days. Blots were probed with
a) Xist, b) Pgk-1, ¢) Endo-A and d) Oct-3. The arrows in panel a indicate the
two large Xist transcripts.

30



«397

<601




Figure 1.2. RT-PCR analysis shows Xist expression in P10 cells. Total RNA
used for RT-PCR was from 1) P10 EC cells; P10 cells incubated in retinoic acid
for 2) 1 day, 3) 3 days, 4) 5 days, 5) 7 days; 6) C86 (XX) EC cells; 7) female
and 8) male adult kidneys; C) negative control (no DNA). a) Primer exC was
used for cDNA synthesis followed by PCR with primers exA and exB. A 397bp
product was amplified from exon 6 of the Xist gene. b) Primer spC was used for
cDNA synthesis followed by amplification with primers spA and spB. The 601bp
amplified product derived from Xist RNA from which all 5 introns had been
spliced. The RT-PCR products were run on a 1% agarose gel. Lanes labeled
"+ contained samples subjected to ampiification following reverse transcription
while the lanes labeled "-" contained RNA that had not been reverse transcribed
as a control for contaminating DNA. M= marker (1kb ladder from BRL).
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Figure 1.3. Hae lll restriction fragment length polymorphism in Xist cDNAs
indicate that P10 cells express Xist from both X chromosomes in P10 cells. a)
Schematic diagram of the 397bp region from Xist exon 6 amplified by PCR using
exA and exB primers (Table 1.1). Genomic DNA from P10 (X*O) was used to
amplify the paternal allele (X°) and genomic DNA from P10 (OX") was used to
amplify the maternal allele (X). The sequences of these Xist alleles around the
15 base pair deletion in exon 6 of the paternal allele are shown. The deletion
includes a Hae Il restriction enzyme site which is underlined in the sequence of
the maternal allele. The sizes if the Hae Il fragments of the maternal allele are
shown above the line. b) Characterization of Hae lil Xist polymorphism.
Genomic DNA from P10 (XX), P10 (X*O), or P10 (OX") was amplified using
primers exA and exB and the products digested with Hae lll and run on a 5%
polyacrylamide gel. U=uncut, C=cut with Hae Ill, M=marker. The labels on the
right indicate the expected fragments. c) RNA from three P10 (XX) subclones
were prepared from undifferentiated (-) cells or from cultures treated for 11 days
with 100 nM RA (+). This RNA was reverse transcribed and amplified as
described above, digested with Hae lll, run on a 5% polyacrylamide gel,
electroblotted and probed with the Xist cDNA. Distinct bands of 325bp, 185bp,
and 140bp indicate the presence of both Xist transcripts in each RNA sample.
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Figure 1.4. Hind Ill restriction fragment length polymorphism indicates
expression of Xist from both X chromosomes in P10 cells. a)Schematic
diagram of the 601bp region of Xist cDNA amplified using spA and spB primers
(Table 1.1). The 601bp product is spliced without introns. The boundaries
between exons is shown. The sequence around the polymorphic Hind Il site is
shown (16). The sizes of the Hind il fragments from the maternal allele are
shown above the line. b) Total RNA was isolated from undifferentiated P10
(XX) cells (-RA), P10 (XX) cells treated for 11 days with 100nM RA (+RA), or
€86 (XX) cells. This RNA was reverse transcribed and amplified as described
above. The DNA products were digested with Hind lll, run on a 5%
polyacrylamide gel and visualized following ethidium bromide staining. The
expected fragments are indicated on the right. The presence of bands of
397bp, 320bp, and 77bp in samples of cDNA from P10 cells indicates the
expression of both Xist alleles in these cultures. U=uncut, C=cut with Hind lll,
M=marker.
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Discussion

The results presented here show that Xist transcripts are present in P10
female embryonal carcinoma cells with two active X chromosomes and that the
Xist genes on both X chromosomes are expressed. Studies from other labs
with somatic tissues and male germ cells demonstrated that Xist transcripts
were only detected in cells carrying an inactivated X chromosome. The results
of Chapter |, on the other hand, show that Xist expression is not exclusively
derived from inactive X chromosomes in embryonic cells. The implication is that
the activation of Xist expression alone does not induce X chromosome
inactivation.

However the expression of both Xist alleles detected in P10 cell cultures
could have derived from subpopulations of cells that spontaneously
differentiated and inactivated one X chromosome. We think this interpretation is
unlikely. The level of Xist transcript in undifferentiated P10 cells is at least
10-20% of that present in C86 (XX) cultures with an inactive X chromosome in
each cell. Cultures of P10 cells do not contain any cytologically detectable
inactive X chromosomes (96) and the population of cells in these cultures
expressing a differentiated cell marker (Endo A) is less than 5%. In addition,
our experiments were performed with freshly cloned populations of cells that
had been in culture less than 3 weeks. Thus, it seems unlikely that the Xist
expression observed could derive from a differentiated subpopulation within the
P10 cultures.

In female mouse embryos X inactivation first occurs in the trophectoderm
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and the paternal X chromosome is preferentially inactivated (93) (111). Xist
expression in embryos was first detected from the paternal allele before X
inactivation had occured (57). Thus, Xist expression appeared to precede X
inactivation and its paternal-specific expression suggests a role for Xist in
realizing preferential paternal inactivation in trophectoderm. P10 cells are
thought to be derived from the embryonic ectoderm region of the embryo in
which either the maternal or paternal X chromosome can inactivate. If the
resemblance of P10 cells to embryonic ectoderm holds, our results suggest that
both Xist alleles are initially active in each cell of the embryonic ectoderm of
female embryos prior to X inactivation. The abundance of the Xist transcripts
increased in differentiating P10 cells at the time when these cells were
undergoing inactivation of one X chromosome. Whether this increased
expression is causally involved with X inactivation is not yet clear

Clones of P10 cells that had spontaneously lost an X chromosome, P10
(X*0) and P10 (OX"), fail to express Xist from the remaining allele suggesting
that Xist expression is regulated by the ratio of X to autosomal chromosomes.
in Drosophila and in nematodes the X:autosome ratio determines sexual
characteristics and dosage compensation of X-linked genes (6) (50). The
X:-autosome ratio in Drosophila appears to be determined in early embryos by
dimerization of transcription factors of the basic helix-loop-heiix (bHLH) type
(94). By analogy, the loss of Xist expression in P10 (X°0) and P10 (OX") cells
may be dependent on the reduced proportion of bHLH factors encoded by

X-linked genes.
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In subsequent studies in other labs Xist expression was confirmed to be
expressed in embryonic cells from both X chromosomes prior to X inactivation in
experiments in another lab (92). There is selective degradation of Xist
transcripts derived from the X chromosome that will remain active (92) (107).
The stabilized Xist transcript derived from the inactive X coats one of the X
chromosome in cis and this intimate association of the Xist transcript and the X
chromosome is part of the mechanism for X chromosome inactivation (28) (92)
(107). This is also further evidence that Xist encodes a functional RNA
molecule.

The Xist transcription initiation site further characterized using RTPCR
(107). Evidence from these studies indicated the presence of two promoters,
early expression of Xist is initiated from the P, promoter and later expression is
stimulated from the P,/P, promoter. The switch from the P, promoter to the P,/P,
occurred on only one X chromosome leading to the stabilization of the Xist
transcript derived from that chromosome. However, there is some controversy
concerning the existence of the P, promoter as another gene, Tsix, was found
that overlaps Xist in the antisense orientation (65). The 3’ end of the Tsix
transcript coincides with the P, promoter (118). The Tsix transcript also has no
open reading frame and is thought to function as a RNA molecule like Xist (65).

Deletions of the Tsix gene indicate that it is involved in the choice of which X
chromosome inactivate (65) (35). At present, it is unclear if Tsix has a role in
the degradation of the Xist transcript. Further studies are needed to elucidate

the mechanism of Xist transcript degradation.
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Observation made by others have confirms the results presented in the first
chapter of this thesis that Xist is expressed prior to X chromosome inactivation.

In addition, evidence presented in Chapter | that Xist expression is bi-allelic has

also been confirmed.
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Chapter li:
A study of the CHD-1 protein
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Introduction
A) Chromodomain proteins and gene silencing

The maintenance of gene expression patterns established during
development is another type of gene silencing. The silencing of homeobox
genes in Drosophila is an example of this type of gene silencing. After
segment-specific expression of homeotic genes is initiated early in Drosophila
development, the repression of homeotic gene expression in the inappropriate
segments is maintained by the Polycomb group of genes. Mutations in the Pc
protein result in the loss of repression of homeotic gene expression and ectopic
expression of posterior phenotypes was observed inappropriately in anterior
segments as would be predicted (54). The repression of homeotic genes is
classified as gene silencing since the regions of repressed chromatin
established by the Polycomb group are stable throughout development and are
passed on to subsequent cell generations (98).

The chromodomain was first described as a domain of homology between
the proteins Polycomb (Pc) and HP-1 (95). The Pc protein is one of a complex
of proteins called the Polycomb group (54). HP-1 is another protein with a
chromodomain and it is also involved in gene silencing in a separate
phenomenon, position effect variegation in Drosophila (38). Position effect
variegation occurs when a gene is transposed to heterochromatin containing
inactive genes. The translocated gene is usually an eye color gene whose gene

product is easily measured. The repressive nature of heterochromatin in this
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region spreads to the translocated eye color gene. The spreading of
heterochromatin, however, varies giving rise to cells that either express eye
color or not. The result is the development of eyes with variegated color. A lot
of heterochromatin spreading gives rise to fiies with eyes that have very few
patches of color; conversely, little heterochromatin spreading results in eyes
with many patches of color. This phenomenon is known to be regulated by a
number of proteins which when mutated either increase or decrease the spread
of heterochromatin and hence the amount of eye color. For example, loss-of-
function mutations in theSu(var) 2-5 gene encoding the protein HP-1, result in
more eye color and gain-of-function mutations result in less eye color (38). The
behavior of HP-1 is consistent with it being a repressor of gene expression.
The chromodomain is a stretch of 37 amino acids (a.a.) from a.a. 26 to 62 in
Pc and a.a. 24 to 60 in HP-1 (95). 65% (24/37) of amino acids are identical and
7/37 are conservative changes between the two proteins. Chromodomain
mutations in Pc and HP-1 result in proteins that do not mediate gene silencing
indicating the importance of this domain. The presence of a chromodomain in
two proteins that were involved in two different gene silencing phenomena not
only indicates a role of the chromodomain in gene silencing but also that the
mechanism of silencing is similar. The chromodomain has subsequently been
found to be present in a variety of genes in plant and animal organisms (108)

which further underlines the importance of the chromodomain.
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B) CHD-1, a mouse protein with two chromodomains

Since chromodomain proteins in Drosophila were associated with gene
silencing it was of interest to find out if mammalian chromodomain proteins were
also involved in gene silencing. This thesis describes a study the mammalian
chromodomain protein, CHD-1. The CHD-1 protein is classified in a group of
chromodomain proteins, those with two chromodomains near the
amino-terminus (1). CHD-1 was subsequently found to be part of a family of
CHD proteins that share the signature domain structure of two Chromodomains,
a Helicase domain, and a DNA binding.

The chromodomain of other proteins indicated a role in protein-protein
interactions. Pc and HP-1 are localized to distinct regions on polytene
chromosomes. In an experiment where the chromodomains of Pc and HP-1
were exchanged it was found that the chromodomain determines the location of
binding on polytene chromosomes, i.e. the Pc bound to the HP-1 polytene
chromosome site if it had the HP-1 chromodomain (78) (99). The interpretation
is that the chromodomain determined the location of the protein on the polytene
chromosome through specific protein interactions.

The NMR structure of the chromodomain of the MoMOD1 protein, a mouse
homolog of HP-1, supports the hypothesis that the chromodomain is involved in
protein interactions. The chromodomain consists of an amino-terminal
three-stranded anti-parallel B sheet folding against a carboxy-terminal a helix

(7). This structure is similar to the DNA binding domains from the archebacterial

41



proteins Sac 7d and Sso 7d. The particular charge distribution for the binding
to the major groove of DNA is not present in the chromodomain so the proposed
function of the chromodomain is not to bind DNA but rather to bind other
proteins.

The studies described above support a role for the chromodomain in protein-
protein interactions. Identification of proteins that interact with the
chromodomain would not only confirm the protein-binding property, but the
function of the chromodomain might be elucidated if the interacting proteins
have established functions. This is because the chromodomain would likely
have a role in the function of the proteins it interacts with. Therefore a search

for proteins that interact with a chromodomain was done as part of this thesis.

C) CHD-1 has a helicase/ATPase domain

CHD-1 also has a helicase/ATPase domain that is homologous to the
SWI2/SNF2 protein in yeast. The SWI2/SNF2 protein is part of the SWI/SNF
complex that also includes SWI1, SNF5, SNF6, and SWI3 (32). This complex
enhances transcription by a number of sequence-specific activators such as
GAL4 (97), which might suggest that CHD-1 could also be a gene activator
rather than a silencer. However, CHD-1 homology to SWI2/SNF2 is limited to
the helicase/ATPase domain and this domain is also present in other proteins
that are not transcriptional activators. in fact, another helicase/ATPase
containing protein in yeast, MOT1, was found to be a transcriptional repressor

(4). Therefore, having a helicase domain does not rule out the idea that CHD-1
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is a gene silencing protein.

Instead of transcriptional activation the presence of the helicase/ATPase
domain in CHD-1 may indicate that the protein remodels chromatin. Chromatin
remodelling or nucleosome remodelling is the shifting of histones in the
nucleosome that can result in the exposure of regulatory DNA sequences to
transcription factors. Studies of the SWI/SNF complex showed thatitis a
chromatin remodelling complex that displaces histones from the GAL4 DNA
binding site (91). Furthermore, the complex was shown to displace histones by
sliding them along DNA in cis (121). Chromatin remodelling by the SWI/SNF
complex is dependent on the SWI2/SNF2 helicase/ATPase domain that is
homologous to CHD-1. Therefore the helicase/ATPase domain of CHD may
mediate chromatin remodelling as well. This is supported by the finding that
the chromodomain and the helicase/ATPase domain of CHD-1 bind to

chromatin (59).

D) CHD-4 is in a chromatin remodelling complex with histone deacetylase
Further evidence that CHD-1 could be involved in chromatin remodelling
came from studies showing that another CHD family member, CHD-4, is in a
complex that could remodel chromatin (113) (126). These studies also
demonstrate that histone deacetylase, HDAC, is in the complex along with
CHD-4. This complex is called the NURD complex (see below). Studies on
histone acetylation revealed that histone acetylases and deacetylases provide

another level of control of gene expression. Chromatin containing deacetylated
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histones is associated with unexpressed genes and, conversely, acetylated
histones are associated with chromatin containing active genes (115). The
association of CHD-4 with histone deacetylase points to a role for CHD proteins
in the gene silencing mediated by histone deacetylation.

Further evidence that histone acetylation is associated with transcriptional
activation is the discovery that GenS, a transcriptional co-activator in yeast, is
homologous to the histone acetyltransferase in Tetrahymena, HAT A (23).
Therefore histone acetylation is probably part of the mechanism of transcription
activation by Gen5. Since the discovery that Gen5 has histone acetylase
activity other transcriptional activators have also been found to have histone
acetyltransferase activity - (P/CAF (124), p300/CBP (8) (85), TAF11250 (81))
further indicating the importance of histone acetylation in gene activation.

Since transcriptional activators have histone acetylase activity, do
repressors have histone deacetylase activity? In fact, mammalian histone
deacetylases, mRpd3 (mouse) and HDAC 1 and 2 (human) have been isolated
and were all found to have similarity to a yeast transcriptional repressor protein,
Rpd3 (112) (56) (117). The mammalian histone deacetylases were found to
function in large complexes of proteins. The first such complex, discovered in
mouse, contained mRPD3 protein and the mSin3 protein (47). Sin3 was
originally identified in yeast as a protein that could repress the same set of
genes as the Rpd3 protein and both proteins were also found together ina
large complex in yeast (56). The mSin3 protein is thought to "tether” the histone

deacetylase to transcriptional repressors. This was concluded from



experiments that used column purification, immunoprecipitation and yeast two
hybrid assays to show that the mSin3 protein bound both histone deacetylase
and transcriptional repressor proteins such as Mad (86) (63) (47), N-CoR (86)
(48) and SMRT (86). These studies also showed that transcriptional repression
could be inhibited by histone deacetylase inhibitors, trichostatin A and trapoxin,
implying that association of transcriptional repressor with mSin3 and histone
deacetylase is a critical step in repression. The repressor complexes containing
mSin3 are referred to as Sin complexes (see table below adapted from Ayer
(5)).

A number of other complexes containing histone deacetylase have
subsequently been discovered and one of these, the NURD complex, which
contains the CHD-4 protein, was mentioned above. Some proteins such as
HDAC1/2 and RbAp48 (a protein that was originally found to be associated with
the retinoblastoma protein, Rb) were found in the NURD complex as well as Sin
complexes. The NURD complex is also thought be a transcriptional repressor
complex since it contains the HDAC's. Notably absent from the NURD complex,
however, is the mSin3 protein; and absent from the Sin complex is CHD-4 (See
table below adapted from Ayer (5)). This suggests that there are functional
differences between the complexes.

CHD-4, like CHD-1, has a helicase/ATPase domain similar to that of the
SWI2/SNF2 protein which led investigators to ask if the NURD complex could
remodel chromatin like the SWI/SNF complexes. Chromatin remodeling

stimulated by the NURD complex was found and was dependent on histone
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deacetylase activity. Another unique feature of the NURD complex is that it can
deacetylate histones in oligonucleosomes in vitro. The Sin complex, on the
other hand, could only deacetylate the core histone octamer or
mononucleosomes. The ability of the NURD complex to deacetylate
oligonucleosomes was dependent on the chromatin remodeling activity of the
helicase/ATPase domain. Therefore, it was suggested that CHD-4 is
responsible for remodeling chromatin which would expose histones to the
histone deacetylase. Since CHD-1 and CHD-4 are similar proteins, a similar
function for CHD-1 is proposed; i.e., CHD-1 associates with other repressor
proteins such as histone deacetylase to form a transcriptional repressor

complex that remodels chromatin.

