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Abstract 

The identification of protein-protein as emerged as a powerful tool to characterize 

biological systems. In budding yeast in particular, systematic mapping of protein-protein 

interactions for most open reading frames drastically improve our understanding of this 

model organisms. Still, some classes of proteins, such as DNA binding proteins, remain 

poorly studied due to a lack of proper tools for their study. In this thesis, I describe the 

development of a novel affinity purification approach for the characterization of DNA 

binding proteins and of their associated proteins. The modified chromatin 

immunopurification (mChIP) approach consist of a single affinity purification step whereby 

chromatin-bound protein networks are isolated from mildly sonicated and gently clarified 

cellular extracts using magnetic beads coated with antibodies. The mChIP method was 

characterized in details demonstrating significant gain in sensitivity toward the 

determination of DNA binding protein interactome. Moreover, I showed that mChIP 

purification were successful for multiple class of proteins including numerous non-histone 

DNA binding proteins. Following the successful development of the mChIP method, I 

embarked on a large-scale characterization of chromatin associated proteins in budding 

yeast. In this way, 102 different DNA binding proteins were characterized by mChIP to 

determine their chromatin associated protein networks. This effort resulted in the 

detection of 3576 high confidence protein associations with 724 distinct preys. 

Approximately 75% of the baits had significantly improved interaction coverage using 

mChIP compared to the classical affinity purification methodologies. I also utilized the 
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mChIP approach to perform targeted study of histone chaperones and unravel their 

interconnection. In summary, the mChIP method that I developed now makes it possible to 

systematically study chromatin associated proteins in budding yeast, breaking down a 

technical barrier that existed in the field of chromatin research for too long. 
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Introduction 
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1.1 Introduction to proteomics 

The term proteome was introduced in 1995 and represents the "protein 

complement expressed by a genome" (Wilkins et al., 1996). The study of a proteome with 

regards to its composition, post-translational modifications (PTM), expression level, 

localization or interconnection is referred to as proteomic. While the term proteomic is 

recent, it has its roots in the development of proper separation and detection methods for 

proteins which originated decades earlier. For instance, the advents of gel electrophoresis 

(Laemmli, 1970) and subsequently of high resolution two-dimensional gel electrophoresis 

(O'Farrell, 1975) were not only essential to the development of proteomic, but remain an 

integral part of most protein laboratories. Formerly, proteins were visualized with protein 

dyes such as coomassie brilliant blue (Fazekas de St Groth et al., 1963) but with time more 

sensitive detection reagents such as silver nitrate (Merril et al., 1981; Shevchenko et al., 

1996) or SYPRO stains (Steinberg et al., 1996) were developed. This improved sensitivity 

toward proteins helped probe at a greater depth many organisms (reviewed in (Rabilloud, 

2000)). Still in many ways, proteomic as we know it started with drastic improvements in 

the delivery of protein samples to mass spectrometers (Andersen and Mann, 2000) 

enabling the identification of protein in gel bands (or spots) following electrophoresis. 

Key to this progress was the development of "soft" ionization techniques which 

enables large macromolecules to be effectively delivered in the gas phase as charged 

molecules prior to their analysis with mass spectrometer. One such technique is called 

electrospray ionization (ESI) (Fenn et al., 1989), see Figure 1-1 for a schematic of the ESI 
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apparatus, and was the ionization technique utilized during my graduate work. The other 

common ionization technique is the matrix-assisted laser desorption/ionization (MALDI) 

but it was not utilized for my work and will not be discussed here. ESI functions by 

generating a fine liquid aerosol of the sample by delivering it through a very small nozzle, or 

tip, while a potential is applied. An electric field between the nozzle and the mass 

spectrometer entrance is maintained to direct the charged droplets toward the mass 

spectrometer. As the charged droplets travel, they shrink as solvent molecules evaporates 

until too many charges are present concurrently in a single droplet causing an "explosion" 

producing desolvated charged molecules, or "quasi molecular" ions, see (Steen and Mann, 

2004) for complete review of the ESI process. Since mass spectrometers are concentration 

sensitive devices, gain in sensitivity were obtained by miniaturizing the electrospray 

process (nanoESI) through the use of very fine tips (with an opening of 1-lOu.m) and 

reduced flow rate (<500nL/min) (Wilm and Mann, 1996). The use of nanoESI enabled the 

analysis of protein samples in the femtomolar range (Wilm et al., 1996) on par with the 

detection limit of common protein staining procedure for SDS-PAGE gels (Shevchenko et al., 

1996). 

3 
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Figure 1-1: Principle of electrospray ionization and LC-MS/MS system. (A) Schematic of the LC-MS/MS 

system utilized during my graduate studies. A microcapillary pump coupled t o an autosampler delivers the 

peptide mixture in a mobile phase composed of 95% water, 5% acetonitri le and 0 . 1 % formic acid at 10 u.L/min 

to a pre-column containing C18 material. After 10 minutes of desalting, the f low rate is reduced to 200 nL/min 

wi th a switch valve and the peptide directed to the analytical column by an increasing gradient of acetonitri le 

for electrospray ionization into a linear ion trap. (B) Model of electrospray ionization. A fine liquid aerosol of 

positively charged peptides is generated through a 10 pm t ip while a potential is applied. An electric f ield 

between the t ip and the mass spectrometer entrance is maintained to direct the charged droplets toward the 

mass spectrometer. As the charged droplets travel, they shrink as solvent molecules evaporates, resulting in a 

reduction in pH until too many charges are present concurrently in a single droplets causing an "explosion" 

producing desolvated charged molecules which can be analyzed in the mass spectrometer. 
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Concurrently with the development of nanoESI, significant advances occurred in 

protein separation systems. In particular, numerous interfaces were developed to couple 

liquid chromatography (LC) devices (such as high performance liquid chromatography 

(HPLC)) to mass spectrometers (MS) (Deterding et al., 1991) (Figure 1-1A). This required the 

miniaturization of LC systems to 1) align their flow rate with nanoESI functional range but 

also to 2) improve their separation capacity and thus minimize the complexity of the 

sample introduced in the MS (Deterding et al., 1991). Early examples of LC-MS uses for 

proteomic analysis resulted in the identification of a few proteins per experiments (Haynes 

et al., 1998; Yates et al., 1997). The experimental workflow utilized in these experiments 

includes the extraction of proteins from a sample of interest, their digestion into peptides 

by the trypsin protease, the fractionation of peptides by LC and subsequent analysis by MS. 

Peptide analysis begins by a MS scan to measure the mass-to-charge ratio (m/z) of peptides 

present at a given time during the LC-MS/MS analysis (Figure 1-2A). Then starting with the 

most intense peptide, five or more product ion scan experiments (MS/MS) are performed 

to acquire MS/MS spectrum of individual peptide (Figure 1-2B). The process described 

above is usually referred to as shotgun proteomics, in reference to the similarities with 

shotgun DNA sequencing (Anderson, 1981). 
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Figure 1-2: Methodologies of mass spectrometry based identification of peptides. (A) Following the 

introduction of a charged peptide in the gas phase into the mass spectrometer, it is directed to quadrupoles 

or an ion trap where it is scanned to determine its mass-to-charge ration (m/z). Subsequently, a charged 

peptide of interest present in the MS scan can be isolated, submitted to collision induced dissociation (CID) 

and the produced fragments measured to generate a MS/MS spectrum (B). (C) Numerous bioinformatic 

approaches have been reported to match MS/MS spectrum to particular peptides. The peptide sequence tags 

approach relies on the fact that most MS/MS spectrum contains short amino acids sequence that can be 

easily identified in conjunction with masses observed before and after the amino-acid tag to determine the 

identity of a peptide (Mann and Wilm, 1994). MS/MS spectrum can also be compared to theoretical spectrum 

by autocorrelation to determine their overlap and report the best matching peptide sequences with scores 

(Eng et al., 1994). The most common approach for the analysis MS/MS spectrum relies on probability-based 

matching algorithm in which theoretical predicted peptide fragment from every sequences in the selected 

database are first computed. Subsequently, experimental tandem MS data (MS/MS) are matched to the 

predicted fragments in a top-down fashion beginning with the most intense ions and the best match reported 

with a score. One such algorithm is Mascot (Perkins et al., 1999) which was utilized in my graduate work. 
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A critical aspect of shotgun proteomics are the algorithms needed to properly assign 

the data generated by mass spectrometry to protein sequences. While a large variety of 

algorithms have been reported in the last 20 years (Figure 1-2C), Mascot remains one of 

the most commonly used software to analyze shotgun proteomics data (Perkins et al., 

1999) and is the software I utilized during my work. The underlying mechanism employed 

by the Mascot software is to first compute theoretical predicted peptide fragments from 

every sequence in the selected database. Subsequently, experimental tandem MS data 

(MS/MS) are matched to the predicted fragments in a top-down fashion beginning with the 

most intense ions (reviewed in (Steen and Mann, 2004)). The integration of these 

bioinformatic tools in proteomics experiments is now common and has enabled high-

throughput proteomics studies to be performed. For instance, analysis of haploid and 

diploid Saccharomyces cerevisiae cells by LC-MS/MS enabled the detection of 

approximately ~4300 proteins, representing the most complete study of this organism to 

date (de Godoy et al., 2008). Thus, proteomic is now a mature field which complements 

efficiently other "omics" field (e.g. genomic) as well as more traditional biochemical 

approaches resulting in an increased scope of life science studies. 

1.2 Development of systems biology 

The development of high-throughput tools enabled the emergence of systems 

biology, a shift away from the reductionist scientific approach toward larger system-wide 

studies. At its roots, systems biology attempts to fully comprehend a system through large-
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scale quantitative high-throughput analysis and subsequent modeling of its structure, 

interconnections and dynamic behaviours (Kitano, 2002; Sauer et al., 2007). An elegant 

example of such a study is the report by Ishii et al. regarding Escherichia coli cells (Ishii et 

al., 2007). Complementary analysis of the transcriptome, proteome and metabolome of E. 

coli wild-type cells as well as 24 single-gene disruptant related to glycolysis and pentose 

phosphate pathway were performed (Ishii et al., 2007). Integration of this wealth of 

information enabled many conclusions to be drawn with regards to the E. coli system. In 

particular, the overall stability and robustness of the E. coli metabolic network proved to be 

higher than expected when challenged with various disturbances (Ishii et al., 2007). 

An alternative definition of systems biology refers to the systematic study of 

biological systems components (Snyder and Gallagher, 2009). To date, budding yeast 

remains the model organism that has been studied the most in a systematic manner. While 

historical reasons did favour the emergence of this model organism, its genetic simplicity 

ensures its continual utilization (Snyder and Gallagher, 2009). S. cerevisiae possesses a 

small genome (12 million base pairs; ~6000 genes) but more importantly it can efficiently 

perform homologous recombination enabling facile genetic manipulations on a genome 

wide scale. As such, large-scale characterization of the budding yeast open reading frames 

(ORF) was successfully performed by systematic deletion (Winzeler et al., 1999) or 

transposon insertion (Ross-Macdonald et al., 1999). A subsequent study furthered the 

systematic characterization of ORFs by constructing an almost complete collection of gene 

deletion mutants encompassing over 96% of budding yeast predicted genes (Giaever et al., 

2002). Building on the success of yeast knockout projects, a procedure termed synthetic 
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genetic array (SGA) was developed to quickly generate strains lacking pairs of genes (Tong 

et al., 2001). The analysis of the fitness of double mutant strains generated by SGA helps to 

uncover functional relationships between genes (Tong et al., 2001; Tong et al., 2004) and 

has now been applied to approximately one third of all budding yeast genes (Costanzo et 

al., 2010). An extension of the SGA procedure named epistatic miniarray profile (E-MAP) 

was also developed to study in a more quantitative fashion genetic interactions that can be 

both negative (aggravating) and positive (alleviating) with regards to cellular fitness (Collins 

et al., 2007b). E-MAP studies have been applied with success to chromosome biology 

(Collins et al., 2007b), protein phosphorylation (Fiedler et al., 2009), plasma membrane 

biology (Aguilar et al., 2010) and DNA damage repair (Nagai et al., 2008). 

While analysis of gene knockout in budding yeast was extremely informative, 

systematic analysis of protein overexpression also provided a great tool for gene 

characterization. For instance, Spoko et al. prepared an ordered array containing 5280 

strains in which a single ORF was conditionally overexpressed (Sopko et al., 2006). It was 

observed that 769 genes were toxic when overexpressed and that these genes were biased 

toward functions involved in cellular regulations (Sopko et al., 2006). Additionally, the 

overexpression array was successfully coupled with the SGA technology to systematically 

identify interaction between one gene deletion and one gene overexpression (Sopko et al., 

2006) (termed synthetic dosage lethality (SDL) (Kroll et al., 1996)). This novel technology 

was successfully employed to identify new substrates for the Pho85 kinase whose 

substrates are all regulated by phosphorylation (Sopko et al., 2006). SGA and SDL screens 

were determined to be complementary in nature (Baetz et al., 2006) and have been 
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combined in the study of kinetochore (Measday et al., 2005) and of transcription factor 

(Berthelet et al., 2010). These systematic genetic studies, and many others, in budding 

yeast provided a wealth of information which has been critical in bringing down the 

number of uncharacterized S. cerevisiae ORFs to ~10% (Christie et al., 2009), a feat not 

reproduced in other model organisms. 

Study of S. cerevisiae proteome also benefited from large-scale systematic efforts. 

As was previously described, the creation of specific S. cerevisiae collections enabled a 

wide-array of genetic studies. Along the same line, the yeast community has greatly 

benefited from the creation of collections where most ORFs have been tagged with green 

fluorescent protein (GFP) or with tandem affinity purification (TAP) tag under the control of 

their endogenous promoters (Howson et al., 2005). For instance, study of 4156 GFP tagged 

yeast ORF by microscopy enabled the localization of ~75% of the yeast proteome in mid-log 

phase (Huh et al., 2003). Remarkably, 70% of the proteins without previous localization 

information were successfully studied as part of this systematic study (Huh et al., 2003). 

Similarly, 4,251 TAP-tagged budding yeast ORFs were studied by comprehensive Western 

blot analysis to determine their expression level (Ghaemmaghami et al., 2003). This analysis 

revealed that ~80% of the yeast proteome is expressed during normal cell growth and that 

protein expression ranges from ~50 to over a million copies per cell (Ghaemmaghami et al., 

2003). A subsequent study also utilizing the TAP-tagged collection was able to 

systematically define protein half-life (Belle et al., 2006). To do so, TAP-tagged strains 

growing in mid-log phase were treated with cycloheximide, an inhibitor of protein 

biosynthesis, and the TAP-tagged protein level determined by Western blot at multiple 
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time points (Belle et al., 2006). The mean protein half-life was determined to be ~43 

minutes while 161 proteins were determined to be extremely unstable with a half-life of 

less than 4 minutes. By integrating the half-life data with previously reported mRNA 

abundance and ribosome abundance, it was recognized that most ORFs were either 

optimized for production (maximum production and maintenance efficiency) or for 

regulation (low production and fast degradation) (Belle et al., 2006). These large-scale 

proteomic studies emphasize the value of studying biological systems at the protein level, a 

focus of my thesis work described in chapter 2 and 3. 

1.3 Method for the Identification of protein-protein interaction 

As Anuj Kumar and Michael Snyder previously stated "... no protein is an island 

entire of itself - or at least, very few proteins are" (Kumar and Snyder, 2002). Whether 

proteins form homodimers, heterodimers or are part of large multisubunits complex, 

protein-protein interactions are critical to most protein function (Lamond and Mann, 1997). 

As such, a significant fraction of the proteomic field has been devoted to the development 

of appropriate techniques for the identification of protein-protein interactions and to their 

utilization. A popular method applied to the characterization of protein-protein interaction 

is the yeast-two-hybrid (Y2H) method (Fields and Song, 1989) (reviewed in (Fields, 2009)). 

The principle behind Y2H is to fragment a transcriptional activator, such as GAL4, into a 

DNA-binding fragment and an activation domain fragment which remain functional in the 

activation of a reporter gene when in close proximity. Then libraries of baits and preys 
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cDNA are fused to either fragment and transformed into yeast cells. Following mating of 

the appropriate cells, subsequent selection for the reporter gene and colony visualization, 

it is possible to detect protein-protein interaction on a large-scale efficiently (Ito et al., 

2000). Y2H has been successfully applied to the majority of the yeast genome (Ito et al., 

2001; Uetz et al., 2000; Yu et al., 2008). Y2H has been demonstrated to be efficient at 

detecting transient or condition specific binary interaction but not particularly adapted to 

characterizing protein complex (Yu et al., 2008). 

The identification of protein-protein interaction has traditionally been performed 

through biochemical purification relying on physical characteristics of the bait understudy. 

The advent of cloning technique for protein tagging has permitted the emergence of 

efficient affinity purification reagents such as the glutathione S-transferase (GST) (Smith 

and Johnson, 1988), FLAG (Brizzard et al., 1994) and TAP (Rigaut et al., 1999) tags. 

Standardization of the affinity purification reagents made protein complex purification a 

common tool in many laboratories around the world. It was quickly realized that the mass 

spectrometer was a detector of choice to couple with affinity purification to enable both 

sensitive and universal protein detection (Lamond and Mann, 1997). The first application of 

affinity purification and mass spectrometry (AP-MS) approach was for the characterization 

of the budding yeast U l small nuclear ribonucleoprotein complex (Neubauer et al., 1997). 

Histidine-tagged Snpl was purified by nickel nitrilotriacetic acid (Ni-NTA) affinity 

chromatography, the associated proteins resolved on SDS-PAGE gels, in-gel digested with 

trypsin and analysed by MS/MS (Neubauer et al., 1997). This effort resulted in the 

identification of 20 subunits of the yeast U l small nuclear ribonucleoprotein (Neubauer et 
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al., 1997). Following this success, numerous other groups began utilizing AP-MS to map 

protein-protein interactions (Cooper et al., 2000; Rout et al., 2000; Stevens and Abelson, 

1999). 

