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ABSTRACT

In this study, I investigated how two chromatin factors, Piccolo NuA4 and RCC1/Ran,
recognize the nucleosome. Piccolo NuA4 histone acetyltransferase (HAT) complex acetylates
histone H4 and H2A, and controls the global level of histone H4 acetylation in the cell. Piccolo
NuA4 contains three subunits: Esa1, Epl1 and Yng2. I identified two key regions in two separate
subunits of Piccolo NuA4 that are critical for nucleosomal HAT activity.
The Esa1 Tudor domain was previously shown to be important for the nucleosomal
acetyltransferase activity of Piccolo NuA4. I identified that residues H55, N60, R62 and D64
within a loop region of the Esa1 Tudor domain are critical for Piccolo NuA4’s nucleosomal HAT
activity. The results of pull-down and site-directed UV-crosslinking experiments indicate that this
loop region contributes to the binding between Piccolo NuA4 and the nucleosome via interaction
with nucleosomal DNA. In vivo studies in yeast show that the point mutations in this loop region
affect cell viability and global histone H4 acetylation. Moreover, the Esa1 D64A mutation
reduces histone H4 acetylation, recruitment of the HAT complexes to chromatin, and
transcription.
The N-terminal region of the EPcA domain in Epl1 was shown to be important for
Piccolo NuA4 binding to the nucleosome. I further identified that residues R58 and K59 in the Nterminal region of EPcA domain are critical for Piccolo NuA4’s nucleosomal HAT activity. I
employed a label transfer assay to determine that the N-terminal region of the EPcA domain is in
close proximity to nucleosomal DNA and the histone H2A N-terminal tail.
I also investigated how the RCC1/Ran protein complex interacts with the nucleosome.
The Ran GTPase regulates important cellular functions by creating a Ran-GTP gradient around
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the chromosome. This gradient is established through stimulation of Ran nucleotide exchange by
the guanine exchange factor RCC1 (regulator of chromosome condensation 1). I developed a
competition pull-down binding assay to reveal that the nucleosomal binding site of RCC1
included the histone H2A/H2B acidic patch and overlapped with the binding site of the LANA
(latency-associated nuclear antigen) peptide from Kaposi’s sarcoma herpesvirus. I initiated work
to solve the structure of Ran/RCC1/nucleosome triple complex by X-ray crystallography. I was
able to reconstitute and purify several orthologous Ran/RCC1 complexes for reconstitution with
the nucleosome. I have grown crystals of several of these triple complexes, and crystals of at least
one complex produce medium resolution diffraction.
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Chapter 1
Introduction

1.1 Chromatin Structure

1.1.1 Core histone proteins and histone variants
Packaging of the DNA into the nucleus requires the formation of higher order structures.
The fundamental subunit of this packaging is called the nucleosome. The nucleosome consists of
4 core histone proteins (H2A, H2B, H3 and H4), linker histone H1 and about 180 bp of DNA.
The core histones have molecular weights ranging from 10-14 kDa and the folding of the histone
proteins provide the foundation from which the nucleosome is organized. As illustrated in Figure
1-1 a, each of histone protein contains an unstructured tail region near the N-terminal end, a
conserved core domain or histone fold domain (HFD) and a relative short C-terminal tail. The
secondary structure of the histone fold domain consists of three α-helices separated by two loops
(α1-L1-α2-L2-α3) (Arents and Moudrianakis, 1995). The histone fold domains are involved in
formation of the histone’s ternary structure, while the histone tails can be covalently modified
during post-translational modification which allows for regulation of the eukaryotic genome.
In addition to the four core histone proteins, there are histone variants which are the
sequence variants of the canonical histone proteins with diverse functions and localization
(Kamakaka and Biggins, 2005; Talbert and Henikoff, 2010). For example, CENP-A is the
centromere-specific histone H3 variant which facilitates the binding of factors for formation of a
kinetochore structure (Regnier et al., 2005; Tachiwana et al., 2011). H2A.Z is enriched at either
side on the ‘nucleosome free region’ (NFR) at transcription start site. The function of H2A.Z in
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transcription is not very clear: much evidence suggests that histone H2A.Z has a positive role in
gene activation and elongation (Santisteban et al., 2000; Larochelle and Gaudreau, 2003; Dhillon
et al., 2006; Lemieux et al., 2008; Santisteban et al., 2011); some other studies showed an inverse
correlation between H2A.Z levels and transcription level (Li et al., 2005; Zhang et al., 2005;
Zanton and Pugh, 2006).
(a)

(b)

Figure 1-1: Secondary structure of histone proteins and the ‘handshake’ motif of histone H3/H4
fold domain
(a) A schematic shows a secondary structure of each histone.
(b) Histone H3 (cornflower blue) and histone H4 (light green) fold domains form a ‘handshake’
motif. (PDB: 1KX5)
*All figures of X-ray and NMR protein structures in this dissertation were prepared using PyMol
(Schrodinger, 2010)
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1.1.2 Nucleosome core particle structure
The nucleosome core particle contains 145 to 147 bp of DNA wrapped around a histone
octamer core containing two copies each of histone H2A, H2B, H3 and H4 (Luger et al., 1997).
The Richmond group solved the crystal structures of Xenopus nucleosome core particles with
human α-satellite DNA at 2.8 Å and 1.9 Å resolutions (Luger et al., 1997; Davey et al., 2002)
(Figure 1-2). After that, the structures of yeast, human and Drosophila nucleosome core particles
were solved, and their structure were very similar to the Xenopus nucleosome core particle
(White et al., 2001; Tsunaka et al., 2005; Clapier et al., 2008). Recently, the Kurumizaka’s group
solved the nucleosome core particle containing CENP-A in which only 121 bp DNA was visible
(Tachiwana et al., 2011). The Davey laboratory and our laboratory independently solved the
nucleosome core particle structures containing Widom 601 nucleosomal DNA (Davey et al., 2010;
Makde et al., 2010).
The nucleosome core particle crystal structure shows that histone H3 pairs with H4 and
histone H2A pairs with H2B. These heterodimeric interactions between core histones constitute
the ‘handshake’ motif (Arents and Moudrianakis, 1995). Histone H3 and H4 form a tetramer by
H3/H3 interactions between two H3/H4 heterodimers. The binding of two histone H2A/H2B
dimers to the H3/H4 tetramer through H2B/H4 interactions forms a stable histone octamer (Luger
et al., 1999).
In the 1.9 Å nucleosome core particle structure, 147 bp of nucleosomal DNA wraps
around a histone octamer in a 1.65 turn left-handed super-helix to form the nucleosome core
particle. The structure suggests that histone H3/H4 tetramer binds the central 60-70 bp of DNA
and each histone H2A/H2B dimer interacts with about 30 bp of DNA via the histone fold. The
H2A N-terminal tail interacts with the minor groove on the outside of DNA, whereas the H2B N-
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terminal tail passes between the gyres of the DNA superhelix (Figure 1-2) (Davey et al., 2002;
Richmond and Davey, 2003).

Figure 1-2: Crystal structure of nucleosome core particle
Histone H3, H4, H2A and H2B and DNA of the nucleosome core particle are shown in
cornflower blue, light green, wheat, pink and light blue, respectively (PDB: 1KX5). Left figure is
a front view and the right figure is a 90° rotation.

1.1.3 Higher-order chromatin
The first level of chromatin organization is known as the ‘beads-on-a-string’ fiber with a
diameter of 11 nm (Oudet et al., 1975; Leuba et al., 1994; Hizume et al., 2004). These
nucleosome arrays are packed into nucleosome fibers with a diameter of 30 nm with the binding
of linker histone (H1 or H5) (Robinson et al., 2006) (Figure 1-3). There are two models for the
30-nm chromatin fiber: a solenoid (one-start helix) and a zig-zag (two-start helix) (Williams et al.,
1986; Woodcock and Ghosh, 2010). The structure of the chromatin beyond the 30 nm is still
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obscure, but it is clear that the plasticity and the dynamic nature of higher-order chromatin
packing are important for gene regulation and other biological processes (Li and Reinberg, 2011).

Figure 1-3: Organization of DNA into chromosomes.
(From B. Alberts et al., Molecular Biology of the Cell, 2d ed., Garland Publishing, 1989)
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1.2 Histone Acetylation and Histone Acetyltransferase

1.2.1 Histone Modifications
The histone proteins can be post-translationally modified. These modifications primarily
occur on histone tails and include methylation, acetylation, phosphorylation, ubiquitination,
sumoylation, citrullination, and ADP-ribosylation (Jenuwein and Allis, 2001). The histone
modifications not only function in altering the chromatin structure by influencing DNA-histone
contact, but also serve as markers for the chromatin-binding factors to recognize (Strahl and Allis,
2000). A specific histone modification on a particular residue can crosstalk and regulate another
modification (Suganuma and Workman, 2008; Lee et al., 2010). The histone modifications and
the histone crosstalk regulate cellular activities such as gene activation and repression,
transcription elongation, DNA repair, nucleosome assembly, and cell division.