The Sin complex The NURD complex
protein function protein function
HDAC1/HDAC2 | Histone ﬁDACHHDACZ Histone
deacetylation deacetylation
RbAp46/48 HDAC targeting | RbAp48 HDAC targeting
SAP30a adaptor CHD-4 Nucleosome
remodelling
SAP30b adaptor MTA1/MTA2 Metastatic
potential
SAP18 ? p32 ?
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E) CHD-1 binds to AT-rich DNA like that at nuclear matrix attachment regions

The final signature domain of CHD-1 is the DNA binding domain which gel
shifted AT-rich DNA (109). AT-rich DNA is characteristic of DNA that is
attached to the nuclear matrix which is referred to as MAR (Matrix Attachment
Region) DNA (13) (16) (79). Since CHD-1 bound to MAR-like DNA it is
reasonable to propose that CHD-1 could be nuclear matrix protein. The nuclear
matrix is operationally defined as the proteinaceous structure in the nucleus that
remains after high-salt and detergent extraction and Dnase digestion (11) (31)
(49). The nuclear matrix is thought to organize chromatin into loop domains
and MAR DNA is responsible for attaching chromatin to the nuclear matrix base
of the loop (79) (34).

Many proteins in the nuclear matrix have been identified and they include
proteins involved in DNA replication (46), transcription (42) (83), and RNA
processing (80) (123). Of particular interest are the nuclear matrix proteins that
bound to MAR DNA. MAR binding proteins that have been identified include
lamins which are proteins in the nuclear lamina (67); HET/SAFB, a protein that
represses the hsp27 promoter (88); hnRNP-U/SAF-A, a protein in hnRNP
particles that are involved in packaging and processing RNA (40); SATB1 which
binds to the base of chromatin loops (34); and ARBP (attachment region
binding protein)/ MeCP2 (methyl-CpG binding protein), a transcriptional

repressor that binds to methylated DNA and is associated with histone

47



deacetylase (87).

Histone deacetylase (HDAC1) itself was also shown to be associated with
the nuciear matrix in a study that examined proteins cross-linked to the nuclear
matrix (106). HDAC1 binding to the nuclear matrix supported the argument that
CHD proteins are part of the nuclear matrix since, as discussed in the previous
section, the CHD protein, CHD-4, was also shown to be associated with
HDAC1. Therefore, the function of the CHD family proteins could include
association with the nuclear matrix. Furthermore, studies of the human
SWI/SNF complex showed that the SWI2/SNF2 homologues, horm and BRG-1,
were also found in the nuclear matrix (102). This finding also supports the
argument that CHD proteins are part of the nuclear matrix since the CHD family
proteins alsc have homology to SWI2/SNF2 over the helicase/ATPase domain.
However, it is not known if the helicase/ATPase domain of hborm and BRG-1 are
involved in the nuclear matrix association of these proteins. Since CHD-1is a
member of the CHD family and it binds MAR-like DNA it is proposed in this

thesis that CHD-1 is a nuclear matrix protein.

F) The study of CHD-1

The study of CHD-1 described in this chapter starts with a characterization
of the cellular localization of CHD-1 protein carrying deletions of the signature
domains - the chromodomains, the helicase/ATPase domain and the DNA
binding domain. The function of all the domains appeared to be in the nucleus.

In the next section the CHD-1 protein was found in the nuclear matrix fraction of
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a cell extraction. This concurred with studies by others (109) that showed the
CHD-1 protein bound to MARs-like AT-rich DNA. The smallest mutant CHD-1
protein found in the nuclear matrix contained the two chromodomains and the
helicase/ATPase domain.

The final part of this thesis examined proteins that interacted with the
chromodomain of CHD-1 using a yeast two-hybrid screen with the
chromodomain as a bait. Proteins with homologies to HUB1, KIAA1237,
KIAAO164 and N-CoR were identified as proteins that interacted with the
chromodomain of CHD-1. The interaction with N-CoR was of particular interest
since N-CoR associates with histone deacetylase in the Sin complex and the
CHD-4 protein also interacted with histone deacetylase in the NURD complex.
CHD-1 was also shown to immunopreciptitate mSin3B indicating that it is part of

a Sin complex.
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Materials and Methods

Cell lines and culiture conditions

P19 cell culture: P19 was a mouse male embryonal cell line (73). Cells were
maintained in alpha medium with a 6.7% donor bovine serum and 3.3% fetal
bovine serum. P19 cells were induced to differentiate with 3X107 M retinoic acid
(RA) (53). Briefly, P19 cells were aggregated and cultured in suspension in
bacterial-grade plastic Petri dishes (Falcon) for five days in the presence of RA
before plating on tissue culture grade plastic dishes (Falcon). Cells were
allowed to grow for another 48 h before harvesting. Differentiation was also
induced with 1% (v/v) dimethy! sulfoxide (DMSO) (72). Cells were also
aggregated and cultured in suspension in bacterial-grade plastic Petri dishes for
five days in DMSO before plating on tissue grade tissue culture dishes. Cells

differentiated with DMSO were also harvested after another 48 h.

293T cell culture: 293T is a human kidney epithelial cell line that was
immortalized with the adenovirus T antigen. Cells were maintained in alpha

medium with a 6.7% donor bovine serum and 3.3% fetal bovine serum.

Northern blot analysis. Total RNA and northern blots were prepared the same
as in Chapter 1. Probe cDNA used in this chapter are the Xhol / Eco Rl
fragment of the CHD-1 cDNA (bp 31 -769) and the fragment of the N-CoR cDNA
from bp 339-1574 of the cDNA. The probe for N-CoR was the fragment

contained in the cDNA library used for the yeast two hybrid screen.
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SDS-PAGE and immunoblots. P19 or 293T cells were lysed in 2X SDS
sample buffer (120mM Tris-Ci pH 6.8, 10% (wiv) SDS, 2% dithiothreitol (W/v),
40% gycerol, 0.002% bromophenol blue). Protein concentrations were
determined using a protein assay (BioRad detergent compatible protein assay).
40 g of protein lysate was loaded onto an SDS-polyacrylamide gel (SDS-
PAGE) containing 10 % polyacrylamide gel (29:1 acrylamide:bisacrylamide) in
0.1% SDS and 0.375 M Tris-Cl pH8.8 (62). Samples were electrophoresed at
10 mAmp constant current overnight or 40mAmps constant current for 2-3h.

Proteins separated on SDS-PAGE were transferred to nitrocellulose
membranes (Hybond C+, Amersham) by electrophoresis in a buffer containing
25mM Tris-C! pH8.3, 192 mM glycine and 20% (v/v) methanol (114) at 20 V
over night. The membranes were blocked for 30 minutes in 2% skim milk
powder in TBST (10mM Tris-Cl pH 7.4, 150mM NaCl, 0.05% (v/v)Tween) before
probing with the primary antibody.

The primary antibodies used in this section were as follows (dilutions are
indicated in brackets): rabbit anti-CHD-1 polyclonal (1/2000) (109), rabbit anti-
topoisomerase |l polycional (1/500) (Topogen), mouse anti-myc SE10
monoclonal (1/200 of the culture supernatant), anti-his tag monocional (1/1000)
(Qiagen) and the anti-mSin3B poiycional (1/500) (Santa Cruz). Primary
antibodies were diluted in 2% skim milk powder in TBST. Before adding to blots.
The biot was washed 3 times for 5 min in TBST before application of the goat
anti-rabbit or anti-mouse secondary antibody conjugated to horseradish

peroxidase (1/5000). A chemiluminescent substrate, lumiglo (Kirkegaard and
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Perry Laboratories) was applied to the blot and immediately afterward the blot

was exposed to X-ray film for visualiztion.

CHD-1 deletion mutants. The CHD-1 cDNA, pCHD-1, obtained from Robert
Perry (36) was cloned into the bluescript vector (Stratagene). The base pair
(bp) numbering for the CHD-1 cDNA started at the adenosine of the initiator
ATG. A plasmid with the PgK-1 promoter (75) driving the expression of a myc-
tagged CHD-1 fusion protein was constructed for use in transfections of
mammalian cells. The CHD-1 cDNA in pCHD-1 was digested with Sal | ata
unique site near the 5' end of the CHD-1 cDNA (bp 241) and Xba | at site in the
multiple cloning site after the termination codon of cDNA (bp 5136). The
excised CHD-1 fragment was ligated in-frame with the myc epitiope tag in an
expression vector with the Pgk-1 promoter and polyadenylation signal to create
the plasmid pHT8.

Digestion of pCHD-1 with restriction enzymes truncated cDNA's that were
cloned in frame with the myc tag in the expression vector. The plasmids
containing truncated CHD-1 cDNA's were as follows: pHT1 contained CHD-1
582-1203 (Bgl !l to Pvu Il); pHT14 contained CHD-1 241-2321 (Sal | to Eco RI) ;
pHT16 contained CHD-1 241-3193 (Sal | to Eco RV); pHT15 contained CHD-1
bp 241-1596 (Sal | to Spe 1) and pHT12 contained CHD-1 bp 1507-5136 (Spe |
to the termination codon). All CHD-1 sequences were mycC epitope tagged on

the 5’ end.
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Transtections. All transfections were done using Fugene (Boehringer
mannheim) according to manufacturer's instructions. P19 were plated at a
density of 1X10°cells/35mm tissue culture dish and 5X10° cells/60 mm tissue
culture dish. 293T cells were plated at 5X10"* cells/35 mm tissue culture dish
and 3X10° cells/60mm tissue culture dish. For 35 mm dishes 3ug of plasmid
DNA was mixed with 6 x| Fugene and for 60 mm dishes 9 ng of plasmid DNA
was mixed with 18 ul of Fugene. The Fugene/DNA mixture was added to cells

and incubated for 48 h.

immunofluorescent staining. 1X10° cells were plated on gelatin-coated
coverslips in 35 mm dishes. The next day cells were fixed in 3%
paraformaldehde for 15 min. Fixed cells were incubated with a primary antibody
diluted in 0.3% Triton X-100 in PBS (phosphate puffered saline) for 1 h at room
temperature. The primary antibodies used for immunofluorescence were anti-
myc 9E10 (1/5), anti-his tag and anti- topoisomerase Il. Cells were washed 3x
in PBS before the secondary antibody was applied. The secondary antibody
against rabbit was conjugated to the fluorescent marker FITC (green) and the
secondary antibody against mouse was conjugated to the cy3 (red) fluorescent
markers. The DNA in the nuclei were stained with Hoechst. The cells were
observed under the microscope and the immunofluorescent image was digitized

using the Matrox Intellicam system.
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Nuclear matrix extraction. Two methods for extracting the nuclear matrix
were used. The first was described by Cockerill and Garrard (29). Briefly, cells
were homogenized in RSB (10 mM NaCl, 3 mM MgCl,, 10 mM Tris-Cl, 0.5 mM
PMSF, pH 7.4) with a Dounce homogenizer and nuclei were purified by
centrifugation through a cushion of RSB-2 M sucrose at 24,000 rpm for 30 min
in an SW27 rotor. The purified nuclei pellet was digested with DNase | then
extracted with 2M NaCl, 10 mM EDTA, 10 mM Tris-Cl, and 0.25 mg/mi BSA, pH
7.4 and centrifuged at 4500 x g for 15 min at 4°C. The supernant was the 2 M
NaCl fraction and the pellet was the insoluble nuclear matrix fraction. The
protease inhibitors 200 wg/mi PMSF, 2 »g/ml aprotinin, 5 »g/ml leupeptin were
added to all buffers.

In the other method (25) for nuclear matrix extraction, cells were left attached
to the tissue culture dish or gelatin-coated coverslips and extraction buffers
were added directly into the dish. Briefly cells were permeated with 0.5% Triton
X-100 in STM pH 6.2 (0.25 M sucrose, 10 mM Tris-Cl, 2 mM MgCl,.6H,0, 25
mM KCl) for 25 min, washed in STM pH7.4 then digested with 10 .g/mi DNase |
in STM pH 7.4 for 30 min all at 4°C. Cells were then extracted on ice with LMB
(0.05 mM MgCli,.6H,0, 10 mM Tris-Cl pH 7.4), then 2 M NaCl in LMB, followed
by 4 M NaCl in LMB. The cells were then digested with 50..g/mi DNase in LMB
on ice and again with 50.g/ml Dnase | and 50.g/ml RNase A in LMB). Finally
cells were washed in STM pH 7.4 and the residual protein structure that was left

on the culture dish or coverslip was the nuclear matrix.
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Statistical analysis. The binomial test was done to compare counted data.
Counted data were transformed to proportions (p) by dividing the positives
counted (number of immunofiuorescent cells) by the total number counted (n)
(number of immunofluorescent cells + the number of non-immunofluorescent
cells). The hypothesis tested in this binomial test was H_: u,-u,=0, that is, there
are no differences between p, and p,, the two proportions compared.

The binomial test was done to test if p, - p,= 0. The standard error of the
mean (s) for each proportion is calculated as follows:

s =pag/n,

p is proportion immunofluorescent, g is 1-p, n is total number counted.
To find if p,- p,differed significantly from 0, a value for t was calculated as (See
Table II.1). The calculated t values were compared to the t value in the t-
distribution at the 95% confidence limit which is 1.6449 (from the table of
hypothetical t values). If the t value calculated is lower that the1.6449 then the
hypothesis tested, p, - p,=0. is true. If the t value calculated is greater than
1.6449 the hypothesis is false and there are significant differences between p,

and p,.

Yeast strains and culture. The Saccharomyces cerevisiae yeast strain Y190
was used. It has the genotype MATa gal4 his3 trp1 -901 ade2-101 ura3-52
leu2-3,-112 URA3::GAL-lacZ, LYS2::GAL(UAS)-HIS3 cyh.r. This genotype
indicated that the yeast carried a genomic insertion of the GAL4 promoter

driving expression of the B-galactosidase gene and the gene that permitted cells
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to grow in media lacking histidine, HIS3. For routine growth YPD was used (1%
yeast extract, 2% peptone, 2% glucose). Synthetic dropout media (SD = 16.7%
yeast nitrogen base, 0.5% (NH,),SO,, 2% dextrose, 0.058% amino acid mix)
was made up with different amino acid mixes The basic amino acid mix
contained 10% adenine SO,, 5.5% arginine, 5.5% aspartic acid, 5.5% histidine,
5.5% isoleucine, 5.5% leucine, 5.5% lysine, 5.5% methionine, 8.5%
phenylalalnine, 5.5% tryptophan, 5.5% tyrosine, 5.5% uracil, 26.5% valine. SD
media made up with amino acid mixes lacking leucine, tryptophan, or histidine
were used to select for yeast expressing nutritional marker genes LEU, TRP

and HIS, respectively.

Yeast two hybrid screen. The CHD-1 fragment from pHT1 (b.p. 583-1203)
was used as a target to screen for interacting proteins in a yeast two hybrid
screen. The CHD-1 fragment from the pHT1 was excised with Sty | and BamHl|
and ligated in-frame with the GAL4 DNA binding domain in the Ncol/ Bam HI
site of pAS2 (contained TRP gene) (37) (45) to create the plasmid pHT17.
pHT17 was cotransformed with a mouse embryo Matchmaker two-hybrid library
(Clontech, Palo Alto, CA) into the Y190 strain of Saccharomyces cerevisiae.
The library cONA's were cloned into the pGAD10 piasmid that contained the
LEU gene. The transformants were plated on SD media containing 2% agar in
150mm petri dishes. The SD media was lacking in leucine, tryptophan and
histidine. 30 mM 3-amino-1,2,4-triazole (3-AT)was added to media to provide

additional selection for yeast that carried the HIS gene.
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The yeast colonies formed were further screened for B-galactosidase
expression using the x-gal agarose overlay assay. Low melting temperature
agarose was dissolved in a potassium phosphate buffer (0.5M potassium
phosphate pH7.0, 6% dimethyl formamide, 0.1% SDS) at 60-70°C. The
solution was cooled to 40°C and 0.1 mg/mi of x-gal and 0.05% (V/V) B3-
mercaptoethanol was added. The x-gal agarose mixture was added to cover
the surface of the SD agar media where the yeast colonies had formed. After
the x-gal-agarose solution solidified, plates were incubated at 25°C overnight in
the dark. The blue colored product of x-gal formed in yeast colonies that
expressed B-galatosidase. These colonies were picked through the top of the
x-gal-agarose layer and restreaked on 100 mm SD media agar plates lacking
leucine,tryptophan and histidine.

The streaked yeast were re-tested for B-galactosidase expression using
another procedure with the x-gal substrate. This time some of the yeast was
lifted off the plates using nitrocellulose filters. The yeast were lysed by
immersion of filters in liquid N, briefly. The fiiter with the yeast side up was
placed on a whatman fitter saturated with a solution of 1mg/mi x-gal in Z buffer
(0.1 M sodium phosphate pH 7.0, 10 mM KCl, 1 mM MgSQ,). The yeast were
monitored for the formation of the blue-colored product. The time taken for the
blue colored product to form was proportional to the amount of B-galactosidase

present.
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Recovery of plasmids from yeast. The QlAprep Spin miniprep kit (Qiagen)
was used to isolate plasmids from yeast with the following modifications of the
manufacturer's instructions: yeast grown in SD liquid media lacking leucine,
tryptophan, histidine and containing 30mM 3-AT were pelleted and resuspended
in yeast lysis solution (2% Triton X-100, 1% SDS, 100mM, 10 mM Tris-Cl pH
8.0, 1 mM EDTA) with 10.g/mi of RNase A instead of P1 (50 mM Tris-Cl pH 8.0,
10 mM EDTA, 100 «g/mi Rnase A) .

The low levels of plasmid isolated from yeast were transformed into bacteria
using electroporation at a voltage of 2 5kV and a capacitance of 25uF. The
transformed bacteria were grown on LB (1% Bacto tryptone, 0.5% yeast extract,
0.5% NaCl) agar plates containing ampicillin (100.g/ml). Colonies were lifted to
nitrocellulose filters and colony hybridization with a radioactively labelled probe
containing DNA from the activation domain of pGAD10 was done to identify
plasmids derived from the cDNA library. Hybridizing colonies were picked and
grown up for minipreps using the QiAprep Spin miniprep kit according to

manufacturer's instructions.

Sequencing. The purified pGAD plasmids containing cONA's from the mouse
embryo library were sequenced by dye terminator cycle sequencing with an ABI,
Inc., automated sequencer. The cycle sequencing was primed with an
oligonucleotide with sequence from the activation domain of pGAD10
(TACCACTACAATGGATG).

The BLAST algorithm (3) was used to search for sequence homology in
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Genbank (10). Sequence alignments of homologous sequences were also

done using the DNASTAR software (DNASTAR).

Polymerase Chain reaction (PCR) cloning of N-CoRp 5’ sequence. The N-
CoRp cDNA present in the clone from the T-cell yeast two hybrid library (6.12)
was incomplete (Fig.11.13). To clone more of the N-CoRp cDNA reverse
transcription PCR was used. The region targeted for amplification was the &'
end from the initiator ATG to bp 339 from the ATG of the N-CoRp cDNA. The
cDNA generated by reverse transcription was primed with the oligonucleotide
sequence, 5CGATCGACACGATCC (N-CoRp 569A). This oilgonucleotide was
the antisense sequence from a region 569 bp from the initiator ATG of the N-
CoRp cDNA. PCR ampilification of the cDNA was primed with the
oligonucleotides N-CoRp ATG (5ATGTCAAGTTCAGGTTATCC) on the 5'end
and N-CoR 552A (SGCTCTGTATCAGCTCTT) on the 3’ end. The resulting
PCR product was a 534 bp sequence from the 5’ end of N-CoRp that starting

from at the initiator ATG.