Originally, AP-MS employed a single affinity step to remove proteins non-specifically 

associated with the protein complex of interest. In 1999, Rigaut et al. introduced a novel 

affinity purification procedure based on two orthogonal affinity steps considerably reducing 

background contamination (Rigaut et al., 1999). The tandem affinity purification (TAP) is a 

tag containing two protein A sequences, a TEV cleavage site and a calmodulin binding 

peptide sequence (Rigaut et al., 1999) (Figure 1-3A). TAP purifications are performed by 

first using immunoglobulin (IgG) coated sepharose beads to bind the protein A sequences 

in the TAP-tagged bait. Then the beads are extensively washed and the TAP tag cleaved 

with the TEV protease releasing the partially purified protein complex. The second affinity 

purification step utilizes calmodulin beads which can bind to the calmodulin binding 

peptide in the presence of calcium. Following washing of the calmodulin resin, a calcium 

chelator such as ethylene glycol tetraacetic acid is introduced to elute the purified protein 

complex for MS analysis (Figure 1-3A). The capacity to produce large amount of protein 

complexes of high purity was extremely beneficial when TAP was developed since mass 

spectrometers duty cycle was still high (i.e. slow scan speed). As such, removal of 

background contaminants enabled the mass spectrometer to focus on the relevant proteins 

and thus facilitated the detection of protein-protein interaction. 
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Figure 1-3: Principle of tandem affinity purification and its systematic application in budding yeast. (A) 

Schematic of tandem affinity purification as developed by Rigaut et al. (Rigaut et al., 1999). Whole cell extract 

from strain expressing a TAP tagged bait under the control of its native promoter is clarified and incubated 

with beads coated with rabbit immunoglobulin (IgG). Following extensive washing of the beads, TEV protease 

is added to cleave the TAP tagged fused to the bait thus releasing it along with its interaction partners. 

Calcium is added to the partially purified protein complex and subsequently calmodulin beads for a second 

purification step. Following more washing, a calcium chelator is added to elute the highly purified bait with its 

interaction partners ready for MS analysis. (B) The TAP-MS approach was systematically applied in budding 

yeast by two groups to characterize hundreds of protein complexes (Gavin et al., 2006; Krogan et al., 2006). 

Subsequently, the data from these two studies was unified through bioinformatic reanalysis (Collins et al., 

2007a). 
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Systematic application of the TAP-MS procedure was performed by two 

independent group on a genome-wide scale in budding yeast (Gavin et al., 2006; Krogan et 

al., 2006) (Figure 1-3B). These studies together observed over 9,000 distinct pair-wise 

protein-protein interactions involving the majority of the yeast proteome. Through 

refinement of the raw association data using either a Markov clustering algorithm (Krogan 

et al., 2006) or socio-affinity and iterative clustering (Gavin et al., 2006), 547 and 491 

protein complexes were generated, respectively. The use of two different approaches in 

the identification of protein complexes prevented an easy integration of these datasets. To 

circumvent this issue, reanalysis of both TAP-MS datasets was performed as a whole 

utilizing a purification enrichment scores (Collins et al., 2007a) (Figure 1-3B). Hierarchical 

clustering of the resulting high confidence protein-protein interaction dataset was 

performed to visualize protein complexes. This method proved sensitive at detecting 

known and novel protein complexes but also at identifying weak or low confidence protein 

interaction. In particular, 7,504 of the 12,122 protein-protein interaction identified by TAP-

MS (Gavin et al., 2006; Krogan et al., 2006) representing ~61% of all protein-protein 

interaction reported were marked as being of low confidence (Collins et al., 2007a). 

Despite the success of the TAP-MS approach, it is important to note that it 

possesses some inherent flaws. For one, the utilization of two affinity steps affects 

negatively the sample recovery, especially the calmodulin binding step which leads to 

losses of more than 50% of the bait (Rigaut et al., 1999). In budding yeast this can be offset 

in part by the ease of growing large cultures but for other systems this is a significant 

drawback. Another limitation of the TAP-MS approach is that it is often incapable of 
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detecting transient or weak protein interactions that are lost as part of the extensive 

purification process. Finally, TAP-MS was observed to be biased toward abundant cytosolic 

protein (Jensen and Bork, 2008). 

Large-scale single step AP-MS studies have also been performed in budding yeast. In 

2002, Ho et al. utilized an overexpression system based on the GALl galactose inducible or 

on the tetracycline inducible tet promoters to study 725 FLAG tagged proteins (Ho et al., 

2002). Baits used in this study were selected based on their functions (e.g. kinase) or 

involvement in biological pathway (e.g. DNA damage response). The use of the small 

hydrophilic octapeptide FLAG tag enabled faster, less stringent affinity purification to be 

performed resulting in a more encompassing detection of protein-protein interaction than 

TAP-MS. Following data curation, 3,617 pair-wise protein interactions between 493 baits 

and 1,578 preys were reported. In addition, numerous proteins with link to DNA damage 

response were submitted to AP-MS following treatment with DNA damaging agents such as 

hydroxyurea or methyl methane sulfonate. As such, dynamic changes in protein-protein 

interaction could be captured providing an additional layer of information on the DNA 

damage response network. 

An intrinsic property in the use of a single affinity purification step is an increase in 

the amount of proteins co-purified with the bait of interest (Glatter et al., 2009). This 

affects both the interaction partners and proteins non-specifically associated with the bait 

increasing the complexity of the sample to analyse by MS. Thus more proteins must be 

identified by MS following a single affinity step than for TAP. It is interesting to note that 
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the 3D ion trap mass spectrometers and hybrid quadrupole time-of-flight mass 

spectrometers used prior to 2005 possessed a high duty cycle, the measure of the time 

needed to perform MS and MS/MS scans. As such, mass spectrometers were often 

overwhelmed with peptides resulting in high false negative levels for the detection of 

peptides (Tabb et al., 2005). Consequently, single step AP-MS was considered less effective 

than TAP-MS for protein-protein interaction mapping since it produces data with a higher 

background level while missing some known interaction partners (von Mering et al., 2002). 

AP procedures utilizing at least two purification steps remained the norm until key 

development in the field of proteomic (Figure 1-4). The first is the introduction of 

significantly better mass spectrometer utilizing 2D linear ion trap (Schwartz et al., 2002) 

and subsequently "orbitrap" (Makarov et al., 2006) which reduces by more than fivefold 

the mass spectrometers duty cycle while improving their sensitivity and mass accuracy 

(Blackler et al., 2006). These novel mass spectrometers now enable proteomic researchers 

to "dig deep" in a proteome and characterize complex samples efficiently. Another 

significant development was the adoption of solid support for affinity reagents with 

deactivated surfaces reducing co-purification of non-specifically associated proteins. For 

example, magnetic beads which can be coated with antibodies or various antigens, have 

been beneficial to AP (Archambault et al., 2003; Page et al., 1999). Moreover, the magnetic 

beads further reduce background contaminants in AP experiments due to a more thorough 

bead washing enabled by the reduced bead volume. Finally experimental procedures were 

developed to properly segregate interaction partners from non-specifically associated 

proteins. For example, Selback et al. reported the combination of quantitative proteomic, 
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RNA interference and affinity purification to map protein-protein interaction (Selbach and 

Mann, 2006). This method called QUICK, for Protein interaction screening by quantitative 

immunoprecipitation combined with knockdown, enabled researchers to circumvent 

background contaminations and selectively identified protein-protein interactions. This 

method was an extension of the seminal report by Blagoev et al. which was the first to 

combine stable isotopic amino acids in cell culture (SILAC) with AP-MS (Blagoev et al., 

2003). Briefly, SILAC functions by introducing isotopically labelled amino acid in a cell 

culture (Ong et al., 2002). These "heavy" amino acids are incorporated in proteins and upon 

MS analysis can be distinguished from unlabelled or "light" amino acid due to their 

increased mass (see (Ong et al., 2003) for an extensive discussion of SILAC). The use of 

quantitative proteomic in AP-MS experiments enabled Blagoev et al. to study how the 

interactome of the SH2 domain of Grb2 was rapidly modified following epidermal growth 

factor treatment (Blagoev et al., 2003). To do so, two cell populations are grown using the 

same conditions, but with light or heavy amino acids, and mixed prior to affinity 

purification. Then upon MS analysis it is possible to determine the provenance of each 

proteins based on their mass resulting in relative quantitation of the samples. This 

approach was further extended by the use of triple labelled SILAC to identify interaction 

partners specifically associated with two different protein phosphatase 1 isoforms over an 

untagged WT control (Trinkle-Mulcahy et al., 2006). 
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Figure 1-4: Key development and reports with regards to large-scale AP-MS. See text for additional details. 
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Label-free quantitative approaches can also be used effectively for AP-MS. One 

quantitative information readily available in shotgun proteomic studies is spectral count. 

Spectral count refers to the total number of peptide matching to a given protein sequence 

in one LC-MS/MS analysis and was determined to correlate with protein abundance (Liu et 

al., 2004). By comparing the spectral count for a given protein between two or more 

experiments, it is possible to infer the relative abundance of the target protein in the 

samples. Utilizing spectral count data in combination with vector algebra and statistical 

methods, a probabilistic approach to the study of protein-protein interaction was 

developed to analyze the data generated by 27 single step AP-MS experiments (Sardiu et 

al., 2008). Based uniquely on label-free quantitative information, it was possible to remove 

contaminant proteins (background) and to identify protein complexes. Chen et al. also 

shown that a simple hierarchical clustering of AP-MS data was sufficient to identify 

interaction partners (Chen et al., 2009). Endogenous affinity purification of the Miwi and 

Mili proteins was performed; the purified proteins analyzed by LC-MS/MS and the resulting 

data clustered to distinguish between contaminants and interaction partners. Their 

approach was both successful and simple representing an attractive option for AP-MS 

studies. 

Above, I introduced the principle foundation of the proteomic field. In particular, I 

described how affinity purification when coupled to mass spectrometry can be used to 

systematically map protein-protein interaction on a large-scale. The significant 

developments described here changed the proteomic field from specialized analytical tools 

to a mainstream part of life sciences. In addition, systematic proteomics studies were made 
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possible by standardization of the reagents and tools utilized. Unfortunately, current 

proteomic tools are not adequate for the study of all aspects of the proteome, such as DNA 

associated proteins. My thesis work revolved around the development of a novel tool to 

characterize the interface between DNA and protein and its use in the large-scale study of 

chromatin associated proteins. 

1.4 Chromatin - The Interface between Genes and Proteins 

Proper maintenance and regulation of an organism's genetic material are essential 

for its survival. It is thus unsurprising that all organisms possess a wide array of redundant 

mechanisms to not only prevent damage and mutations to their genetic material but also 

to control its access. Seminal work performed over thirty years ago demonstrated that DNA 

is organized around a core protein complex, termed the nucleosome (Kornberg, 1974). 

Nucleosomes are octomeric protein complexes composed of two copies of the four 

different canonical histones (H2A, H2B, H3 and H4), the crystal structure of which has been 

determined at high resolution (Luger et al., 1997). DNA is wrapped around nucleosomes to 

not only package or compact its unruly length but also to regulate the access of other 

biomolecules to the genetic material. Chromatin, the combination of protein and DNA, also 

involves the functions of numerous non-histone proteins. For instance, the histone-

dependent restriction of DNA access is opposed by the sequence specificity of transcription 

factors and other chromatin-associated proteins, such as nucleosome remodelers and 
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modifiers, resulting in a well orchestrated regulation of gene expression (Wang et al., 

2007). 

Early on it was recognized that another abundant histone protein, histone HI, 

participated in increasing the chromatin compaction, and formation of chromatin's most 

condensed form, the chromosomes. Furthermore chromatin researchers observed that a 

wide array of histone variants existed in addition to the core nucleosome members. These 

histone variants are of great interest since many possess specialized roles and functions 

(Boulard et al., 2007; Izzo et al., 2008; Loyola and Almouzni, 2007). Numerous proteins and 

protein complexes have been implicated in modifying the composition of core nucleosomes 

with histone variants at specific genomic loci, at centromeres for instance, or under specific 

cellular conditions, such as DNA damage. In addition to the exchange of core histone for 

their variants, chromatin is also controlled by an intricate number of histone post-

translational modifications (PTM) (Taverna et al., 2007a). A wide array of enzymes including 

lysine acetyltransferases (KAT), lysine methyltransferases (KMT), kinases, E3 ubiquitin 

ligases and many more are known to modify one or many residues of histone proteins. This 

plethora of modifications act as signals, or anchors, for chromatin binding actors and this 

phenomenon is termed the histone code (Strahl and Allis, 2000). 

Histones are small basic proteins that are present in all eukaryotes that can be 

grouped as either core histones (H2A, H2B, H3 and H4) or linker histones (HI). Histones 

were discovered more than a hundred years ago by Albrecht Kossel as an acid soluble class 

of proteins associated with nucleic acid; this is some of the work for which he received the 
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Nobel Prize of Physiology and Medicine in 1910. The fact that histones are soluble in acidic 

solutions has been exploited for a long time to enable their purification (see reference 

(Shechter et al., 2007) for an overview of the acid extraction). Early work often used 

electrophoresis methods to study the acid extracted histones but in recent years mass 

spectrometry has become the method of choice to analyze histones and their post-

translational modifications (reviewed in reference (Garcia et al., 2007)). For instance, a 

number of groups have embarked on the cataloguing of histones present in various 

organisms using mass spectrometry. Bonenfant et al. performed such a study to better 

characterize the histone H2A and H2B isoforms present in Jurkat cells (Bonenfant et al., 

2006). By using both top-down (intact proteins) and bottom-up (enzymatically digested 

proteins) approaches, they were able to identify nine histone H2A and eleven histone H2B 

variants. In addition, numerous post-translational modifications, such as phosphorylation 

and acetylation, were detected on some of these variants. Another similar study was 

performed by Thomas et al. in which they used top-down mass spectrometry to study the 

histone H3 isoforms from HeLa cells (Thomas et al., 2006). The authors were able to easily 

distinguish three histone H3 isoforms containing a wide number of post-translational 

modifications. It was also observed that acid extracted histone H3.1 from colchicine treated 

cells was a heterogeneous population containing zero, one or two phosphate moieties on 

serine 10 and 28. From these top-down studies, and other work, it becomes quite apparent 

that a single histone molecule can contain a diversity of post- translational modifications at 

once. This was further reinforced by the work of two independent groups which used mass 

spectrometry to study histone protein-PTM relationship. Jiang et al. analyzed acid extracted 
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histone H3 from budding yeast following their enzymatic digestion with the endoproteinase 

Glu-C (Jiang et al., 2007). This enzyme digests a protein into long peptides since it 

selectively cuts peptide bonds at the C-terminal of glutamic acid. Glu-C digestion of histone 

H3 produces a large peptide of its heavily modified N-terminal tail containing the first 50 

amino acids. Analysis of this peptide demonstrated that certain modifications are linked, 

i.e. present simultaneously on one peptide. In particular, the authors observed that Setl-

dependent methylation of H3 lysine four (H3K4) occurred concurrently with acetylation of 

lysine 9, 14 and 23. Taverna et al. performed a similar study in the ciliated protozoan 

Tetrahymena thermophilic (Taverna et al., 2007b). Acid extracted histone H3 was resolved 

on a PolyCAT A column, digested by Glu-C and analyzed by a mass spectrometer capable of 

performing electron transfer dissociation fragmentation and proton transfer charge 

reduction. The use of this modern mass spectrometer enabled the first fifty amino acids of 

histone H3 to be fully sequenced in a single scan. Using this approach, the diversity of PTMs 

on histone H3 was discerned and a clear connection between certain methylation and 

acetylation modifications established. These highly significant technical achievements 

overshadow the fact that it remains extremely difficult to analyze histones and their PTMs. 

For instance, many of the histone H2B isoforms present in human cells identified by 

Bonenfant et al. only differ from one another by a single or a few amino acids (Bonenfant et 

al., 2006). This means that distinguishing these isoforms in shotgun proteomic experiments 

is extremely challenging since most peptide identified will match equally well with multiple 

histone proteins. Furthermore, the detection of some large PTM on histones, such as 

ubiquitination, or labile PTM, such as phosphorylation, by mass spectrometry requires 
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forethought and experimental planning. As such, proteomic studies of chromatin still 

require innovation in both the instruments and methodologies in order to fully grasp the 

complexities and subtleties of histone biology. 

Histone deposition on DNA is also heavily regulated by proteins called histone 

chaperones. While nucleosomes will assemble in the absence of histone chaperone in vitro, 

the resulting chromatin is aggregated and insoluble at physiological ionic strength 

(Kornberg, 1974). Furthermore, histones are not "free" but rather associated with histone 

chaperones in cell extracts of yeast and other organisms (Eitoku et al., 2008). Histone 

chaperones are thus critical to chromatin function. Histone chaperones are defined as 

"factors that associates with histones and stimulates a reaction that involves histone 

transfer without being part of the final product' (Probst et al., 2009) (Figure 1-5A). 

Interestingly, histone chaperones exhibit a large degree of variation in their structure but 

also in their affinity for histone proteins (reviewed in (Hansen et al., 2010)). For instance 

Napl has a high affinity for histone H2A/H2B dimers whereas Asfl, Rttl06 and Hirl 

associate with histone H3/H4 tetramers. These chaperones were studied as part of my 

thesis work and will be discussed in details in chapter 3. 
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Figure 1-5: Roles of histone chaperones in nucleosome assembly and disassembly. (A) General principle of 

nucleosome assembly. Histone H3/H4 tetramers are deposited onto DNA with the action of histone 

chaperones. Subsequently, two histone H2A/H2B dimers will be deposited to form complete nucleosome. (B) 

Nucleosomes are refractory to gene transcription and must be displaced for transcription to occur. For 

instance, the histone chaperones Asfl, HIR and Rttl06 are repressors of the HTA1-HTB1 promoter by 

promoting nucleosome deposition at this promoter. In general prior to transcription, histone chaperones will 

create nucleosome free region at promoter which will permit the recruitment of the transcription machinery. 

Following transcription chromatin will be reassembled at the promoter to enable its proper regulation. (C) As 

DNA is replicated, chromatin must be disassembled ahead of the replication fork and reassemble following it 

by the action of histone chaperone. This can be a conservative process where nucleosome are recycled or 

formed from newly synthesized histones (Xu et al., 2010). 
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Nucleosomes are refractory to gene transcription and need to be removed or 

displaced to enabled transcription (Knezetic and Luse, 1986; Lorch et al., 1987). Numerous 

histone chaperones are involved in this process (see Figure 1-5B for schematic). A well 

studied model of histone chaperone based transcription regulation in 5. cerevisiae is the 

histone genes themselves. In budding yeast, the two different isomers of histone H2A 

(HTA1, HTA2) and H2B (HTB1, HTB2) are transcribed from a pair of divergent promoters 

(HTAl-HTBl; HTA2-HTB2) whereas histone H3 and H4 are transcribed from another pair of 

promoter (HHT1-HHF1; HHT2-HHF2). Interestingly, a central regulatory region in the 

promoter region of HTAl-HTBl, HHT1-HHF1 and HHT2-HHF2 termed NEG is sufficient to 

control the expression of these histone genes (Osley et al., 1986). Histone genes are 

repressed throughout the cell-cycle with the exception of S-phase where histone proteins 

numbers are doubled to properly assemble newly synthesized DNA into nucleosomes 

(Gunjan et al., 2005). Previous work showed that two histone chaperones, the nucleosome 

assembly factor Asfl as well as the HIR complex, are involved in the repression of the HTAl-

HTBl promoter (Green et al., 2005). Recently, a third histone chaperone, Rttl06, was 

reported to participate in the repression of the HTAl-HTBl promoter (Fillingham et al., 

2009). This was achieved by combining genomic screens, biochemical studies and some 

proteomics experiments, which I performed (see Appendix 1-1 for details regarding my 

publications not covered directly in this thesis). By enabling proper nucleosome assembly at 

the NEG, these histone chaperones participate in the control of histone genes transcription. 