1.2.2 Histone Acetylation
Histone acetylation, acetylation of the ε-amino group of lysine residues on histone tails, is
one of the best-studied modifications (Figure 1-4). This modification is placed by histone
acetyltransferase (HAT) and removed by histone deacetylase (HDAC) enzyme complexes.
Histone acetylation is usually associated with gene activation. Histone acetylation
decreases the interaction between the histones and DNA within the nucleosome core particle as
well as in the higher-order chromatin structures. Single molecular FRET (Förster resonance
energy transfer) studies show that histone acetylation causes directional unwrapping of
nucleosomal DNA and topological change of DNA in the nucleosome core particles (Lee et al.,
2011). Furthermore, histone acetylation disturbs the interaction between two adjacent
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nucleosomes (Lee et al., 2011). In fact, hyper acetylation prevents chromatin from compacting
into a 30-nm fiber (Annunziato et al., 1988; Tse et al., 1998).
Histone acetylation also serves as a binding module since acetylated lysines can be
recognized by protein modules including bromodomains and the tandem PHD (Plant Homeo
Domain) fingers (Dhalluin et al., 1999; Lange et al., 2008; Zeng et al., 2010). Chromatin
associated complexes with these domains are thought to dock to chromatin bearing specific
histone acetylations (Yun et al., 2011).
Histone acetylation usually occurs at the promoter and within coding regions to regulate
transcription (Vogelauer et al., 2000). In the budding yeast Saccharomyces cerevisiae, it has been
shown that HAT enzyme complexes are recruited to the promoter regions by transcriptional
activators and are also responsible for global non-targeted acetylation (Utley and Cote, 2003).
However, in specific instances, histone acetylation is also involved in heterochromatic
silencing via H4K12 acetylation. This acetylation mark is important in heterochromatin formation
in Drosophila and Saccharomyces cerevisiae (Swaminathan et al., 2005; Zhou et al., 2011).

Figure 1-4: Histone lysine acetylation sites of Saccharomyces cerevisiae
Histone lysine acetylation sites are mapped on the schematic of histone proteins (Rando and
Winston, 2012).
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1.2.3 Histone Acetyltransferase
Histone acetyltransferases are enzymes that acetylate histone proteins. In 1964, the
Mirsky group showed that histones could be modified by the addition of acetyl groups (Allfrey et
al., 1964). Later in 1979, Cano and Pestano isolated the first protein fraction with HAT activity
from brine shrimp (Cano and Pestana, 1979). The Gottschling and Allis groups identified and
cloned the yeast Hat1 and the Tetrahymena Gcn5 respectively (Kleff et al., 1995; Brownell et al.,
1996). The Workman, Berger, Allis and Winston groups together purified the first HAT complex,
SAGA shown to acetylate histones H2B and H3 (Grant et al., 1997).
HATs also can be grouped on the basis of their catalytic domains. There are two
predominant families, the GNAT family and the MYST family (Figure 1-5). Gcn5 is the
founding member the GNAT family (Gcn5 N-acetyltransferases), and this family includes Gcn5,
PCAF, Elp3, Hat1 and Hpa2; the MYST family is named after Morf, Ybf2 (Sas3), Sas2 and
Tip60 (the human homolog of Esa1) (Kimura et al., 2005). There is another ‘orphan class’ HATs,
including p300/CBP and Taf1, which does not contain a true consensus HAT domain (Kimura et
al., 2005).
Besides histone proteins, HATs can acetylate non-histone substrates, too. An example of
this phenomenon that was discovered early is acetylation of the tumor suppressor p53 by
p300/CBP (Gu and Roeder, 1997). After that, HATs were found to acetylate many transcription
factors, transcription regulators and DNA replication factors (Yang, 2004). In addition,
autoacetylation (i.e. HAT acetylates itself) is critical for HAT enzymes’ functions. For example,
autoacetylation of Esa1 in yeast is essential for cell viability (Yuan et al., 2012), and the
autoacetylation of MOF in human decreases the recruitment of MOF to chromatin (Lu et al.,
2011).

25
(a)

(b)

Figure 1-5: Crystal structures of MYST and GNAT family HAT domains
(a) Crystal structure of yeast Esa1 MYST HAT domain (PDB: 1FY7).
(b) Crystal structure of Tetrahymena Gcn5 GNAT HAT domain with bound CoA (Coenzyme A)
and histone H3 peptide (PDB: 1QSN). The histone H3 peptide is colored in dark blue.
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1.3 NuA4 and Piccolo NuA4 HAT complex

1.3.1 Composition of NuA4 and Piccolo NuA4
The NuA4 (Nucleosome acetyltransferase of H4) complex was discovered by the
Workman group, and later named and purified by the Cote group (Grant et al., 1997; Allard et al.,
1999). NuA4 contains 13 subunits. Eaf1 apparently serves as a platform for the assembly of
different functional modules into the NuA4 complex (Auger et al., 2008) (Figure 1-6).
Esa1 (essential Sas-related acetyltransferase 1) is an essential subunit in yeast (Smith et
al., 1998; Allard et al., 1999; Galarneau et al., 2000). It contains a MYST HAT domain near the
C-terminus (Clarke et al., 1999). Esa1 is the catalytic subunit of the NuA4 complex, but it only
acetylates naked histones on its own and is unable to acetylate nucleosomes (Allard et al., 1999;
Boudreault et al., 2003). It is common that the catalytic subunit alone does not recognize or act on
nucleosomes in many HAT enzyme complexes (Utley and Cote, 2003). For example, yeast Gcn5
can acetylate histones by itself but additionally requires Ada2 and Ada3 to acetylate nucleosomes
(Balasubramanian et al., 2002).
A subcomplex named Piccolo NuA4 was discovered by fractionation of yeast extracts
(Boudreault et al., 2003). Both NuA4 and Piccolo NuA4 exhibit strong HAT activity towards
nucleosomes, but Piccolo NuA4 is significantly more active on nucleosomes than on free histones
(Figure 1-7) (Boudreault et al., 2003; Selleck et al., 2005; Arnold et al., 2011). Biochemical and
genetic data indicate that NuA4 provides the locus-specific targeted histone acetylation associated
with transcription activation and DNA repair, while Piccolo NuA4 controls the global levels of
histone H4 acetylation in the cell (Boudreault et al., 2003).
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Figure 1-6: Cartoon of the composition of NuA4 complex
NuA4 complex contains multiple functional modules (Chittuluru et al., 2011). Eaf1 is the
platform of NuA4 complex from which NuA4 interacts with different modules. (Auger et al.,
2008). Eaf1 interacts with the recruitment modules (in yellow) as well as catalytic subcomplex,
Piccolo NuA4 (Epl1, Esa1 and Yng2) complexed with the Eaf6 subunit (in grey).

Figure 1-7: Comparison of Esa1, Piccolo NuA4 and NuA4’s activity on chromatin substrates
Both NuA4 and Piccolo NuA4 are robust enzymes for acetylating nucleosomes, whereas the
catalytic subunit, Esa1, alone is a weak enzyme that acetylates only free histone but not
nucleosomes (Barrios et al., 2007).
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Piccolo NuA4 is composed of only three subunits: Esa1, Yng2 and Epl1 (Figure 1-8 a).
Epl1 (Enhancer of Polycomb-Like 1) is the yeast homolog of the Drosophila Enhancer of
Polycomb, E(Pc) (Sinclair et al., 1998; Stankunas et al., 1998). It contains a 330-residue Enhancer
of Polycomb A (EPcA) domain at the N-terminus. Yng2 is a homolog of p33Ing1 human tumor
suppressor (Garkavtsev et al., 1998; Loewith et al., 2000; Nourani et al., 2001; Feng et al., 2002),
and contains a plant homodomain (PHD) finger domain at the C-terminus. Finally the catalytic
subunit Esa1 contains the MYST histone acetyltransferase domain at the C-terminus and a 50
residue Tudor domain at the N-terminus (Utley and Cote, 2003).
The Piccolo NuA4 enzyme complex can be co-expressed in E. coli using a polycistronic
expression system developed in our laboratory (Tan, 2001; Tan et al., 2005; Barrios et al., 2007).
Through deletion analysis, our laboratory showed that the EPcA domain in Epl1 and the Tudor
domain in Esa1 are critical for nucleosomal HAT activity of Piccolo NuA4 complex and the PHD
domain in Yng2 is not necessary (Selleck et al., 2005) (Figure 1-8 b). The HIS-tagged Epl1 (51380)/Yng2 (1-218)/Esa1 Piccolo NuA4 complex v55 was defined as wild-type Piccolo NuA4
throughout this entire dissertation.
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Figure 1-8: Piccolo NuA4 HAT complex
(a) The chart shows the conserved domains in the three full-length components of Piccolo NuA4
(b) Full-length Piccolo NuA4 (left); the fully-functional deletion of Piccolo NuA4 (wild-type
Piccolo NuA4 in this dissertation)

1.3.2 Catalytic Mechanism of Esa1
Genetic studies illustrate that C304S and E338Q double mutant was lethal, but either
C304S or E338Q single mutant was viable and reduced the global histone H4 acetylation in yeast
in vivo (Decker et al., 2008). The first work studying the catalytic mechanism for histone
acetylation by Esa1 alone was described by Ronen Marmorstein’s group (Yan et al., 2002). Since
the acetyl-Cysteine 304 intermediate was observed in the Esa1 crystal structure, a ping-pong
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catalytic mechanism was proposed, whereby an acetyl group is transferred from acetyl-CoA to
Cys 304 of Esa1 en route to the histone substrate.
However, work by John Denu’s group collaborating with our laboratory shows that Esa1
in Piccolo NuA4 employs a direct-attack mechanism, similar to the GNAT family of HATs. After
forming a ternary complex with acetyl-CoA and histone substrate, glutamate 338 of Esa1
deprotonates the ε-amine of the substrate lysine. This primes the lysine for attack of the carbonyl
carbon of the acetyl moiety of acetyl-CoA, forming a tetrahedral intermediate, from which CoASH and the acetylated product are released (Berndsen et al., 2007).