Tagging N-CoR 5’ with the his tag. The 552 bp N-CoRp 5' sequence
generated was tagged with the his tag which was a sequence containing six
histidines for binding to Ni-NTA (Ni*-nitrilotriacetic acid) cross-linked to agarose
beads (66) as well as the Met-Arg-Gly-Ser for recognition with a monocional
anti-his tag antibody. PCR was used to make an in-frame fusion of the his tag

with the N-CoRp 5' sequence. The oligonucleotide used as the &' primer for
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PCR was

S’CCGCGTCCATACCATGAGAGGATCGCATCACCATCACCATCACATGTCA

AGTTCAGGTTATCCTCCCAACCAGGGGGCG. The sequence in bold
encodes the peptide Met-Arg-Gly-Ser-His-His-His-His-His-His which is the his
tag. The underlined sequence anneals to the N-CoRp 5' sequence. The 3'
primer for PCR is the N-CoRp 552A oligonucleotide described above. The PCR

product of this reaction was a his-tagged N-CoRp 5’ sequence.

Construction of the his-tagged N-CoR expression plasmid. To create the
his-tagged N-CoRp expression plasmid, the first step was to excise the N-CoRp
partial cDNA from the T-cell yeast two hybrid library (6.12) using Xho |, and to
ligate it into an expression vector containing the Pgk-1 promoter and
polyadenylation signal (75) to make an intermediary plasmid. The intermediary
plasmid was digested with Sma |, which was 5' of the N-CoRp insert, and Pst |
within the N-CoRp sequence. The next step was to blunt the 5' end of the his-
tagged N-CoR PCR product described in the previous section and digest the K)
end with Pst I. The his-tagged N-CoR PCR product could now be ligated with
the N-CoRpB DNA in the intermediary plasmid to create a continuous 1567 bp
sequence of N-CoRp that his-tagged at the initiator Met which we termed his-

tagged N-CoR8.

In vitro protein binding assay. 293T cells grown on 60 mm tissue culture

dishes were transfected with the his-tagged N-CoRB plasmid described in the
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section above either alone, his-tagged N-CoR8 + pHT1 or pHT1 alone. The
cells were lysed in 100 ! his-tag lysis buffer (HLB) (50mM Tis-Cl pH8.0, 150
mM NaCl, 1% NP-40) with protease inhibitors (200 ..g/ml PMSF, 2 ug/ml
aprotinin, 5 .g/mi leupeptin). Protein concentrations were quantified using a
protein assay (BioRad) and 100 n.g of protein from the lysate were added to 50
4l of a 50% slurry of Ni-NTA cross linked agarose beads (Ni beads). The Ni
beads and protein lysate were incubated overnight at 4°C with rotation. The
next day the Ni beads were pelleted with a brief spin and were washed four
times with HLB containing proteases and 10 mM imidazole. Proteins were
eluted in 100! of his tag elution buffer (HEB) (50 mM sodium phosphate buffer
pH 6.0, 100 mM KCl, 2 % glycerol, 0.2 % NP-40, 250 mM imidazole) with
rotation for 1 min at 23°C. Eluted proteins were run on SDS-PAGE,
immunoblotted and probed with the anti-myc 9E10 antibody for analysis of

protein interaction.

Co-immunopreciptiation. P19 cells grown on 100 mm tissue culture dishes
were lysed with 300 ul of lysis buffer (10 mM Tris pH 7.5, 150 mM NaCl, 5mM
EDTA, 1% Triton X-100) with protease inhibitors (200 «g/mi PMSF, 2 ug/mi
aprotinin, 5 ug/ml leupeptin). Protein concentrations were quantified with a
protein assay (BioRad) and 100 »g of protein from the lysate was added to the
anti-CHD-1 anti--*-body (final dilution was 1/1000). The protein lysate was
incubated with the anti-CHD-1 antibody overnight with rotation at 4°C. The next

day 30 i of a 50% slurry of igG beads (gammabind, Pharmacia) equilibrated in
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lysis buffer were added to the protein lysate antibody mixture and incubated at
4°C with rotation for 30 min. The beads were pelieted with a brief centrifugation
and were washed four times with lysis buffer containing protease inhibitors.
Proteins were eluted from beads using 2X SDS sample buffer with incubation at
100°C for 5 min. Eluted protein was run on SDS-PAGE, immunoblotted and
probed with the anti-mSin38 antibody for analysis of binding between CHD-1

and mSin3B.
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Results
A) CHD-1 expression
1) Expression of the endogenous CHD-1 protein in P19 cells

CHD-1 was previously found to be expressed in a variety of cell lines (36).
The Northern biot in Figure 11.1 using CHD-1 as a probe shows that CHD-1 was
also expressed in P19 cells as well as in P19 cells differentiated with DMSO or
with Retinoic Acid (RA). Stokes and Perry observed a number of different
transcripts that could be detected with different parts of the CHD-1 cDNA as
probes (109). Figure il.1 is a northern blot of RNA from P19 cells and P19 cells
differentiated with RA and DMSQ. The blot was probed with the CHD-1 cDNA
and only one band at about 5 kb that corresponds to the full length CHD-1
transcript is detected. It is possible that the smaller alternatively spliced
transcripts are degraded or expressed at low levels in P19 cells. Itwas
observed that the level of CHD-1 transcripts decreased with differentiation.

David Stokes and Robert Perry generously provided the anti-CHD-1 rabbit
polyclonal antibody used in this study. The anti-CHD-1 antibody was generated
using the DNA binding domain as the immunogen for this antibody. The
immunoblot using this anti-CHD-1 antibody shows that the 201kD CHD-1
protein was present in P19 cells and differentiated P19 cells (Fig. 11.2). The
decrease in expression of CHD-1 with differentiation that was noted on the
northern biot (Fig 11.1) is not apparent on the immunobiot. The CHD-1 antibody
was also found to detect smaller protein bands. Only the full-length transcript

of CHD-1 was detected in P19 cells so these smaller bands are most likely due
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to degradation of the 201 kD protein. Degradation of the CHD-1 protein was

also been observed by others in plasmacytoma cells (109).

2) Deletion mutants of CHD-1 are all nuclear

The CHD-1 protein is part of a family of proteins that shares the following
domain structure: two Chromodomains, Helicase/ATPase domain, DNA binding
domain. The domains are defined through sequence homologies and the
actual function of these domains is as yet undetermined. To further explore the
function of the signature domains of CHD-1, CHD-1 mutants were engineered
with deletions of increasingly larger regions from the carboxy-terminus to delete
progressively the DNA binding domain and helicase/ATPase domain of CHD-1
(Fig. 1.3). The CHD-1 constructs were myc-tagged so that they could be
detected with the anti-myc 9E10 monoclonal antibody, 9€10. In order to myc
tag CHD-1, 241 bp of the 5" end was removed and replaced with the myc, tag.

The largest myc-tagged clone, pHT8 (CHD-1 bp 241-51 36), contained the full
length cDNA of CHD-1 minus the 241 bp on the N-terminus. The rest of the
constructs carry deletions that removed the DNA binding domain (CHD-1
bp241-2312, pHT14 and CHD-1 bp 241-3193, pHT16), and the
helicase/ATPase domain (CHD-1 bp 241-1596, pHT13). The mutant CHD-1in
pHT1 (CHD-1 bp 583-1203) is the smallest CHD-1 fragment containing the first
chromodomain but not the second. PHT12 (CHD-1 bp 1597-5136) is unlike
the other mutant proteins in that the deletion is from the amino-terminus and

removes the two chromodomains, and the helicase/ATPase domain.
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The myc-tagged CHD-1 deletion mutants were cloned into expression
vectors and transfected into 293T cells. 48 hours later, the protein from
transfected cell lysates was analyzed on a western blot. All cell lysates
contained a myc-tagged protein band of the predicted size (Figure 11.4). The
lane showing expression of the largest myc-tagged protein (pHT8) contains
protein bands at smaller sizes in addition to the band at the predicted size of
200 kD. This is likely due to degradation of the protein as was found for the
endogenous protein. Myc-tagged puromycin N-acetyltransferase (Fig. 11.8g)
was used as a positive control for the anti-myc 9E1 0 antibody.

Cellular localization of the mutant proteins was also examined in the
transfected cells using the anti-myc 9E10 antibody for immunofluorescence.
A control transfection was done with the myc-tagged puromycin N-
acetyltransferase gene (myc-tagged puromycin). Puromycin N-acetyltransferase
is a cytoplasmic protein (61) and Figure 11.5g shows that myc-tagged puromycin
remains cytoplasmic and that the myc tag on its own does not confer nuclear
localization.

Immunofluorescence of the endogenous CHD-1 protein shows that the
protein has punctate nuclear staining that is excluded from the nucleolus (109).
immunofluorescence of cells transfected with the myc-tagged CHD-1 mutants
(Fig. lI5a-f) also showed a nuclear localization that was excluded from the
nucleolus. However, the immunofiuorescence was not observed to be as
punctate in appearance as the endogenous CHD-1 (109). All the deletion

constructs had similar nuclear distributions (Fig. I1.5).
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B) Nuclear Matrix localization of CHD-1

1) Extraction of the CHD-1 protein in the nuclear matrix of P19 cells
The nuclear matrix is defined as a sait, nuclease and detergent resistant

protein structure of the nucleus (41). DNA sequences that bind to the nuclear
matrix have been characterized as being AT-rich DNA and are referred to as
MARs or SARs. Bacterially synthesized CHD-1 was found to bind to such AT-
rich sequences in a mobility shift assay (109). It was aiso found, however, that
CHD-1 was soluble in the 2 M NaCl high salt extract unlike nuclear matrix
protein which are insoluble in 2 M NaC!. Those experiments had been done on
S194 mouse plasmacytoma cells and studies have shown that the composition
of the nuclear matrix changes with cell type (41) (51). Therefore, CHD-1 could
still be a nuclear matrix protein in another cell line.

The same nuclear matrix extraction (29) was done in this study with P19
cells to determine if CHD-1 is located in the nuclear matrix. The cell extracts
from the cytoplasmic fraction, the soluble 2 M NaCl fraction and final insoluble
nuclear matrix fraction were electrophoresed on a 6%SDS PAGE and
immunoblotted (Fig. 11.6). The blot was probed with the anti-CHD-1 antibody,
which was described above, and the 201kD band (Fig. 11.2) was detected. The
blot was also reprobed with anti- topoisomerase lla (170kD, anti-topo lla) which
is known to be a constituent of the nuclear matrix (29). Unlike S194
plasmacytoma cells, the endogenous CHD-1 of P19 cells, like topoisomerase
lia, was found in the insoluble nuclear matrix fraction and was not soluble in 2 M

NaCl fraction (Fig.1l.6). Anti-tubulin was also used to probe this blot. Tubulin
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is a cytoplasmic protein and was not found in the nuclear matrix as shown in

Figure 11.6.

2) Analysis of nuclear matrix localization of deletion mutants of CHD-1

Since all the myc-tagged CHD-1 deletion mutant proteins were found
localized in the nucleus, it was of interest to see if they, too, were located in the
nuclear matrix. The previous method was initially described for cells growing in
suspension. Another nuclear matrix extraction procedure could be done on
cells that are attached to culture dishes like P19 cells (25). Like other nuclear
matrix isolation procedures, extractions are done to remove non-nuclear matrix
proteins with high salt, detergent and nucleases except that extractions are
done on attached cells without removing them from the culture dish, and the
procedure does not involve mechanical homogenization or centrifugation. At
the end of the extractions the insoluble nuclear matrix is all that is left on the
coverslip.

To see if myc-tagged CHD-1 mutant proteins are located in the nuclear
matrix, cells were grown attached to gelatin-coated coverslips in duplicate.
Transfection mixes containing each plasmid (pHT1, pHT8, pHT12, pHT15,
pHTT14, and pHT16) were made and were split to transfect each duplicate
coversplip. The nuclear matrix was extracted using the method of Chaly et al.
(25) isolated nuclear matrices on coverslips were stained for
immunofluorescene with the anti-myc 9E10 antibody to detect the presence of

myc-tagged CHD-1 mutant proteins in the nuclear matrix. The advantage of
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using immunfluorescence to detect the presence of myc-tagged proteins in the
nuclear matrix is that detection was possible even if the transfection efficiency
was poor and only a small number of cells are transfected. Some of the
plasmids containing myc-tagged CHD-1 mutant proteins were expressed poorly
in transfected P19 cells and myc-tagged protein levels were too low to allow for
the detection on immunoblots. However, detection of the myc-tagged protein
was possible with immunfluorescence.

Figure 11.7 shows that the nuclear matrices isolated on coverslips are stained
with anti-topo lla, which confirms that nuclear matrix proteins are left on
coverslips. The Hoechst stain was used to detect the presence of residual DNA
in the nuclear matrix. There should be little DNA because of nuclease digestion
steps in the nuclear matrix extraction procedure. Figure I1.7b shows that the
Hoechst stain is negative for nuclear matrices, which indicated that the DNA
was extracted in a soluble non-nuclear matrix. To confirm that non-nuclear
matrix proteins are not present in the insoluble nuclear matrix fraction, cells
were transfected with the negative control protein, myc-puromycin. Around 20
%, of intact cells were stained with anti-myc 9E10 but no anti-myc 9E10 staining
was detected in the nuclear matrices prepared from transfected cultures (data
not shown).

P19 cells were grown on coverslips in duplicate and transfected with the
same transfection mix containing plasmids carrying genes encoding the myc-
tagged CHD-1 deletion mutants. These cells were extracted for the nuclear

matrix using the method described above (25). The residual nuclear matrix on
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coverslips was probed with anti-myc 9E10 followed by a secondary anti-mouse
cy3 for immunofiuorescence. Another set of P19 cells on coverslips were also
transfected with the same plasmids at the same time. These cells were not
extracted and intact cells were stained for immunofluorescence with the anti-
myc 9E10 antibody. The number cells or nuclear matrices staining with anti-myc
were counted under the microscope (Appendix ). The proportion (p,) of cells or
the proportion (p,) of nuclear matrices stained with the anti-myc 9E10 antibody
within the total population were calculated for each of the recombinant myc-
tagged CHD-1 proteins that were transfected (Table il.1).

The method used to analyze the nuclear matrix association of CHD mutant
proteins is summarized in Figure |1.9a. If myc-tagged CHD-1 mutant proteins
are associated with the nuclear matrix, the proportion of cells (p,) and nuclear
matrices (p,) staining with the anti-myc 9E10 antibody should be equal (P, = P,).
On the other hand if the myc-tagged CHD-1 mutant protein is not associated
with the nuclear matrix the protein will be lost in soluble fractions and the
proportion of cells (p,) staining for immunofluorescence will be greater than the
proportion of nuclear matrices (p,) staining for inmunofluorescence P, = Py)-
Hence, for nuclear matrix proteins p, = p,0rp, - P, = 0. A statistical test was
done to determine if the transfected myc-tagged CHD-1 mutant proteins are
significantly associated with the nuclear matrix by testing if p, - p,values are
significantly different from Q.

Table il.1 summarizes the statistical analysis of the immunofluorescence

data. The binomial test was done to test if p,-p, = 0. A t value for this
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difference was calculated as indicated in Table 1.1 and was compared to the t
value at the 95% confidence limit (1.6449). The t values lower than 1.6449
indicate that no significant difference is found between p, and p,; that is the
proportion of cells and nuclear matrices staining with the anti-myc 9E10 are the
same which is the resulted expected for nuclear matrix proteins. On the other
hand, if t values are greater than 1.6449 then significant differences were found
between p,and p,and the protein is classified as a non-nuclear matrix (Table
I1.1).

Cells transfected with pHT8 express the largest myc-tagged protein (CHD-1
aa 81-1711) (Fig. I1.8a). For pHT8 transfected cells the proportion of
immunofluorescent cells (p,) that were stained with anti-myc 9E10 was 0.043
compared to the proportion of immunofluorescent nuclear matrices (p,) which
was 0.046. The value for p,- p,was -0.0030. The t-value caiculated at 0.46 is
lower than the t value at the 95% confidence limit, 1.6449; therefore, the
hypothesis, p,- p, = 0. IS accepted as indicated in Table 111 and Figure 11.9b.
This is interpreted as showing that the myc-tagged CHD-1 aa 81 -1711 (pHT8) is
associated with the nuclear matrix (Fig. Il.8a). For transfection with pHT14 and
pHT16 p,- p, values were also not found to be significantly different from 0
(Table II.1, Fig. lI9b) with calculated t values of 0.103 and 0.755 for pHT14 and
pHT18, respectively. Hence, the myc-tagged CHD-1 aa 81-769 (pHT14) (Fig.
I1.8b) and myc-tagged CHD-1 aa 81-769 (pHT16) (Figure 11.8¢) are aiso
associated with the nuclear matrix.

P19 cells transfected with pHT1, on the other hand, show a significant
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difference between p, and p,values with a calculated t-value of 12.38 that is
higher than 1.6449. This is evidence that the myc-tagged CHD-1 protein
encoded in pHT1 (aa 195-401) isnot a nuclear matrix associated protein. The t
values calculated with data from pHT12 and pHT15 transfected cells were

2 598 and 2.759 respectively, and are also higher than t 1.6449 indicating that
the myc-tagged CHD-1 aa 81-532 and aa 533-1711 are also not associated with
the nuclear matrix.

Figure 11.9b is a graphical illustration of the results of the binomial test
described above. A histogram of p, - p, values for each transfection are
presented. From this graph it can be seen that for cells transfected with pHTS,
pHT14, and pHT16, the p, - p,values are not significantly different from 0.
Whereas with cells transfected with pHT1 the difference of p, - p,is much larger
than 0. The p, - p,values for cells transfected with pHT15 and 12 are also
significantly higher than 0.

From the analysis of the nuclear matrices extracted from cells carrying CHD-
1 mutant proteins, the smallest region of CHD-1 that is associated with the
nuclear matrix is aa 81-769. This region contains sequences that encoded the
two chromodomains and the helicase/ATPase domain. However, the
chromodomain was not found to be sufficient on its own to target the protein to
the nuclear matrix (data from pHT1 transfected cells). The helicase ATPase
domain was also found to be insufficient for targeting the protein to the nuclear
matrix since the CHD-1 proteins that encoded in pHT12 (aa 533-1711) and

pHT15 (aa 81-532) contain the helicase/ATPase domain but are not associated
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with the nuclear matrix. The putative nuclear matrix targeting signal is

discussed further in the Discussion.