Chapter 3 will expand on this notion with a detailed study of the physical association 

between histone chaperones involved in the regulation of the HTAl-HTBl promoter. 
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The activity of numerous histone chaperones is also coupled to DNA replication 

since nucleosomes must be disassembled in front of the replication fork and reassembled 

after it (Figure 1-5C). Two significant challenges must be overcome as DNA is replicated. For 

one, the information present in the nucleosome (such as histone PTMs) must be preserved 

and propagated to newly synthesize histone proteins. Furthermore, damage to exposed (or 

nucleosome-free) DNA must be prevented. One histone chaperone involved in this process 

is the chromatin assembly factor 1 complex (CAF-1) which is recruited directly at the 

replication fork where it participates in nucleosome assembly and disassembly (Smith and 

Stillman, 1989). Asfl is also involved in replication coupled chromatin assembly and directly 

interacts with CAF-1 (Mello et al., 2002) as is Rttl06 (Li et al., 2008). These chaperones can 

function by either recycling current nucleosomes, incorporate newly synthesized ones or 

assemble nucleosomes composed of old and new histones. The exact mechanism by which 

CAF-1, Asfl and Rttl06 functions at the replication forks is still under debate (Probst et al., 

2009). 

To truly understand the dynamic and complex nature of chromatin, a detailed 

understanding of the combinatorial role of histone and of their chaperone along with the 

chromatin-associated proteins they recruit is required. The field of chromatin research has 

rapidly progressed in recent years due to the development of novel technologies. Advances 

in molecular biology, genomic sciences, structural biology and proteomics enabled the field 

to grow to its current state. The role of proteomic technologies in the study of chromatin as 

well as emerging methods to study chromatin-associated proteins will be discussed below. 
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1.5 Proteomic Tools to Study Chromatin Associated Protein Networks 

Mass spectrometry has had a deep impact on the field of chromatin research by 

enabling researchers to better observe the diversity in both the histone composition and 

their modifications. But mass spectrometry driven proteomic research also enabled a 

better understanding of the composition of chromatin itself. An early report by Shiio et al. 

attempted to better characterize the protein content of chromatin with and without the 

expression of the oncogene Myc (Shiio et al., 2003). This was achieved by first isolating 

nuclei from P493-6 human B lymphocytes and subsequently isolating the chromatin 

fraction prior to ICAT labelling and mass spectrometric analysis. This study resulted in the 

identification of 64 nuclear proteins and their relative quantitation upon Myc induction. 

While this study was small in scope, it introduced the notion that proteomics is not only 

valuable for the identification of chromatin bound proteins but can also be exploited to 

study the dynamic nature of chromatin protein networks. 

A major shift in the perception of protein-protein interactions has started to 

emerge in recent literature. In particular, the view of protein complexes has been extended 

to increasingly include a macromolecular, or network, view of the interconnections 

between protein complexes. This is in part derived from the emergence of systems biology 

and has been fuelled by technical improvements in the analysis of these connections 

whether they are between protein, DNA, RNA or other types of biomolecules. For instance, 

a recent bioinformatic study (Wang et al., 2009) re-analyzing the Saccharomyces cerevisiae 

TAP protein interaction datasets (Gavin et al., 2006; Krogan et al., 2006) produced 

ComplexNet, a network of interactions between proteins and protein complexes. This 
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effort exposed novel associations, such as a physical link between a poorly characterized 

protein complex composed of Yer071c and Yir003w, and the yeast actin-capping 

heterodimer. 

Despite these recent advances, defining the interaction networks of chromatin-

associated proteins using conventional methodologies remains challenging. This problem is 

exemplified by the various protein complexes involved in transcription. For instance, RNA 

polymerase II (RNAPII) has been extensively studied in many organisms (Cho et al., 1998; 

Maldonado et al., 1996). Yet despite all of these efforts, novel RNAPII-associated proteins 

were only discovered once technical improvements were made to alleviate the challenge 

posed by the presence of DNA (Aygun et al., 2008; Jeronimo et al., 2007). A common view 

in the field of chromatin proteomic is that the presence of DNA hinders the effective 

purification of protein complexes, thus DNA should be excluded from the sample under 

study. This was first recognized many years ago in a seminal study by Lai and Herr which 

demonstrated that the common laboratory reagent ethidium bromide (EtBr) could be used 

to disrupt DNA-protein interactions (Lai and Herr, 1992). The authors effectively 

demonstrated that their affinity purification of the transcription factor Oct-2 from 293 cells 

suffered from non-specific association of some proteins with the DNA that was co-purified. 

Removal of DNA by chemical treatment with EtBr, or with enzymatic digestion of DNA by 

micrococcal nuclease (MNase), was sufficient to abolish these non-specific associations. 

This study was critical since it described a fast and efficient way to determine whether a 

protein-protein interaction was dependent on the presence of DNA. But more importantly, 

it also showed that some DNA-protein associations could be enriched in the laboratory. 
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The importance of this fact is only starting to be recognized in the literature (Rusk, 2009). 

The practice of removing DNA prior to affinity purification remains common to this day in 

many laboratories. The reasons for this are multiple and include a reduced viscosity of the 

samples, improved solubility of large complexes and streamlined sample preparation. A 

good example of this strategy was reported by Foltz et al. for the study of CENP-A, a 

centromeric histone H3 variant, in human cells (Foltz et al., 2006). The authors used MNase 

treatment to drastically reduce DNA size in their cellular extracts prior to two step 

purification of CENP-A and histone H3. The resulting mass spectrometric analysis of protein 

networks enabled the identification of numerous new CENP-A interaction partners which 

were shown to possess critical roles in the maintenance of chromosome stability (Foltz et 

al., 2006). 

A similar procedure was used by Du et al. to study H2A.X, a histone variant critical 

for efficient DNA damage response (Du et al., 2006). The authors used DNase I treatment to 

completely remove DNA from their cell extract prior to purification of H2A.X-FLAG and 

subsequent analysis by mass spectrometry. This type of procedure enabled H2A.X 

interaction partners to be specifically observed under DNA damage conditions and not 

under control conditions. Benzonase, an endonuclease digesting both DNA and RNA, is 

another reagent that is commonly used to degrade chromatin and thus preventing DNA-

protein association from being observed (Chen and Gingras, 2007). Reagents affecting 

protein-DNA interaction are often used for validating previously observed protein-protein 

interaction. For instance, a report studying the transcription factor Oct-4 observed an 

interaction with the oestrogen receptor beta which was validated to be a direct interaction, 
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and not to be mediated through chromatin, since it was insensitive to both benzonase and 

EtBr (van den Berg et al., 2008). While these studies are successful at purifying protein 

complexes off chromatin, they forgo information in doing so, particularly about the 

chromatin environment surrounding the baits. Thus, researchers attempting to obtain a 

more holistic view of chromatin must use different protocols in which the DNA remains 

fully or partially intact. 

Early attempts at performing functional proteomics studies of chromatin-associated 

proteins often used protocols not designed especially for this unique class of proteins; 

hence, these studies suffered from both sensitivity and specificity issues. A good example 

of this problem is the use of the well established chromatin immunoprecipitation (ChIP) 

method which permits the identification of a protein's DNA binding site (Massie and Mills, 

2008). ChIP is typically composed of a few key steps: (1) stabilization of protein-DNA 

interaction through the use of chemical crosslinkers, such as formaldehyde; (2) DNA 

shearing to improve the solubility of the protein-DNA complexes; (3) affinity purification of 

the complex of interest using antibodies; (4) amplification and analysis of the DNA of 

interest by some means (PCR, Chip, etc.). At first glance the general idea of ChIP appears 

directly applicable to proteomics studies; however, one major problem needs to be 

addressed, the impossibility of amplifying protein samples prior to their analysis. Thus, 

direct transfer of the ChIP protocol to proteomic studies produces less than optimal results, 

mainly due to low sample recovery and the heterogeneity of the sample (Ricke and 

Bielinsky, 2005). In short, researchers attempting to study chromatin networks need to 

purify large amount of material, of high purity, at a reasonable cost. Proteomic approaches 
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attempting to do so will be discussed in details below along with their shortcomings (Table 

1-1; Figure 1-6). 

Dejardin and Kingston presented a new method termed proteomics of isolated 

chromatin segments (or PICh) for the analysis of proteins associated with specific 

chromatin loci (Dejardin and Kingston, 2009). The PICh method relies on nucleic acid probes 

that recognize specific genomic loci which are then enriched with their associated proteins 

(Fig. 1-6B). The procedure begins by fixing approximately 3 x 109 cells with formaldehyde 

which stabilizes both protein-protein and protein-DNA interactions. The cells were then 

lyzed and the chromatin solubilized by sonication. To specifically purify the genomic loci of 

interest, a 25 base pair probe made of locked nucleic acid (which possesses a higher 

melting temperature than a regular nucleic acid) linked to a desthiobiotin moiety was used. 

The probe was efficiently hybridized with the chromatin samples under stringent detergent 

conditions and then subsequently purified using streptavidin beads and eluted with excess 

biotin. The purified proteins were resolved on a SDS-PAGE gel and identified by mass 

spectrometry. This new technique was first applied for the purification of proteins 

associated with telomeres. Telomeres were selected since they contain repetitive 

sequences which significantly reduced the amount of material needed per experiment. The 

authors used a probe directed at telomere and a probe with the same nucleic acid 

composition but in a randomized order as a control. Three cell lines were studied, two of 

which had telomerase activity, the enzyme responsible for maintaining telomere length, 

and one cell line defective in telomerase activity which served as a comparative control. 

The authors purified approximately 200 proteins associated with telomere chromatin, but 
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not with the scrambled probe, in the different cell lines and approximately half these hits 

were shared between cell lines. 33 proteins observed by mass spectrometry following PICh 

purifications, such as Apollo and Ku70, were previously reported to be present at telomere, 

supporting the specificity of the method. Colocalization of putative telomere proteins with 

the telomeric protein Rapl by indirect immunofluorescence along with ChIP experiments 

were used to validate the PICh datasets. For most novel proteins purified by PICh with 

telomeres, the secondary validations supported their telomeric localization and clearly 

demonstrated the strength of the new method. One drawback of the PICh procedure is its 

low sensitivity which translates in needing really high amount of starting material needed 

per experiment (Table 1-1). By targeting a specific DNA sequence which is present at one or 

a few copies per cell, it becomes extremely difficult to purify sufficient associated proteins 

for mass spectrometry analysis. While PICh represents a significant step forward in the 

study of chromatin-associated protein complexes it remains to be seen how widely 

applicable the method will become. 
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Table 1-1: Characteristics and performances of methods to study chromatin bound 

proteins. 

Method 

APMS 

mChIP 

PiCh 

Minichromosome 
Purification 

SILAC-Based DNA 
Interaction Screen 

Publication 

1997 

2009 

2009 

2009 

2009 

Soluble Protein-Protein 
Interaction 

Yes 

Yes 

No 

No 

No 

Chromatin Bound 
Protein-Protein Interaction 

No 

Yes 

Yes 

Yes 

Yes 

Sensitivity 

Variable 

High 

Very Low 

Low 

Low 

Purification 
Specificity 

Variable 

High 

Low 

Low 

Low 
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Figure 1-6: Proteomic schemes for the study of chromatin bound proteins. (A) The modified chromatin 

immunopurification (mChIP) method developed during my graduate studies enables the purification of 

chromatin associated protein networks. The mChIP method is described in detailed in chapter 2 and was 

utilized in a large-scale in chapter 3. (B) The PICh method uses a DNA probe to selectively purify proteins 

associated with a genomic locus. (C) Minichromosomes containing a genomic locus of interest can be isolated 

and the proteins associated with it identified by LC-MS/MS. (D) The SILAC-based DNA interaction screen uses 

quantitative proteomics and in vitro reconstituted protein-DNA interaction to identify proteins associated 

with a genomic locus. 
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The most straightforward solution to the problem created by the low abundance of 

a genomic locus in proteomic studies is to artificially increase its abundance. One example 

of this is the report by Akiyoshi et al. who utilized minichromosomes containing 

centromeric DNA from the third chromosome of budding yeast (Cf A/3) to study the proteins 

associated with this locus (Akiyoshi et al., 2009). These minichromosomes have been shown 

to be functional and more importantly to assemble complete kinetochore (Bloom and 

Joglekar, 2010; Clarke and Carbon, 1980; Ivanov and Nasmyth, 2005). In addition to the 

CEN3 locus, the minichromosome contained a TRPl selectable marker, an origin of 

replication and two copies of lactose operators {LacO). This minichromosome or another 

minichromosome with a mutated CEN3 region incapable of forming kinetochore were 

transformed into host cells constitutively expressing high levels of FLAG tagged Lad. Lad 

has been shown to bind with great affinity to LacO sequences (Lin and Riggs, 1975) enabling 

the minichromosome to be purified away from chromatin (Figure 1-6C). These cells were 

grown in light or heavy labelled SILAC media, the minichromosome purified individually 

from an equal amount of material, the purified protein mixed and quantitative LC-MS/MS 

performed. In this manner, kinetochore proteins were enriched with WT CEN3 over mutant 

CEN3 minichromosome such as Finl, a protein phosphatase 1 regulatory subunit not 

previously known to associate with kinetochore (Akiyoshi et al., 2009). The use of the 

minichromosome purification strategy simplified the analysis of kinetochore proteins by 

multiplying by over 30 times the amount of CEN3 loci present in a single cell (Akiyoshi et al., 

2009). While this approach can successfully purify proteins associated with a single 
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genomic locus in yeast, it requires the development of an extensive array of reagents which 

renders its application to numerous genomic loci impractical. 

A different approach was taken by Schultz-Norton et al. to detect chromatin-

associated protein complexes with the oestrogen receptor alpha (ERa) in an in vitro assay 

(Schultz-Norton et al., 2008). The assay was designed to study chromatin bound protein 

complexes by reconstituting them in vitro prior to mass spectrometry identification, thus 

bypassing some of the technical issues previously discussed. Their assay was conducted as 

follows: first HeLa nuclear cell extract and recombinant ERa were prepared. Then, DNA 

oligos containing the Xenopus laevis A2 oestrogen responsive element sequence and its 

flanking elements were left at room temperature to anneal. The double stranded DNA was 

then incubated with the purified ERa and subsequently with HeLa cell nuclear extract. The 

resulting protein complexes associated with chromatin were then isolated from the 

unbound material using an agarose gel. The gel section corresponding to the ERa 

containing DNA bound complexes was excised, its protein content concentrated and 

analyzed by mass spectrometry. Follow-up work on some of these newly discovered 

proteins associated with ERa revealed that they impacted the transcriptional function of 

ERa. This new procedure reported by Schultz-Norton et al. represents an attractive 

approach to study chromatin bound protein complexes but might be difficult to standardize 

since knowledge of DNA binding sites as well as previously purified bait protein is required. 

Finally, the assay is performed on nucleosome-free DNA which does not mimic chromatin 

perfectly. 
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The use of DNA probes for the enrichment of protein complexes was also used by 

Rubio et al. to study the CCTC-binding factor CTCF in Jurkat cells (Rubio et al., 2008). The 

authors used 163 base pair DNA probes corresponding to either WT or mutant c-myc 

insulator sequences coupled with biotin. Insulator sequences participate in proper gene 

expression by preventing inappropriate enhancers' action as well as by restricting 

heterochromatin spreading (Komura et al., 2007). The probes were immobilized on 

magnetic beads coated with streptavidin enabling efficient immunopurification to be 

performed once the probes were mixed with nuclear extracts from Jurkat cells. By Western 

blotting, the authors showed a strong enrichment of CCTC-binding factor CTCF with the WT 

probe over the mutant one, reproducing previously shown data and validating their 

enrichment method. The next step was to analyze the proteins associated with their probes 

by mass spectrometry. To better distinguish real hits from background contamination, the 

ICAT method was used to quantify the proteins associated with the probes. Putative 

interaction partners were easily identified since they were enriched with the WT probes 

over the mutant c-myc insulator. This method showed a significant enrichment of the 

cohesion subunit Scc3/SA1 with the WT probe. Subsequent validation experiments showed 

that the CCTC-binding factor CTCF and Scc3/SA1 physical distribution on chromosome often 

overlap. This represented a novel role for CCTC-binding factor CTCF in cohesion which may 

have clinical implications. 

This type of approach was shown by Mittler et al. to be compatible with SILAC, a 

quantitative proteomics method (Mittler et al., 2009). The method used by the authors is 

similar to the examples previously described but with a few key differences in their sample 
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preparation and probe design (Fig. 1-6D). The probes used in this study were designed to 

contain 40 base pairs encompassing a binding site for the transcription factor AP2 and its 

surrounding sequences, a restriction site for an endonudease and a biotin moiety. A 

control probe containing a two point mutation in the AP2 binding site was also prepared to 

act as a negative control in the immunoprecipitation experiments. The nuclear extracts 

used in this paper were prepared from HeLa-S3 cells grown in suspension from media 

containing either light lysine (lysine-dO) or heavy 2H4-lysine (Iysine-d4). The light extracts 

(unlabeled) were used in the control immunoprecipitation and the heavy ones with the 

wild-type probe. Following the elution of the protein complexes by the addition of an 

endonudease, the purified proteins from immunopurification were combined, run on a 

SDS-PAGE gel and analyzed by mass spectrometry. This protocol resulted in the 

identification of more than 250 proteins, a small fraction of which were specifically 

enriched with the wild-type probe. Among these proteins, TFAP2A was found to be 

enriched with the wild-type probe over the mutated probe by more than 6 fold which 

demonstrates the specificity of the purification. In a subsequent experiment, the authors 

tested whether their new method could specifically enrich proteins associated with 

methylated DNA. To do so, they synthesized two new probes containing a CpG island found 

ahead of the MAT2 loci with and without methylation. Using the experimental protocol 

described earlier, the authors were successful at efficiently enriching proteins associated 

with the methylated probe over the unmodified one. 

The work described by Mittler et al. and Rubio et al. clearly demonstrates the 

feasibility of performing efficient proteomics studies of DNA-protein interactions (Mittler et 
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al., 2009; Rubio et al., 2008). The use of biotinylated DNA probes, a relatively inexpensive 

reagent, was able to purify proteins in sufficient quantity for mass spectrometric analysis. 