1.3.3 Functions of NuA4 and Piccolo NuA4

1.3.3.1 Transcription initiation
NuA4’s histone acetyltransferase activity was first found to stimulate GAL4-VP16driven transcription in the in vitro transcription assay (Allard et al., 1999). Esa1 was also shown
to be recruited to the promoter of the ribosomal protein genes by Rap1 (repressor-activator
protein 1) or Abf1 (autonomously replicating sequence binding factor 1) and was important for
the transcription of the ribosomal protein genes (Reid et al., 2000). Work by Jerry Workman’s
group collaborating with our laboratory shows that NuA4 is recruited to the promoter by
transcription activator via Tra1 subunit (Brown et al., 2001). NuA4 complex can also be recruited
by histone H3 methylation via the chromodomain-containing subunits in NuA4 complex (Eisen et
al., 2001; Morillon et al., 2005)
In vitro studies indicated that NuA4-directed acetylation of H4 and H2A directly
stimulated the incorporation of H2A.Z into chromatin by the SWR1 nucleosome-remodeling
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complex (Keogh et al., 2006; Auger et al., 2008; Altaf et al., 2010). In addition, genome-wide
studies showed that PIC (preinitiation complex) assembly and chromatin remodeling were linked
to NuA4-direted H4 acetylation and SWR1 complex binding (Durant and Pugh, 2007).
Nucleosome acetylation by NuA4 also allows SWI/SNF to bind to the promoter region and
facilitate transcription initiation (Hassan et al., 2001; Hassan et al., 2002).

1.3.3.2 Transcription elongation
NuA4 was also reported to be targeted to coding regions and to enhance transcription
elongation (Ginsburg et al., 2009). This recruitment of NuA4 appears to occur through a
mechanism involving the ineraction between NuA4 and the phosphorylation of Ser5 of Pol II
CTD (C-terminal domain) and histone H3 methylation by Set1 and Set2 (Ginsburg et al., 2009).
Nucleosome acetylation by NuA4 stimulates the activity of the nucleosome remodeler, RSC and
SWI/SNF, which evicts the nucleosomes and enhances the rate of Pol II elongation (Carey et al.,
2006; Ginsburg et al., 2009).

1.3.3.3 Transcription silencing
In yeast, transcriptional silencing controls three regions of the genome: telomeres, the
silent mating-type loci HMR and HML and the rDNA (ribosomal DNA) array. A temperaturesensitive Esa1 mutant displayed significant defect in silencing at the telomeres and the rDNA
array, and modest silencing defects at HMR (Clarke et al., 2006). A mutation in Epl1 decrease the
silencing by telomere-position effect (Boudreault et al., 2003). It is recently reported that H4K12
acetylation by Esa1 regulated telomeric heterchromatin plasticity (Zhou et al., 2011). H4K12R
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mutant shows shorter telomeres and less accessibility of telomeres to telomerase than the wild
type cells (Zhou et al., 2011).

1.3.3.4 DNA repair
Histone acetylation by yeast NuA4 is directly required for nonhomologous end joining of
DSB (double-strand break) and replication-coupled repair. (Bird et al., 2002; Choy and Kron,
2002). Arp4 (actin-related protein 4), a subunit of NuA4, was specifically recruited to the DSB
site in vivo by the interaction with the phosphorylated H2AX (Bird et al., 2002). Yeast cells with
mutations in NuA4 subunits like Esa1, Epl1 and Yng2 were very sensitive to DSB-inducing
agents such as MMS (methyl methanesulfonate) and CPT (camptothecin) (Bird et al., 2002; Choy
and Kron, 2002; Boudreault et al., 2003).

1.3.3.5 Acetylation on nonhistone substrates and autoacetylation
The acetylation of Pck1p (phosphoenolpyruvate carboxykinase) by NuA4 is important for
glucose metabolism and life span (Lin et al., 2009). NuA4 also acetylates yeast septin proteins
including Cdc3, Cdc10, Cdc12 and Shs1 at multiple sites in vivo. The acetylation of Shs1 is
important in bud morphology and septin localization in yeast cells (Mitchell et al., 2011).
The autoacetylation at K170 of Yng2 is essential for its protein stability, and the
acetylation/deacetylation of this residue regulates the integrity of the NuA4 complex (Lin et al.,
2008). Recently, it is reported that autoacetylation at K262 of Esa1 is required for its enzyme
activity and cell viability (Yuan et al., 2012).
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1.3.4 How Piccolo NuA4 acts on the nucleosome
Piccolo NuA4 acetylates both histone H4 and H2A. It was not clear whether two copies
of Piccolo NuA4 could bind to the nucleosome at the same time and acetylate histone H4 and
H2A simultaneously. Recently, analytical ultracentrifugation experiments indicate that Piccolo
NuA4 binds the nucleosome in a 1:1 stoichiometry (Chittuluru et al., 2011).
Piccolo NuA4 binds tailless nucleosomes (Selleck et al., 2005; Berndsen et al., 2007).
Enzymatic assays using tailless arrays, suggest that deleting H3, H2A, and H2B tails does not
quantitatively affect Piccolo NuA4’s acetylation of nucleosomal H4 (Berndsen et al., 2007).
These results indicate that Piccolo NuA4 primarily interacts with the core of the nucleosome.
Furthermore, in the context of both free histone and nucleosome core particles, the histone-fold
domain (HFD), especially residues 21-52 of H4, are important for tight binding to Esa1 and
efficient H4 tail acetylation (Berndsen et al., 2007). This finding suggests that the interaction with
the core region of the nucleosome, especially the HFD of histone H4 is critical for Piccolo NuA4
to recognize and acetylate of the histone tail.
The Denu laboratory has also extensively studied the processing mechanism and
substrate selectivity of Piccolo NuA4 (Arnold et al., 2011). Piccolo NuA4 acetylates all the free
histones (H2A, H2B, H3 and H4) at multiple lysine residues, but only mono-acetylates histone
H2A and tetra-acetylates histone H4 on nucleosomal substrates. Piccolo NuA4 is unable to
acetylate histone H3 or histone H2B in nucleosomes. Piccolo NuA4 randomly acetylates free or
nucleosomal histone H4, with a small preference for lysine 5, 8, 12 over lysine 16. Piccolo
NuA4’s site selectivity is controlled by the accessibility on the nucleosome surface, the relative
distance from the histone fold domain, and a preference for intervening glycine residues with a
minimal n+2 spacing between lysines suggesting a dissociative model of nucleosome acetylation
by Piccolo NuA4 (Figure 1-9).
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The Asturias group solved the cryo-EM (cryo-electron microscopy) structure of Piccolo
NuA4/nucleosome complex, using material prepared by our laboratory (Chittuluru et al., 2011).
One distinct mode of binding was observed in these studies (Figure 1-10). In this structure, there
is a large portion of Piccolo NuA4 density located above the dyad of the nucleosomal DNA, but
extended density of Piccolo NuA4 suggested that Piccolo NuA4 interacted with histones and
DNA at multiple sites, including the HFD of histone H4. Although this binding mode could
explain how Piccolo NuA4 bound to the nucleosome when acetylating histone H4, it could not
explain how Piccolo NuA4 acts on histone H2A tail.
In this work, I further investigated how Piccolo NuA4 acts on the nucleosome by
studying the functions of Esa1 Tudor domain and N-terminal region of EPcA domain in Epl1.