C) Proteins interacting with CHD-1
1) The yeast two-hybrid screen

Though CHD-t was found to be a nuclear matrix protein in this study, the
function of this protein in the nuclear matrix is still unclear. The biological
function of CHD-1 could be elucidated through identifying proteins that
interacted with it. The implication is that CHD-1 participates in the biological
functions of the proteins it interacts with. For this reason a search for proteins
that interacted with CHD-1 was done using the yeast two-hybrid system
(Fig.10). The advantage of the yeast two-hybrid system is that it screens for in
vivo interactions between proteins. The yeast two-hybrid screen selects cDNA's
that encode proteins ("prey”) that bind to a "bait” protein. The cDNA expression
libraries are constructed so that "prey” protein are fused to the GAL4 activation
domain (Clontech). The "bait” is fused with the GAL4 DNA binding domain.
The interaction between the "bait” protein and the "prey” protein recreates the
GAL4 transcription factor at a genomic GAL4 promoter - the DNA binding
domain fused to the "bait” binds to the GAL4 promoter and the "bait” binds to
the "prey” which is fused to the acidic activation domain promoter. This
arrangement results in the activation of transcription at the genomic GAL4
promoter. The GAL 4 promoter was engineered so that the activation of

transcription results in the expression of the B-galactosidase gene and the His’
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nutritional selection gene. His” gene expression is selected for in media lacking
histidine. The interactions could be confirmed by an assay for B-galactosidase

enzyme activity in yeast cell lysates.

2) The chromodomain of CHD-1 was used as the bait for the screen

The bait used for this screen was aat 95-401 fragment of CHD-1 (PHT1)
containing the chromodomain of CHD-1. Figure 11.10 is a schematic drawing of
the yeast two-hybrid screening strategy. To create the chromodomain bait, the
chromodomain cONA from CHD-1 (bp 583-1 203) was fused in-frame with the
GAL4 DNA binding domain in the vector pAS. This plasmid is named pHT17.
The pAS2 vector contains the Trp’ nutritional selection gene, TRP, so that yeast
transformed with pas can be selected for in media lacking tryptophan. The
cDNA library used for yeast two hybrid screening was constructed from mouse
17-day embryo RNA (Clontech). The library contains 3X1 0°independent cDNA
clones. It was created from oligo dT and random primed c¢DNA's which were
cloned into the pGAD10 vector to create fusion proteins with the GAL4
activation domain. The pGAD10 vector also contains the nutritional selection
gene, LEU, which allows cells transformed with pGAD 10 to grow in media
lacking leucine.

Before the screen was carried out control experiments were done to rule out
false positive B-galactosidase expression induced by the pHT17 (chromodomain
bait) alone. First, the yeast were transformed with pHT 17 alone and plated on

SD media lacking tryptophan. The colonies formed on these plates were tested
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for B-galactosidase expression using the x-gal substrate. Formation of a biue
product in this assay indicates that transcription of B-galactosidase was
activated. The results of this experiment confirm that the chromodomain bait is
not able to induce B-galactosidase expression by itself (Table i1.2). The same
experiment was done with yeast transformed with pHT17 and the empty
pGAD10 plasmid. This control is also negative for B-galactosidase expression.
The results of the controls confirm that the chromodomain bait could be used for

the yeast two-hybrid screen.

Plasmid B-Galactosidase expression
pAS negative
pGAD10 negative
pHT17 negative
PHT17 + pGAD10 negative

Table 11.3. The chromodomain “bait” does not stimulate the GAL4 promoter on
its own. The empty plasmid vectors, pAS and pGAD10 and the chromodomain
bait plasmid, pHT17, were transformed into yeast and the activation of the GAL
4 promoter in transformed yeast was tested by assaying B-galactosidase
expression using x-gal as the substrate. The lack of blue product formation
meant that expression was not stimulated and this is indicated in the table as

"negative”.
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3) Isolation of clones that encoded protein interacting with the chromodomain

For our yeast two-hybrid screen, 1X10" cells were transformed with 100 mg
of pHT17 and 100mg of pGAD10 library DNA. The transformants were plated
on agar plates containing SD media that was lacking leucine, tryptophan and
histidine. 30mM aminotriazole was used to further suppress growth of yeast
that did not express the His nutritional selection gene. 2.2X10° colonies formed
on the plates indicating a plating efficiency of about 2.2X10° transformants/mg
of library DNA. Of these colonies 103 expressed B-galactosidase in an assay
using x-gal as the substrate. These x-gal positive clones were picked and
restreaked on agar plates containing SD media that lacked leucine, tryptophan
and histidine. 65 colonies were positive on the secondary B-galactosidase
screen and were picked and grownin liquid SD media lacking leucine,

tryptophan and lysine for plasmid isolation.
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The plasmids recovered from the 65 yeast clones were a mixture of pHT17
and pGAD10 piasmids containing cDNA's from the yeast two-hybrid library. The
plasmids have to be separated in order to identify the cDNA contained in
pGAD10 . To separate mixtures of plasmids isolated from yeast, each plasmid
preparation from yeast was electroporated into E. coli and selected in ampicillin
for bacteria containing plasmid. An E. coll. bacterium is typically only
transformed with one plasmid so this step served to separate pHT17 from
pGAD10 plasmids containing cDNA clones form the yeast two-hybrid library. In
addition, plasmids isolated from yeast were low in copy number so
transformation of plasmids into E. coli also amplified plasmid quantities. All 65
yeast plasmid preparations transformed in E. coli resuited in colony formation on
LB ampicillin plates. To identify which E. coli colonies contain pGAD10 plasmids
with cDNA's from the yeast two-hybrid library, the transformants were subjected
to colony hyrbridization with a probe containing the activation domain contained
in the pGAD10 vector. All 65 E. coli transformations produced colonies that
hybridized to the activation domain probe. Colonies that hybridized to the
activation domains were picked and grown for plasmid isolation. Isolated
plasmids were digested with Eco Rl to release the cDNA insert from the multiple
cloning site of pGAD10. 17 of the 65 plasmids isolated contained inserts that
were over 100 bp. The insert-containing plasmids were sequenced using the
ABI sequencing machine with a primer from the pGAD10 activation domain 5' of

the cDNA insert. Successful sequences were abtained for 15 of the plasmids,
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and most sequences were over 500 bp in length.

4) Identification of proteins interacting with the chromodomain

The sequences obtained from the ABI machine were used to search for
sequence homologies in Genbank (10) using BLAST (3). The results of the
BLAST search of Genbank are summarized in Table 1.3. The plasmids are
labelled as indicated in the table in the column entitled "Clone #". The "size
insert" column lists the sizes of the cDNA inserts estimated from agarose gel
electrophoresis. The “bases sequenced” column lists the lengths of the
sequence obtained from the ABI sequencing machine for the cDNA inserts. The
“Genbank” columns indicate the identity and size of the cDNA in Genbank that
had homology to the sequence of the cDNA insert. The column entitied
“Homology", lists the regions of the cDNA insert that were found to have
homology to the Genbank cDNA sequence and the percentage of nucleotides in
the pGAD10 cDNA insert that were identical to the nucleotides in the
corresponding region of the cDNA in Genbank. There are a number of CONA
clones from the yeast two-hybrid library that do not have any homology with
sequences in Genbank and they are clones ES5, Ad41, A19, B47, E120, and E33.

The cDNA of the clones A113, F11, A25 and C47 were found to be
homologous with 17-b-hydroxysteroid dehydrogenase, tRNA, IGF-Il (exon 6) and
PTD0O04 (direct submission), respectively. However, it was found that the

homology was at the nucleotide level only. Proteins expressed by the cDNA
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inserts in pGAD10 contain an amino-terminal activation domain and a carboxy
terminus equivalent to the protein encoded by the cDNA insert. Therefore, the
cDNA is translated in the same codon reading frame as the activation domain
and for A113, F11, A25 and C47 this resulted in a protein that had an amino acid
sequence that was different from the protein encoded by the Genbank cDNA.
However, sequencing errors may have occurred, therefore, additional
sequencing is being done to confirm the reading frame of the cDNA in A113,
F11, A25 and C47.

The sequences of the cDNA of the clones A91, B18, B41, and D18 indicate
that they are homologous to KIAA1237, glutathione-S-tranferase, HUB1 and
KIAAQ164, respectively. In addition, the cDNA of these clones also appear to
encode the same amino acid sequence as the homologous cDNA found in
Genbank. KIAA1237 is a human cDNA cloned as part of a screen for large
proteins from the human brain (84). 83% of the nucleotides in A91 cDNA are
identical with the human KIAA1237 cDNA from bp 523-1246. There is little
information about KIAA1237 so the function of this region, or of the entire
KIAA1237 protein, is unknown. Preliminary sequence data indicates that
another cDNA present in A85, may also contain a c¢DNA with homology to
KIAA1237. The incomplete sequence of the cDNA in A85 shows that it too has
homology to KIAA1237 but further sequence information is needed to confirm
this resuit (data not shown).

The nucleotide sequence for cDNA clone B80 was 96% identical with
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glutathione S-transferase (24). However, glutathione S-transferase is ruled a
false positive since glutathione-S-transferase is known to be a cytoplasmic
protein and the chromodomain bait, pHT17, was shown to be a nuclear protein.
Thus, it is unlikely that these proteins would interact in mouse cells.

The cDNA of B41 was found to be homologous to human HUB1 (90). The
nucleotide sequence of the B41 cDNA is 84, identical to a region from bp 780-
1285 of the HUB1 cDNA. HUB1 encodes a novel Kruppel-type zinc finger
protein and it is also known that HUB1 represses expression mediated by the
human T cell leukemia virus type | long terminating repeat. The B41 cDNA clone
may be a mouse homoiog of this protein.

One cDNA clone out of this screen, D18, had 87% cDNA nucleotide
sequence identity with the human cONA, KIAA0164. This is of particular
interest since KIAA0164 was also found by others to interact with CLK1, a
protein involved in splicing RNA, in another yeast two hybrid screen usinga T-
cell leukemia cell line library (30). Colwill et al. refer to their clone as 5.7 and the
cDNA in the 5.7 and D18 clones may be mouse homologs of the human
KIAAO164. The insert contained in D18 piasmid is smaller than that of the 5.7
plasmid. The cDNA sequences of D18 and 5.7 show that the D18 cDNA is
identical to a corresponding region within the 5.7 cDNA (Figure I1.11). Therefore,
it is concluded that the D18 and 5.7 contained sequences from the same gene.

KIAAO164 was originally cioned from a large screen of DNA binding proteins

from HepG2 cells (85). The exact function of KIAAOQ164 is as yet unknown but
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it did have Ser and Arg repeats in the amino-terminus. Ser/Arg domains (SR)
are associated with proteins involved in mRNA splicing such as CLK1 indicating
that KIAAO164 may function in splicing. The cDNA of the 5.7 cDNA clone that
interacts with CLK1 does not encode a corresponding Ser/Arg rich region;
however, the 5.7 cDNA is missing sequences from the 5' end of the mouse
KIAAO164 cDNA. The 5' end of the mouse KIAAQ164 cDNA was cloned using
Rapid Ampilification of 5' cDNA ends (RACE) and was found to contain a
sequence that encodes for the Ser/Arg rich region of the protein (Margit
Geisterfer and John Bell, personal communication). The complete mouse and

human KIAAO164 cDNA nucleotide sequence is presented in Figure 11.11.

5) Proteins that interacted with both CLK1 and CHD-1

To compare the interactions of KIAAQ164 with CLK or the chromodomain of
CHD-1, a yeast two-hybrid assay was done as described Figure 11.10. Yeast
were transformed with plasmids containing either CLK1 or the chromodomain
(pPHT17) fused to the GAL4 DNA binding domain. Plasmids with GAL 4 DNA
binding domain fusion protein were co-transformed with either 5.7 or D18
(which contained protein fused to the GAL 4 activation domain) and plated on to
agar plates containing SD media lacking leucine, tryptophan and histidine to
select for protein interactions. The strength of the protein-protein interaction in

ihe co-transformed yeast is proportional to the amount of B -galactosidase
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expressed as measured using x-gal as the substrate. Large amounts of 63
galactosidase will result in rapid formation of the blue colored product; therefore,
the time taken for blue colored x-gal product to formis a relative measure of the
amount of B-galactosidase expression. Table I1.4 summarizes the results of the
B-galactosidase assay. The time taken for the formation of the blue product
after x-addition is indicated with "++++" for 5 min , "+++" for 15 min, "++" for 30
min, "+" for 1h, "+/-" greater than 1 hour and "-" no blue product. CLK1
interacts strongly with the of 5.7 clone (++++) but there is no interaction with the
clone of D18 (-). On the other hand, pHT17 interacted with both 5.7 (+) and D18
(+) which confirmed that CLK1 and CHD-1 bind to a common protein. Since
CLK1 did not show an interaction with D18, it is concluded that CLK1 interacts
with a region of the cDNA that is outside of the region corresponding to the D18
cDNA.

In addition to the 5.7 cDNA, a number of other cDNAs from the yeast two-
hybrid T-cell library encode protein that interact with CLK1. Do these other
proteins also interact with the chromodomain of CHD-1? To test this possibility
pHT17 was co-transformed with plasmids from the yeast two-hybrid T-cell library
that were isolated based on their interaction with CLK1. The co-transformed
yeast were tested for expression of B-galactosidase as described above and the
data are presented in Table 11.4. Interestingly, a number of the cDNA's tested
encode proteins that interact with the chromodomain as well as CLK1. These

cDNA's are identified as N-CoR (6.12), c-myc (2.8), and X16 (1.6). On the other
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hand, cDNA's encoding ASF/SF2 and mammalian tra-2 proteins interact with
CLK1 but do not interact with the chromodomain of CHD-1.

Since a number of proteins interact with both the chromodomain of CHD-1
and CLK1, it is possible that CHD-1 and CLK1 interact with each other. To test
this, chromodomain of CHD-1 was cloned in frame with the GAL4 activation
domain to turn it into a prey protein (Table 11.4). The CLK1 protein fused with the
GAL4 DNA binding domain was co-transformed with the chromodomain fused to
the GAL 4 activation domain. B -galactosidase assays were performed on co-
transformed yeast to test for protein interactions. This assay shows that the
chromodomain of CHD-1 does not interact with CLK1. However, the possibility
that CLK1 interacts with another part of CHD-1 outside of the chromodomain
cannot be ruled out.

The chromodomain fused to the GAL4 activation domain was co-transformed
in yeast with pHT17 (the chromodomain fused to the Gai4 DNA binding domain.
This was done to test for interaction of the chromodomain with another
chromodomain. The B-galactosidase assay shows that there is a
chromodomain-chromodomain protein interaction. The interaction between the
Gal4 DNA binding domain fused chromodomain and the GAL4 activation domain
fused chromodomain is not a strong one as it took 1 h for the blue x-gal product
to form. Chromodomain-chromodomain interactions were also found in a study

done with in vitro translated protein (33).
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D) The interaction of CHD-1 with N-CoR
1) Differences with the published N-CoR sequence

The 6.12 cDNA encoded a protein with homology to N-CoR that interacts with
both CLK1 and CHD-1 (Table 11.4). N-CoR is of particular interest since N-CoR
is part of a repressor complex with histone deacetylase (See also Introduction).
The hypothesis that CHD-1 is also associated with histone deacetylase is
supported by the finding that another CHD protein , human CHD-4 aliso
associates with histone deacetylase. Therefore, the cDNA of 6.12 was
examined more closely.

N-CoR is a co-repressor of nuclear hormone receptor transcription (52).
There are two regions of N-CoR that repress transcription in isolation from the
rest of the protein. They are referred to as repressor domains | and Il (52). The
cDNA contained in the 6.12 plasmid corresponds to part of the repressor domain
| of N-CoR. Repressor domain | stretches at the initiator methionine to aa 312 of
the N-CoR protein. The protein encoded by the cDNA in 6.12 corresponded to
aa 114 to 522 of N-CoR and is therefore missing the first 113 aa of repressor
domain I. To complete repressor domain | of N-CoR, RT-PCR of brain RNA was
used to clone the first 113 aa of repressor domain | missing from the clone in
6.12. The RT-PCR product encoding the first 113 aa of N-CoR was ligated with
the cDNA contained in 6.12 at a natural Pst | site. This creates a cDNA that
encodes an N-CoR protein that starts at the initiator Met and goes to aa 522 and

includes all of repressor domain | (initiator Met to aa 312) (Fig. 11.12). This
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construct was referred to as N-CoR§.

Initial sequencing of N-CoRp indicate that there are several differences with
the published sequence of N-CoR which are pointed out in Figure 11.12. 7.9 % of
the nucleotides of N-CoRB are different from the published N-CoR sequence.
76.4% of nucleotide substitutions occur at the third nucleotide of the codon. The
amino acid sequence for N-CoRB is only 2.9 % different from that of N-CoR.

The greatest number of nucleotide substitutions are in sequences encoding
Repressor domain | of N-CoR (12.6% nucleotide substitutions versus 0.008% for
the rest of the DNA). This indicates that N-CoR and N-CoRp are highly related

proteins that function similarly.

2) Cellular localization of the his-N-CoRB.

The N-CoRB protein was his tagged on the amino-terminus . The PCR
product encoding his-N-CoR# was ligated into a mammalian expression vector
and transfected into 293T cells grown on coverslips. These cells were then fixed
and stained for immunofluorescence using the anti-his antibody followed by a
secondary anti mouse conjugated to cy3. The results presented in Figure 11.13
show that his-N-CoRR is a nuclear protein with a punctate pattern of staining. In
addition, the nuclear staining is excluded from the nucleolus. The pattern of
staining of the his-N-CoR8 protein is similar to that for CHD-1 which supports

the yeast two-hybrid assay resuit that CHD-1 and N-CoR are associated.
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Figure .14 is a northern blot of P19 and differentiated P19 total RNA. This
blot was probed with the cDNA insert of the 6.12 clone (See Figure 11.12). There
is one large transcript running at about the size of the full length N-CoR transcript
(c. 7.8 kb). There are no differences in expression of the N-CoR transcript over

the time course of differentiation for either DMSO of RA differentiated P19 cells.

3) Confirmation of the interaction between N-CoRB and CHD-1

The yeast two-hybrid assay is prone to false positive interactions so an in
vitro protein binding assay was done with mammalian cell lysates to confirm the
interaction between N-CoRB8 and CHD-1. The cell lysates used were from 293T
cells that were co-transfected with the his-N-CoRB expression plasmid and the
pHT1 plasmid. The pHT1 plasmid was discussed previously (Fig. [1.3); it
contains a myc-tagged chromodomain in an expression vector. The pHT1
plasmid was chosen for this experiment since it contains the identical CHD-1
fragment (bp 583-1203) that was fused with the GAL4 DNA binding domain in
the bait in the yeast two-hybrid screen (pHT17).