In both cases though, the methods suffered from significant background contaminations 

but the authors were still able to detect few specific interactions through the use of 

quantitative proteomic methods. These reports provide a basis for more elaborate work 

which could study single-nucleotide polymorphism and other genomic variations from a 

proteomic perspective. While this kind of work is bound to positively affect the chromatin 

field, it does pose the unusual constraint of designing experiments around a genomic locus 

rather than a protein. Thus to better understand the function of a given chromatin binding 

protein, a different protein-centered approach is needed. The development and large-scale 

utilization of such a technique is the focus on my thesis and will be discussed extensively in 

chapter 2 and 3. 

1.6 Summary and Overall Significance 

In the last decade, proteomics established itself as a critical technique for life 

science research. Above, I have described how technical progress in proteomics enabled 

both qualitative and quantitative protein analysis to become routine in numerous 

laboratories. In particular, the identification of protein-protein interaction for soluble baits 

is now commonly employed and as a result, thousands of protein-protein interactions have 

been reported in different organisms. As such subunits of abundant protein complexes such 

as the proteasome and spliceosome have been defined in details. Focus has thus shifted 
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away from genome-wide studies toward targeted "interactome mapping" such as the 

recent yeast kinome (Breitkreutz et al., 2010), human deubiquitinating enzymes (Sowa et 

al., 2009) and human autophagy system (Behrends et al., 2010). 

In this thesis, I describe the development and application of an affinity purification 

method designed to facilitate the characterization of DNA binding baits. This method, called 

modified chromatin immunopurification or mChIP, enables chromatin bound protein to be 

effectively purified and to identify their direct and indirect (i.e. through chromatin) 

interaction partners ((Lambert et al., 2009) and chapter 2). In a proof-of-concept study, I 

applied the mChIP approach to the study of two histones and three non-histones chromatin 

bound protein (Lambert et al., 2009). Subsequently, I utilized the mChIP method to identify 

an association between the Rttl06 histone chaperone and the HIR complex (Fillingham et 

al., 2009). mChIP is thus applicable to all type of DNA binding proteins tested thus far. 

Chapter 3 of my thesis describes a large-scale study in which over 100 chromatin 

associated baits were mChIP and the co-purified network of associated proteins identified 

by mass spectrometry. The resulting mChlP-MS dataset, when compared to present 

literature data, showed a significant improvement in the characterization of transcription 

factors and other low abundance DNA binding proteins. The mChIP procedure was further 

employed to dissect the physical interaction between histone chaperones involved in the 

regulation of the HTAl-HTBl promoter. In particular, the role of acetylation of lysine 56 on 

histone H3 with regards to the Rttl06, Asfl and HIR was defined. The work presented in 

this thesis as well as other collaborations performed during my graduate studies (appendix 
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1-1) demonstrate the value of innovative proteomic approaches in the characterization of 

biological systems. In addition, the improved capacity in the identification of protein-

protein interaction generated by the use of mChIP demonstrates the value of utilizing 

methodologies adapted to different bait classes. 
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Abstract: 

Protein-protein interaction mapping has progressed rapidly in recent years, enabling the 

completion of several high throughput studies. However, knowledge of physical 

interactions is limited for numerous classes of proteins, such as chromatin-bound proteins, 

because of their poor solubility when bound to DNA. To address this problem, I have 

developed a novel method, termed modified chromatin immunopurification (mChIP), which 

allows for the efficient purification of protein-DNA macromolecules, enabling subsequent 

protein identification by mass spectrometry. mChIP consists of a single affinity purification 

step whereby chromatin-bound protein networks are isolated from mildly sonicated and 

gently clarified cellular extracts using magnetic beads coated with antibodies. I applied the 

mChIP method in Saccharomyces cerevisiae cells expressing endogenously tandem affinity 

purification (TAP)-tagged histone H2A or the histone variant Htzl and successfully co-

purified numerous chromatin-bound protein networks as well as DNA. I further challenged 

the mChIP procedure by purifying three chromatin-bound bait proteins that have proven 

difficult to purify by traditional methods: Lgel, Mcm5, and Yta7. The protein interaction 

networks of these three baits dramatically expanded our knowledge of their chromatin 

environments and illustrate that the innovative mChIP procedure enables an improved 

characterization of chromatin-associated proteins. 
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2.1 Introduction 

Chromatin, the complex packaging of DNA with proteins, is in many ways the 

master control center for the cell. At the most fundamental level, DNA is wrapped around 

histone proteins in a structure referred to as the nucleosome (Van Holde et al., 1974). 

Histones H2A, H2B, H3, and H4 form the core of the nucleosome around which the DNA is 

wrapped (Luger et al., 1997). In addition to core histones variant forms, such as histone 

Htzl in yeast or H2A.Z in mammalian cells, also contributes to the diverse range of 

biological processes regulated by chromatin (Boulard et al., 2007). Numerous post-

translational modifications of histone proteins modulate DNA-protein interactions as well 

as regulate the intricate and temporal associations of other proteins and protein 

complexes, such as chromatin-remodelling or -modifying proteins and transcription factors, 

with chromatin (for a review, see Ref. (Strahl and Allis, 2000)). To truly understand the 

regulatory role that chromatin plays in the cell and disease states will require a detailed 

understanding of the intricate protein-protein interactions that occur on it. 

The study of protein-protein interactions has grown by leaps and bounds in recent 

years. Members of the Figeys laboratory and others have successfully performed large scale 

studies of protein-protein interactions in both yeast and human cells by 

immunopurification and high throughput mass spectrometry (Brajenovic et al., 2004; Ewing 

et al., 2007; Gavin et al., 2006; Gavin et al., 2002; Krogan et al., 2006). These studies, along 

with numerous small scale studies, have provided the scientific community with a wealth of 

information regarding the elaborate protein networks that function as the building blocks 
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of life. Although technical developments resulting in improved throughput and sensitivity 

have been achieved (for reviews, see references (Ethier et al., 2006) and (Parrish et al., 

2006)), hurdles remain in the discovery of protein-protein interactions of chromatin- bound 

proteins/complexes. Proteins associated with DNA have the dual natures of participating in 

conventional soluble protein-protein interactions as well as participating in larger DNA-

protein macrocomplexes. In conventional immunopurification protocols, these 

macrocomplexes are often lost during the clarification steps as they pellet along with the 

DNA/chromatin and hence are not available for the downstream immunopurification step. 

Consequently protein interaction networks have been discerned for the soluble fraction of 

chromatin-binding proteins; however, these networks may not be representative of the 

chromatin-bound protein environment. A holistic view of cellular protein-protein 

interactions occurring on chromatin requires the development of new purification 

techniques. 

Over the years, a number of proteomics methodologies have been developed to 

study chromatin-bound proteins. Acid extraction, a well established protocol for the study 

of histones, utilizes the low solubility of the histone proteins that are complexed with DNA 

to specifically precipitate them from the cellular matrix; histones are subsequently 

resolubilized for analysis (Shechter et al., 2007). This protocol has enabled the detailed 

study of histone composition and their associated post-translational modifications in a 

variety of organisms (Galasinski et al., 2003). However, the denaturing conditions inherent 

to this method are not amenable to the identification of protein-protein interactions. 

Recently a number of methods have been reported that facilitate the identification of 
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interaction partners of proteins bound to chromatin (for a review, see reference (Smith et 

al., 2007)). A common approach in these methods is to drastically reduce, or entirely 

remove, genomic DNA in the cellular extract by various mechanical or enzymatic means, 

thereby enhancing the solubility of the protein of interest. Such procedures have provided 

insight into the interaction partners of a number of histone variants and their interaction 

partners in both mammalian (Du et al., 2006; Foltz et al., 2006) and yeast cells (Mizuguchi 

et al., 2004). However, these methods drastically reduce the number of associated proteins 

purified with the bait of interests and hence provide an incomplete picture of the physical 

interactions for any given bait. 

Here I report a novel method, termed modified chromatin immunopurification 

(mChIP), for the purification and analysis of chromatin-bound proteins and their associated 

protein interaction networks. This method is reminiscent of the chromatin 

immunoprecipitation procedures used to define DNA binding sites for transcription factors 

and other DNA-binding proteins (for a review, see reference (Collas and Dahl, 2008)). The 

mChIP protocol involves DNA shearing by sonication, gentle clarification, and affinity 

purification of protein-DNA complexes. This method allows the purification of chromatin-

bound proteins and their associated DNA in quantities sufficient for analysis by mass 

spectrometry. To optimize the mChIP protocol I initially focused on the identification of 

associated proteins of histone H2A (Hta2) and its variant (Htzl) in the budding yeast 

Saccharomyces cerevisiae. The resulting Hta2 and Htzl mChIP protein networks include an 

array of chromatin-bound proteins and serve to define the "chromatin background" of the 

new mChIP procedure. I subsequently used the new mChIP procedure to explore the 
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cellular function of Lgel, Mcm5, and Yta7, three known chromatin-binding proteins with 

differential cellular roles. Although traditional tandem affinity purification (TAP) with these 

baits revealed limited insight into these proteins, mChIP identified novel protein 

interactions providing unique biological insights into the function of these proteins and 

illustrating the potential worth of our procedure. 

2.2 Experimental Procedures: 

2.2.1 Yeast Strains, Plasmids, and Genetics Methods 

All yeast strains used in this study are listed in Table 2-1. Growth media and strains 

were prepared following standard practices. Strains from the TAP collection were obtained 

from Open Biosystems (Huntsville, AL). Genomic deletions and epitope tag integrations 

made for this study were designed with PCR-amplified cassettes as described previously 

(Longtine et al., 1998; Puig et al., 2001) and confirmed by either PCR analysis or 

immunoblotting for tag expression. 
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Table 2-1: List of strains used in chapter 2. 

Strain Genotype* Source or Reference 

BY4741 MATa ura3-52 Iys2-801 ade2-101 trpl-A63 his3-A200 Ieu2-Al 

YSC1178-7499158 BY4741 H2A.2-TAP::HIS 

YSC1178-7502629 BY4741 HTZ1-TAP::HIS 

YSC1178-7503047 BY4741 LGE1-TAP::HIS 

YSC1178-7501832 BY4741 MCM5-TAP::HIS 

YSC1178-7500768 BY4741 YTA7-TAP::HIS 

YKB509 BY4741 swrlA::kanMX 

YKB963 BY4741 HTZl-TAP::HISswrl/ l : .KanMX 

(Sikorski and Hieter, 1989) 

TAP collection 

TAP collection 

TAP collection 

TAP collection 

TAP collection 

This study 

This study 

* An introduct ion to Saccharomyces cerevisiae nomenclature can be obtained f rom the Saccharomyces 

genome database at http: / /www.yeastgenome.org/help/yeastGeneNomenclature.shtml. 
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2.2.2 Modified Chromatin Immunopurification 

One-step affinity immunopurification was performed using TAP-tagged proteins and 

M-270 epoxy Dynabeads (Invitrogen) coated with rabbit IgG according to the 

manufacturer's instructions. Briefly 700 ml of cultured yeast cells grown in yeast, peptone, 

and dextrose (YPD) medium to an A60o of ~1 were pelleted and washed with water. Cells 

were resuspended in lysis buffer (100 mM HEPES, pH 8.0, 20 mM magnesium acetate, 10% 

glycerol (v/v), 10 mM EGTA, 0.1 mM EDTA + fresh yeast protease inhibitors mixture (Sigma-

Aldrich)), frozen in liquid nitrogen in small droplets, and lysed using a coffee grinder half-

filled with dry ice for 1 min. The dry ice from the ground cells was allowed to evaporate, 

and the resulting whole cell extract was sonicated three times for 30 seconds with at least 1 

minute on ice between each pulse. Nonidet P-40 was added to a final concentration of 

0.4%, and the sample was mixed by hand for 30 seconds. The extract was gently clarified by 

centrifugation at 1800 relative centrifugal force for 10 minutes (4°C), and the supernatant 

was transferred to a fresh tube. Freshly prepared rabbit IgG (Sigma-Aldrich) coated 

Dynabeads were added (200pJ/sample), and the samples were incubated with end-over-

end rotation for 3 hours at 4°C. Using a Dynal MPC-S magnet (Invitrogen) the beads were 

collected on the side of the sample tubes, and the supernatant was discarded. The beads 

were washed three times by resuspension in 1 ml of wash buffer (100 mM HEPES, pH 7.4, 

20 mM magnesium acetate, 10% glycerol (v/v), 10 mM EGTA, 0.1 mM EDTA, 0.5% Nonidet 

P-40) and subsequently transferred to a fresh tube following each wash. Finally the beads 

were resuspended in 1 ml of elution buffer (0.5 M NH4OH, 0.5mM EDTA) and incubated 
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with end-over-end rotation for 20 min at room temperature. The protein eluates were 

transferred to a fresh tube and were evaporated to dryness using a SpeedVac. 

The protein sample was resuspended in IX loading buffer (50 mM Tris-HCI, pH 8, 2% 

SDS, lOOmM DTT, 10% glycerol) and resolved on a NuPAGE 4-12% SDS-PAGE gel. For 

protein visualization, the gels were silver-stained. For Western blot analysis, the proteins 

were transferred onto nitrocellulose membrane, blocked in 5% nonfat milk in TBST (20mM 

Tris base, 150mM NaCI, 0.1% Tween 20), and probed with polyclonal rabbit anti-TAP 

antibodies (Open Biosystems) or with polyclonal rabbit anti-histone H3 antibodies (Abeam 

Inc.). When stated, standard immunopurification was performed without the use of 

sonication and with clarification of the yeast extracts at 14,000 rpm for 15 min (4°C) while 

maintaining the same buffer and bead conditions as for the modified ChIP method outlined 

above. 

2.2.3 Micrococcal Nuclease S7 and DNase I Digestion prior to mChIP 

Following cell lysis and sonication, MgCI2 and CaCI2 were adjusted to a final 

concentration of 10 and 3 mM, respectively. 500 units/ml micrococcal nuclease S7 (BioShop 

Canada Inc.) or 15u.g/ml DNase I (Sigma) were added, and samples were incubated for 20 

min at room temperature. The reminder of the sample preparation was performed as 

described above. 
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2.2.4 PCR Analysis of Immunopurified DNA by mChIP 

Aliquots of the final eluates (DNA sample) or genomic DNA prepared by 

phenol/chloroform extraction of cell extracts (input) were resuspended in 100u.l of lOmM 

Tris, EDTA, pH 8.0 and treated with 40u.g of proteinase K for 2hours at 37°C. DNA fragments 

were then purified using the GFX PCR DNA and gel band purification kit (GE Healthcare) 

according to the supplier's protocols. DNA was eluted with 50 u.1 of water, and 1 u.1 was 

used for each reaction. PCR was performed in 25-u.l batches using the iQ SYBR Green 

Supermix (Bio-Rad) following the supplier's instructions. Immunoprecipitated DNA was 

amplified by PCR with the following primers pair: GALl F, 5'-GAA-

GAGTCTCTCGCCAATAAGAAACAGG; GALl R, 5'-GAACATTCGTAAAGTTTATCGCAAG (Krogan 

et al., 2003). PCR products were resolved on a 1.5% agarose gel and stained with ethidium 

bromide. 

2.2.5 Mass Spectrometry Analysis 

Gel bands were excised, reduced, alkylated, and digested as described previously 

(Abu-Farha et al., 2008) based on the original protocol of Wilm et al. (Wilm et al., 1996). 

Peptide solutions were dried in a SpeedVac and stored at -20°C until mass spectrometric 

analysis. LC-MS/MS was performed by dissolving the peptide samples in 5% formic acid and 

loading them into a 200-u.m x 5-cm precolumn packed in house with 5-u.m YMC ODS-A Ci8 

beads (Waters) using a micro Agilent 1100 HPLC system (Agilent Technologies). The 

peptides were desalted on line with 95% water, 5% acetonitrile, 0.1% formic acid (v/v) for 
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10 min at 10 uJ/min. Then the flow rate was split before the precolumn to produce a flow 

of rate of ~200 nl/min at the column. Following their elution from the precolumn, the 

peptides were directed to a 75-p.m x 5-cm analytical column packed with 5-u.m YMC ODS-A 

Cig beads. The peptides were eluted using a 1-hour gradient (5-80% acetonitrile with 0.1% 

formic acid) into an LTQ linear ion trap mass spectrometer (Thermo-Electron). MS/MS 

spectra were acquired in a data-dependant acquisition mode that automatically selected 

and fragmented the five most intense peaks from each MS spectrum generated. 

Peak lists were generated from the MS/MS .raw file using Mascot Distiller 2.0.0.0 

(Matrix Science) to produce a .mgf file with default parameters with the exception that for 

each MS/MS individual peak lists were generated assuming a 2+ and a 3+ charge. All .mgf 

files from one sample were merged into a single file and then analyzed and matched to the 

6298 5. cerevisiae protein sequences in the National Center for Biotechnology Information 

(NCBI) database (released April 2007) using the Mascot 2.1.04 database search engine 

(Matrix Science) with trypsin as digestion enzyme, carbamidomethylation of cysteine as a 

fixed modification, and methionine oxidation as a variable modification. Peptide and 

MS/MS mass tolerances were set at ±2 and ±0.8 Da, respectively, with one miscleavage 

allowed and the significance threshold set to 0.01 (p < 0.01). Finally an ion score cutoff of 

30 was chosen to produce a false-positive rate of less than 1% in the MS data (Elias et al., 

2005). A protein hit required at least two "bold red peptides," i.e. the most logical 

assignment of the peptide in the database selected, to be reported. Furthermore when 

peptides matched to more than one database entry, only the highest scoring protein was 

considered. 
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2.3 Results 

2.3.1 mChIP Facilitates the Purification of Protein Networks Bound to DNA 

The study of proteins associated with chromatin is difficult. Well established protocols, 

such as TAP (Puig et al., 2001; Rigaut et al., 1999), failed to identify proteins shown 

previously to associate with the S. cerevisiae histone Hta2 and its variant, Htzl (data not 

shown and reference (Gavin et al., 2006) and (Krogan et al., 2006)). In my hands, I found 

that most of the proteins expected to be associated with chromatin were lost during the 

sample preparation, particularly in the centrifugation steps. I therefore postulated that the 

poor solubility of large protein-DNA complexes, further aggravated by the necessary 

centrifugation steps, was the cause of this problem. To address this issue, I have developed 

a novel method based on the principle of ChIP, an established method for the purification 

of DNA associated with specific proteins (for a review, see reference (Collas and Dahl, 

2008)). The mChIP method ensures that chromatin-bound protein complexes remain in 

solution by shearing DNA using sonication prior to the immunopurification (Figure 2-1). This 

step breaks DNA into fragments that are sufficiently small (~2000 bp) to remain soluble 

following mild centrifugation. Not surprisingly, I found that by limiting the clarification of 

the samples before performing the IP more contaminant proteins were found bound to the 

IgG-agarose beads (data not shown). I resolved this problem by using magnetic beads that 

dramatically reduce the binding of nonspecific proteins to the affinity matrix (see "2.2 

Methods" for details). 
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Figure 2-1: Experimental protocol for immunopurification of chromatin-bound protein complexes using the 

mChIP approach as compared with conventional IP methods. 
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The mChIP method was used to identify chromatin-bound protein networks from 

yeast cells expressing the endogenously TAP-tagged histone Hta2 (Hta2-TAP) or Htzl (Htzl-

TAP) (Fig. 2-2A). To ensure that the novel mChIP protocol was successfully purifying 

genuine protein-DNA complexes and not experimental artifacts, I also performed mChIP 

from cells expressing Htzl-TAP mChIP in an swrlA mutant background. Swrl is a 

component of the SWR1 complex that is required for the incorporation of Htzl into 

nucleosomes (Kobor et al., 2004; Krogan et al., 2004; Mizuguchi et al., 2004), and swrlA 

cells display a dramatic reduction of Htzl incorporation in chromatin (Kobor et al., 2004; 

Krogan et al., 2004). In addition, a traditional immunopurification method was used to 

purify Htzl-TAP (Figure 2-2A, IP; see "2.2 Methods" for details). Although both protocols 

resulted in the purification of roughly equal amounts of Hta2-TAP or Htzl-TAP as assessed 

by Western blot (Figure 2-2B), the mChIP of both Hta2-TAP and Htzl-TAP resulted in the 

purification of an intricate mixture of proteins that were not present in purifications from 

untagged control cells or Htzl- TAP swrlA cells as wells as a conventional Htzl-TAP IP 

(Figure 2-2A; see Appendix 2-1 for a complete list of identified proteins). Because of the use 

of gradient gels to resolve the mChIP proteins, small proteins, including core histones, are 

poorly silver-stained but observed in large amounts by Coomassie (Figure 2-2A), Western 

blot (Figure 2-2C), and mass spectrometry analysis (Appendix 2-1). Histone H3 was only co-

purified in the Hta2-TAP and Htzl-TAP using mChIP suggesting that this method is purifying 

intact nucleosomes and possibly chromatin (Figure 2-2C). Hta2 and Htzl have been shown 

to localize to the GALl promoter (Krogan et al., 2003), and I demonstrated that the GALl 

promoter region can be amplified from our Hta2-TAP and Htzl-TAP mChlPs eluates but not 
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from the Htzl-TAP swrlA mChIP or Htzl-TAP traditional IP (Figure 2-2D). These results 

demonstrate that the mChIP protocol can purify chromatin from sonicated whole cell 

extract (Figure 2-2E). 