Figure 1-9: A dissociative model of how Piccolo NuA4 acetylates the nucleosome
The cartoon describes that a dissociative model of how Piccolo Nua4 acetylated the nucleosome.
After binding to acetyl-CoA, Piccolo NuA4 binds the nucleosome through the H4 histone fold
domain and acetylates one lysine residue. After the acetylation, Piccolo NuA4 releases CoA and
the acetylated product before the next cycle of catalysis (Arnold et al., 2011).
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Figure 1-10: Cryo-EM structure of Piccolo NuA4 and nucleosome complex
Crystal structure of the nucleosome core particle (blue) is docked into the 3D map of the CryoEM structure of Piccolo NuA4/nucleosome core particles complex. The histone hold domain of
histone H4 is highlighted in red (Chittuluru et al., 2011).
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Chapter 2
Mechanism of Esa1 Tudor domain in nucleosomal acetylation by Piccolo
NuA4 complex

2.1 Abstract
The Tudor domain is one of the ‘royal’ family domains and binds to methylated arginine
and lysine as well as RNA. Tudor domain-containing proteins play important roles in diverse
functions. The Esa1 Tudor domain was previously shown to be important for the nucleosomal
acetyltransferase activity of Piccolo NuA4, but the mechanism has not been established. I
identified that residues H55, N60, R62 and D64 within a loop region of the Esa1 Tudor domain
are critical for Piccolo NuA4’s nucleosomal HAT activity by site-directed mutagensis. The
results of pull-down and site-directed UV-crosslinking experiments indicate that this loop region
contributes to the binding between Piccolo NuA4 and the nucleosome via interaction with
nucleosomal DNA. In vivo studies in yeast show that the point mutations in this loop region affect
cell viability and global histone H4 acetylation. Moreover, the Esa1 D64A mutation reduces
histone H4 acetylation, recruitment of the HAT complexes to chromatin, and transcription.
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2.2 Introduction
The Drosophila Tudor gene (TUD) was discovered in a genetic screen for maternally
expressed genes that result in lethality or sterility in progeny embryos (Boswell and Mahowald,
1985). The Tudor domain was proposed in 1997 after it was found in the Drosophila TUD
protein (Callebaut and Mornon, 1997).
The first Tudor domain structure was from the SMN (Survival of Motor Neuron) protein.
The structure was solved by NMR spectroscopy and was characterized as a beta-barrel-like
structure with an aromatic cage (Selenko et al., 2001). Tudor domain is one of the royal family
domains. The ‘royal’ superfamily domain was defined based on sequence similarity and includes
Tudor, chromo, PWWP, plant Agenet and MBT domain. The structures of royal family domains
contain a barrel-shaped structure, which is composed of three to five antiparallel β-strands.
(Maurer-Stroh et al., 2003) (Figure 2-1 b, c).
Sac7d and Sso7d DNA binding proteins from the archaebacteria Sulfolobus
acidocaldarius and Sulfolobus solfataricus were not classified as members of the ‘Royal’ domain
superfamily since there was no sequence similarity. However, crystal structures of Sac7d and
Sso7d revealed a barrel structure containing five antiparallel β-strands that is characteristic of the
royal family domains (Baumann et al., 1994; Edmondson et al., 1995; Ball et al., 1997). Thus
Sac7d and Sso7d were classified as chromo-related domains (Nielsen et al., 2005) (Figure 2-1 a).
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(a)

(b)

(c)

Figure 2-1: Structures of chromo-related domains
(a) Crystal structure of Sso7 DNA binding domain complexed with DNA (PDB: 1BF4)
(b) NMR structure of MOF chromo barrel domain (PDB: 2BUD)
(c) Crystal structure of HP1 chromodomain complexed with methylated histone H3 peptide (PDB:
1KNE)
Chromo-related domains are shown in blue, while the N- and C- terminal regions are shown in
wheat. Each of the three chromo-related domains consists of three to five antiparallel β-strands
connected with loops.

Figure 2-2: NMR structure of Esa1 Tudor domain
NMR structure of Esa1 Tudor domain (PDB: 2RNZ) is shown in blue, while the N- and Cterminal regions are shown in wheat. Compared to the chromodomain and the chromo barrel
domain, the Tudor domain contains an N-terminal β-strand which is absent in the chromodomain,
and does not contain a C-terminal α-helix, which is present in the chromo barrel domain.
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Tudor domains from a myriad of proteins have been shown to bind directly to methylated
arginine and lysine as well as to RNA (Ponting, 1997; Selenko et al., 2001; Botuyan et al., 2006;
Shimojo et al., 2008). Tudor domain-containing proteins play roles in diverse epigenetic
functions, including methylation-dependent chromatin remodeling (Tanaka et al., 2011), preRNA processing (Brahms et al., 2001) and transposon silencing (Siomi et al., 2010a; Siomi et al.,
2010b).
A 60 amino-acid domain near the N-terminus of the Piccolo NuA4 catalytic subunit, Esa1,
was originally presumed to be a chromodomain or chromo barrel domain, because of the
sequence similarity between Esa1’s N-terminal domain and the chromo barrel domain of histone
lysine 16-specific acetyltransferase MOF (males absent on the first) (Gu et al., 1998; Nielsen et
al., 2005). The structure of Esa1’s presumed chromodomain was solved by NMR and was
classified as a Tudor domain (Figure 2-2).
The structures of chromodomain, chromo barrel domain and Tudor domain are very
similar. All of them consist of three to five antiparallel β-strands connected with loops. However,
an N-terminal β-strand present in the Tudor domain and the chromo barrel domain is absent in the
chromodomain. On the other hand, a C-terminal α-helix in the chromodomain and the chromo
barrel domain is absent in the Tudor domain (Figure 2-1, 2-2).
Our laboratory previously demonstrated that the Tudor domain near the N-terminus of
Esa1 is important for Piccolo’s nucleosomal HAT activity in vitro (Selleck et al., 2005).
However, the mechanism of action of the Esa1 Tudor domain within the Piccolo NuA4 was not
known. In this chapter, I studied the function of the Esa1 Tudor domain in nucleosomal
acetylation of the Piccolo NuA4 complex.
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2.3 Results

2.3.1 Co-expression and co-purification of Piccolo NuA4 complex mutants
The Piccolo NuA4 complexes were expressed and reconstituted in E. coli using the
pST44 polycistronic expression system established by our laboratory (Tan, 2001; Tan et al.,
2005b). The pST44 polycistronic expression system is a T7-based expression system that is
capable of expressing complexes containing up to four subunits. To construct a vector expressing
the Piccolo NuA4 complex, the Epl1 subunit was cloned into the pST50Tr transfer vector with a
cleavable hexahistidine tag at the N-terminus and then the translation cassette (including the
ribosomal binding site and the Epl1 coding region) was subcloned into the first cassette of the
pST44 vector. The Yng2 and Esa1 subunits were also first cloned into the pST50Trc2 and
pST50Trc3 transfer vector respectively and then the translation cassettes were subcloned into the
second and the third cassettes of the pST44 vector respectively (Figure 2-3).
Prior to this work, our laboratory utilized Piccolo NuA4 samples from one-step small
scale affinity purification from 100 ml E. coli for in vitro HAT assays (Selleck et al., 2005).
However, there were potential problems with this strategy. First, the purity of the complex using a
one-step affinity purification protocol was only 70% at best. It was therefore difficult to
accurately quantify the precise concentration of the complex by UV (Ultraviolet) spectroscopy,
and estimation of the complex concentration by visual inspection of Coomassie Blue stained
SDS-PAGE gel was necessary. Secondly, the concentrations of Piccolo NuA4 complexes from
one-step small scale affinity purification were relatively low and varied about 5-fold between
samples. Although the sample was typically diluted before it was used in HAT enzyme assays,
the left-over salt from the elution buffer used in the affinity purification (buffer contained 50 mM
sodium phosphate and 300 mM NaCl) could still affect the enzymatic activity of Piccolo NuA4
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complex on the nucleosome, since the interaction between Piccolo NuA4 and the nucleosome is
salt-sensitive. In addition, Yng2 was often the limiting subunit in co-expression of Piccolo NuA4
resulting in excess Esa1 and Epl1. It is known that although the Yng2 subunit boosts the
nucleosomal HAT activity of the complex, the Esa1/Epl1 binary complex retains HAT activity on
histones (Boudreault et al., 2003). Therefore, purification of the Piccolo NuA4 complex using a
one-step small-scale affinity method could complicate comparison of different mutants, given the
intrinsic variation of concentrations and subunit stoichiometry in different Piccolo NuA4 variants.
On the other hand, our laboratory’s large scale purification protocol for Piccolo NuA4
from 6 liters of cells was not suitable in this situation either. The purification protocol contained
four chromatographic steps: Talon metal affinity, SourceS and SourceQ ion-exchange and
SourceISO hydrophobic interaction chromatography. The purity of the resulting Piccolo NuA4
complex was over 95% but the whole procedure required about one week. It would be inefficient
to use this procedure to purify multiple mutants such as in alanine scanning experiments.
To solve this problem, I developed a simplified procedure to purify the Piccolo NuA4
complexes for my studies. In this protocol, Piccolo NuA4 complexes were purified from as low
as one liter of cells by Talon affinity chromatography via the hexahistidine tag on the Epl1
subunit, followed by SourceQ anion-exchange HPLC. This anion-exchange chromatography step
removed any Esa1/Epl1 binary complex from the desired Piccolo NuA4 ternary complex. The
desired fractions were then pooled and concentrated. The final salt concentration could be
calculated from the conductivity of the pooled fractions. The purity of the products by this twostep purification was greater than 90%, which was sufficiently pure for my biochemical studies
(Figure 2-4).
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(a)