The in vitro protein binding assay uses the his tag on his-N-CoRB to bind Ni*-
nitrilotriacetic acid which is cross-linked to agarose beads (66) (Ni beads). His-
tagged proteins are easily isolated when bound to Ni beads since Ni beads can
be pelleted by centrifugation. Only proteins with a his tag bind to the Ni beads.
Proteins in the lysate that bind to his-N-CoRB8 are co-precipitated with the beads

(Fig.1l.15b). Hence the bead pellet should contain his-N-CoRf as well as protein
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that bind to his-N-CoRB. The prediction is that the Ni bead pellet of cells co-
transfected with his-N-CoRB and pHT1 should contain both the his-N-CoRB
protein and the myc-tagged chromodomain protein if the myc-tagged
chromodomain protein is bound to the his-N-CoRB8.

Figure 11.15 is a schematic diagram of the in vitro protein binding assay. The
results of this assay are presented in Figure 11.16. The immunoblot probed with
the anti-his antibody is presented in the top box of Figure 11.16. Lane 1 contains
protein bound to Ni beads from lysates of cells transfected with his-N-CoRB
expression vector alone. A band that corresponds to the size of the his-N-CoRB

protein is detected in this lane demonstrating that the his-N-CoRRB protein
bound to Ni agarose beads as predicted. Lane 2 was loaded with the total
protein lysate from cells transfected with his-N-CoR8 only. The his-N-CoRf3
band present in this lane represents the amount of his-N-CoR# protein in 40 ug
of cell lysate.  Lanes 3 and 4 contain protein from cells co-transfected with both
his-N-CoRB and pHT1. The his-N-CoR protein is present in both lane 3 which
contains protein that bound to Ni beads and lane 4 which contains the total
protein lysate , showing that co-transfection with myc-tagged chromodomain
does not affect the ability of the his-N-CoR protein to bind to Ni beads. The last
two lanes, 5 and 6, contain protein from cells transfected with the myc-tagged
chromodomain (pHT1) aione. Since his-N-CoRB was not transfected into these
cells there is no band for his-N-CoRB protein in either of these lanes.

The immunoblot was also probed anti-myc 9E10. Lanes 1 and 2 were loaded
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with protein from cells transfected with his-N-CoR8 alone so there is no anti-myc
band in these lanes. Lanes 5 and 6 were loaded with protein from cells
transfected with myc-tagged chromodomain alone (pHT1). Lane 6 contains
protein from the total cell lysate and the myc-tagged chromodomain protein is
present in this lane. On the other hand, in lane 5 which contains protein bound
to the Ni beads and the myc-tagged chromodomain protein is not present in this
lane, confirming that the Ni beads do not bind to the myc-tagged chromodomain
protein. Lanes 3 and 4 contain protein from cells that were co-transfected with
his-N-CoRB and the myc-tagged chromodomain protein (pHT1). Lane 4 was
loaded with protein from the total protein lysate of the co-transfected cells and
the myc-tagged chromodomain protein is detected with anti-myc 910 in this
lane. The immunobiot had been probed with anti-his as discussed above and
was already shown to contain the his-N-CoR protein. Therefore the lysate from
co-transfected cells contains both the myc-tagged chromodomain and the his-N-
CoRB protein. Lane 3 was loaded with protein from the co-transfected cell
lysate that bound to Ni beads. This lane also contained an anti-myc 910
immunoreactive band that corresponds in size to the myc-tagged chromodomain
(pHT1). Since the myc-tagged chromodomain protein does not bind to the Ni
beads on its own (lane 5) then the band in lane 3 must be the myc-tagged
chromodomain that bound to his-N-CoRB. This is confirmation that the myc-
tagged chromodomain protein interacted with the his-N-CoRB.

The final box on Figure I1.15 was the same immunoblot described above
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probed with anti-tubulin. This was done as a loading control for the lysate lane
and also to ensure that the Ni agarose was not binding non-specific protein.
The blot shows that tubulin is present only in the lanes with total protein lysate
and not in the lanes with protein that bound to Ni beads. This verifies that the Ni

agarose cannot bind protein without a his tag.

4) The endogenous CHD-1 protein co-immunoprecipitates with mSin38

As discussed in the Introduction to this chapter, N-CoR binds to the mSin3
protein in a large transcriptional repressor complex. If CHD-1 is found to bind
to another member of this large complex then this would provide further evidence
that CHD-1 has a role in the transcriptional repression mediated by this complex.
Hence, co-immunoprecipitation was done with the anti-CHD-1 antibody to
determine whether CHD-1 was present in the mSin3 complex. Figure ll.17is a
western blot of that co-immunoprecipitation experiment. The anti-CHD-1
antibody was used to immunoprecipitate the endogenous CHD-1 protein and co-
immunoprecipitate endogenous proteins that are bound to CHD-1.
Immunoprecipitated proteins were bound to 1gG beads and to identify co-
immunoprecipitated proteins, proteins were eluted from the IgG beads and run
on SDS-PAGE followed by immunoblotting.

The immunobiot was initially probed with anti-CHD-1 to confirm that the
endogenous CHD-1 protein is immunoprecipitated with the anti-CHD-1 antibody

(Fig. 11.17a). Lane 3 was loaded with the total protein lysate from P19 cells,
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which contain the full length CHD-1 band at 201 kD. Smaller bands are also
detected that are attributed to degradation of the 201 kD CHD-1 protein as is
typically observed for this protein. Lane 2 was loaded with protein that bound to
the IgG beads alone. There are no bands in this lane indicating that the 1gG
beads do not bind to CHD-1 protein in the absence of antibody. Lane 1 was
loaded with immunoprecipitated protein and a band corresponding to the size of
the 201 kD CHD-1 protein is detected in the immunoprecipitate. Degradation of
the 201 kD CHD-1 protein is observed in this lane as weil. in addition the IgG
heavy chain band is present as indicated on the figure. This result confirms that
the CHD-1 is immunoprecipitated by the anti-CHD-1 antibody.

To see if CHD-1 could bind to mSin3 an immunoblot with anti-CHD-1 co-
immunoprecipitated proteins was probed with the anti-mSin3B antibody. There
are two mSin3 proteins in mouse, mSin3A and B and both these proteins bind to
N-CoR. Only the mSin3B protein is examined in this experiment. The mSin 3B
protein will only be present in the co-immunoprecipitate if it interacts with CHD-
1. Lane 3 was the total protein lysate of P19 cells. The single band in this lane
corresponds to the 175kD mSin38B protein. Lane 2 was protein that bound to
beads alone. There are no bands here indicating that mSin3B does not non-
specifically bind to |gG beads alone. Lane 1 was the lane containing co-
immunoprecipitated protein. There was a band corresponding to the 175kD
mSin3B in this lane. There are also bands of smaller sizes located just below

the band for full length mSin3B. These bands are thought to be degradation
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products of the IgG heavy chain.
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Tables, Figure and lllustrations
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treatments n IF p Py- P> t Ho:

counts Hy-H2=0

pHTS8 1000 43 0.0430
cells

pHT8 1000 46 0.0460 | -0.0030 | 0.460 accept
nuclear

L matrix
pHT1 1000 109 0.1090

cells

pHT1 1000 16 0.0160 0.093 12.38 reject
nuclear
matrix

oHT12 | 1900 | 41 | 0.0216
cells

pHT12 1000 13 0.0130 | 0.0086 | 2.508 reject
nuclear

matrix
pHT15 1300 17 0.0185
cells

pHT15 1000 9 0.0090 | 0.0085 |2.759 reject
nuclear

matrix

pHT14 1800 20 0.0111
cells

pHT14 1200 13 0.0108 | 0.0003 |0.103 accept
nuclear
matrix

pHT16 1700 10 0.005¢
cells

pHT16 1200 9 0.0075 | -0.0016 | 0.755 accept
nuclear

matrix




Table Il.1. Analysis of the nuclear matrixcourt data. The columns were labelled as follows:
treatments - the P19 cells were transfected with plasmids indicated (e.g. pHT8) and
were intact cells (cells) or cells extracted for the ruclear matrix (nuclear matrix)

n - the total number of cells or nuclear matrices that were counted under the microscope
(immunofourescent + non-immunofiuorescert) .

IF counts - the number of immunofluorescent cells or nuclear matrices within n.

p - proportion immunfluorescent cells or nuciear matrices = IF counts divided by n.

p1- p2=p for cells (p1) - p for nuclear matrix (p2). ffp1 = pe, thenp1 -p2=0.

t - the tvalue of the binomial test which was done to see if p1 - p2 values deviated
significanitly from 0. Anexample of at value calculation for the pHT8 transfection follows:

t= Di-D
J [(nl X sl) +(m2 X s2)] / (nl + n2)

t= 0.046 - 0.043 =046

/[(1000 X 0.000044 ) - (1000 X 0.000041)] / (1000+1000)

p1 is the proportion of immunofluorescert cells for the pHT8 transfection

p2is the proportion of immurofiuorescert nuclear matrices for the pHT8 transfection.
m is the total number of cells counted

n2is the total number of nudear matrices counted

s1= p1qi/m, where q1=1-p1

s2= p2qg2/re, where g2=1-p2

Ho: «1- x2= 0 - The hypothesis as stated is that the difference betweenp and pzequals
0 orp1 -p2 =0. The results of hypothesis testing are in this column. The critical t-value
with degrees of freedon >1000 (degrees of freedom =1 + n2- 2) at the 95% confidernce
limit for a one-tail test is 1.6449. If the calculated t values in the previous column are
greater that 1.6449 then the hypathesis is rejected (p1= pe); if the calculated tvalues are
lower that 1.6449 the the hypothesis is accepted (p1=p2).
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1) Yeast two-hybrid

2) Genbank r

' 3) Homology 4)

clone
a |b) Size| <) a) Identity of Genbark| b)Size || a) Alignment |b) % identical B-gal
clone |insert |bases clone (bp) nucleotides (xgal)
# (bp) | seq
(bp)
] - - 1
A91 | 1700 | 736 || KIAA1237 (human) | 5101 || i) A91:1-736 | 83% of A91 +/-
609/736
ii) KIAA1237:
523-1246
Bgo | 800 | 570 Glutathione S- 901 i) B80: 7-570 | 96%of 880 +
transferase (GST) sequence
(mouse) ii) GST:1-560 543/570
Ba1 800 | 5183 HUB1 (human) 3721 i) Ba1:1-513 84% of ++
B41
ii) HUB1: sequence
780-1285 463/513
D18 | 670 | 310 KIAAQ164 (human) | 5101 i) D18:1-310 87%ot D18 +
sequence
ii) KIAAD164: 272/310
2163-2472
1000| 871 17-p-hydroxysteroid| 1741 i)A113:1-129 14.8% ofi +
A113 650 dehydrogenase A113
550 * ii) steroid sequence
dehydro- 129/871
genase:
1609-1738
F111| 1000 932 tRNA for Phe Val | 3121 i) F111:1-344] 36.9 %0 ! ++
650 Leu, 12S ribosomal F111
RNA and 16S ii) RNA: 1268-] sequence
ribosomal RNA 1612 344/932
A25| 300| 850 IGF-llexon 6 3301 1)A25:1-618 72.7% of +/-
: A25
i) IGF Il sequence
2552-3167
C47 | 1000| 619 PTDO04 (human) | 1741 i)C47:1-619 91.2% of +
’ Ca7
ii)PTDO04: | sequence
433-1047 565/619
E5 | 1000] 740 No homoiogy
400




Table 11.2. identification of the clones from the mouse embryonic yeast two-
hybrid library that interacted with the chromodomain. The columns in the table
are labelled as follows:

1) Yeast two-hybrid clones - clones from the mouse embryo library that
interacted with the chromodomain.

a) clone # - assigned plasmid numbers for the clones isolated from the
mouse embryonic yeast two hybrid library.

b) size insert (bp) - the size in bp of the cDNA inserts in plasmids isolated

from the yeast two hybrid library.

c) bases seq (bp) —length of the sequence obtained the ABI sequencer
in base pairs
2) Genbank - the cDNA sequence of the clones isolated from the yeast two-
hybrid were used to query Genbank for nucleotide sequences showing
similarities using the BLAST algorithm (BLASTN version 2.0.10 [August,1999))

a) Identity of Genbank clone - Species origin of the sequence is indicated

in brackets. "No homology" indicated that there were no matching
sequences in Genbank.

b) Size (bp) - Size of full-length cDNA sequence of the Genbank clone.
3) Homology - analysis of sequence homologies between clones from the yeast
two-hybrid and the clones identified in Genbank.

a) Alignment - cDNA sequences from the yeast two-hybrid library clones
and Genbank clones were aiigned using BLAST and regions where the
sequences matched were identified. The number reported is the nucleotide
number of the cDNA sequence. i) Region of alignment in the yeast two-hybrid
cDNA clone. The nucleotides were numbered starting at the first nucleotide of
the open reading frame. ii) Region of alignment in the Genbank cDNA clone.
The first nucleotide was that of the cDNA sequence submitted to Genbank.

b) % of identical nucleotides - the number of nucleotides that were found
to be identical between the Genbank and yeast two-hybrid cDNA sequences is
expressed as a % total number of nucleotides sequenced for the yeast two-
hybrid cDNA
4) B-gal (x-gal) - the strength of interaction between the chromodomain bait and
the yeast two-hybrid clones was measured by the amount of B-galactosidase
activity present in a yeast two-hybrid assay (see also Fig. 11.9). X-gal was used
as the substrate for this assay and the time taken for the blue-colored product to
form was proportional to the relative amount of B-galactosidase activity. The
weakest interactions were indicated with "+/-" which mean that the product took
greater than 1 hour to form. A "+" indicated that the product was detected a by
45 min, "++" indicates 30 min, "+++" indicates 15 min, and "++++" indicates 5 min
which is the strongest interaction.
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Prey: Homologous Bait: Bait: Bait:
yeast sequence pHT17 clk-1 pAS

two- identified in (chromodomain) | (B-galactosidase (B-galactosidase
hybrid Genbank (B-galactosidase formed) formed)
clone formed)

#

D18 KIAAQ164 + - -
5.7 KIAAQ164 + +++ -
6.12 NCoR +++ 4+ .
2.8 c-myc ++++ + -
3.9 SAF-8 ++ +++ -
6.3 ASF/SF2 +- +++ -
1.6 X16 (9.4,10.4) ++ b+t -
6.9

mammalian tra2 - +++ .
hestakiuhandh IR R EE————




Table 1.4 Cik1 and the chromodomain of CHD-1 interact with common proteins.
Yeast two-hybrid assay with yeast transformed with the prey and baits indicated
above the columns. Transformed yeast were streaked on agar plates containing
SD media lacking leucine, tryptophan and histidine. Colony lifts were done to
transfer yeast colonies to filters. Yeast were lysed on filter with lig. N, and a 8-
galactosidase assay was done using X-gal as the substrate. The time taken for
the blue-colored product to form was proportional to the relative amount of 3-
galactosidase activity. The weakest interactions were indicated with "+/-" which
mean that the product took greater than 1 hour to form. A "+" indicated that the
product was detected a by 45 min, "++" indicates 30 min, "+++" indicates 15 min,
and "++++" indicates 5 min which is the strongest interaction. A "-" indicates
that there was no product formed. The negative control pAS is the vector
containing the DNA-
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Figure 1I.1. CHD-1 mRNA is expressed in P19 cells and differentiated P19 cells.
Total RNA from P19 cells (P19), and P19 cells differentiated for 10 days in 107
M RA (P19 RA) or 10% DMSO (P19 DMSO) were separated on a 0.7%
formaldehyde agarose gel and blotted to a nylon membrane (Hybond N). The
upper box is the blot was probed with the Xho | to Eco RI fragment of the CHD-1
cDNA as indicated on top of the box. The location of the 28S and 18S
ribosomal RNA bands are indicated to the left of the box. The lower box is the
same blot was probed with Pgk-1 as a loading control.
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Figure 11.2. CHD-1 protein is expressed in P19 cells and differentiated P19
cells. P19 cells were differentiated by treating them with either 10% DMSO or
107 M RA as indicated at the top of the figure. The number of days cells
received the treatment is also indicated. Lysates from P19 cells treated with
either DMSO or RA were loaded onto a 10% SDS PAGE and biotted to
nitroceliulose. Top panel: The blot probed with the anti-CHD-1 antibody(Stokes
and Perry, 1994). The band corresponding to 201kD CHD-1 band is indicated
on the right. The location of molecular weight size markers in kiloDaltons (kD)
are indicated on the left of the panel . Bottom panei: The same blot was
reprobed with an antibody against tubulin as a loading control.
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Figure 11.3. Schematic diagram of the CHD-1 cDNA deletion mutants. The black
rectangle represents the first chromodomain (C); the white rectangle represents
the second chromodomain (S); the stippled rectangle represents the helicase
domain (H) and the spotted rectangie represents the DNA-binding domain (D).
Restriction enzyme sites are indicated for Sal |, Spe |, Eco RI, and Eco RV. The
names of the plasmids containing deleted CHD-1 sequences are indicated in
brackets. The size of the deleted CHD-1 fragments are also indicated next to the
schematic in b.p. and a.a. 1) Full length cDNA of CHD-1 which is 5136 base
pairs (b.p.) with a protein sequence that is 1711 amino acids (a.a.). 2) pHTS:
myc-tagged CHD-1 from b.p. 241-5136. 3) pHT1: myc tagged CHD-1 b.p. 583-
1203. 4) pHT15: myc-tagged CHD-1 b.p. 241-1596. 5) pHT14: myc-tagged
CHD-1 b.p. 241-2312. 6) pHT16: myc-tagged CHD-1 b.p. 241-3193. 7) pHT12:
myc-tagged CHD-1 b.p. 1597-5136. See also "Material and Methods” section for
details on construction of plasmids.
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Figure 11.4. 293T cells transfected with myc-tagged CHD-1 mutants express
tagged proteins. Plasmids used to transfect cells are indicated at the top of the
figure (see Figure 11.3). The myc-puro lane contained protein from cells
transfected with myc-tagged puromycin (myc-puro). The plasmid contained the
puromycin antibiotic-resistance gene fused in-frame with the myc-tag. This
protein served as a positive control for the anti-myc 9E10 antibody. Protein from
transfected cells were lysed with 2X SDS loading buffer and loaded onto a 10%
SDS PAGE. The gel was then biotted to nitroceilulose and probed with anti-myc
9E10. The migration of molecular weight size markers in kiloDaltons (kD) are
indicated on the left of the figure.
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Figure Il.5a. P19 cells transfected with myc-tagged CHD-1 mutants show
nuclear localization of tagged proteins. P19 cells were grown on coverslips and
transfected with a) myc-tagged CHD-1 b.p. 241-5136 (pHT8); b) myc-tagged
CHD-1 b.p. 583-1203 (pHT1); c) myc-tagged CHD-1 b.p. 241-1596 (pHT15); d)
myc-tagged CHD-1 b.p. 241-2312 (pHT14); e) myc-tagged CHD-1 b.p. 241-3193
(pHT16); f) myc-tagged CHD-1 b.p. 1597-5136 (pHT12); g) myc-tagged
puromycin. Transfected cells were fixed with paraformaldehyde and stained with
anti-myc (9E10) followed by a secondary anti-mouse cy3-conjugated antibody for
visualization. The top panel is the differential interference contrast image of the
field. The middle panel is the Hoechst DNA stain of the same field. The bottom
panel is the immunofluorescence staining with the anti-myc (9E10) followed by
anti-mouse cy3. Bar = 10um.
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Figure 11.6. CHD-1 protein is in the nuclear matrix fraction of P19 cells. A
nuclear matrix extraction was done on P19 celis (29). Cytoplasmic refers to the
cytoplasmic fraction of this extraction, 2M NaCl refer to the proteins that were
soluble in 2 M NaCl and the nuclear matrix contains the proteins that are not
soluble in 2 M NaCl. Proteins from these three fractions were run on an SDS-
PAGE gels and biotted. Top panel: the blot was probed with the anti-CHD-1 and
the anti-topoisomerase Il antibody. The locations of the endogenous CHD-1
and topoisomerase i (topo 1) protein are indicated on the right side of the panel.
Bottom panel: the same blot was re-probed with the anti-tubulin antibody. The
location of the tubulin protein is indicated on the right side of the panel.
Numbers on the left indicate the location and size of the protein molecular weight
marker in kiloDaltons.
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Figure li.7a. Anti-Topoisomerase li (topo 1) immunofiuorescence of P19 cells.
P19 cells grown on coverslips were fixed with paraformaldehyde and stained
with the anti-topo Ii antibody followed by an anti-rabbit FITC-conjugated
secondary antibody. The top panel is the differential contrast image of the field.
The middle panel is the Hoechst DNA stain of the same field. The bottom panel
is the immunofluorescence staining with the anti-topo Il antibody followed by
anti-rabbit FITC. Bar = 10um.
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Figure |1.7b. Anti-Topoisomerase |l (Topo II) immunofiuorescence of nuclear
matrices from P19 cells. A nuclear matrix extraction was done on P19 cells
grown on coverslips (25). The residual nuclear matrix left on coverslips was
fixed in paraformaldehyde and stained with the anti-topo |l antibody followed by
an anti-rabbit FITC-conjugated secondary antibody. The top panel is the
differential contrast image of the field. The middle panel is the Hoechst DNA
stain of the same field. The bottom panel is the immunofluorescence staining
with the anti-topo |l antibody followed by anti-rabbit FITC. Bar = 10um.
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Figure 11.8a. Anti-myc (9E10) immunofluorescence of nuclear matrices prepared
from P19 cells transfected with a) myc-tagged CHD-1 b.p. 241-5 136 (pHT8); b)
myc-tagged CHD-1 b.p. 241-2312 (pHT1 4); ¢) myc-tagged CHD-1 b.p. 241-3193
(pHT16). The top panel is the differential interference contrast image of the
field. The middle panel is the Hoechst DNA stain of the same field. The bottom
panel is the same field probed with anti-myc (9E10) and visualized using cy3
conjugated secondary antibody against mouse. Bar = 10um.
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Transfect each plasmids containing a myc-tagged
CHD-1 mutant into two sets of cells on coverslips