Mass spectrometry analysis also indicates that the mChIP method can successfully 

identify chromatin-bound protein networks (see Appendix 2-1 for a complete list of 

identified proteins). Hta2-TAP and Htzl-TAP mChlPs along with the untagged control mChIP 

purification were performed in triplicate. Ribosomal proteins and other common 

contaminant proteins as well as proteins observed only in a single mChIP experiment were 

removed from the final high confidence data sets (Appendix 2-2). The high confidence data 

set of Hta2-TAP and Htzl-TAP includes several well characterized chromatin proteins such 

as the core histones, the topoisomerase Top2 (Berger, 1998), RNA polymerase subunits, 

and replication factors A and C (Cullmann et al., 1995; Longhese et al., 1994) among others. 

Numerous chromatin-remodelling complexes also co-purified with both Hta2-TAP and Htzl-

TAP including the imitation-switch (ISWI) chromatin-remodelling complex (Mellor and 

Morillon, 2004). In contrast, Swrl and Rvbl, components exclusively found in the SWR1 

complex (Kobor et al., 2004; Krogan et al., 2004; Mizuguchi et al., 2004), only co-purified 

with Htzl-TAP, whereas Rvb2, as SWR1 complex component that also functions in 

additional chromatin-associated complexes, co-purified also with Hta2-TAP. Htzl-TAP also 

co-purified the SWR1 complex proteins Arp4, Arp6, Swc4, Swc6, and Vps71 in one of three 

replicates (Appendix 2-1). As expected the absence of Swrl caused a marked decrease in 

the number of proteins co-purified by Htzlp-TAP; in fact, the protein interaction profile 

greatly resembled that of Htzl-TAP generated using traditional IP methods (Fig. 2-2A). In 
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both cases, the Htzl interaction map included Napl and Kapll4, two proteins shown 

previously to interact with Htzl in the soluble (cytosolic) fraction of the cell 

(Mosammaparast et al., 2002). The remarkable differences in associated protein profiles 

between the mChIP and traditional IP support the use of the mChIP procedure in 

generating protein interaction networks of chromatin-bound proteins. This can be further 

demonstrated by comparing the 98 protein interactions observed for Hta2-TAP by mChIP 

against the 42 protein interactions for Hta2-TAP IP-MS purifications curated in the BioGRID 

(Stark et al., 2006) (Fig. 2-2F). I observed an overlap of 13 protein interactions between 

traditional IP and mChIP. Furthermore I found that the mChlP-derived protein interactions 

for Hta2-TAP have a greater proportion of nuclear localization than those found in the 

BioGRID only, indicating an improved accessibility to chromatin protein networks in mChIP 

purifications compared with classical methodologies (Fig. 2-2F). 
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Figure 2-2: Purification of chromatin-bound protein associated with Hta2 and Htzl by mChIP. (A) silver-

stained SDS-PAGE gel of protein network associated with H2A-TAP (YSC1178-7499158), Htzl-TAP (YSC1178-

7502629), and Htzl-TAP swrlA (YKB963) purified by mChIP compared with an untagged control (YPH499) and 

with a traditional Htzl-TAP (YSC1178-7502629) purification (IP). Additional mChIP from Htzl-TAP and Htzl-

TAP swrlA strains were stained with coomassie blue to better visualize the histone proteins. An aliquot of the 

protein samples purified was also transferred on nitrocellulose membrane for Western blot (WB) analysis 

against TAP-tagged (B) or histone H3 proteins (C). (D), PCR analysis for GALl locus (+1039 to +1331) following 

mChIP showing the presence of chromatin co-purifying with the histones H2A and Htzlp. (E), DNA isolated 

before and after DNA shearing by sonication and micrococcal nuclease S7 (MNase) treatment resolved on a 

1.5% agarose gel stained with ethidium bromide. The sample prepared for mChIP usually contains chromatin 

fragments of 500-1500 base pairs. Results shown are representative of three experiments. (F), comparison of 

histone H2A-associated proteins observed by mChIP and those previously reported in IP-MS experiments with 

H2A as a bait (literature data from BioGRID) and of their nuclear localization (Huh et al., 2003). 
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2.3.2 mChIP Protein Networks Are Affected by DNA Size 

I was interested in determining how the size of DNA fragments in the cellular 

extracts affects the proteins co-purified by mChIP. As the mChIP method purifies large 

chromatin pieces (500-2000 base pairs; Figure 2-2E), it was expected that some co-purified 

proteins would not interact directly with the bait protein, but rather the interactions would 

be mediated through DNA. This was tested by adjusting the size of DNA in the cellular 

extracts with one of two enzymes: micrococcal nuclease S7 (MNase), which cleaves DNA 

between nucleosomes, or DNase I, which digests most DNA in solution given enough time 

(Du et al., 2006). This makes for a system where the DNA in an extract can be large 

(sonication), medium (MNase), or small/absent (DNase I) (Figure 2-3B). Htzl-TAP and 

untagged control mChlPs were performed from extracts treated by sonication, MNase, or 

DNase I, and the purified proteins were resolved on a 4-12% NuPAGE gel and silver-stained 

(Figure 2-3A). I found that as the DNA size was reduced in the cellular extract (Figure 2-3B) 

the amount of co-purifying proteins was concomitantly reduced as assessed by silver stain 

(Figure 2-3A). Notably DNA fragment size did not significantly affect the purification 

efficiency of Htzl-TAP and the associated core histones, in particular histone H3 (Figure 2-

3C and D), reflecting the fact that the mChIP method can efficiently purify large protein-

DNA macromolecules. These data support the view that the mChIP method isolates both 

proteins that directly or indirectly interact with the bait and proteins that are not 

necessarily physically interacting with the bait but are bound to the DNA/chromatin that is 

co-purified by the bait. A specific example of this phenomenon is the association of Top2 

and Napl with Htzl-TAP by mChIP. As seen in Figure 2-3A, the histone chaperone Napl is 
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strongly associated with Htzl-TAP independently of the DNA shearing method used 

reflecting their strong direct interaction. On the other hand, Top2, a DNA topoisomerase, is 

dependent on the presence of DNA for its associations with Htzl-TAP and is lost upon 

DNase I treatment. Thus manipulating the size of the DNA fragments can be used as a tool 

to further dissect the protein networks associated with a bait of interest. But for the 

purpose of this work, all the subsequent experiments in this chapter were done using 

sonication as the DNA shearing method because it provided us with the largest number of 

associated proteins upon mChIP. 

The mChIP procedure functions efficiently for histone baits (Figure 2-2) because 

these proteins are tightly associated with DNA. The question of whether other classes of 

chromatin-associated proteins would be as easily amenable to mChIP purifications 

remained open. To answer this, three non-histone baits that are difficult to purify by the 

traditional IP method were selected for mChIP purification. The baits chosen were Lgel, 

Mcm5, and Yta7, and each was purified in triplicate following the mChIP protocol 

developed previously. 
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Figure 2-3: The size of chromatin fragments in whole cell extract determines the magnitude of the protein 

networks co-purifying with Htzl-TAP by mChIP. The mChIP procedure was performed from the Htzl-TAP 

strain (YSC1178-7502629) or untagged control strain (YPH499) previously treated with sonication, MNase or 

DNase I (see "2.2 Methods" for details). (A) 90% of the protein eluted for each sample was resolved on a 

NuPAGE 4-12% SDS-PAGE gel and silver-stained. (B) phenol/chloroform extractions from the whole cell 

extracts used in A were resolved on a 1% agarose gel, and the chromatin fragments were visualized by 

ethidium bromide to define their size. 2.5% of each input and mChIP was analyzed by WB using antibodies 

against histone H3 (C) or the TAP tag (D). 

74 



2.3.3 Efficient Purification of the Poorly Characterized Lgel and of Its Associated Proteins by 

mChIP 

Lgel, which stands for large cells 1, is a protein of unknown function whose deletion 

results in the formation of abnormally large cells, a rare phenotype in S. cerevisiae 

(Jorgensen et al., 2002). Using traditional TAP and MS techniques, Lgel was observed 

previously to interact with only two proteins: Brel (Collins et al., 2007; Ho et al., 2002; 

Krogan et al., 2006), an E3 ubiquitin ligase required for monoubiquitination of histone H2B 

(Hwang et al., 2003), and Iswl (Krogan et al., 2006), a component of the chromatin-

remodelling complex Isw. Interestingly histone H2B monoubiquitination at lysine 123 is 

required for the methylation of histone H3 at lysine 4 (Dover et al., 2002; Wood et al., 

2003). The exact role of Lgel in this "cross-talk" is still undefined (Lee et al., 2007; Wood et 

al., 2005). Lgel was also shown to participate in the induction of PDR3 transcript 

independently of its association with Brelp and of its role in histone H2B ubiquitination 

(Zhang et al., 2005). IgelA cells display genetic interactions with more than 369 genes 

indicating that its function impacts a myriad of cellular functions. These puzzling aspects of 

Lgel biology and its apparent association with chromatin make it a prime candidate for 

mChIP analysis in hopes of further refining its cellular functions. Although traditional 

methods only identified Iswl (Krogan et al., 2006), mChIP of Lgel-TAP copurified an 

unexpectedly large number of associated proteins (Fig. 2-4A). I reproducibly identified 52 

proteins co-purifying with Lgel-TAP in two of three purifications, 40 of which were unique 

to Lgel-TAP and not identified in the Hta2-TAP mChlPs that serve as a chromatin 

background control (Fig. 2-4B and see Appendix 2-1 and 2-2). Brel was observed as the top 
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hit in each of the Lgel mChIP experiments, confirming that Lgel and Brel strongly interact. 

In addition, a plethora of new associated proteins were found. Surprisingly Kogl, for 

kontroller of growth, was the second MS hit in two of the three Lgel mChIP experiments 

and thus strongly associated with Lgel. Kogl is a member of the TORCl complex, a protein 

complex containing the Tori kinase, and is involved in control of cell growth in response to 

nutrient level (Barbet et al., 1996). Two more subunits of the TORCl complex (Tco89 and 

Tori) were also co-purified reproducibly with Lgel by mChIP, and the last member of 

TORCl, Lst8, was identified in one experiment. The association between Lgel and the 

TORCl complex raises the possibility that Lgel could affect cell size via interplay with the 

action of the TORCl complex. Furthermore a significant amount of Ssdl was co-purified in 

the three Lgel mChlPs, solidifying the connection between Lgel and the TORCl complex 

since previous report linked TORCl to Ssdl (Reinke et al., 2004). Another subset of Lgel-

associated proteins (Msh2, Msh3, Msh6, and Rad52) was found to be involved in DNA 

repair. These associations are consistent with previous reports showing the sensitivity of 

IgelA cells to UV radiation (Hanway et al., 2002). Finally spindle pole body (SPB) 

components make up a large fraction of proteins co-purifying with Lgel by mChIP. This 

includes core SPB components such as Spc29, SpcllO, Spc97, Spc98p, Spc42, Cdc31, Nudl, 

and Cnm67 but also associated kinases Kin3 and Kin4 and the mitotic exit network protein 

Bub2 (for a review see Reference (Jaspersen and Winey, 2004)). Both the number of SPB 

components and their high scores in our MS analysis suggest that a significant fraction of 

the cellular Lgel may be present at the SPB and may contribute to spindle dynamics. 
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Figure 2-4: mChIP efficiently purifies chromatin-associated protein networks when non-histone proteins 

are used as baits. (A) Silver-stained 4-12% NuPAGE gels of the protein networks associated with Lgel-TAP 

(YSC1178-7503047), Mcm5-TAP (YSC1178-7501832), and Yta7-TAP (YSC1178-7500768). mChIP purifications 

performed according to the "Materials and Methods" are shown as compared with an untagged control 

(YPH499). The red arrows indicate the TAP-tagged bait protein. Results shown are representative of three 

experiments. (B) Summary of the overlap between the associated proteins observed in the high confidence 

data set (supplemental Table 2) and each mChIP bait (bottom left triangle) and with the chromatin 

background or Hta2-TAP high confidence data set removed (top right triangle). 
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2.3.4 Purification of the Minichromosome Maintenance (MCM) Helicase and of Its 

Associated Interaction Partners by mChIP 

The MCM complex is composed of six highly conserved components termed Mcm2 

through Mcm7 (for a review, see Reference (Forsburg, 2008)). The MCM complex 

participates in DNA replication and elongation, and each subunit is essential for cell survival 

in S. cerevisiae. To effectively function, the MCM complex associates with a number of 

distinct proteins such as the DNA replication initiation factor Cdc45 as well as other 

chromatin-associated proteins such as Ctf4 at specific cell cycle stages and chromatin 

locations (Aparicio et al., 1997; Gambus et al., 2006; Sheu and Stillman, 2006). To date, 

successful affinity purification of the MCM complex has required a large amount of cells (up 

to 10 liters) (Gambus et al., 2006), and high throughput studies failed to purify the highly 

abundant MCM complex (Gavin et al., 2006; Ho et al., 2002; Krogan et al., 2006). I 

hypothesized that the tight interactions of the MCM complex with chromatin might be the 

cause of the low efficiency in previous immunopurifications and therefore tested the mChIP 

method with a component of the complex, Mcm5-TAP. The three Mcm5 mChIP 

experiments were successful at reproducibly co-purifying 13 proteins, six of which were 

only identified in the Mcm5-TAP (Figure 2-4B). High levels of the six core MCM components 

(Mcm2, Mcm3, Mcm4, Mcm5, Mcm6, and Mcm7) were found in the three Mcm5-TAP 

mChIP experiments despite the relatively small quantity of cells used for the purifications 

(700 mL cultures). Mcm3 and Mcm6 were identified in only the Mcm5-TAP, whereas 

Mcm2, Mcm4, Mcm5, and Mcm7 were identified in both Mcm5-TAP and Hta2-TAP mChlPs. 

Furthermore additional non-core MCM complex components were also co-purified by 
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mChIP, Tofl and Ctf4. Sapl85 was identified as a novel interaction partner for Mcm5. 

Sapl85 is a phosphatase shown previously to interact with Sit4, another phosphatase, and 

is involved in the Gl to S cell cycle progression (Luke et al., 1996). The co-purification of 

Sapl85 with Mcm5-TAP by mChIP raises the possibility that Sapl85 may interact with one 

or more MCM core subunits and dephosphorylate them in a cell cycle-dependent manner. 

2.3.5 Determination of Yta7 Interaction Partners on Chromatin by mChIP 

One protein that was identified in both Hta2-TAP and Htzl-TAP mChIP experiments 

was Yta7. Yta7 contains three domains: two AAA ATPase domains of unknown function and 

one bromodomain, a domain known to bind acetylated histones (Mujtaba et al., 2007). 

Yta7 had been observed previously only at chromatin boundary regions between 

transcriptionally active and silent chromatin (Tackett et al., 2005). Recently Yta7 was also 

reported to bind to the promoter regions of histone genes and to regulate their 

transcriptional expression (Gradolatto et al., 2008). Therefore, I was surprised to observe 

Yta7 as one of the top preys associated with both Hta2-TAP and Htzl-TAP, hinting to a 

broad distribution for this protein on chromatin and a potentially global regulation of 

chromatin structure for Yta7 in S. cerevisiae. To further investigate, the mChIP method was 

applied to identify the chromatin-associated protein networks of Yta7 (Figure 2-4A). Yta7-

TAP was successfully purified using the mChIP method, and 76 proteins were reproducibly 

identified (Figure 2-4). The overlap between Yta7-TAP and Hta2-TAP protein interaction 

profiles was large at 53 proteins, suggesting a wide distribution of Yta7 along chromosomes 
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(Figure 2-4B). However, 23 proteins were specific to Yta7-TAP (Figure 2-4B). Previously 

reported interaction partners of Yta7 such as the core histones, Htzl, Top2, Sptl6, Sas3, 

and Ylr455w (Tackett et al., 2005) were observed upon mass spectrometric analysis (see 

Appendix 2-1 for a complete list of interaction partners). In addition our mChIP method 

identified numerous other proteins including Pob3, a subunit of the Facilitates Chromatin 

Transcription (FACT) complex known to interact with Sptl6 (Wittmeyer and Formosa, 

1997); Chdl, a nucleosome-remodelling factor containing a chromodomain (Tran et al., 

2000); Ntol, a subunit of the NuA3 acetyltransferase complex (for a review, see Reference 

(Lafon et al., 2007)), and others. This suggests that despite the broad distribution of Yta7 it 

is likely found in specific chromatin microenvironments. 