(b)

Figure 2-3: Co-expression and co-purification of Piccolo NuA4 complex mutants
(a) Schematic of pST44 polycistronic expression system
pST50Trc1-4 transfer plasmids act as the sources of the translation cassette for each of the four
positions in the pST44 polycistronic plasmid. Key regulatory sites or potential coding regions are
highlighted as boxes (ε and SD are the translational enhancer and Shine-Dalgarno sequences,
respectively), restriction sites by short lines. Restriction sites and coding regions for translation
cassettes 1, 2, 3, and 4 are shown in blue, green, yellow, and red, respectively. (Tan et al., 2005a)
(b) Piccolo NuA4 complexes purified by Talon and SourceQ chromatography were above than
90%.
Coomassie-stained SDS-PAGE gel for Piccolo NuA4 mutants. Piccolo NuA4 complexes with
Esa1 R62A, K31A, H55A and N58A point mutations were purified by Talon and SourceQ
chromatography. The purity of the complexes was quantified using Quantity One (BIO-RAD).
The contaminating band indicated by ‘*’ was identified as the E. coli translation factor EF-Tu
(elongation factor thermo unstable) (Tan et al., 2005b).
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2.3.2 An exposed loop region in the Esa1 Tudor domain is important for Piccolo NuA4’s
nucleosomal HAT activity
In previous studies from our lab, the Esa1 Tudor domain was found to be important for
Piccolo NuA4’s nucleosomal HAT activity, as Piccolo NuA4 with an Esa1 Tudor deletion was
unable to acetylate nucleosomes even though it retained activity toward free histones (Selleck et
al., 2005). To further examine the residues in Esa1 Tudor domain important for Piccolo NuA4’s
nucleosomal HAT activity, I made alanine mutations by QuikChange site-directed mutagenesis of
particular residues in the Esa1 Tudor domain and tested the HAT activity of each mutant on
nucleosomes.
In the first round of screening, the candidates were selected based on the hypothesis that
Esa1 Tudor domain interacted with DNA via the same region as Sso7 protein did since the
structure of Sso7 protein was similar to the structures of the “Royal Family” domains (Figure 2-1
a) (Gao et al., 1998; Nielsen et al., 2005). I made four mutant Piccolo NuA4 complexes,
containing W66A, K61A/R62A, N44A/K51A and N32A/R71A mutations (Figure 2-6). Thus, I
asked whether these residues in Esa1 Tudor domain were also important for Piccolo NuA4’s
nucleosomal HAT activity.
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Figure 2-4: The structures of the Esa1 Tudor domain and Sso7 DNA-binding protein are similar.
Based on the structural similarities between Esa1 Tudor domain (PDB: 2RNZ) and Sso7 DNA
binding protein (PDB: 1BF4), I hypothesized that the Esa1 Tudor domain interacted with DNA
via the same region as Sso7 protein did. I selected N32, N44, K51, K61, R62, W66 and R71 for
the first round screening by site-directed mutagenesis.
Since the nucleosome is the physiological substrate of Piccolo NuA4, the HAT activity
preference of the Piccolo NuA4 complex for nucleosome core particles over free histones was
most relevant to this study rather than the absolute activity of the Piccolo NuA4 complex. I
divided the HAT activity on nucleosomes by the HAT activity on free histones to quantitate
Piccolo NuA4’s nucleosomal preference. Contrary to the hypothesis, most of the mutations
resulted in only modest decreases in Piccolo NuA4’s nucleosomal activity with more than 50% of
the activity remaining. In contrast, the K61A and R62A double mutant has a significant effect on
the Piccolo NuA4’s nucleosomal activity with only ~5% of the activity left (Figure 2-5, Table 21). The results of the first round mutagenesis study suggest that the region of K61/R62 is
important for Piccolo NuA4’s nucleosomal activity rather than the presumed DNA binding region
as of Sso7 protein.
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Figure 2-5: Effect of Esa1 Tudor domain point mutations on Piccolo NuA4’s nucleosomal HAT
activity
The columns show that the effect of Esa1 Tudor domain point mutations on Piccolo NuA4’s
nucleosomal HAT activity. The preference HAT activity for nucleosomes was calculated by
dividing the HAT activity on nucleosomes by the HAT activity on free histones, with wild-type
Piccolo NuA4 set to 1.0. Piccolo NuA4 complexes that lost at least 75% in nucleosomal HAT
activity are in red, lost 50%-75% in nucleosomal HAT activity is in orange and retained more
than 50% in nucleosomal HAT activity are in green.
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Piccolo
NuA4
v55
v92
v93
v94
v99
v95
v96
v100
v101
v102
v97
v98
v103
v104
v91

Esa1
Tudor
mutations
K61A, R62A
N44A, K51A
N32A, R71A
K31A
R46A
K47A
H55A
N58A
N60A
K61A
R62A
L63A
D64A
W66A

histone HAT
activity

nucleosome HAT
activity

918 ± 53
551 ± 85
793 ± 70
834 ± 59
843 ± 175
1106 ± 102
1043 ± 36
884 ± 57
879 ± 33
650 ± 20
1071 ± 66
699 ± 58
776 ± 59
782 ± 56
746 ± 47

5351 ± 206
215 ± 49
2441 ± 349
2829 ± 431
5550 ± 691
4878 ± 865
5324 ± 850
1134 ± 326
3863 ± 284
549 ± 11
5273 ± 811
330 ± 70
1750 ± 212
558 ± 45
2690 ± 135

preference for
nucleosomes
relative to v55
1.00 ± 0.07
0.05 ± 0.01
0.53 ± 0.11
0.58 ± 0.12
1.03 ± 0.13
0.70 ± 0.11
0.83 ± 0.20
0.22 ± 0.11
0.79 ± 0.05
0.12 ± 0.02
0.81 ± 0.11
0.05 ± 0.03
0.39 ± 0.07
0.14 ± 0.03
0.63 ± 0.09

Table 2-1: Effect of Esa1 Tudor domain point mutations on Piccolo NuA4’s nucleosomal HAT
activity
Histone HAT activity, nucleosome HAT activity and the preference for nucleosome relative to
wild-type Piccolo NuA4 (v55) of Piccolo NuA4 containing Esa1 Tudor domain mutation are
shown in this table. The CPM (counts per minute) for histone HAT activity and nucleosome HAT
activity are listed, and the preference HAT activity for nucleosomes was calculated by dividing
the HAT activity on nucleosomes by the HAT activity on free histones, with wild-type Piccolo
NuA4 (v55) set to 1.0.
To more precisely determine the Esa1 Tudor region required for nucleosomal HAT
activity, I next assayed K61 and R62 individually and also several other residues near these two
residues (Figure 2-5, Tabel 2-1). The results showed that the Piccolo NuA4 with the Esa1 K61A
mutation retained ~81% of the nucleosomal activity, but the R62A mutation reduced the activity
to ~5%, the same as the double K61A/R62A mutation did. Thus, R62 but not K61 of the Esa1
Tudor domain appears to be critical on nucleosomal substrate. Furthermore, several other residues
including H55, N60 and D64 in the vicinity were found to be important too: if any one of these
residues was mutated to alanine, the nucleosomal activity of the Piccolo NuA4 complex was
reduced to less than 25%. The L63A mutation had a moderate effect on the nucleosomal HAT
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activity, decreasing the nucleosomal HAT activity to ~40% (Figure 2-5, Table 2-1). To
summarize, I located residues within the Esa1 Tudor domain important for Piccolo NuA4’s
nucleosomal HAT activity.
Inspection of the locations of these residues on the three-dimensional structure of the
Esa1 Tudor domain shows that these residues are located on an exposed loop region between the
S3 and S4 β strands (Figure 2-6). Notably, this loop is highly conserved across throughout
evolution (Shimojo et al., 2008) (Figure 2-7).