Set 1 / \Set 2
Nuclear Matrix

Cells :
Fix cells with paraformaldehyde Extract c_ell§ with sait and deterggnt
to obtain insoluble nuclear matrix

v v

Stain with anti-myc (9E10) primary and Fix residual nuclear matrix
anti-mouse cy3 conjugated secondary with paraformaidehyde

I v

Stain with anti-myc (9E10) primary and

Count the number of total cells anti-mouse cy3 conjugated secondary
and the number of cy3 positive
cells within the total v
‘ Count the number of total nuclear
Divide the number of cy3 positive cells by matrices and the number of cy3 positive
the total number of cells counted to get nuclear matrices within the totai

the proportion (p,) of cy3 positive cells
Divide the number of cy3 positive nuclear
matrices by the total number of nuclear
matrices counted to get the proportion (p,)
of cy3 positive nuclear matrices

Subtract p, from p, (P1.P2)

v

Use a binomial test to test if p,.p, =0, or that the
proportion of cy3 positive cells is not significantly different
from the proportion of cy3 positive nuclear matrices

If p1 - pa is not significantly different from O then the myc-tagged
mutant CHD-1 protein extracted with the insoluble nuclear matrix.
If p1 - p2is significantly different from O then the myc-tagged mutant
CHD-1 protein extracted in the soluble non-nuclear matrix fraction.



Figure 1.9a) The method used for analyzing nuclear matrixlocalization of mutant CHD-1
proteins. b) A graphof pt - p2 values (see Table Il.1 ). p1and p2 are the proportiors of
cells and nuclear matrices, respectively, that were immurofivorescent when stained anti-
myc 9E10. The y-axis are values of p1 - p2. The error bars represent the standard error of
the mean (SEM) for p1-p2 values whichwas calculated as follows:

SEM= JI(n1 X s1) +12 X s2)] / (1l + n2)

See Table .1 for values of m, n2, s1, s2.

The x-axs indicates the plasmid that was transfected into cells. The cells transfected
with pHT8, 14, 16 have proportions of immurofiuorescent cels and nuclear matrices that
are not sigrificantly different as indicated (*).
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Yeast transformed with both plasmids were selectable in LeuTrp~ media.
The yeast cell line used for the yeast two-hybrid screen had a genomic DNA

insert with the GAL4 promoter driving the B-galactosidase gene and the His"
resistance gene. The GAL4 promoter bound to the DNA binding domain
but could not stimulate transciption without the activation domain. Likewise,
the activation domain could not stimulate transcription unless it was at a
promoter which brings it close to RNA pol H.

activation

library _ /8
protein :

chromodomain —»

DNA — 4\
binding aaa >
domain (L ALRAAALLL]

Wm:ﬁ AR

(L LIRERRLAL
"""‘”"‘" B-galactosidase
GAL4 promoter

A positive interaction between the chromodomain and the library protein
recreates a transcription factor with both a DNA binding domain and
activation domain which activates RNA pol |l. This results in transcription
of the p-galactosidase and the His~ resistance gene. Yeast containing
interacting proteins were selected in Leu-Trp-His” media. This could be

confirmed by testing the yeast for B-galactosidase expression using an
enzyme activity assay.




Figure 11.10 Schematic diagram of the yeast two-hybrid screen for proteins that
interacted with the chromodomain.
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human

human

human

human

human

ThrProlysSerLysLysTyrPheleuHisAspAspArgAspaAspGlyValAspTyrTrp
ACCuCAAAGAGCAAGAAGTACTTCTTGCACGAtGACAGAGATGATGGTGTGGATTACTGG

AAAAMAAMAANAAAAARAAfAARAARLAAARARA A AARARAnS L ARAsmaagann

ACCCCAAAGAGCAAGAAGTACTTCTTGCATGACGACAGAGATGATGGTGTGGATTATTGG
ThrProLysSerLysLysTyrPhelLeuBisAspASpArgAspaspGlyvValaspTyrTrp

AlaLysArgGlyArgGlyArgGlyThrPheGlnArgGlyArgGlvArgPheAsnPhelys
GCCAAAAGAGGAAGAGGTCGTGGTACTTTTCAACGTGGCAGAGGGCGCTTTAATLTTCAAA
A A A AAAAAAARAAAAAAAAAAAAAAAAAAAAAAAAAAAAARARARAAAARAAAAAAA
GCCAAAAGAGGAAGAGGTCGTGGTACTTTTCAACGTGGCAGAGGGCGCTTTAACTTCAAA
AlaLysArgGlyArgGlyArgGlyThrPheGlnArgGlyArgGlyArgPheAsnPhelys

LysSerGlySe"SerProLysTrpThrHisAspLys*y*GLnG‘yAsoGlyIleValG’u

AAATCAGGTAGCAGTCCTAAATGGACTCATGACAAATACCAAGGGGATGGGATT G”TG%A
LysSerGlySerSerProLysTrpThr8isasplysTyrGlnGL y$ pGliylile

Aspis »GluGluThrMetGluAsnasnGluGluLysLysAspargargLysGluGluLlys
GATGACGAAGAGACCATGGAAAATAATGAAGAGAAGAAGGACAGACGCAAAGAAGAARAG
camangananana B

GATGAAGAAGACGACCATGGAAAATAATGAAGAAAAGAAGGACAGACSCAAGGAAGAAAA
Asp3l.GluGluThrMetGluasnAsnGluGluLysLysaspAr3arglysGluGlulys

GluEnd
GaATag 2750
alalalal V4
GAATAA 2763
GluEnd

2574

2577

2634

2637



human

human

human

human

human

human

human

D18
ArgLysGluArgSerLysGluArgGlyAspSerLysGlySerArgGluSerSerGlySer
cGtAAAGAgAGAAGTAAAGAgCGGGGAGATTCCAAGGGCTCCAGGGAgTCCAGTGGgTCc
V“V"““““V“"““““““"V““““““""‘““““““““""““‘““'V"’”"““““V“‘V
AGARAAGAAAGAAGTAAAGARCGGGGAGATTCCAAGGGCTCCAGGGAATCCAGTGGATCA
ArgLysGluArgSerLysGluArgGlyAspSerLysGlySerArgGluSerSerGlySer

Dl8
ArgLysGlnGluLysThrProLysAspTerysGluTerysxzeTerysAspAspSer
AGAAAGCAaGAAAAARCaCCAAAGGATTACAAGGAGTAtAAACCTTACARAGATGACAGE
RS Jebaieieeliil ekt el R Y R R LY
AGAAAGCAGGAAAAAACTCCAAAAGATTACAAGGAATACAAATCTTACAAAGATGACAGT
ArgLysGlnGluLysThrProLysAspTerysGluTerysxazTerysAspAspSer

LysHisLys3lyArgGluirgAspHisSerArgSerSerSerSerSerAlaSerProSer
AAACATAAAggtAGAGAGCggGAcCATTCcCGgTCaTCgTCCTCgTCAGCATCgCCgTCc
“““ SENTVYYS ANt Aty t Ay atanayasytaytsyttttayassnnasaganyaay
AAACATAAA--~-AGAGAGCAAGATCATTCTCGATCTTCATCCTCTTCAGCATCACCTTCT
LysHisLys-~--ArgGlud@lnAspHisSerArgSerSerSerSerSerAlaSerProSer

SerProSerSerArgGluGluLysGluSerLysLysGluArgGluGluGluPheLysThr
TcgCCCAGTTCTCGAGAAGAAAAaGAGAGTAAGAAAGAGAGAGAAGAAGAATTTAAAACT
aagAAAAsaasaanana A A AA A AAAAANAAAA AN AR AAAR A AN nAnannnnnnn
TCTCCCAGTTCTCGAGAAGAAAAGGAGAGTAAGAAGGAAAGAGAAGAAGAATTTAAAACT
SerProSerSerArgGluGluLysGluSerLysLysGluArgGluGluGluPheLysThr

HisHisGluMetLysAspTyrSerGlyPheAlaGlyValSerArgProArgGlyThrPhe
CACCACGAGATGAAAGACTACTCAGGATTTGCAGGAGTTAGCaGACCACGAGGAACCTTT
RN "kl " ckahaaiahaialad 'akalalele b abala Ao il A ke
CACCATGAAATGAAAGAATACTCAGGCTTTGCAGGAGTTAGCCGACCACGAGGAACCTTT
HisHisGluMetLysGluTyrSerGlyPheAlaGlyValSerArgProaArgGlyThrPhe

PheArgIleArgGlyArgGlyArgAlaArgGlyValPheAlaGlyThrAsnThrGlyPro
TTTCGAATTAGAGGCAGAGGAAGAGCCAGAGGAGTTTTTGCTGGGACAAATACTGGTCCA
TTTCGAATTAGAGGCAGAGGAAGAGCCAGAGGAGTTT TTGCTGGGACAAATACTGGTCCA
PheArgIleArgGlyArgGlyArgAlaArgGlyValPheAlaGlyThrAsnThrGlyPro

AsnAsnSerAsnThrThrPheGlnLysArgProLysGluGluGluTrpAspProGluTyr
AACAACTCAAATACCACTTTTCAAAAGAGACCGAAGGAAGAGGAATGGGATCCAGAATAT
AAnnannaa Anannn WAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAn Amanan
ARCAACTCAAATACTACTTTTCAAAAGAGACCGAAGGAAGAGGAATGGGATCCAGAATAT
AsnAsnSerAsnThrThrPheGlnLysArgProLysGluGluGluTrpAspProGluTyr

2154

2160

2214

2220

2274

2277

2334

2337

2394

2397

2454

2457

2514

2517



RACE

human

RACE

human

human

human

human

human

human

Ser/Arg rich
SerSerSerSerArgserSerSerProTyrSerLysSerProValSerLysArgArgGly
TCATCaTCaTCTCGcTCTTCATCCCCATATAGCAAATCTCCTGTCTCTAAAAGACGAGGG
A A AAyAAAAAGAAAAAAAAAAAAAAAAARAAAANARARRA ARAAAS ARARANSSS
TCATCCTCTTCTCGTTCTTCATCCCCATATAGCAAATCTCCTGTTTCTAAAAGACGAGGG
SerSerSerSerArgSerSerSerProTyrSerLysSerProValSerLysAngrgGly

SerGlnGluLysGlnThrLysLysAlaGluGlyGluProGlnGluGluSerProLeuLys
TCTCAGGAAAAACAAACCAAAAAAGCTGAgGGGGAACCCCAAGAAGAGAGTCCtTTGAAA
TCTCAGGAAAAACAAACCAAAAAAGCTGAAGGGGAACCCCAAGAAGAGAGTCCGTTGAAA
SerGlnGluLysGlnThrLysLysAlaGluGlyGluProGlnGluGluSerProLeuLys

>5.7
SerLysSerGlnGluGluProLysAspThrPheGluHisAspProSerGluSerIleAsp
AgcAAATCACAGGAGGAACCaAAgGATACtTTTGAACATGAtCCATCTGAaTCTATtGAT
A AgAAAAAARAANARAAARAUAAYARARAYSARARASRARAyARSaRARAySat Tyt
AGTAAATCACAGGAGGAACCGAAAGATACATTTGAACATGACCCATCTGAGTCTATCGAT
SerLysSerGlnGluGluProLysAspThr?heGluaisAspProSerGluSerIleAsp

GluPheAsnLysSer-—-AlaThrSerGlyAspIleTerroGlyLeuserAlaTy:Asp
GagTTTAATAAaTCt---GCtACtTCtGGTGATATTTGGCCTGGCCTTTCAGCTTATGAT
A AgAARAARAAGAAUUYYAAYA Aty At aAsAsas AR saaassasRRARRRRRRR"
GAATTTAATAAGTCATCAGCCACATCCGGTGATATTTGGCCTGGCCTTTCAGCTTATGAT
GluPheAsnLysSerﬁazAlaThrSerGlyAspIleTerroGlyLeuserAlaTyrAsp

AsnSerProArgSerProBisSerProSerProIleAlaThrProProSerGlnSerSer
AATAGTCCaAGgTCACCtCATAGTCCTTCACCTATTGCTACACCACCCAGTCAGAGTTCA
A A AAAAAAGAAGAARAAUAAAAARAAAAARAAARARARARARARR S AysaaRRARRRSS"
AATAGTCCTAGATCACCCCATAGTCCTTCACCTATTGCTACACCACCTAGTCAGAGTTCA
AsnSerProArgSerP:oHisSerProSerProIleAlaThrProProSerGlnSerSer

SerCysSerAspAlaProMetLeuSerTthalaisSerAlaLysAsnThrProSerGln
TcaTGCTCaGATGCcCCCATGCTtAGTACAGTqCACTCTGCcAAAAATACcCCTTCTCAG
“"V‘”“AV'""‘A“V'“""""AV““"“A“V*A““'““AV”"“A"“”V““'““A““‘
TCTTGCTCTGATGCTCCCATGCTCAGTACAGTTCACTCTGCAAAAAATACTCCTTCTCAG
SerCysSerAspAlaProMetLeuSerThrValBisSerAlaLysAsnTthroSerGln

aisSerHisSerIleGlnHisSerProGluArgSerGlySerGlySerValGlyAsnGly
CATTCACATTCCATTCAGCAcAGTCCTGAqAGGTCTGGaTCTGGcTCTGTTGGAAATGGq
A AARAAAAAAAAAAAARAAUAAARARRAYASARAARSAyAsARsysansaRnaRRttt Y
CATTCACATTCCATTCAGCATAGTCCTGAAAGGTCTGGGTCTGGTTCTGTTGGAAATGGA
HisSerHisSerIleGlnHisSerProGluArqSerGlySerGlySerValGlyAsnGly

-

480

480

540

540

600

600

657

660

717

720

777

780

837

840



RACE

human

RACE

human

RACE

human

RACE

human

RACE

human

RACE

human

RACE

human

Ser/Arq rich
MetGlyArgSerAsnserArgSeraisSerSerArgSerLysSerArgSerGlnserSer
ATGGGcCGCTCCAATTCTAGATCACATTCTTCAAGaTCcAAGTCTAGATCACAGTCTAGT
AAAAAVAAAAAAA‘.AAAAAAAAAAA‘A&AAAAhhhthvAAAAAAAAAhAAAAAADAAAA
ATGGGTCGCTCCAATTCTAGATCACATTCTTCAAGGTCAAAGTCTAGATCACAGTCTAGT
MetGlyArgSerAsnSerArgSerHisSerSerArgSerLysSerArqSerGlnSerSer

Ser/Arg rich
SerArgserArqserArgSeraisSerArgLysLysArgTyrSerserArgSerArgSer
TCTaGATCAAGATCAAGATCaCATTCTAGAAAGAAGaGATACAGTTCTAGGTCTCGTTCC
AhﬂvhhhAhhﬂﬂhﬁhhA“ﬁ‘vﬂAhAhﬂﬂAAAﬂAAhhvﬂhhhﬂﬂhhﬂhhﬂhhhhﬂ.ﬁﬂhﬂh
TCTCGATCAAGATCAAGATCTCATTCTAGAAAGAAGCGATACAGTTCTAGGTCTCGTTCC
SerArgSerArgSerA:gSerBisSerArgLysLysArgTyrSerSerArgSerArgSer