2.4 Discussion 

In this study, I present a novel proteomics method, termed mChIP, for the 

purification of proteins that interact with chromatin. My method increases the solubility of 

protein-DNA complexes by introducing a DNA shearing step and subsequently minimizing 

centrifugation in the sample preparation procedure. Together these steps ensure the 

maintenance of protein-DNA macromolecules in the soluble fraction of the whole cell 

extract and hence make them available for purification in sufficient quantities for mass 

spectrometric analysis. Using Hta2-TAP and Htzl-TAP as tests baits I applied the mChIP 

method to build a chromatin-bound protein network in yeast. To further demonstrate the 
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power of this method, I applied it to three non-histone proteins and demonstrated that the 

mChIP method is specific and sensitive for these functionally distinct baits. 

2.4.1 mChIP Method Expands Chromatin-bound Protein Networks 

I initially tested the mChIP method for its ability to purify chromatin-bound protein 

networks associated with the canonical histone H2A (Hta2) and its variant (Htzl) in S. 

cerevisiae. I observed that our newly developed method minimized the co-purification of 

nonspecific interacting proteins (Appendix 2-1) while providing a wealth of new 

information concerning protein interactions of the histone baits (Figure 2-2F and Appendix 

2-1). Additionally I determined that contrary to classical TAP (Rigaut et al., 1999) the mChIP 

method efficiently purifies both chromatin-bound and cytosolic interaction partners of 

Htzl-TAP. This was accomplished by purifying Htzl-TAP in cells lacking SWRl. Swrl is the 

enzyme responsible for the insertion of Htzl into nucleosome, and its deletion greatly 

reduces Htzl interaction with chromatin (Kobor et al., 2004; Krogan et al., 2004; Mizuguchi 

et al., 2004). Notably SWRl deletion causes a significant reduction in the cellular level of 

Htzl as compared with wild type cells (Keogh et al., 2006). However, because of the 

efficiency of the mChIP method, Htzl-TAP and its interaction partners were still 

immunopurified in swrlA cells in sufficient quantity to allow for MS analysis. I observed 

that in the absence of Swrl the chromatin-bound interaction partners of Htzl were lost, 

whereas the interaction with the two histone chaperones Napl and Kapll4, present in the 

cytoplasm and nucleus, were maintained (Figure 2-2A, Appendix 2-2). This supports my 
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view that the DNA and chromatin-bound proteins co-purified with the baits are not 

artefacts produced in the sample preparation but represent genuine interactions. 

Moreover, I demonstrated that by adjusting the DNA fragment size in the cellular extracts 

through the use of enzymes I can modulate the extent of interaction partners that co-purify 

with Htzl-TAP bait (Figure 2-3). This technique may be used to precisely define chromatin-

bound protein environments on chromatin that to date have not been extensively 

characterized. 

An interesting side product observed in the development of the mChIP is the ability 

to efficiently co-purify DNA associated with the bait of interest with this new method 

(Figure 2-2D). This was exploited by my collaborators to localize the Msn4 transcription 

factor to the HSP12 gene under stress conditions by mChIP (Mitchell et al., 2008). 

Chromatin immunoprecipitation that circumvents the use of formaldehyde, often named 

native ChIP have been described previously (O'Neill and Turner, 2003), but these protocols 

are lengthy and restricted to histone proteins. In contrast the mChIP method produced 

good results for the isolation of DNA associated with both histone (Figure 2-2D) and non­

histone proteins (Mitchell et al., 2008) while remaining a relatively fast and convenient 

protocol. 

mChIP experiments performed using histone baits provide an efficient means to 

define the chromatin protein back- ground, or base line, in S. cerevisiae with which other 

mChIP purifications may be compared (Figure 2-4B). In addition, it enabled me to define 

the depth of the current literature regarding chromatin-based protein interactions. When 
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comparing the Hta2-TAP mChIP data with previously reported Hta2-TAP IP-MS 

experiments, it became apparent that the mChIP procedure significantly expanded the 

number of associated proteins detected (Figure 2-2F). Furthermore Hta2-TAP interaction 

partners obtained through mChIP had a higher proportion of nuclear localization (Figure 2-

2F) reflecting an increase in sensitivity and specificity of the mChIP method because of the 

special care taken to maintain the integrity of macromolecules during the purification 

process (Figure 2-1). 

2.4.2 Efficient mChIP Purifications of Non-histone Chromatin Baits 

The new protocol I developed was optimized using histones as the archetype of 

chromatin-associated baits. These baits by their very nature are strongly bound to DNA and 

constitute the foundation of chromatin. A crucial test of the mChIP protocol was to 

efficiently purify non-histone baits associated with chromatin. Yta7, Mcm5, and Lgel were 

successfully purified by mChIP without the need of any bait- specific optimization (Figure 2-

4A). Furthermore the protein networks identified for each baits are significantly different, 

demonstrating the specificity of the mChIP procedure (Figures 2-4B and 2-5). For example, 

Mcm5 is known to be present at replication forks, which are very specialized chromatin 

environments that are devoid of most common chromatin protein (Groth et al., 2007). This 

is reflected by the mChIP data for Mcm5 that contain a small fraction of the previously 

defined chromatin background by histone mChIP (Appendix 2-2). On the other hand, Yta7 

has been shown recently to be bound at the promoter sequence of a large number of genes 
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(Gradolatto et al., 2008). This is in agreement with the mChIP data obtained for Yta7 that 

contain a large proportion of the proteins associated with histone baits by mChIP, reflecting 

its broad chromatin localization. Thus, mChIP data can be use to provide an indirect 

readout of the distribution of a bait protein on chromatin. 

When the mChIP data for the five bait proteins was compared with protein-protein 

interaction data contained in the BioGRID, I observed that the overlap was particularly low 

for Mcm5 and Lgel (Figure 2-6). This is consistent with the view that traditional TAPs are 

not effective for numerous chromatin-associated proteins and thus poorly represented in 

the literature (Jensen and Bork, 2008). Mcm5 provide a clear example of this situation. A 

total of 16 distinct interaction partners have been curated in the BioGRID with Mcm5 

(Appendix 2-2). Interestingly only three of these interaction partners are known to be 

present in the nucleus (Appendix 2-2). In contrast, 13 interaction partners were found for 

Mcm5 in at least two of three mChIP purifications (Appendix 2-2) with 10 of these found in 

the nucleus (~75%) representing a clear enrichment for this localization (p-value <0.005). 

This effectively demonstrates the improvement in the coverage of the Mcm5 nuclear 

interactome by mChIP as compared with classical methodologies. 
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Figure 2-5: Distinct protein networks co-purify by mChIP with histone Htz l - TAP, Lgel-TAP, Mcm5-TAP, and 

Yta7-TAP (baits are shown in bold text). Associated preys displayed are those reproducibly identified 

(minimum of two of three mChlPs) that were not identified in Hta2-TAP mChIP (Appendix 2-2). Osprey was 

used to display proteins identified in one or more mChIP purifications for each bait protein. Gray edges 

represent physical interaction observed by mChIP, and node color corresponds to gene ontology annotations 

as listed in the Saccharomyces Genome Database. Some known protein complexes are denoted by a black 

circle. 
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associated proteins was assessed by using the yeast green fluorescent protein fusion localization database 
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2.4.3 Gain of Novel Protein-Protein Interaction Information through mChIP Purifications 

The mChIP method was also shown to be successful at purifying large protein 

networks associated with poorly characterized non-histone proteins (Fig. 2-4). The most 

striking example of this is the success of the mChIP procedure at purifying Lgel. To my 

knowledge, the only reported protein-protein interactions for Lgel is with Brel (Collins et 

al., 2007; Ho et al., 2002; Krogan et al., 2006), Iswl (Collins et al., 2007), and Ybr296c-A 

(Tarassov et al., 2008). Despite this apparently limited interactome of Lgel, I observed over 

50 proteins co-purifying with Lgel in at least two distinct mChIP purifications (Figure 2-4B), 

most of which were not part of the chromatin background defined by Hta2-TAP (Figure 2-

5). In particular, various protein complexes, such as TORCl and the SPB, were observed to 

associate with Lgel in a reproducible manner by mChIP. This new layer of information now 

accessible through the use of the mChIP procedure can help explain some of the known 

phenotypes associated with the LGE1 gene. For instance, the most drastic phenotype of 

IgelA cells is their size (Jorgensen et al., 2002). Lgel mChIP revealed a significant 

enrichment for the TORCl complex (Tori, Kogl, Tco89, and Lst8). The TORCl complex has 

been shown to regulate the cell cycle by integrating a number of cell signals (nutrients, 

hormones, and growth factors levels) (Loewith et al., 2002). The exact mechanism of the 

TORCl complex regulation of the cell cycle remains nebulous, but it was observed in fission 

yeast (Schizosaccharomyces pombe) that TORCl inhibition through rapamycin treatment 

results in a significant reduction of cell size (Petersen and Nurse, 2007). In S. cerevisiae, 

IgelA cells were observed to tolerate rapamycin treatment better than wild-type cells in a 

genome-wide study (Xie et al., 2005). This partial rescue to TORCl inhibition by rapamycin 
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through the deletion of lgel, in addition to their association in mChIP purification, points to 

their participation in common cellular events. One such event could be in the control of cell 

cycle through the monoubiquitination of histone H2B at lysine 123. Hwang et al. (Hwang et 

al., 2003) showed that mutation of histone H2B at lysine 123 to an arginine (K123R), 

preventing its monoubiquitination, resulted in an increase in cell size. The authors 

speculated that histone H2B monoubiquitination could function as part of a "biochemical 

calculation" that could participate in determining cell size and impact cell cycle check, such 

as START initiation (Hwang et al., 2003). The resistance of IgelA cells to rapamycin is also 

shared by brelA and rad6A cells (Xie et al., 2005); these proteins are directly involved in 

histone H2B Lys-123 monoubiquitination. In light of my Lgel mChIP and of the previous 

literature regarding LGE1 and the TORCl complex, the TORCl complex could participate in 

this biochemical calculation to efficiently regulate the cell cycle. 

A few years ago, Zhang et al. (Zhang et al., 2005) demonstrated that Complex 

Proteins Associated with Setl (COMPASS) was capable of dimethylating lysine 233 of Daml, 

a protein localizing to the kinetochore that is required for proper chromosome segregation 

and spindle integrity (Courtwright and He, 2002). This process was shown to be 

independent of Brel-Rad6 and of H2B Lys-123 monoubiquitination (Zhang et al., 2005), but 

the possibility of a cross-talk between COMPASS and Brel-Rad6 on non-histone proteins 

was raised (Wood and Shilatifard, 2005). Although this possibility has not been 

demonstrated to be correct yet, it remains an attractive hypothesis in light of the large Lgel 

interactome observed by mChIP that would locate Lgel (and potentially Brel) to the 

spindle pole body. Whether Brel possesses an enzymatic activity toward any spindle pole 
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body constituents is still unknown, but this process could be linked to proper cell cycle 

progression and thus be related to the known IgelA cell phenotype. 

In summary, I have developed a novel method for the purification of protein 

networks associated with chromatin. The mChIP method was shown to be capable of 

purifying a large number of chromatin-bound protein complexes associated with the 

histones Hta2 and Htzl in an efficient and specific manner. The mChIP protocol was also 

capable of establishing protein networks of chromatin-associated baits that are hard to 

purify by traditional AP-MS. Importantly, I demonstrated that this method is not limited to 

purifying proteins that are physically linked to the bait but can purify proteins that interact 

with the DNA or chromatin with which the bait interacts. This represents an advance in the 

identification of protein-protein interactions from the detection of direct interactions to a 

more global association between complexes or macromolecular environments. As I have 

shown in this chapter, the ability to efficiently and specifically purify protein networks on 

chromatin can provide a novel means to improve our understanding of protein functions. In 

the next chapter, I show a large-scale application of the mChIP procedure to explore the 

chromatin networks associated of poorly characterized DNA-binding proteins in S. 

cerevisiae and how this can improve our comprehension of their individual functions. 
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Abstract: 

Recently, I reported a novel affinity purification method termed modified Chromatin 

immunopurification (mChIP) which permits selective enrichment of DNA-bound proteins 

along with their associated protein network. In this chapter, I report a large-scale study of 

the protein network of 102 chromatin related proteins from budding yeast that were 

analyzed by mChIP coupled to mass spectrometry. This effort resulted in the detection of 

3576 high confidence protein associations with 724 distinct preys. Approximately 75% of 

the baits had significantly improved interaction coverage using mChIP compared to the 

classical affinity purification methodologies. Furthermore, many lower abundance 

transcription factors that previously failed using conventional affinity purification 

methodologies were successful with mChIP. mChIP was also used to perform a targeted 

study of Asfl and its associated proteins to better unravel the physical interplay between 

Asfl and two other histone chaperones, Rttl06 and the HIR complex. 
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3.1 Introduction: 

The maintenance of cellular fitness requires living organisms to integrate multiple 

signals into coordinated outputs. Central to this process is the regulation of the expression 

of the genetic information encoded into DNA. As a result, there are numerous constraints 

imposed on gene expression. The access to DNA is restricted by the formation of 

nucleosomes in which DNA is wrapped around histone octamers to form chromatin 

wherein the volume of DNA is considerably reduced. As such, nucleosome positioning is 

critical and must be defined precisely, particularly during transcription (Workman, 2006). 

Furthermore, nucleosomes can be actively assembled/disassembled by histone chaperones 

and can be made to "slide" along DNA by the actions of chromatin remodelers. Moreover, 

the histone proteins are heavily regulated at the expression level and by extensive post-

translational modifications (PTM) (Campos and Reinberg, 2009). Histone PTMs have also 

been shown to help recruit numerous chromatin-associated factors in accordance with the 

histone code (Strahl and Allis, 2000). Although our understanding of chromatin and its 

roles has improved, we still have limited knowledge of the chromatin-associated protein 

complexes and their interactions. 

Progress in the chromatin field has been closely intertwined with technical 

improvements in both genomic and proteomic technologies. For instance, the chromatin 

immunoprecipitation (ChIP) protocol has been used for many years to define the binding 

sites of a protein on DNA (Kuo and Allis, 1999). Early uses of the ChIP protocol were 

coupled to PCR and restricted to the study of a few genomic loci at a time. Currently, it is 

possible to determine the location of a given protein throughout a whole genome due to 
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the development of better detection platforms, such as ChlP-chip (Ren et al., 2000) and 

ChlP-seq (Barski et al., 2007). The analysis of proteins associated with chromatin has also 

benefited from this technical progress. For instance, detailed analyses of histone isomers 

and their PTMs by MS have been conducted in numerous organisms (Bonenfant et al., 

2006; Masumoto et al., 2005; Thomas et al., 2006). These analyses enabled researchers to 

identify novel modifications (Garcia et al., 2007) and to uncover cooperative actions among 

multiple histone modifications (Jiang et al., 2007; Taverna et al., 2007). This extra level of 

complexity was not apparent in studies that used traditional methods. 

One area of chromatin research that still requires technical improvement is the 

identification and characterization of protein complexes associated with chromatin 

(Lambert et al., 2010). Affinity purification and mass spectrometry (AP-MS) has emerged as 

a powerful tool for characterizing protein-protein interactions and biological systems in 

general (Gingras et al., 2007; Gstaiger and Aebersold, 2009). To date, AP-MS has been 

successfully applied to the majority of model organisms including budding yeast (Rigaut et 

al., 1999), fission yeast (Cipak et al., 2009; Kim et al., 2009a), Drosophila melanogaster 

(Veraksa et al., 2005), Caenorhabditis elegans (Ooi et al., 2010), mouse (Bienvenu et al., 

2010), mouse stem cells (Kim et al., 2009b) and human cells (Glatter et al., 2009). 

Furthermore, numerous large-scale studies have been performed both in budding yeast 

(Gavin et al., 2006; Ho et al., 2002; Krogan et al., 2006) and in human cells (Ewing et al., 

2007) resulting in an improved characterization for thousands of gene products. As well, 

our understanding of many chromatin related processes, such as transcription and 

translation, has greatly benefited from AP-MS studies. Indeed, two recent applications 
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focused on the study of the transcription machinery and encompassed 77 baits involved in 

RNA polymerase II (RNAPII). These bait proteins were immunopurified by tandem affinity 

purification (TAP) and analyzed by MS (Jeronimo et al., 2007)"(Cloutier et al., 2009), leading 

to the discovery of novel proteins associated with RNAPII. Despite the success of the 

previous studies, they all targeted protein complexes that were present in the soluble 

fraction of the cell and not the less soluble proteins which are associated with chromatin. 

Two techniques were reported to enable the purification of protein complexes 

associated with particular genomic loci. The first approach relies on specific nucleic acid 

probes which are affixed to solid supports (i.e. beads). These nucleic acid sequences act as 

affinity probes and replace antibodies. The proteins associated with the nucleic acid probes 

can then be selectively purified and subsequently identified by mass spectrometry 

(Burckstummer et al., 2009; Dejardin and Kingston, 2009; Rubio et al., 2008; Schultz-Norton 

et al., 2008). The second approach uses mini-chromosomes that contain sequences of 

interest flanked with repetitive Lac operator sequences. The mini-chromosomes are then 

selectively purified from the bulk of chromatin using an immobilized Lac repressor (Akiyoshi 

et al., 2009; Unnikrishnan et al., 2010). These two approaches are well suited for studying 

specific genomic loci and their associated protein complexes. Unfortunately, these methods 

are limited in their applicability because they require many specialized tools (affinity 

probes), they focus only on distinct genomic loci and they require a large amount of 

materials. Thus, another approach is required for performing large-scale studies involving 

multiple baits. 
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As I described in Chapter 2, the modified Chromatin immunopurification (or mChIP) 

approach efficiently purifies protein-DNA macromolecular complexes and enables their 

subsequent analysis by mass spectrometry (Lambert et al., 2009). The mChIP method 

consists of a single affinity purification step whereby chromatin-associated proteins are 

isolated from mildly sonicated and gently clarified cellular extracts using magnetic beads 

coated with antibodies (Lambert et al., 2009). mChIP was successfully applied to the study 

of both histones (Chapter 2; (Lambert et al., 2009)) and non-histone (Chapter 2; (Fillingham 

et al., 2009; Lambert et al., 2009)) chromatin-associated proteins. Furthermore, the mChIP 

method was shown to drastically increase the coverage of the interactome for chromatin-

associated proteins that are difficult to purify, such as Lgel and Yta7 (Chapter 2; (Lambert 

et al., 2009)). Moreover, mChIP can sensitively identify protein associations (which include 

both direct and indirect protein-protein interactions) present only at a few genomic loci 

(Fillingham etal., 2009). 