Figure 2-6: Critical residues located on a loop in Esa1 Tudor domain
Residues (H55,Y56, N60, R62 and D64) of which alanine mutations decrease the Piccolo NuA4’s
nucleosomal HAT activity to below 25% are labeled in red [Y56 was identified previously in
(Selleck et al., 2005)]; residues of which alanine mutations still retain more than 50% of the wildtype Piccolo NuA4’s nucleosomal HAT activity to are labeled in green. L63’s alanine mutation
has a moderate effect (reduced to ~40%) and is labeled in orange.
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Figure 2-7: Esa1 Tudor domain loop region is highly conserved.
Alignment of sequences of royal family domains in HATs (Shimojo et al., 2008). The conserved
Esa1 Tudor domain loop region sequences are highlighted in the red box.
It has also been proposed that the Esa1 Tudor domain functions by binding to RNA via
its critical loop region. Mutations in the Esa1 Tudor domain loop region abolished the binding
between the Esa1 Tudor domain and Poly(U) in a pull-down assay.(Shimojo et al., 2008).
However, it seems unlikely that RNA binding can explain the effects I observed as the mutant
recombinant Piccolo NuA4 shows a strong defect in in vitro HAT assays in the absence of RNA.
Additionally, no difference was observed when RNase A was added to HAT assays to remove
RNA contamination from E. coli (data not shown). Although RNase A does not completely digest
RNA leaving small fragments of RNA, it is unlikely that RNA plays an important role in Piccolo
NuA4 acetylating the nucleosome.
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2.3.3 The exposed Esa1 Tudor domain loop region does not crosslink to histone proteins
As the exposed Esa1 Tudor domain loop region was important for Piccolo NuA4 binding
to the nucleosome, I employed a site-directed photocrosslinking approach to determine which
component of the nucleosome was involved in this interaction (Kauer et al., 1986; Chin et al.,
2002; Chin and Schultz, 2002; Mori and Ito, 2006). This approach involves incorporation of a
photocrosslinking amino acid pBpa (p-benzoyl-phenylalanine) (Figure 2-8 a) during protein
expression in vivo. In this experimental system, a mutant tyrosyl-tRNA synthetase and a mutant
tRNA work with the E. coli translation machinery to incorporate pBpa into proteins in vivo as
directed by the amber codon, TAG. Since the benzophenone group of pBpa reacts with carbonhydrogen bonds (C-H) within 7Å upon excitation at 365 nm, this method can be used to
investigate both protein-protein and protein-DNA interactions.
I selected K31, Y56, Y59 and K61 as positions to incorporate pBpa. All four residues are
located in or close to the identified loop region in the Esa1 Tudor domain. I generated Piccolo
NuA4 plasmid constructs containing Esa1 K31TAG, Y56TAG, Y59TAG, and K61TAG
mutations by site-directed mutagenesis. I confirmed that expression of these Piccolo NuA4 TAG
mutants was pBpa dependent (i.e. all of the expressed full-length Esa1 proteins contained pBpa)
(Figure 2-8 b, lane 4), I expressed and purified these four Piccolo NuA4-Bpa complexes in
media containing pBpa.
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(a)

(b)

(c)

Figure 2-8: pBpa incorporation in vivo
(a) Molecular structure of pBpa (p-benzoyl-phenylalanine)
(b) Coomassie-stained SDS-PAGE gel for Piccolo NuA4 complexes containing pBpa. Purified
Piccolo NuA4 complexes with Esa1 K31TAG and Y56TAG mutation which expressed in pBpa
containing media were shown in lane 2 and 3. Purified Piccolo NuA4 complexes with Esa1
Y56TAG mutation which expressed in pBpa minus media were shown in lane 4. Wild-type
Piccolo NuA4 was shown in lane 1.
(c) The columns show the nucleosomal HAT activity of Piccolo NuA4 complexes containing
pBpa in Esa1 subunit. The nucleosomal HAT activity is calculated by dividing the HAT activity
on nucleosomes by the HAT activity on free histones, with wild-type Piccolo NuA4 set to 1.0.
Piccolo NuA4 complexes containing Bpa at K31 or Y59 in Esa1 remain equal to wild-type
nucleosome HAT activity, but Piccolo NuA4 complexes containing Bpa at Y56 or K61 in Esa1
have low nucleosome HAT activity.
To investigate whether the loop region in the Tudor domain interacted with histone
proteins, I mixed Piccolo NuA4 complexes containing pBpa with recombinant nucleosome core
particles, and then irradiated the mixture using a UV lamp at 365nm. The UV-crosslinked
samples were analyzed on an SDS-PAGE gel.
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The results showed that crosslinking did occur in experiments on Piccolo NuA4
complexes containing K31Bpa, Y59Bpa and K61Bpa, but it was not dependent on the
nucleosome. Coomassie Blue-stained SDS-PAGE gel of the Y59Bpa experiment identified two
crosslinked products upon UV irradiation (Figure 2-9 a, red arrows). There were about the same
amount of crosslinked products in the all experiments with and without the nucleosome. The
crosslinked products of K31Bpa and K61Bpa complexes migrated at the same position but with
weaker intensity than the products of Y59Bpa (data not shown). I performed Western blots to
analyze the crosslinked products (Figure 2-9 b, c). Both bands were recognized when anti-Esa1
antibody was used, but when anti-HIS (Santa Cruz, sc-803) antibody was used to probe the
hexahistidine-tagged Epl1 subunit, only the lower band was recognized (Figure 2-9 c). Based on
the sizes of the crosslinked products and the results of the Western blot, the lower band should be
Esa1 crosslinked to hexahistidine-tagged Epl1, and the upper band appeared to be Esa1
crosslinked to another Esa1. However, these crosslinked products appeared in the crosslinking
experiments with or without nucleosomes present (Figure 2-9 a, lane 2-4, 7-9 and 11-13). Since
Piccolo NuA4/nucleosome is a 1:1 complex and Piccolo NuA4 alone is a monomer by analytical
ultra-centrifigation and cryo-EM, these two crosslinked products are likely to be non-specific.
If there were crosslinked products of Esa1 with the histone proteins, based on the
respective molecular weights, the crosslinked products would be expected to migrate between the
Esa1 and Esa1-HisNEpl1 bands. However, no additional bands were observed in this region using
Coomassie Blue staining, silver staining or Western blotting using a home-made antibody antiEsa1 (Figure 2-9 b, c).
I also performed Western blots using anti-histone antibodies of the crosslinking
experiments, and the result of the Western blot using anti-H2B antibody is shown as an example
(Figure 2-9 d). No crosslinked product was observed in the Western blots. Additionally, the
signal of the histone western blot was high enough, so that if 10% histone protein was crosslinked
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to the Esa1 subunit, the Esa1-H2B crosslinked product could be detected. Therefore, this Esa1
Tudor loop region did not crosslink to histone proteins in the context of the nucleosome core
particle.
(a)

(b)

(d)
(c)
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(e)

Figure 2-9: The Esa1 Tudor domain loop region does not crosslink to histone proteins
(a) Coomassie-stained SDS-PAGE gel for crosslinking experiment of Piccolo NuA4 containing
Esa1 Y59Bpa. Samples from UV crosslinking experiment using Piccolo NuA4 only were shown
in lane 1-4. Samples from UV crosslinking experiment using an 1:1 ratio of Piccolo NuA4 :
nucleosome core particles were shown in lane 6-9. Samples from UV crosslinking experiment
using an 1:5 ratio of Piccolo NuA4 : nucleosome core particles were shown in lane 10-13.
Samples in lane 1, 6 and 10 were not irradiated with UV. Samples in lane 2, 7 and 11 were
irradiated with UV at 365 nm for 5 minutes. Samples in lane 3, 8 and 12 were irradiated with UV
for 15 minutes. Samples in lane 4, 9 and 13 were irradiated with UV for 30 minutes.
(b) Western blots using anti-Esa1 antibody for pBpa crosslinking experiment. The samples were
analyzed as (a), except samples which were irradiated UV for 5 minutes were omitted.
(c) Western blots using anti-HIS antibody for pBpa crosslinking experiment. Samples using a 1 :
5 ratio of Piccolo NuA4: nucleosome core particles were irradiated with UV radiation for 0, 15
and 30 minutes, respectively.
(d) Western blots using anti-histone H2B antibody for pBpa crosslinking experiment. Samples
using a 1 : 5 ratio of Piccolo NuA4: nucleosome core particles were irradiated with UVradiation
respectively for 0, 5, 15 and 30 minutes, respectively.
(e) Silver-stained SDS-PAGE gel for pBpa crosslinking experiment. The samples were analyzed
as (a).
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2.3.4 The exposed loop region in Esa1 Tudor domain crosslinks to nucleosomal DNA
To investigate whether the loop region in Esa1 Tudor domain interacted with
nucleosomal DNA, I established a 32P-postlabeling assay based on a previously published
protocol (Phillips and Arlt, 2007) (Figure 2-10). In this experiment, Piccolo NuA4 complexes
containing pBpa were reconstituted with nucleosome core particles. After UV irradiation, the
interaction between the uncrosslinked Piccolo NuA4 and the nucleosome complex, as well as the
nucleosome structure, was disrupted by adding NaCl to 1.2 M. It has been demonstrated that the
Piccolo NuA4 complex is stable but histone-DNA interactions are abolished under this condition.
After I enriched for the Piccolo NuA4 using Talon resin via the hexahistidine tag on the Epl1
subunit, I added DNase I (Deoxyribonuclease I) to trim the nucleosomal DNA. Digestion near the
crosslinking site was incomplete due to steric effects of the crosslinked protein on the DNA and
thus DNA remained accessible for labeling using the following steps. First, CIP (Alkaline
Phosphatase, Calf Intestinal) was used to convert the 5’-phosphate group to a 5’-hydroxyl. Then,
T4 PNK (poly-nucleotide kinase) and 32P-ATP were used to phosphorylate the 5’- hydroxyl for
facile detection. All steps described above including washing and buffer exchange, were
performed on the Talon resin. The Piccolo NuA4 complexes were eluted by heating in protein gel
loading buffer prior to their separation by SDS-PAGE. The resulting gel was first stained by
Coomassie blue, then dried and exposed to a phosphorimager screen. DNA crosslinked to a
Piccolo NuA4 subunit should not significantly change the migration of the protein since DNase I
digestion should have greatly reduced the DNA adduct remaining on the protein.
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Figure 2-10: Experimental scheme of using 32P-postlabeling assay to detect DNA interacting