Ser/Arq rich
ArgThrTyrSerArgSerArgSerArgAspArgzlsTyrSerArgAspTyrArqArgAsp
AGAACATATTCqAGGTCTCGTAGTAGAGATCGTATtTATTCTAGAGATTATCGTCGaGAT
AAAAAAAAAAAVAAAAAAAAAAAAAAAAAAAAAAAVAAﬂAnAAAAAAAA‘AAAAAthAA
AGAACATATTCAAGGTCTCGTAGTAGAGATCGTATGTATTCTAGAGATTATCGTCGCGAT
ArgThrTyrSerArgSerArgSerArgAspArgwneTyrSerArgAspTyrArgArgAsp

TyrArgAsnAsnArgGlyMetArgArgProTyrGlyTyrArgGlyArgGlyAqulyTyr
TACAGqAATAATAGAGGAATGAGACGACCTTATGGGTACAGAGGAAGGGGTAGAGGGTAT
.A...V....A,A,..--.A....-,A...-...............-............h
TACAGAAATAATAGAGGAATGAGACGACCTTATGGGTACAGAGGAAGGGGTAGAGGGTAT
TyrArqunAsnArgGlyMetArgArgProTyrGlyTyrArgGlyArgGlyArgGlyTyr

TyrGlnGlyGlyGlyGlyArgTyr?ze&auGlyGlyTyrArgProValTrpAsnArgArg
TATCAAGGAGGAGGAGGgAGATAcCcTCtAGGTGGcTATAGACCTGTCTGGAATAGAAGG
'*'”"””””'““"“‘AV""""‘V"V’“V‘“""'V“"“““"““‘“""‘""""“”"“
TATCAAGGAGGAGGAGGTAGATATCATCGAGGTGGTTATAGACCTGTCTGGAATAGAAGG
TyrGlnGlyGlyGlyGlyArgTyrﬂi;&:qGlyGlyTyrArgPrOValTrpAsnArgArg

Ser/Arg rich
HisSerArgser?roArgArgGlyArgSerArgSerArgSerProLysAngrqSerVal
CACTCTAGGAGTCCTAGACGAGGTCGqTCACGgTCCAGGAGTCCAAAAAGAAGATCCGTq
AAAAAAA ......,A....,A...-.v....Avha..-........-.-A..A.....-v
CACTCTAGGAGTCCTAGACGAGGTCGTTCACGTTCCAGGAGTCCAAAAAGAAGATCCGTT
HisSerArgserProArgArgGlyArqSerArgSerArqSerProLysArgArgSerVal

Ser/Arg rich
SerserGlnArgSerArgserArgSerArgA:gSerTyrArqSerSerArgSe:ProArg
TCTTCTCAAAGATCCcGAAGCAGATCTCGCCGGTCATATAGATCcTCTAGGTCTCCAAGA
.-...,,,..A....v-,-....-....AA....,...,..A.,v-..-,.......-..
TCTTCTCAAAGATCCAGAAGCAGATCTCGCCGGTCATATAGATCTTCTAGGTCTCCAAGA
SerSerGlnArgSerArgSerArgSerArqArgSerTyrArgSerSerArgSerProAzg

60

60

120

120

180

180

240

240

300

300

360

360

420

420



Figure I1.11. The alignment of nucleotide and protein sequences of the human
and mouse KIAAQ164. The human KIAAQ164 cDNA nucleotide sequence from
Genbank is labelled "human® and protein sequence for human KIAAQ164 is
below it. The nucleotide sequence of the mouse KIAA0164 cDNA is located
above the nucleotide sequence of the human cDNA.

The complete mouse cDNA was created by ligating the 5' cDNA generated by
RACE to the cDNA insert of the plasmid 5.7. The sequence of the &' RACE
product is labelled "RACE". The sequence of the cDNA insert of 5.7 is labelled
5.7 and an arrow above the sequence indicates where the cDNA sequence of
5.7 started.

The sequence for the cDNA insert in the plasmid D18 was identical to a
corresponding sequence of the cDNA insert of 5.7 that is indicated with (.......... )
above the nucleotide sequence of the cONA insert of 5.7.

The differences in nucleotide sequence between the mouse KIAAQ164 and
human KIAAO164 are indicated with a " v " beneath the differing nucleotides of
the 5.7 clone. Consensus nucleotides are indicated with the symbol, AT
Protein sequence differences between mouse and human are indicated by
amino acids that are in the outline style (xec). The numbers on the right side
refer the number of nucleotides in the human KIAAQ164 and mouse KIAAO0164
starting from the initiator ATG. The line above the sequence indicates the
location of Ser/Arg rich regions in the human protein. Three-letter amino acid
codes are used.
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NCoRf
NCoR

NCoRf}
NCoR

NCoRA
NCoR

NCoRf3
NCoR

NCoRf
NCeR

NCoRS
NCoR

NCoRf
NCoR

Gln
CAA
CAA
Gln

Met
ATG
ATG
Met

Arg
CGT
cGT
Arg

Gln
CAG

Gln

Leu
CTT
CTT
Leu

Ser
TCT
TCT
Ser

Val
GTG
GTG
val

Ile
ATT
ATT
Ile

6.12
Pro Pro
CCA CCT
CCA CCT
Pro Pro

Met
ATG
ATG
Met

Met Phe
ATG TIT
ATG TIT
Met Phe

Asp Ala Glu Gln Arg
CAA AGA 1242
CAA AGA 1239

GAT
GAT
Asp

GCA
GCA
Ala

GAA
GAA
Glu

Gln

Arg

Arg
AGG
AGG

val
GTC
GTC
val

Lys

Lys

Phe

Phe

Ile
ATC
ATC
Ile

Asn
AAT
AAT
Asn

Met

ATG
Met

Asn
AAT
AAT
Asn

6.12
Gly Leu
GGG CTG
GGG C1G
Gly Leu

Met
ATG
ATG
Met

Glu Asp

Glu Asp

Pro
CCA
CCA
Pro

Met
ATG
ATG
Met

Lys

Lys

vVal
GTIT
GTT
Val

Tyr
TAT
TAT

Tyr

Lys

Lys

Asp
GAC
GAC
Asp

Arg
AGA
AGA
Arg

Gln
CAG
CAG
Gln

Phe

Phe

Met
ATG
ATG
Met

Asn
AAT
AAT
Asn

Val

GTT
val

6.12
Trp Thr
TGG ACT
TGG ACT
Trp Thr

Asp

Asp

His Glu
CAT GAA
CAT GAA
His Glu

Lys

Lys

Glu

Glu

Ile
ATC
ATC
Ile

Phe

Phe

Lys
AAG

Lys

Asp
GAC
GAC
Asp

Lys

AAG
Lys

Phe

Phe

Ile
ATC
ATC
Ile

Gln
CaG
CAG
Gln

His
CAT
CAT
His

Pro
CCA
CCA
Pro

Lys

Lys

6.12
Asn Phe
AAC TTT
AAC TTT
Asn Phe

Gly

Gly

Leu Ile
CTA ATT
CTA AIT
Leu Ile

Ser

TCC
Ser

TYyr
TAT
TAT

TYyr

Leu

Leu

Glu

Glu

Arg
AGS
AGG

Lys
AAG
AAG
Lys

Ser
AGT
AGT
Ser

val

val

Pro
cCT
CCT
Pro

Asp
GAT
GAT
Asp

Cys
TGT
TGT
Cys

val

Val

6.12
Leu Tyr
TTA TAT
TTA TAT
Leu Tyr

Tyr
TAC
TAC
TYyT

Tyr Leu
TAT TTA
TAT TTA
Tyr Leu

=

ACC

Lys
AAG

Lys

Lys

Lys

Asn
AAT
AAT
Asn

Glu

GAG
Glu

AAT
AAT

v

TAT
TAT

Tyr

Lys

AAG
Lys

Ala
Gee
GCC
Ala

Leu
c1C
CcTC
Leu

val
GTG
GTG
val

Arg
AGa
AGA
Arg

Arg
AGG
AGG
Arg

6.12
Asn Tyr
AAT TAT
AAT TAT

Asn Tyr

Gly
GGA

Lys Arg
AAA CGC

GGA AAA CGC

Gly

Lys Arg

Gly

AGA GGC

Arg

Gly

Arg

Arg

Asn

AAT
Asn

Gln
CAG

Gln

1296
1293

1350
1347

1404
1401

1458
1455

1512
1509

Gln
CAG
CAG
Gln

Ile
ATT
ATT
Ile

Ala
GCC
GCe
Ala

Arg
CGT
CGT
Arg

Pro
cce
cce
Pro

Ser
TCA

Gln

Glu

6.12
Glu Lys

Val

Glu Glu

CAA GAA GAA AAA GTA GAA GAA

TCA CAA GAA

Ser

Gln

Glu

GAA AAA GTA GAA GAA

Glu Lys

val

Glu Glu

Lys

Glu

Glu

AAG GAA GAG
AAG GAA GAG

Lys

Glu

Glu

Asp
GAT
GAT
Asp

Lys
AAA
AAA
Lys

G 1567
G 1564



6.12
Gly Pro Lys Val Glu Leu
GGC CCA AAA GTT GAA CTG
GGC CCA AAA GTT GAA CTG
Gly Pro Lys Val Glu Leu
Repressor Domain I

Ile Phe
ATA TTT
ATA TTT
Ile Phe

Glu Gly
GAA GGT
GGT
Gly

Leu
CTT
CTT
Leu

Pro
CcCa
CCg
Pro

Leu Tyr Asn Gln Pro
CTC TAT AAC CAG CCA 810
CTC TAC AAC CAG CCG 807
Leu Tyr Asn Gln Pro