In this chapter, I report the first large-scale mChIP characterization of the chromatin 

interactome in budding yeast. As part of this study, 102 baits known to bind DNA or with 

functional links to chromatin were successfully purified by mChIP. Mass spectrometry was 

used to identify the chromatin proteins associated with these baits. This mChIP study of the 

chromatin interactome resulted in the detection of 3576 high confidence protein 

associations with 724 distinct preys. To my knowledge, this is the first large-scale effort to 

map the chromatin-associated protein-protein interaction network. 
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3.2 Experimental Procedures: 

3.2.1 Yeast Strains, Plasmids, and Genetics Methods: 

All yeast strains and plasmids used in this study are listed in Table 3-1 and 3-2, 

respectively. Growth media and strains were prepared following standard practices. Strains 

from the TAP collection were obtained from Open Biosystems (Huntsville, AL). Genomic 

deletions and epitope tag integrations that were made for this study were designed with 

PCR-amplified cassettes as described previously (Longtine et al., 1998; Puig et al., 2001) and 

confirmed by either PCR analysis or immunoblotting for tag expression. 
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Table 3-1: List of strains used in chapter 3. 

Strain Description Reference 

RTT106-TAP::HIS3 

RTT106-TAP::HIS3 

RTT106-TAP::HIS3 

BY4741 MATa his3Al leu2A0 metl5A0 ura3A0 

TAP Strains BY4741, BAIT-TAP::HIS3 

YJP023 BY4741 trplA::H\S3, CPR1-TAP::HIS3 
+Ub-myc 

YJP024 BY4741 rrpl4::HIS3, CPR1-TAP::HIS3 
+Ub-myc (K48R G76A) 

JF08-22 BY4741, RTT106-TAP::HIS3 os/l/l::NAT 

YJP167 BY4741, HIRl-myc::KAN 

YJP168 BY4741, HIRl-myc::KAN asflAMAT 

YJP169 BY4741, RTT106-TAP::HIS3 Hirl-myc::KAN 

YJP171 BY4741, RTT106-TAP::HIS3 Hirl-myc::KAN 

asflA::NAT 

YJP180 BY4741 trplA::H\S3, 
asflA::NAJ, pRS314 

YJP181 BY4741 trplA::H\S3, 
asflA::NAJ, pRS314ASFl 

YJP182 BY4741 trplA::H\S3, 
asflA::NAJ, pRS314 ASF1-V94R 

YJP183 BY4741 trplA::H\S3, HIR1-TAP::HIS3 os/lZS::NAT, 
pRS314 

YJP184 BY4741 rrplzl::HIS3, HIR1-TAP::HIS3 os/l/l::NAT, 
pRS314 ASF1 

YJP185 BY4741 trplA::HIS3, HIR1-TAP::HIS3 os/lzl::NAT, 
pRS314 ASF1-V94R 

YJP197 BY4741, ASF1-TAP::HIS3 rttl06A::NAJ 

YJP198 BY4741, ASF1-TAP::HIS3 hirlA::KAN 

YJP225 BY4741, ASF1-TAP::HIS3 rttl09A::NAT 

YJP226 BY4741, ASF1-TAP::HIS3 vps75Z\::NAT 

YJP227 BY4741, ASF1-TAP::HIS3 hat2A::NAT 

MSY421 MATa, A(hhtl-hhfl) tyhht2-hhf2) leu2-3, 
112,ura3-62, t r p l , his3, 
pMS329 [HHT1-HHF1, URA3, CEN] 

YJP199 MSY421, ASF1-TAP::HIS3 + [pRS314-HHT2-HHF2] 

JR1 MSY421 + [pRS314-H3K56R, H4WT] 

YJP200 JR1, ASF1-TAP::HIS3 

JF08-23 BY4741, Rttl06-TAP::HIS3 hirlA::KAH 

JF08-24 BY4741, Rttl06-TAP::HIS3 rttl09A::NAJ 

JF08-237 MSY421, Rttl06-TAP::HIS3 
+ [pRS314-HHT2-HHF2] 

JF08-238 JR1, Rttl06-TAP::HIS3 
+ [pRS314-H3K56R, H4WT] 

(Sikorski and Hieter, 1989) 

(Howson et al., 2005) 

this study 

this study 

(Fillingham et al., 2009) 

this study 

this study 

this study 

this study 

this study 

this study 

this study 

this study 

this study 

this study 

this study 

this study 

this study 

this study 

this study 

(Recht et al., 2006) 

this study 

(Recht et al., 2006) 

this study 

(Fillingham et al., 2009) 

(Fillingham et al., 2009) 

this study 

this study 



Table 3-2: List of plasmid utilized in this chapter. 

Plasmid Description Reference 

PEyl05 

pUB223 

pRS314 

pRS314 Asfl 

pRS314 Asfl V94R 

pRS314-HHT2-HHF2 

pRS314-H3K56R, H4WT 

pCUPl-UBI HIS-MYC TRPl CEN 

pCUPl-UBI HIS-MYC-K48R 676A TRPl CEN 

pRS314 TRPl CEN 

pRS314 ASFl-myc TRPl CEN 

pRS314 ASFl-V94R-myc TRPl CEN 

pRS314-HHT2-HHF2 TRPl CEN 

pRS314-H3K56R, H4WTTRP1 CEN 

(Hochstrasser et al., 1991) 

(Willems et al., 1996) 

(English et al., 2006) 

(English et al., 2006) 

(English et al., 2006) 

(Recht et al., 2006) 

(Recht et al., 2006) 



3.2.2 Modified Chromatin Immunopurification: 

Modified Chromatin Immunopurification was performed as per Chapter 2 

(published as (Lambert et al., 2009)) with minors modifications. Briefly, one-step affinity 

immunopurification was performed using TAP-tagged proteins and M-270 epoxy 

Dynabeads (Invitrogen) coated with rabbit IgG (Sigma-Aldrich) according to the 

manufacturer's instructions. Briefly, 700 ml of cultured yeast cells grown in yeast, peptone, 

and dextrose (YPD) medium to an OD60o of ~1 were pelleted and washed with water. Cells 

were resuspended in a lysis buffer (100 mM HEPES, pH 8.0, 20 mM magnesium acetate, 

10% glycerol (v/v), 10 mM EGTA, 0.1 mM EDTA with fresh protease inhibitors mixture 

(Roche) and phosphatase inhibitors mixture (Roche)), frozen in liquid nitrogen in small 

droplets, and lysed using a coffee grinder half-filled with dry ice for 1 min. The dry ice from 

the ground cells was allowed to evaporate, and the resulting whole cell extract was 

sonicated three times for 30 seconds with at least 1 min on ice between each pulse. 

Nonidet P-40 was added to a final concentration of 0.4%, and the sample was mixed by 

hand for 30 seconds. The extract was gently clarified by centrifugation at 1800g for 10 min 

(4°C), and the supernatant was transferred to a fresh tube. In some cases, 75 units of 

Benzonase (Sigma-Aldrich) were added per mL of protein extract to completely remove 

DNA. Freshly prepared rabbit IgG coated Dynabeads were added (200 u.L/sample), and the 

samples were incubated with end-over-end rotation for 3 hours at 4°C. Using a Dynal MPC-

S magnet (Invitrogen) the beads were collected on the side of the sample tubes, and the 

supernatant was discarded. The beads were washed three times in fresh tubes by 

resuspension and transfer in 1 ml of ice-cold wash buffer (100 mM HEPES, pH 7.4, 20 mM 
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magnesium acetate, 10% glycerol (v/v), 10 mM EGTA, 0.1 mM EDTA, 0.5% Nonidet P-40). 

Finally, the beads were resuspended in 1 ml of elution buffer (0.5 M NH4OH pH >11, 0.5 

mM EDTA) and incubated with end-over-end rotation for 20 min at room temperature. The 

protein eluates were transferred to fresh tubes and were evaporated to dryness using a 

SpeedVac with no heat. The protein sample was resuspended in IX loading buffer (50 mM 

Tris-HCI, pH 8, 2% SDS, 100 mM DTT, 10% glycerol) and resolved on a NuPAGE 4-12% SDS-

PAGE gel with MES buffer unless mentioned otherwise. For protein visualization, the gels 

were silver-stained or stained with coomassie blue. For Western blot analysis, the proteins 

were transferred onto a nitrocellulose membrane, blocked in 5% nonfat milk in TBST (20 

mM Tris base, 150 mM NaCI, 0.1% Tween 20), and then probed with anti-TAP (Open 

Biosystems), anti-H3 (Abeam), anti-H3K56Ac (Upstate), anti-actin (Abeam) or anti-myc 

antibodies (Roche). 

3.2.3 Mass Spectrometry Analysis: 

Gel bands were excised, reduced, alkylated, and digested as described previously in 

Chapter 2 with minor modifications. Briefly, peptide solutions were dried in a SpeedVac and 

stored at -20°C until the mass spectrometric analysis. LC-MS/MS was performed by 

dissolving the peptide samples in 5% formic acid and loading them into a 200u.m x 5-cm 

precolumn packed in house with 5u.m ReproSil-Pur Ci8-AQ beads (Dr. Maisch HPLC GmbH) 

using a micro Agilent 1100 HPLC system (Agilent Technologies). The peptides were desalted 

on line with 95% water, 5% acetonitrile, 0.1% formic acid (v/v) for 10 min at 10 u.l/min. The 

flow rate was then split before the precolumn to produce a flow rate of ~200 nl/min at the 
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column. Following their elution from the precolumn, the peptides were directed to a 75um 

x 5cm analytical column packed with 5u.m ReproSil-Pur Ci8-AQ beads. The peptides were 

eluted using a one hour gradient (5-80% acetonitrile with 0.1% formic acid) into an LTQ 

linear ion trap mass spectrometer (Thermo-Electron). MS/MS spectra were acquired in a 

data-dependant acquisition mode that automatically selected and fragmented the five 

most intense peaks from each MS spectrum generated. Peak lists were generated from the 

MS/MS .raw file using Mascot Distiller 2.0.0.0 (Matrix Science) to produce a .mgf file with 

default parameters except that for each MS/MS individual peak lists were generated 

assuming a +2 and a +3 charge. All .mgf files from one sample were merged into a single file 

and then analyzed and matched to the 6298 5. cerevisiae protein sequences in the 

Saccharomyces Genome Database database (released April 2007) using the Mascot 2.1.04 

database search engine (Matrix Science) with trypsin as the digestion enzyme, 

carbamidomethylation of cysteine as a fixed modification, and methionine oxidation as a 

variable modification. Peptide and MS/MS mass tolerances were set at +/- 3 and +/- 0.8 Da, 

respectively, with one miss-cleavage allowed and the significance threshold set to 0.01 (p > 

0.01). Finally, an ion score cutoff of 30 was chosen to produce a false-positive rate of less 

than 1% in the MS data (Elias et al., 2005). A protein hit required at least two "bold red 

peptides," i.e. the most logical assignment of the peptide in the database selected. 

Furthermore, when peptides matched to more than one database entry, only the highest 

scoring protein was considered. 
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3.2.4 Raw mChlP-MS Data Curation: 

Manual curation of raw protein association data generated by mChlP-MS was 

performed using a two step process. At first, a list of common background contaminant was 

generated from multiple mChlP-MS experiments from untagged yeast cells. These 

background proteins are highly abundant and involved in housekeeping roles such as 

metabolic processes and ribosomal biogenesis. This list was further supplemented by an 

exhaustive list of ribosomal proteins curated from the Saccharomyces Genome Database 

(www.yeastgenome.org) annotated as "structural constituent of ribosome" (GO:0003735) 

(Appendix 3-1). All ribosomal proteins were added to background contaminant since 

ribosomes are large macromolecule and as such, not all subunits were observed in the 

mChlP-MS untagged controls. These background proteins were removed from all raw 

mChlP-MS association data. Next, I applied another curation step designed to remove preys 

present at high frequency in the mChlP-MS association data but without relevance to 

chromatin biology. To do so, the number of times that a given prey was detected by mChlP-

MS in the complete dataset, referred to as "mChIP abundance factor", was computed. 

Then, each prey which was observed in three or more mChlP-MS experiments were 

manually curated based on two additional criteria: molecular function and localization. 

Molecular functions that were targeted include protein folding, mRNA export, fatty acid 

biosynthesis, ribosome biogenesis and RNA processing as well as proteins located to the 

mitochondria and preribosome. The Saccharomyces Genome Database was used to 
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determine the molecular functions and localization of mChIP preys. In this way, 170 

proteins were identified as not relevant to chromatin biology, labelled as non-specific 

mChIP binders and removed from the final mChlP-MS association data (Appendix 3-2). 

3.2.5 Denaturing Cell Lysis for Western blot analysis: 

To study the ubiquitination level of Cprl, a quick denaturing cell lysis procedure 

previously described was used to minimize protein degradation (Kao and Osley, 2003). 

Briefly, 20mL of synthetic media lacking tryptophan (SC-TRP) was inoculated with the 

appropriate strains and grown to an OD60o of 0.15. CuS04 was then added to a final 

concentration of 250u.M and the strains were grown for a further 3 hours at 30°C. Benomyl 

(lOmg/mL in DMSO) or rapamycin (2nM in ethanol) were then added and the strains grown 

for extra 3 hours. The cells were then harvested by centrifugation at 4000 rpm for 5 

minutes (4°C) and the supernatant discarded. lOmL of ice-cold trichloroacetic acid (TCA) 

(20% v/v) was used to resuspend the cells followed by centrifugation at 4000 rpm for 5 

minutes (4°C). The pellet cells were then frozen on dry ice and stored at -80°C until ready 

to bed used. To lyse the cells, the cells pellets were resuspended in 200ui of 20% TCA and 

transferred to a 2mL bullet tube containing ~500ul of glass beads. Cells were vortexed six 

times for 30 seconds with one minute on ice between each pulse. The cell lysate were 

transferred to a fresh tube. The glass beads were washed with 500u± of 5% TCA and added 

to the cell lysate. Samples were left on ice for 20 minutes prior to centrifuging them for 15 

minutes at 14000 rpm (4°C). The supernatant were then discarded and the protein pellet 

was resuspended in 300ui of IX Laemmli sample buffer (60mM Tris, pH 6.8,10% (v/v) SDS, 
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5% (v/v) fresh 2-mercaptoethanol, and 0.0025% (w/v) bromophenol blue) and 50u± of 

unbuffered 2M Tris to neutralize the pH of the lysate. The samples were then boiled at 

95°C for 5 minutes and the samples further centrifuge at 14000 rpm for 5 minutes. The 

supernatants were collected and 5ui were used per Western blot analysis. 

3.2.6 Chromatin Immunopurification: 

Soluble chromatin was prepared from cells treated with formaldehyde and 

immunoprecipitated using standard procedures (Fillingham et al., 2009). Chromatin 

prepared from TAP-tagged strains was incubated with IgG-Sepharose (Amersham). 

Immunoprecipitated DNA was analyzed by semi-quantitative, multiplex PCR, always 

including an internal control (either a region of ACTl or a non-transcribed region of 

chromosome V, as indicated) for background. PCR reactions were separated on 6% PAGE, 

imaged, and in some cases quantified by using a Typhoon phosphoimager. For ChIP 

reactions that required quantification, the ratio of the experimental to the control signal for 

the precipitated DNA was divided by the ratio of the experimental to the control signal for 

the input DNA. 

3.3 Results 

3.3.1 Large-scale study of chromatin-associated proteins by mChlP-MS 
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My graduate work focused on better defining the interactome of DNA-binding 

proteins such as transcription factors. I identified 64 proteins (as of April 2010) manually 

curated in the Saccharomyces Genome Database (SGD; www.yeastgenome.org) to bind 

DNA (Appendix 3-3). Half of the DNA-binding proteins manually curated by SGD were 

transcription factors or transcriptional activators/repressors (32 out of 64). Interestingly, 

more than 70% of these transcription factors and transcriptional activators/repressors 

possess five or fewer known interaction partners previously observed by AP-MS in the 

BioGRID (Stark et al., 2006) (www.thebiogrid.com). Whereas, 15 out of the 64 DNA binding 

proteins had more than 20 protein-protein interactions reported by AP-MS (Appendix 3-3). 

These proteins were mostly histone proteins or members of large chromatin remodelling 

protein complexes which are present at high levels in the cell. As such, current AP-MS 

methods are viable for studying some types of DNA binding proteins (e.g. histones), but 

they provide little information about other classes (e.g. transcription factors). 

The mChIP procedure was used to characterize the 32 known DNA binding proteins 

that have five or fewer reported interactions (Appendix 3-3) and other proteins with 

molecular functions relevant to chromatin biology. For instance, ten histone chaperones, 

ten lysine acetyl transferases (KAT), seven lysine methyl transferases (KMT), and seven 

nuclear proline isomerases were used as baits for mChIP (Appendix 3-4). The protein 

expression of endogenous C-terminally TAP-tagged baits (Howson et al., 2005) were first 

tested by Western blot. From the 130 strains tested, 110 showed the expression of a TAP-

tagged bait protein at the correct molecular weight (Appendix 3-4). I subsequently used 

these 110 strains for large-scale mChIP purifications (Figure 3-1). The purified proteins 
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from each mChIP were resolved on 4-12% NuPAGE gels and the gels were silver-stained. 

Each lane corresponding to one mChIP experiment was sliced into 12 sections. The 

proteins present in the sections were in-gel digested with trypsin and were subsequently 

analyzed by mass spectrometry (see Materials and Methods for details). In total, 110 

different TAP-tagged proteins were subjected to mChIP, and 102 of them were successfully 

analyzed by mass spectrometry (Figure 3-2 and Appendix 3-4). 
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Figure 3-1: Experimental platform for the large-scale characterization of chromatin associated proteins by 

mChlP-MS in Saccharomyces cerevisiae. See Methods for complete details of the mChlP-MS pipeline. 
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Figure 3-2: Image of all successful mChIP purification. 90% of the purified material by mChIP was resolved on 

4-12% NuPAGE gradient gels with MES buffer and subsequently stained with silver or with Coomassie Brilliant 

Blue. 
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3.3.2 Curation and global analysis of mChIP-MS data 

By design, the mChIP technique attempts to preserve protein-protein interactions 

by keeping the salt concentration in buffers and the sample centrifugation to a minimum 

(chapter 2; (Lambert et al., 2009)). Consequently, the mChIP of proteins globally associated 

with chromatin by ChIP (such as histones (Barski et al., 2007) or members of the RSC 

complex (Floer et al., 2010)) identified large numbers of associated proteins. Efficient data 

analysis is thus critical to fully appreciate the data generated by mChlP-MS. To refine the 

mChIP dataset, I first applied a step designed to remove common contaminants (Appendix 

3-1). The list of common contaminants was compiled using control mChIP purifications and 

supplemented with ribosomal proteins (known common contaminants in AP-MS 

experiments (Gingras et al., 2007)) in the Saccharomyces genome database 

(www.yeastgenome.org). This first curation step resulted in a dataset containing 5723 

protein associations among 102 unique baits and 896 distinct preys. The results were 

visualized as a heat map generated by hierarchical clustering of the dataset (Figure 3-4). 