(a)

(b)

Figure 2-11: The loop region in Esa1 Tudor domain crosslinked to nucleosomal DNA
(a) Samples of 32P-postlabeling assay for Piccolo NuA4 with pBpa at Esa1 K31, Y56, Y59 and
K61 are shown in lane 1-4, respectively. The right figure is the Coomassie-stained SDS-PAGE
gel and the left figure is a radioautography picture.
(b) Radioautography picture of 32P-postlabeling assay for Piccolo NuA4 with Esa1 K61Bpa.
Samples from assays using Piccolo NuA4 with Esa1 K61Bpa are shown in lane 5-8, and sample
Samples from assays using wild-type Piccolo NuA4 (pBpa free) are shown in lane 1-4. Samples
in lane 1 and 5 were not irradiated with UV. Samples in lane 2 and 6 were irradiated with UV at
365 nm for 5 minutes. Samples in lane 3 and 7 were irradiated with UV for 10 minutes. Samples
in lane 4 and 8 were irradiated with UV for 20 minutes.
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My results show that the Esa1 subunit containing pBpa at K61 gained a 32P signal in this
assay, indicating that pBpa at K61 crosslinked to nucleosomal DNA (Figure 2-11 a). This
crosslinking appears to be specific. Firstly, the crosslinking was UV-dependent. The results in
Figure 2-11 b indicate that only pBpa-containing Piccolo NuA4 complexes crosslinked to the
DNA while the wild type Piccolo NuA4 did not. Furthermore, the signals were enhanced with
increased UV irradiation, suggesting that the 32P radioactive signal on Esa1 subunit was
dependent on UV light, rather than some other covalent linkage (Figure 2-11 b). Secondly, four
different locations were assayed and only K61Bpa crosslinked to the DNA, indicating that this
crosslinking was site-dependent (Figure 2-11 a). It is unlikely that the accessibility of Bpa to the
target DNA has prevented it from crosslinking, given that Piccolo NuA4 containing pBpa at Esa1
Y59 has the wild-type nucleosomal HAT activity and Y59Bpa successfully crosslinks to other
Piccolo NuA4 subunits (Figure 2-9). Moreover, the crosslinking signal observed did not originate
from phosphorylated Esa1 as no 32P radioactive signal was observed on either wild type Esa1 or
Esa1 containing Bpa at K61 (Figure 2-11 b, lane 1 and 5). Also, when I omitted either DNase I
or CIP in the assay, I failed to observe any signal at the desired position (data not shown),
suggesting that labeling was specific to the 5’-hydroxyl on trimmed DNA. Lastly, it was unlikely
that the signal results from K61Bpa crosslinking to the free DNA. The recombinant nucleosome
core particles used in this assay was purified by SourceQ anion-exchange chromatography, and
the result of the native gel analysis indicated that there was less than 1% of free DNA in the
recombinant nucleosome core particles (Figure 2-12 b). I assayed pBpa-containing Piccolo
NuA4 complexes with 1% free DNA, and no crosslinking was observed (Figure 2-12 a).
Therefore, the crosslinking signal observed in 32P-postlabeling assay was from the DNA in the
nucleosome core particles, rather than the free DNA.
The CIP treatment could be skipped if MNase (micrococcal nuclease) instead of DNase I
was used in the digestion, as MNase cleavage leaves a 5’-hydroxyl ends. However, I did not
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2.3.5 The Tudor domain contributes to the binding between Piccolo NuA4 and the
nucleosome
Our laboratory had previously determined that Piccolo NuA4 complex without the Esa1
Tudor domain still binds nucleosomes as assessed by gel filtration chromatography (Selleck et al.,
2005). However, it was not established whether the Esa1 Tudor domain contributes to binding
between the Piccolo NuA4 and the nucleosome core particle. I therefore examined the role of the
Esa1 Tudor domain in nucleosomal binding.
Based on the cryo-EM model of the Piccolo NuA4-nucleosome complex, the 120kD
Piccolo NuA4 complex interacts with the nucleosome core particle at multiple sites (Chittuluru et
al., 2011). To study two macromolecules that bind via multiple interaction surfaces, highly
stringent conditions are often needed to observe differences even when important interaction
surfaces have already been abolished. For example, in the studies of the interaction between
human RCC1 and the nucleosome core particle, full length R217A RCC1 binds to the
nucleosome core particles via its N-terminal tail and DNA binding loop until the concentration of
NaCl in the buffer was increased to 150mM, even though R217 is the most important residue in
the interaction between RCC1 and nucleosome (England et al., 2010). Therefore, to examine
binding of Piccolo NuA4 without its Esa1 Tudor domain to the nucleosome, more stringent
binding conditions (detergent, higher salt) were tested.
To study the binding between Piccolo NuA4 and the nucleosome core particle, I modified
the pull-down assay previously used in our laboratory (England et al., 2010). I selected StrepTactin resin instead of Talon resin for this assay due to the lower background binding observed
with Piccolo NuA4. The Strep-tag is a synthetic eight amino-acid peptide which specifically
binds Strep-Tactin, an engineered streptavidin. I included 1% Trion X-100 and 0.1% sodium
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deoxycholate in the binding buffer to reduce non-specific binding between the Piccolo NuA4
complexes and the Strep-Tactin resin. In this experiment, recombinant Xenopus nucleosome core
particles containing the Strep-tag on the H2B N-terminus were immobilized on the Strep-Tactin
resins and allowed to interact with the Piccolo NuA4 complexes. The Esa1 Tudor domain
deletion, R62A Tudor domain point mutation and the wild-type Piccolo NuA4 complexes were
examined in the pull-down assay using buffers containing 50mM, 70mM or 90mM NaCl,
respectively. Any NaCl in the Piccolo NuA4 sample buffer was taken into account prior to
adjusting the final NaCl concentrations in the binding buffer. After extensive washes, the protein
was unbound from the resin by heating in protein gel loading buffer. The elution samples were
then analyzed by an 18% SDS-PAGE gel.
In the same ionic strength binding buffer, Piccolo NuA4 with the Esa1 Tudor domain
deletion or the Esa1 R62A point mutation bound to the nucleosome less tightly than the wild type
Piccolo NuA4 did (Figure 2-8 lane 2, 6 and 10; lane 3, 7 and 11; lane 4, 8 and 12). This result
suggests that the Tudor domain, especially the loop region, contributes to the binding between
Piccolo NuA4 and the nucleosome core particles.
Considering Esa1 K61 was shown to crosslink to nucleosomal DNA (see 2.3.4), the Esa1
Tudor domain loop region I identified might directly interact with nucleosomal DNA when
Piccolo NuA4 bound to the nucleosome. Furthermore, there was almost no difference in the
amount of complex bound to the nucleosome core particles between the Tudor domain deletion
and the R62A point mutation. This might indicate that R62 plays a major role in the interaction
between Esa1 Tudor domain and the nucleosome core particles.
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Figure 2-13: Esa1 Tudor domain deletion and point mutation decreased the binding between
Piccolo NuA4 and the nucleosome in a pull-down assay
Coomassie-stained SDS-PAGE gel for immobilized nucleosome (tagged on histone H2B) pulldown assay using Piccolo NuA4 complex. The input (30%) of the recombinant Piccolo NuA4
complexes used is shown in lanes 1, 5 and 9. Samples that remained bound before elution from
the Strep-Tactin resin Sepharose by heating are shown in lanes 2-4, 6-8 and 10-12. The results for
experiment using wild-type Piccolo NuA4, Piccolo NuA4 with R62A mutation in Esa1 and
Piccolo NuA4 with the first 80 amino-acid deletion in Esa1 are shown in 2-4, 6-8 and 10-12. The
samples recovered from pull-down assays with binding and washing buffer containing 50mM are
shown in lanes 3, 7 and 10; containing 70mM in lanes 4, 8 and 11; containing 90mM in lanes 5, 9,
12.
The intensity was quantified using Quantity One (BIO-RAD). The relative intensity was
normalized by dividing the intensity of the Epl1 subunit by the intensity of STRHISNxH2B, with
wild-type Piccolo NuA4 set to 100. The relative intensity of the experiment with 50 mM NaCl is
shown in red, the relative intensity of the experiment with 70 mM NaCl is shown in blue, and the
relative intensity of the experiment with 90 mM NaCl is shown in black.
I noticed that the amounts of the histone protein in lanes were largely equal, but the
amounts of Strep-Tactin in lanes varied in the Coomassie-stained SDS-PAGE gel (Figure 2-13,
lane 6-8). Since the Strep-tagged histone H2B was non-covalently bound to the Strep-Tactin and
the Strep-Tactin was covalently crosslinked to the agarose resin, it was possible that the StrepTactin was not completely eluted from the resin while the Strep-tagged histone H2B was eluted
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completely after the resins were heated in protein gel-loading buffer. Therefore, the amounts of
histone proteins were largely equal but the amounts of Strep-Tactin were not in different lanes.
In summary, the salt-sensitivity of the Piccolo NuA4 nucleosome interaction resulting
from the Tudor domain deletion and point mutation suggests that Esa1 Tudor domain loop region
plays a role in the binding between Piccolo NuA4 and the nucleosome.