Lys
AAA
AAA
Lys

NCoRf3
NCoR
Glu

6.12
His Glu Asn Ile Lys Thr
CAt GAG AAC ATC AAG ACA
CAc GAG AAC ATC AAG ACA
His Glu Asn Ile Lys Thr
Repressor Domain I

Thr
aACC
ACC
Thr

Val
GTG
GTG
Val

Gln val
CAG GTG
CAG GTIG
Gln Val

Asp
GAT
GAT
Asp

Lys Tyr Asn
TAC

TAC
Tyx

Met Arg
ATG AGG
ATG AGG
Met Arg

Lys
AAA 864
AAA 861
Lys

NCoRS
NCoR

Lys Asn

6.12
Lys Arg Arg Asn His Ala
AAA AGA AGA AAT CAT GCA
AAA AGA AGA AAT CAT GCA
Lys Arg Arg Asn His Ala
Repressor Domain I~

Gla
CAA
CAA
Gln

Ile
ATT
ATT
Ile

Phe Phe
T
7T

Phe

Leu
TTA
TTA
Leu

Lys Leu
AAA CTC
AAA CTC
Lys Leu

Arg
AGA
AGA
Arg

Lys Gln
AAA CAA
AAA CAA
Lys Gln

Arg Glu
AGG GAA
AGG GAA
Arg Glu

918
915

NCoRA
NCeR
Phe

6§.12
Asp Gln Leu Met Glu Ala Trp
GAT CAG CTC ATG GAA GCG TGG
AAA ATC TGC CAA CGT TAT GAT CAG CTIC ATG GAA GCA TGG
Lys Ile Cys Gln Arg Tyr Asp Gln Leu Met Glu Ala Trp
~~~~Repressor DomainI~=~~

Lys Ile
AAA ATC

Glu Lys
GAG AAA
GAG AAA
Glu Lys

Lys Val
AAA GTG
AAA GTG
Lys Val

Cys Gln Arg

TGC CAG CGC TAT

Asp
GAC

Tyr
972
969

NCoRS
NCeR
Asp

6.12
Pro Arg Arg Lys Ala Lys Glu Ser Lys P23 Arg Glu Tyr
CCc CGG AGG AAA GCa AAA GAA AGC AAA cCA AGG GAA TAC 1026
CCt CGG AGG AAA GCt AAA GAA AGC AAA aCA AGG GAA TAC 1023
Pro Arg Arg Lys Ala Lys Glu Ser Lys e Arg Glu Tyr

Glu Asn
GAA AAT
AAT
Asn

Ile
ATA
ATA
Ile

Asn
AAT
AAT
Asn

NCoRf3
NCoR

AGA
AGA

Arg Glu

6.12

NCoR(
NCoR

NCoRS
NCoR

NCeRA
NCoR

Tyr
TAT
TAT

Glu
GaAg

Glu

Lys

AAG
Lys

Gln
CAG
CAG
Gln

Phe
TTT

Phe

Pro Glu Ile Arg Lys
CCA GAA ATT CGA AAA
CCA GAA ATT CGA AAA
Pro Glu Ile Arg Lys

Gln
CAA
CAA
Gln

Gla Arg Glu Gln
CAA AGA GAA CAG
CAA AGA GAA CAG
Gln Arg Glu Gln

Glu Arg Phe
AGA 1080
AGA 1077
Glu Arg Phe

Gln
CAG
CAG
Gln

Arg
cGA
CGA
Arg

val
GTT
GTT
val

Gly
GGT
GGT
Gly

Gln
CAG
CAG
Gln

6.12
Arg Gly Ala Gly Leu
AGG GGA GCT GGT CTT
AGG GGA GCT GGT CTT
Arg Gly Ala Gly Leu

Ser Ala Thr
TCA GCC ACC
TCA GCC ACC
Ser Ala Thr

Ile
ATT
ATT
Ile

Glu
GAG

Ser
AGT 1134
1131

Ser Glu

Eis
CAT
CAT
His

Glu
GAG
GAG
Glu

Ile
ATT
ATT
Ile

Ser
cT
cT
Ser

Glu

GAA
Glu

§.12
Ile Ile Asp Gly Leu
ATT ATT GAT GGT CTT
ATT ATT GAT GGT CTT
Ile Ile Asp Gly Leu

Ser Glu Gln
TCT GAA CAG
TCT GAA CAG
Ser Glu Gln

Glu Asn
AAT
AAT

Glu Asn

Glu
GAG
GaG
Glu

Asn Lys
1188
AAG 1185

Lys

AAT
Asn



NCoRD
NCoR

NCoRf3
NCoR

NCoRS
NCoR

NCoRf3
NCoR

NcoRf
NCoR

NCoRf
NCoR

NcoRS
NCaR

teeesenns iivecessesasessassanse s RI=PCRucceccriacvcrerccnescnnccsenennes

6.12
val Leu Pro Leu Val His Sar Leu Pro Glu Gly Leu Arg Ser Ser Ala 2a&» Ala

GTt tTa CCT TTa GTt CAC tCG CTG CCA GAA GGe LTG AGG TCg TCT GCa gAT GCT 432
GTc cTe CCT TTg GTg CAC aCG CTG CCA GAA GGa cTG AGG TCt TCT GCe aAT GCT 429

val Leu Pro Leu Val His ¥z Leu Pro Glu Gly Leu Arg Ser Ser Ala Rax Ala
—— Repressor Domain I

ceenen eerveasseseensassesesseresRT=BCRucisecrccncrrrennnrccooesnonreosss
6.12

Lys Lys Asp 3az Ala Phe Gly Sar Lys His Glu Ala Pro Ser Ser Pro Leu Ala

AAG AAG GAT tCa GCA TTT GGA agC AAAR CAT GAA GCT CCa TCC TCT CCt TTg gCT 486

AAG AAG GAT cCg GCA TTT GGA gtC AAA CAT GAA GCT CCt TCC TCT CCe TTe tCT 483

Lys Lys Asp 2zo Ala Phe Gly Yl Lys His Glu Ala Pro Ser Ser Pro Leu Sz

Repressor Domain I -

6.12
Gly Gln Pro Cys Gly Asp Asp Gln Asn Ala Ser Pro Ser Lys Leu Ser Lys Glu
GGG CAa CCA TGT GGA GAT GAc CAA AAT GCT TCA CCT TCA AAG CTT TCA AAG GAg 540
GGG CAg CCA TGC GGA GAT GAt CAG AAT GCC TCA CCT TCA AAA CTG TCA AAG GAa 537
Gly Gln Pro Cys Gly Asp Asp Gln Asn Ala Ser Pro Ser Lys Leu Ser Lys Glu
—— ~~Repressor Domain I -

6.12
Glu Leu Ile Gln Ser Met Asp Arg Val Asp Arg Glu Ile Ala Lys Val Glu Gln
GAG TTa ATA CAG AGt ATG GAc CGG GTa GAc CGA GAg AIT GCa AAA GTA GAg CAG 594
GAG CTg ATA CAG AGc ATG GAt CGT GTec Gat CGA GAa ATT GCg AAA GTA GAa CAG 591
Glu Leu Ile Gln Ser Met Asp Arg Val Asp Arg Glu Ile Ala Lys Val Glu Gln
—-——- Repressor Domain I ———————

6.12
Gln Ile Leu Lys Leu Lys Lys Lys Gln Gln Gln Leu Glu Glu Glu Ala Ala Lys
CAG ATC C'I'I‘AAAtTGAAAMGAAaCAaCMCAGCTaGAAGMGMGCa GCT Aag 648
CAG ATC CTTAMerAAAAAGAAgCAgCMCAGCTcGAAGMGAAGCtGCT Aaa 645
Gln Ile Leu Lys Leu Lys Lys Lys Gla Gln Gln Leu Glu Glu Glu Ala Ala Lys
-~ - — Repressor Domain I

6.12
Pro Pro Glu Pro Glu Lys Pro Val Ser Pro Pro Pro Val Glu Gla Lys His Arg
CCC CCt GAa CCa GAG AAG CCT GTG TCC CCT CCT CCT GTG GAa CAa AAa CAC CGt 702
CCC CCa GAg CCt GAG ARG CCT GTG TCC CCT CCT CCC GTG GAg CAg AAg CAC Cga 699
Pro Pro Glu Pro Glu Lys Pro Val Ser Pro Pro Pro Val Glu Gln Lys His Axg
------- ~Repressor Domain I - ——

6.12
Ser Ile Val Gln Ile Ile Tyr Asp Glu Asn Arg Lys Lys Ala Glu Glu Ala His
AGT ATT GTC CAA ATT ATT TAT GAt GAG AAT CGG AAA AAA GCA GAA GAA GCT CAT 756
AGT ATT GTC CAA ATC ATT TAT GAc GAG AAT CGG ARA AAA GCA GAA GAA GCT CAT 753
Ser Ile Val Gln Ile Ile Tyr Asp Glu Asn Arg Lys Lys Ala Glu Glu Ala His
Repressor Domain I -




Met Ser Ser Ser Gly Tyr Pro Pro Asn Gln Gly Ala Phe Ser Thr Glu Gln Ser
NCoRS ATG'!’CAAGT'NAGGTTATCCTCCCMCCMGGnGCthGCACAGAGCMAGT 54
NCoR ATG TCA AGT TCA GGT TAT CCT CCC AAC CAg GGg GCg TTC AGC ACA GAG CAg AGT 54

Met Ser Ser Ser Gly Tyr Pro Pro Asn Gln Gly Ala Phe Ser Thr Glu Gln Ser
Repressor Domain I

............... eeecessssssness s RT=PCR...cevierscsvrecsssocsrsssssanccces

Arg Tyr Pro Ser His Ser Val Gln Tyr Thr Phe Pro Ser Tar Arg His Gln Gln
NCoRB CGt TAt CCT TCa CAt TCt GTe CAG TAt ACC TTT CCC AGt aCC CGA CAC CAG CAG 108
NCoR CGc TAc CCT TCg ChAc TCqg GTt CAG TAc ACC TTT CCC AGe gCC CGT CAC CAG CAG 108

Arg Tyr Pro Ser His Ser Val Gla Tyr Thr Phe Pro Ser A1z Arg His Gln Gln

- ~Repressor Domain I

................... PRI - o5 - o3 - FE R L L LR R
Glu Phe Ala Val Pro Asp Tyr Arg Ser Ser His 1is Glu val Ser Gln Ala Ser
NCoRS GAA TTT GCA GTt CCT GAC TAC CGec TCT TCT CAT aTT GAA GTt AGc CAG GCa TCA 162
NCoR GAA TTT GCA GTc CCT GAC TAC CGt TCT TCT CAT oTT GAA GTc AGt CAG GCg TCA 182
Glu Phe Ala Val Pro Asp Tyr Arg Ser Ser His ILsg Glu val Ser Gln Ala Ser
—— Repressor Domain I~=~—=~~~~~--=s-osssoss=s

............................ R - & 5 -To) - R R R R TR

Gln Leu Leu Gln Gln Gln Gln Gln Gln Gln @lm Leu Arg Arg Arg Pro Ser Leu
NCoR® CAG CTt TTA CAG CAG CAG CAG CAG CAG CAG cag CTT CGa AGA CGa CCT TCC tIG 216
NCoR CAG CTc TTG CAG CAG CAG CAG CAG CAG CAG --- CTT CGe AGA CGg CCT TCC TG 213

Gln Leu Leu Gln Gln Gla Gln Gln Gln Gln --- Leu Arg Arg Arg Pro Ser Leu
------- Repressor Domain I-~- ——
........................ veasese s RT=PCR.:essrossvsssossssssrensasesssccsnns

Leu Ser Glu Phe His Pro Gly Ser Asp Arg Pro Gln Glu Arg Arg ™o Gly Tyr
NCORS CTT TCa GAA TTT CAC CCG GGT TCt GAC AGG CCt CAa GAA AGG AGA AcT GGA TAt 270
NCOoR CTT TCc GAG TTT CAC CCG GGT TCc GAC AGG CCc CAg GAA AGG AGA AgT GGA TAc 267

Leu Ser Glu Phe His Pro Gly Ser Asp Arg Pro Gln Glu Arg Arg Sz Gly Tyr
~ Repressor Domain I

............... PRI - 5 - o} . SU O LR R R R R
Glu Gln Phe His B&r Gly Pro Ser Pro Val Asp His Asp Ser Leu Glu Ser Lys
NCORB GAa CAG TTt CAC tCa GGA CCc TCa CCG GTG GAt CAT GAt TCC TTG GAG TCC AAG 324
NCoR GAg CAG TTe¢ CAC <Cg GGC CCt TCe CCG GTG GAec CAT GAc TCG CTG GAG TCC AAG 321
Glu Gln Phe His 3To Gly Pro Ser Pro Val Asp His Asp Ser Leu Glu Ser Lys
-~ ———— Repressor Domain I

6.12
Arg Pro Arg Leu Glu Pzo Val Ser Asp 532 #is Phe Gln Arg Y&l Ser ala Ala
NCo'Rﬁ CGC CCa CGC CTG GAG Cca GTT TCt GAT gCC CAt TTC CAG CGt gTt AGT GCT GCg 378
NCoR CGG CCt CGC CTG GAG Cag GTT TCc GAC tCC CAc TTC CAG CGe aTe AGT GCT &Ce 378
Arg Pro Arg Leu Glu &3 Val Ser Asp Sgz His Phe Gln Arg Ils Ser Ala Ala
- Repressor Domain I




Figure 11.12. The alignment of nucleotide and protein sequences of mouse N-
CoR8 from b.p. 1-1567 and mouse N-CoR from b.p. 1-1564. The partial
nucleotide sequence of N-CoRB from b.p. 1-1567 is in rows labelled "N-CoR8"
and the protein sequence for N-CoR8 is located above it. The partial nucleotide
sequence of N-CoR (b.p. 1-1564) is located below that of N-CoR#8 for
comparison (the rest of the nucleotide sequence of N-CoR from b.p. 1564 -7780
b.p. is not shown). The nucleotides that differ between N-CoRB and N-CoR are
bold lower-case letters (gate). The consensus nucleotides are upper case letters
(GATC). The differences in protein sequence are indicated by amino acids in the
outline style (vet). The numbers on the right indicate the number of nucleotides
in N-CoRB and N-CoR. The region of N-CoR that comprised Repressor domain |
(~~~=~) is indicated beneath the protein sequence for N-CoR. The double
dashed lines (====) over the N-CoRB cDNA sequence is the sequence in the
plasmid 6.12. The part the N-CoRB cDNA that was cloned by RT-PCR is
indicated with dots over the sequence of N-CoRB (........ ). The underlined N-
CoRB sequence is a Pst | site present only in N-CoRB. This is also the site
where the RT-PCR sequence was ligated to the cDNA sequence of 6.12
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Figure 11.13. His-NCoRp transfected protein is nuclear. His-NCoRp was
transfected into 293T cells on coverslips and cells were fixed 48 hours later and
stained with the anti-his antibody followed by the cy3 conjugated anti-mouse
secondary antibody. The top panel is the differential contrast image of the field.
The bottom panel is the immunofluorescence staining with the anti-his tag
antibody followed by anti-mouse cy3. The immunofluorescence staining pattern
of His-NCoRg is similar to that for CHD-1. Bar = 10 um.
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Figure Il.14. N-CoR is expressed in P19 cells and differentiated P19 cells.
Northern blot of P19 cells and P19 cells differentiated with DMSO and retinoic
acid (RA). The number of days that celis were treated with RA or DMSO is
indicated at the top of the figure. The location of the full-length N-CoR mRNA is
indicated by an arrow on the right. The arrows on the left indicate the location of
58S and 18S rRNA bands. The top box is the northern blot probed with N-CoRp
b.p. 1-336. The bottom box is the same northern probed with GAPDH as a
loading control.
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Figure .15 a). Schematic diagram of the his-tagged N-CoRB. N-CoRf
sequences in 6.12 contained only part of Repressor domain . RT-PCR was
used to amplify the 5' end of N-CoR8 from the initiator Met to the internal Pst |
site at bp 415. This site was used to clone the RTPCR product in frame with the
N-CoRB sequence in 6.12. This resulted in a sequence of N-CoR8 that went
from bp 1-1567. The 5' primer used for RTPCR had a Kpn | site on the 5’ end.
This site was used to clone the N-CoR8 into an expression vector driven by the
pgk promoter. b) The in vitro protein binding assay using his-N-CoR8 and Ni
agarose beads.
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Figure 11.16. The chromodomain binds to N-CoRB in vitro. 293T cells were
transfected with plasmids containing his-tagged N-CoR8 (His-NcoRB) (lanes 1
and 2), myc-tagged chromodomain of CHD-1 (pHT1) (lanes 5 and 6), or both
(lanes 3 and 4). Transfected cells were lysed and combined with Ni-NTA
agarose beads, which bind to the his-tagged N-CoR8 protein. Proteins binding
to Ni-NTA agarose beads were then washed and eluted and run on 10% SDS-

PAGE. "+" in the row beside His-NCoRB indicates that lane directly below the
"+" was loaded with protein from cells transfected with His-NCoRB. "=" indicates
that the lane was loaded with protein that was not transfected with His-NCoR8.
The same is true for "+'s” and "='s” beside myc-chromodomain (pHT1). The
"4's” next to Ni-NTA beads indicate that the lane below was loaded with protein

that had been eluted from Ni-NTA agarose beads. The "+'s” next to whole cell
lysate indicate that the lane below was loaded with protein from the whole cell
lysate. The gel was blotted and probed with anti-his (top box), anti-myc (9E10)
(middle box), and anti-tubulin (bottom box).
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Figure 11.17. The endogenous CHD-1 and mSin3B proteins are associated in
P19 cells. P19 cells were lysed and the anti-CHD-1 antibody was added to
immunoprecipitate the endogenous CHD-1 protein and co-immunoprecipitate
CHD-1 associated proteins. IgG cross-linked beads were used to bind
precipitated proteins which were then run on 10% SDS-PAGE and blotted.

a ) The immunoblot probed with anti-CHD-1. 1) Immunoprecipitate with anti-
CHD-1; 2) IgG beads alone; 3) whole cell lysate of P19. The arrows indicates
the location of the CHD-1 protein and also the heavy chain of IgG. The numbers
on the left indicate the sizes and migration in kiloDaltons (kD) of the protein
molecular weight markers.

b) The immunoblot probed with anti-mSin3B. 1, 2, 3 lanes are same as
above. The arrows indicates the location of the mSin3B protein and the IgG
heavy chain.

112



, )
-~
|

Transcription factop™ .3’
Y




Figure 11.18. Schematic diagram of a model for the function of CHD-1.
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Discussion
Two novel discoveries are described in this chapter: A) the CHD-1 protein is
associated with the nuclear matrix, B) the CHD-1 protein is associated with the

Sin repressor complex.

A) The CHD-1 protein is associated with the nuclear matrix.
1) The endogenous CHD-1 protein in P19 cells

The results of Chapter Il show that the endogenous CHD-1 protein is
associated with the nuclear matrix in P19 cells, which is different from
plasmacytoma cells where the CHD-1 protein was found in the soluble fraction
rather than in the insoluble nuclear matrix fraction (109). However, these results
do not necessarily contradict each other, since the composition of nuclear matrix
proteins can differ between different cell types (41) (51). Nevertheless, our
result concurs with the finding that CHD-1 binds to AT-rich DNA (109) which is
similar to DNA in nuclear matrix attachment regions (MAR) (13) (16) (79).
Hence, it is proposed that CHD-1 is a MAR DNA binding protein in the nuclear
matrix.

MAR DNA binding proteins in the nuclear matrix have a number of functions.
Recently, MeCP2 was identified as a MAR binding protein in the nuclear matrix
(119). MeCP2 is a protein that binds to methylated CpG residues that are found
in silenced genes (12), indicating that gene silencing is also part of the function

of the nuclear matrix. In addition, HDAC 1(human histone deacetylase 1) was
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shown to bind to the nuclear matrix (106) and MeCp2 also associates with HDAC
(87) which further indicates that the nuclear matrix can function in gene silencing.
Therefore, the association of CHD-1 with the nuclear matrix is consistent with a

gene silencing function for this protein.

2) Some mutant CHD-1 proteins containing deletions are also associated with
the nuclear matrix

CHD-1 contained the following signature domains: two chromodomains, a
helicase/ATPase domain, and a DNA binding domain. These domains were
deleted progressively to generate mutant proteins that contained deletions of the
DNA-binding domain, helicase/ATPase domain and the second chromodomain.
One other mutant was constructed with a deletion of the amino-terminal end
containing the chromodomains and part of the helicase/ATPase domain. The
mutant CHD-1 proteins were all found to be localized to the nucleus. The amino
acid sequence of CHD-1 indicates that there were seven possible sequences in
CHD-1 that could function as nuclear localization signals (NLS) (55) and they are
found at a.a. 138 (AKRKKH), 351 (KKK), 694 (RRVKK), 925 (RAKKK), 1104
(RKRPKKR), 1330 (KRRKTRAKK), and 1498 (KHAIKKR).

Are any of these mutant CHD-1 proteins also associated with the nuclear
matrix ? To answer this question, the nuclear matrix was prepared from cells
carrying transfected mutant CHD-1 proteins. The results showed that not all

mutant proteins are associated with the nuclear matrix. The smallest mutant
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protein showing nuclear matrix localizaton was the fragment of CHD-1 from aa
81-769 suggesting the presence of a nuclear matrix targeting signal within this
sequence. The protein sequence within CHD-1 aa 81 -769 contains the two
chromodomains and the helicase/ATPase domain. However, the mutant CHD-1
protein aa 195-401 (pHT1) which encodes the first chromodomain but is missing
the second chromodomain and the helicase domain, was not found to be
associated with the nuclear matrix. In addition, the CHD-1 sequence contained
in the plasmid, pHT 15, encodes the second chromodomain and motifs | and Il of
the helicase/ATPase domain (a.a. 81-532) and this protein was aiso not found
in the nuclear matrix. Furthermore, the rest of the helicase/ATPase domain,
motifs Ili- VII, is present in CHD-1 aa 533-1711 which is contained in plasmid
pHT12; and this protein was not found in the nuclear matrix, either. Hence,
targeting the CHD-1 protein to the nuclear matrix may require that two or more
regions within CHD-1 aa 81-769 mediate nuclear matrix attachment.
Alternatively, an intact helicase/ATPase domain (motifs | - VI) may be required
for nuclear matrix association.

Other proteins containing a homologous helicase/ATPase domain, BRG-1
and hbrm, were also found to be associated with the nuclear matrix (102) which
supports the hypothesis that the helicase ATPase domain of CHD-1 is involved
in targeting the protein to the nuclear matrix. However, the study of BRG-1 and
hbrm did not specify if the helicase/ATPase domains of these proteins were

required for nuclear matrix association.
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Nuclear matrix targeting signals have been defined in the YY1 (77) and
AML/CBF-o. (125) protein sequences. The sequence encoding the nuclear
matrix targeting signal of YY1 is different from that of AML/CBF-a . In addition,
neither of these nuclear matrix targeting signals were found in CHD-1 aa 81-769
which is the region thought to contain the putative nuclear matrix targeting
signal. Therefore, these nuclear matrix proteins are probably attached to

different protein in the nuclear matrix rather than to a common structural target.

B) The CHD-1 protein is associated with the mSin repressor complex
1) The search for proteins that interact with the chromodomain of CHD-1

A function for CHD-1 might also emerge by identifying proteins associated
with it. It was reasoned that if CHD-1 interacted with a particular protein then it
was likely that CHD-1 has a role in the biological function of the interacting
protein. Hence, a yeast two-hybrid screen was done to find proteins that
interacted with the chromodomain of CHD-1.

The chromodomain was chosen as a target for interacting proteins because it
is a domain associated with gene silencing in Drosophila (69). Hence, itis also
thought that CHD-1 functions in gene silencing. The chromodomains of Pc and
HP-1 have characteristics of a protein-protein interaction domain and can target
the protein to sites chromatin. Therefore, it is predicted that the proteins that
bind to the chromodomain of CHD-1 would be invaived in gene silencing.

The chromodomain was found to interact with proteins encoded by cDNA
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from a mouse embryo yeast two-hybrid library which confirmed that it could
mediate protein interactions. Furthermore, the chromodomain of CHD-1 aiso
interacted a protein with near identity with N-CoR, N-CoRp. N-CoR is a co-
repressor of transcription as the high degree of homology between the partial
cDNA of N-CoRb and N-CoR indicates that N-CoRp may also function in
repression of gene expression. The cloning of the full-length cDNA of N-
CoRp will help confirm a function in repression. The association of CHD-1 with

N-CoRp and mSin3B indicates that CHD-1 is also invoived in gene repression.

2) CHD-1 is associated with the Sin complex

N-CoR was of particular interest concerning CHD-1 because it was a co-
repressor of nuclear hormone receptor mediated transcription which concurs with
hypothesis that CHD-1 functions in gene silencing. Furthermore, N-CoR also
bound the Sin complex which contains histone deacetylase. Since, deacetylated
histones are also found in chromatin around silenced genes, an association
between CHD-1 and the Sin complex is another indication that CHD-1 functions
in gene silencing.

The interaction between the N-CoR and the chromodomain of CHD-1 was
confirmed using an in vitro protein binding assay with lysates from cells

containing tagged N-CoRp and CHD-1 proteins. Additional experiments showed
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that the endogenous CHD-1 protein was co-immunoprecipitated with the
endogenous mSin3B protein a member of the Sin. This confirmed that CHD-1
was associated wit the Sin complex. Experiments in progress will determine if
histone deacetylase also co-immunoprecipitates with CHD-1.

in addition, the expression of the transfected his-tagged N-CoRp protein
shows a punctuated nuclear staining like that found for CHD-1 confirming that
the two proteins are co-localized.

The chromo shadow domain, which is similar to the chromodomain, is only
contained in proteins with a chromodomain. The chromo shadow domain of
human HP-1 and MoMOD were found to be associated with TIFa which can also
repress transcription mediated by nuclear receptors (64). This is further
evidence of the association of chromodomain proteins with repression of gene

expression mediated by nuclear hormone receptors.

C) A model for the function of CHD-1

The CHD-4 protein, a- CHD-1 reiated protein, was also found to be associated
with histone deacetylase in the NURD complex. Furthermore, chromatin
remodelling activity of the NURD complex is attributed to CHD-4 which indicates
that CHD-1 could also remodel chromatin.

A hypothetical model for the function of CHD-1 is presented in Figure I1.18. A
transcriptional repressor protein, such as N-CoR, recruits the Sin repressor

complex to sites in chromatin to induce gene silencing. The CHD-1 protein as
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part of the Sin complex anchors the chromatin to the nuclear matrix and also
remodels chromatin to expose histone tails to the histone deacetylase in the
complex. The deacetylation of histones promotes the formation of silenced
chromatin. The association of the Sin complex with the nuclear matrix is also
supported by studies that showed that HDAC 1 could be cross-linked to the
nuclear matrix. Another protein associated with gene silencing MeCP2, which
binds to methylated DNA that contains silenced genes, was also shown to be a
nuclear matrix protein indicating further that the nuclear matrix is a site for gene
silencing proteins. In addition, MeCp2 was also associated with histone
deacetylase (87); therefore methylated DNA containing silenced genes is also a
target for histone deacetylase which increases the evidence that histone
deacetylation is part of a gene silencing mechanism. Finally itis suggested that
CHD-1 is also associated with gene silencing through functioning in protein

complexes that contain histone deacetylase.
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