Upon further examination of the heat map, it became clear that numerous prey proteins 

are detected at high frequencies in the mChIP results (vertical lines in Figure 3-4). While 

these high frequency preys were never observed in wild-type untagged controls, they do 

not appear relevant to chromatin biology and were removed from the final mChlP-MS 

dataset. To more systematically identify these non-specific mChIP preys, a mChIP 

abundance factor (the number of times a prey was identified in our mChIP screen) was 

determined for each prey. Examples of high abundance preys include Yral (54), Prp43 (50) 

and Vpsl (48), which have housekeeping roles not related to chromatin biology. Other 
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scoring algorithms have been reported, such as in (Ewing et al., 2007), to remove non­

specific binders, but my dataset is not suitable for these algorithms. First, the mChIP does 

not identify only direct protein-protein interactions but also indirect protein associations 

mediated by chromatin. No previous scoring algorithms were designed to take this into 

account. Second, the baits studied by mChIP are functionally linked, and thus they often 

associate with the same preys. As such, some preys have a high mChIP abundance factor 

but, nonetheless, they need to be retained in the final mChIP dataset (e.g. histone 

chaperones co-purifying with histones). To circumvent these issues, a manual examination 

of the dataset was performed based on the prey's mChIP abundance factor, molecular 

function, and cellular localization (see methods for details). This led to the removal of 170 

non-specific binders, resulting in a higher confidence mChIP dataset containing 724 prey 

proteins (Appendix 3-5). This refined dataset was used to generate a second heat map 

based on hierarchical clustering using the Pearson correlation (Figure 3-3A; Figure 3-4). 
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Figure 3-3: Characterization of the mChlP-MS interactome. (A) Heat map generated from the two 

dimensional hierarchical clustering (Pearson correlation) of 102 mChIP baits associated with 724 associated 

preys The color of the associated protein corresponds to the number of peptides detected by LC-MS/MS 

analysis following mChIP Clustering and heat map generations were performed using the Multiple 

Experiment Viewer (wwwtm4 org/mev html) (B) mChIP preys tend to be expressed at a lower level than 

non specific mChIP binders The expression levels of mChIP preys and of non-specific mChIP binders were 

obtained from reference (Ghaemmaghami et a l , 2003) and binned in three categories (low, medium and high 

expression level) (C) Most preys are observed at low frequencies by mChlP-MS The mChIP abundance factor 

of each prey was determined, binned, and plotted in a bar graph (blue bars) The percentage of total preys as 

a function of mChIP abundance factor is also plotted (red line) (D) mChIP analysis increases the number of 

protein associations detected for the majority of the baits that were tested The data generated for 110 baits 

by mChlP-MS (blue bars) and TAP-MS (Gavin et a l , 2006, Krogan et a l , 2006) (red bars) was compiled, binned, 

and used to generate a bar graph (E) mChlP-MS improves the characterization of baits with low and high 

expression levels The difference in the number of protein associations between mChlP-MS and TAP-MS was 

determined and plotted against the bait expression levels obtained from reference (Ghaemmaghami et a l , 

2003) 
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Figure 3-4: Heat map generated from mChIP data with various levels of curation. Heat maps generated from 

the two dimensional hierarchical clustering (Pearson correlation) of 102 mChIP baits associated with 896 

preys (complete mChIP data), with 724 high-confidence preys (mChIP data without non-specific binders) or 

from scramble data of 724 preys. The color of the associated protein corresponds to the number of peptides 

detected by LC-MS/MS analysis following mChIP. Clustering and heat map generation were performed using 

the Multiple Experiment Viewer (www.tm4.org/mev.html). 
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Metrics to evaluate the quality of the final datasets were computed. A comparison 

of the list of non-specific binders with the dataset reveals that the non-specific binders are 

biased towards mid to high expression levels, whereas the mChIP preys are biased towards 

low to mid expression levels (Figure 3-3B). The higher expression levels of non-specific 

binders are consistent with the literature on AP-MS contaminants (Chen and Gingras, 

2007). Furthermore, over 80% of the preys in the final dataset are each associated with 

less than 5 baits (Figure 3-3C). Additionally, the mChIP data was enriched for chromatin-

related functions (such as chromosome segregation/division or transcriptional control), 

while the non-specific binders were not (Figure 3-5). Taken together, these metrics indicate 

that our manual removal of non-specific binders improved the overall quality of the mChIP 

dataset. 
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MIPS Functional Classification of mChIP Preys p-values 

modification by acetylation/deacetylation <1e-14 

DNA conformation modification <1e-14 

Transcription initiation <1e-14 

organization of chromosome structure <1e-14 

chromosome segregation/division <1e-14 

transcriptional control <1e-14 

general transcription activities <1e-14 

mitotic cell cycle and cell cycle control <1e-14 

DNA binding 7.616e-14 

nuclear membrane 3.116e-13 

MIPS Functional Classification of non-specific mChIP Binders p-values 

tRNA synthesis < 1 e-14 

rRNA synthesis <1e-14 

ribosome biogenesis < 1 e-14 

rRNA processing < 1 e-14 

DNA binding <1e-14 

RNA binding <1e-14 

rRNA modification 3.497e-14 

extension/ polymerization activity 1.566e-08 

Figure 3-5: Top Ten MIPS Functional Classification of mChIP preys and non-specific binders. FunSpec 

(Robinson et al., 2002) (http://funspec.med.utoronto.ca/) was used to identify the MIPS functional 

classification enriched in the mChIP data and non-specific mChIP binders. Only eight MIPS funrtional 

classifications were enriched in the non-specific binders. 
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Next, the mChIP data were compared with previously reported genome-wide TAP-

MS data (Gavin et al., 2006; Krogan et al., 2006). For over 75% of the baits studied by 

mChlP-MS, more prey proteins were detected compared to TAP-MS. Furthermore, 18% of 

the baits that were successfully analyzed by mChlP-MS had previously failed by TAP-MS 

(Gavin et al., 2006; Krogan et al., 2006) (Figure 3-3D). Interestingly, there was no 

correlation between the increase in the number of associated proteins detected by mChIP 

and the bait expression level (Figure 3-3E). This finding suggests that the increase in the 

number of protein associations detected by mChlP-MS compared to those detected by TAP-

MS is not mainly due to a more sensitive mass spectrometer, but rather to the purification 

technique itself. Overall, the budding yeast chromatin-associated interactome that is now 

accessible by mChlP-MS is an environment not previously investigated and worth further 

study. 

3.3.3 mChIP improves the characterization of transcription factors 

High abundance chromatin-associated proteins, such as histones and their 

chromatin associated protein networks, were successfully characterized by mChlP-MS. The 

results are consistent with the wealth of protein interaction data currently available in the 

literature for high abundance baits (Appendix 3-3 and Chapter 2). In this study, emphasis 

was placed on lower abundance targets such as transcription factors. For instance, the 

results from the mChlP-MS analysis of the Hap2 transcription factor (a member of the 

CCAAT-binding complex) was compared to traditional TAP-MS. mChlP-MS of Hap2-TAP 
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revealed over 80 associated proteins including Hap3 and Hap5 which are known to form a 

heterotrimer with Hap2 (Figure 3-6A). Previous efforts using the tandem affinity 

purification approach also revealed Hap2-TAP to be associated with Hap3 and Hap5 (Gavin 

et al., 2006; Krogan et al., 2006). Interestingly, the overexpression of Hap2-FLAG using a 

galactose-inducible construct followed by a one-step AP-MS analysis also produced an 

extensive interactome (Ho et al., 2002). A significant fraction of these associated proteins 

(~57%) did not possess functions related to chromatin because they are localized outside 

the nucleus (Figure 3-6B, Appendix 3-6). In contrast, Hap2-TAP mChIP uncovered 

associations with six transcription factors (Stel2, Dal81, Gln3, Stpl, Stp2 and Yap5) and 

with chromatin remodelling complexes (RSC, SAGA, etc). The association of Hap2 (a global 

regulator of carbohydrate metabolism) with Dal81 and Gln3 (two transcription regulators of 

nitrogen utilization pathways) suggests a broader role for Hap2 than previously reported. It 

should be noted that Hap2 levels might be negatively affected by glucose (Pinkham and 

Guarente, 1985). It is possible that some of the differences observed in the study by Ho et 

al. (Ho et al., 2002) are due to the carbon source used for cell growth. Still, my mChIP data 

suggest Hap2, Dal81, and Gln3 transcription factors may mediate crosstalk between the 

nitrogen utilization and non fermentable sugar utilization pathways. 
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Figure 3-6: The chromatin associated interactome is a diverse landscape. (A) The Hap2 cluster contains the 

Hap2/Hap3/Hap5 heterotrimer and other transcriptional coactivators involved in regulating nitrogen usage. 

(B) Analysis of the Hap2 interactome by mChlP-MS, TAP-MS, and AP-MS. The overlap between the proteins 

associated with Hap2 by mChlP-MS, TAP-MS, and AP-MS (Supplementary Table S6) is shown. The cellular 

localization of Hap2 interaction partners was determined from reference (Huh et al., 2003) and displayed in 

pie charts. (C) A cluster of stress activated transcriptional activators containing the Msn2/Msn4 transcription 

factors and their transcriptional coactivators. SAGA, TFIID, and NuA4 protein complexes subunits are shown. 

(D) Spindle pole body cluster based on mChIP of Cnm67, Spc72, Bub2, and Spc24. (E) Crpl cluster includes 

numerous genes involved in glycogen metabolism. 
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Another example of transcription factors studied by mChIP is the Msn2 and Msn4 

proteins. In collaboration with the laboratory of Dr. Kristin Baetz, the transcription factor 

Msn4 was shown to associate with the NuA4 lysine acetyltransferase complex using 

traditional AP-MS (Mitchell et al., 2008). I further characterized this interaction by mChIP. 

First, mChlP-MS of Esal-TAP (the catalytic subunit of the NuA4 complex) was performed 

and, as expected, it resulted in the co-purification of Msn4 (Figure 3-6C). Second, reciprocal 

mChIP of Msn4-TAP and the related Msn2-TAP resulted in the co-purification of NuA4 

subunits (Figure 3-6C). Moreover, members of both the SAGA and TFIID complexes were 

associated with Msn2 and Msn4, which suggests that numerous transcriptional coactivators 

participate in Msn2 and Msn4 functions (Figure 3-6C). Based on the spectral count data, 

described in (Liu et al., 2004), it appears that Msn2 preferably associates with protein 

complexes that contain the Gcn5 rather than Esal KAT (Figure 3-6C). Conversely, Msn4 

does not show this bias in its association with transcriptional coactivators (Figure 3-6C). 

Interestingly, the heat shock transcription factor Hsfl was also detected in the Gcn5 KAT 

mChIP but absent from the Esal purification (Figure 3-6C). Association between heat shock 

transcription factors and KATs thus appear common in budding yeast. 

mChlP-MS analyses of Msn2 and Msn4 also identified proteins uniquely associated 

with each of the transcription factors. For instance, Gdsl, a protein of unknown function 

was associated with Msn4 and Esal with 5 and 6 peptide, respectively, but not with Msn2 

(Figure 3-6C). On the other hand, Ste23 was the top MS hit in the Msn2 mChIP, but it was 

not detected with Msn4. Ste23 is a metalloprotease which is an ortholog of the mammalian 

insulin-degrading enzyme (Alper et al., 2009). Ste23 was also shown to catalyze the 
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cleavage of a peptide sequence corresponding to pro-a-factor in vitro (Alper et al., 2009). 

Furthermore, an additional link between Ste23 and Msn2 lies in the presence of a stress 

response element (STRE) upstream from the STE23 gene (Treger et al., 1998a). STRE are 

often bound by the Msn2 and Msn4 transcription factors, and STRE-controlled genes are 

induced following heat shock (Treger et al., 1998b). Heat shock proteins, many of which 

possess STRE, are required for proper oc-factor processing (Meacham et al., 1999). Based on 

this data, I postulate that Ste23 plays a role in proper stress responses in budding yeast. 

3.3.4 mChIP facilitates the characterization of transcription factors that regulate the cell 

cycle 

Coordinated gene expression is essential for maintaining cellular fitness (Zhou et al., 

2009). In budding yeast, numerous transcription factors are critically involved in regulating 

the expression of multiple genes within precise parts of the cell-cycle (Wittenberg and 

Reed, 2005). In S. cerevisiae, the cell-cycle transition from Gi to S begins with START, a 

coordinate transcriptional program resulting in the timed expression of hundreds of genes. 

Two protein complexes essential for this process are the MBF and SBF transcription factors 

composed of Swi4-Mbpl and Swi4-Swi6, respectively (Moll et al., 1992). Previous AP-MS 

studies of MBF and SBF revealed interaction partners such as Whi5, Nrml, and Msal with 

known roles in cell-cycle regulation. mChlP-MS analyses of Swi4-TAP, Swi6-TAP, and Mbpl-

TAP successfully identified known interaction partners (such as Stbl) for both MBF and SBF 

which had not been previously identified by AP-MS methods (Figure 3-7). 
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Figure 3-7: Five cell-cycle regulators are observed to be part of a dense network of chromatin associated 

proteins. Cytoscape (Shannon et al., 2003) was used to visualize the network of preys associated with five 

transcription factors (Azfl, Mbpl , Mcml, Swi4, and Swi6) by TAP-MS (Gavin et al., 2006; Krogan et al., 2006), 

mChlP-MS (this study), or both. The large nodes represent the bait used for AP-MS experiments; whereas, the 

small nodes are the associated preys. In addition, some well characterized large complexes were manually 

collapsed into rectangles to simplify the network. The edge color corresponds to the source of the 

association, and the node color corresponds to protein molecular function curated from the Saccharomyces 

genome database. 
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Interestingly, the networks for the transcription factors Azfl and Mcml showed an 

interconnection with the Swi4, Swi6 and Mbpl networks (Figure 3-7). In fact, associations 

between Azfl-TAP and Swi6, as well as associations between Mcml-TAP and Mbpl , Swi4, 

and Swi6 were detected by mChlP-MS (Figure 3-7). Mcml is a transcription factor that 

participates in the regulation of multiple genes depending on its associated proteins 

(Ferrezuelo et al., 2009). For instance, when Mcml interacts with Stel2, it participates in 

regulating the mating-specific genes (Errede and Ammerer, 1989), whereas association with 

Yoxl or Yhpl leads to the regulation of genes expressed in the M to Gi transition (Pramila 

et al., 2002). The mChIP data for Mcml-TAP shows a wide array of associated proteins 

involved in properly regulating the cell cycle (e.g. Suml) as well as transcriptional activators 

such as Gzf3 and Pogl (Figure 3-7). Furthermore, Mcml-TAP was found to associate with 

Bck2 and Stel2 by mChlP-MS. Bck2, which is known to activate numerous cell-cycle 

regulated genes (Ferrezuelo et al., 2009), was previously shown to be affected in strains 

lacking stel2 or mcml, thus indicating a common function (Ferrezuelo et al., 2009). The 

fact that Mcml-TAP co-purified with both Stel2 and Bck2 by mChlP-MS supports a direct 

interplay between these transcription factors at specific promoters. Overall, I successfully 

purified several networks of transcription factors involved in cell-cycle regulation using the 

novel mChIP approach. 
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3.3.5 mChIP uncovers novel roles for the peptidyl proline isomerase CPR1 

As part of my proteomic screen, many nuclear peptidyl proline isomerises, enzymes 

that catalyze conformational changes of proline residue (Lu et al., 2007), were studied. 

Seven nuclear peptidyl proline isomerases, including Cprl, a known member of the Set3 

complex (Pijnappel et al., 2001), were successfully analyzed by mChlP-MS. In particular, 

mChlP-MS of Cprl-TAP revealed a large number of associated proteins including members 

of the Set3 complex (Figure 3-8A). In addition, all members of the TORCl complex and 

some members of TORC2 were found. Moreover, numerous components of the spindle 

pole body, as well as proteins with spindle-related functions, were found with Cprl. These 

finding suggest that Cprl possesses wider functions than previously thought, especially 

with regards to regulating cellular growth (Figure 3-8A). Surprisingly, the E3 ubiquitin ligase 

Brel and its interaction partner Lgel were found to be associated with Cprl (Figure 3-8A). 

This association raises the possibility that Cprl is ubiquitinated by Brel, which is supported 

by the presence of higher molecular weight bands in a Western blot for the TAP tag of the 

mChIP material, albeit at a low level (Figure 3-8B). 

To study this possibility with greater sensitivity, Cprl-TAP strains containing a 

plasmid encoding myc-tagged ubiquitin under the control of the copper inducible CUP1 

promoter were prepared. Following induction with CuS04, myc-tagged ubiquitin was 

expressed at high levels to facilitate the detection of ubiquitinated proteins. Using this 

strategy, Cprl-TAP was observed to be ubiquitinated in a mid-log phase culture. 

Furthermore, the extent of Cprl ubiquitination was increased following a treatment with 
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rapamycin (a TORCl inhibitor) or benomyl (a microtubule destabilizing agent) (Figure 3-8C), 

whereas, global ubiquitination levels were not increased (Figure 3-9). These higher 

molecular weight bands were abolished when a mutant ubiquitin K48R G76A protein that is 

incapable of forming poly-ubiquitin chains was expressed (Figure 3-8D). Therefore, these 

higher molecular weight bands were confirmed to be poly-ubiquitinated forms of Cprl. 

Moreover, Cprl ubiquitination appears to be modulated in response to the two drug 

treatments, which suggests roles for Cprl in nutrient sensing and cell-cycle regulation. The 

role of Brel and Lgel in Cprl ubiquitination is unknown but currently under study in the 

Figeys laboratory. 
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Figure 3-8: Cprl is a protein hub associated with nutrient sensing, cell division, and silencing. (A) Proteins 

associated with Cprl were visualized using Cytoscape and arranged based on their known molecular functions 

manually. (B) Approximately 1% of the Cprl-TAP mChIP purified sample was resolved on an 8% Bis-Tris gel, 

transferred onto nitrocellulose, and immunoblotted against the TAP tagged. The arrow indicates the location 

of Cprl-TAP and the asterisks mark potential ubiquitinated Cprl-TAP. (C) Cprl is ubiquitinated in response to 

cellular stress. TCA extracted WCL from the indicated samples were resolved on a 4-12% NuPAGE gradient gel 

with MES buffer, transferred onto nitrocellulose, and immunoblotted for the TAP tag. The higher molecular 

bands observed for Cprl correspond to mono- and poly-ubiquitinated Cprl as marked and are not detected in 

a strain which cannot form polyubiquitin chains (D). 
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