2.3.6 Tudor domain mutants have strong effects on the viability, growth rate and global
acetylation in yeast in vivo
As shown, the Esa1 Tudor domain loop region plays an important role for Piccolo NuA4
to acetylate nucleosomes in vitro, but its function in vivo was not clear. Although Esa1 Tudor
domain mutations Y56A, N60A, R62A and W66A have strong effects on the viability and growth
rates of yeast, determined using a plasmid shuffle assay (Selleck et al., 2005; Shimojo et al.,
2008), the in vivo effects of Esa1 Tudor domain mutations were not investigated further.
In the following experiment, I made mutant yeast strains integrating ESA1 containing
mutations in the Esa1 Tudor domain loop region employing the URA3-based plasmid shuffle
system. I first cloned an HA (hemagglutinin)-tagged ESA1 gene into the pRS403 plasmid, and
then integrated the linearized plasmid into the HIS3 locus of the QY118 strain. The QY118
strain’s endogenous ESA1 gene was deleted and leaving only the ESA1 gene on the URA3
plasmid. URA3 is a gene that encodes orotidine 5-phosphate decarboxylase (ODCase), which
converts 5’-FOA (fluoroorotic acid) to the toxic compound 5-fluorouracil, so URA3 plasmid
could be evicted by 5’-FOA. The positive colonies were spotted on both YPD-rich medium and
medium containing 0.1% 5'-FOA. The result showed that all 10-fold serial dilutions of strains
grew on the YPD plate while on the fluoroorotic acid plate, E65L and R62A almost ceased the
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Figure 2-15: The D64A mutant slowed yeast growth and decreased global histone H4 acetylation
(a) The yeast strain BY4741, isolated strain containing wild-type ESA1 and isolated strain
containing ESA1 D64A mutant were grown on YPAD rich medium.
(b) Western blot using anti-histone H3 antibody and anti-acetylated histone H4 antibody of the
whole cell extracts from yeast strains containing wild-type ESA1 and ESA1 D64A mutant.

2.3.7 Tudor domain mutation affects the occupancies of the HAT complex on chromatin
My in vitro results suggested that the Esa1 Tudor domain loop region contributed to the
binding of the Piccolo NuA4 and the nucleosome core particles. I was next interested to examine
whether the mutations in this loop region also affected the occupancy of the Esa1 HAT complex
on chromatin in vivo. I addressed this question using the ChIP (Chromatin Immunoprecipitation)
assay.
I chose the PYK1 (pyruvate kinase 1) and PMA1 (plasma membrane ATPase 1) loci in
this study because both are widely studied in gene regulation research as examples of
constitutively transcribed genes (Mosley et al., 2009; Rosonina et al., 2010; Goel et al., 2012).
Primers were designed to amplify the promoter and ORF (open reading frame) regions of PYK1
and PMA1 loci.
Firstly, I checked the acetylation level of histone H4 of the promoter and ORF (open
reading frame) region of the PYK1 and PMA1 genes using an anti-hyperacetylated histone H4
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antibody (Upstate). The IP percent of acetylated histone H4 was normalized to the IP percent of
histone H3, in order to account for the variations in histone levels. The values were further
normalized as the ratio to the promoter region of the wild type strain. As shown in Figure 2-16,
the histone H4 acetylation levels were significantly reduced. In the PYK1 locus, the histone H4
acetylation level at the promoter region decreased to about 24% in the D64A mutant strain, and
the acetylation at the ORF region reduced to about 21% as compared to the wild type strain. In
the PMA1 locus, the histone H4 acetylation level decreased to 9% and 36% respectively at the
promoter and ORF regions in the D64A mutant strain. These results suggest that the Esa1 Tudor
domain loop region is important for maintaining the acetylation level of histone H4 at both the
promoter region and the coding region in yeast. The results of the ChIP assays are consistent with
the western blot results which showed that the D64A mutant decreased the global H4 acetylation
level of yeast in vivo.

Figure 2-16: Esa1 D64A mutation decreases histone H4 acetylation at PYK1 and PMA1 loci
ChIP analysis of histone H4 acetylation (H4Ac) at PYK1 and PMA1 loci in wild-type strain and
Esa1 D64A mutant strain. H4Ac signals were corrected for nucleosome density by conducting
ChIP using an antibody to the core domain of histone H3. H4Ac occupancy at the promoter was
set to 1. The results of PYK1 locus is shown in the left panel, and the results of PMA1 locus is
shown in the right panel. Primer pairs directed to the regions are described in Section 2.4.9.
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Figure 2-17: Esa1 D64A mutation reduces the recruitment of NuA4/Piccolo NuA4 HAT complex
to chromatin in yeast
(a) ChIP analysis of HA-tagged Esa1 (HA-Esa1) at PYK1 and PMA1 loci in wild-type strain and
Esa1 D64A mutant strain. The columns show the IP percentages of Eaf1 at PYK1 and PMA1 loci.
The results of PYK1 locus is shown in the left panel, and the results of PMA1 locus is shown in
the right panel. Primer pair directed to the region is described in Section 2.4.9.
(b) ChIP analysis of Eaf1 in the wild-type strain and Esa1 D64A mutant strain. The columns
show the IP percentages of Eaf1 at PYK1 and PMA1 loci. The results of PYK1 locus is shown in
the left panel, and the results of PMA1 locus is shown in the right panel. Primer pair directed to
the region is described in Section 2.4.9.

Secondly, I assessed the occupancy of the HAT complexes on chromatin. I used an antiHA tag antibody (Santa Cruz) to IP HA-tagged Esa1, assaying both of the Esa1containing HAT
complexes; NuA4 and Piccolo NuA4. I also employed an anti-Eaf1 antibody (a gift from J. Cote,
Laval University, Quebec, Canada) to IP Eaf1, which only exists in the NuA4 complex but not in
Piccolo NuA4. The same HA-tag antibody was successfully used to chromatin immunoprecipitate
HA-tagged Esa1 (Reid et al., 2000), and the quality of the Eaf1 antibody in the ChIP assay was
validated by the Cote laboratory (Auger et al., 2008). As shown in Figure 2-17, the D64A
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mutation reduced the occupancies of Esa1 to about 60% at the promoter region and to about 35%
in the ORF region of PYK1 locus, and the occupancies of Eaf1 were reduced to about 64% and
about 61% at the promoter and coding region respectively. At the PMA1 loci, the occupancies of
Esa1 were decreased to about 57% at the promoter region and to about 36% at the coding region
and the occupancies of Eaf1 were decreased to about 10% and 42% at the promoter and the ORF
region respectively. The decreased occupancies in the mutant strain were not due to the lower
expression levels of Esa1 and Eaf1 protein, since Western blotting of the whole cell extract
indicated that the expression level of Esa1 and Eaf1 were about the same in both the wild type
and mutant strains (Figure 2-19). In conclusion, the D64A point mutation in the Esa1 Tudor
domain decreased the recruitment of both NuA4 and Piccolo NuA4 complexes to chromatin.

Figure 2-18: Esa1 D64A mutation decreases transcription in yeast
ChIP analysis of RNA Pol II in the wild-type strain and Esa1 D64A mutant strain. The columns
show the IP percentages of RNA Pol II at PYK1 and PMA1 loci. The results of PYK1 locus is
shown in the left panel, and the results of PMA1 locus is shown in the right panel. The primer pair
directed to the region is described in Section 2.4.9.
Moreover, I examined the transcriptional effects of the mutation in the Esa1 Tudor
domain loop region. The levels of transcription of PYK1 and PMA1 genes were determined by the
occupancy of Pol II in the ChIP assay. The antibody (8WG16, Covance) against total Pol II used
in this assay has been previously validated for ChIP experiments (Kruk et al., 2011). In Figure 218, the results showed that the IP percentages of Pol II were reduced from ~1.3% to ~0.5% in the
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PYK1 coding region, and from ~1.4% to ~0.4% in the PMA1 coding region. The IP percentages
of Pol II in the PYK1 and PMA1 coding regions are consistent with previous results (Psathas,
2009). Thus, the Esa1 Tudor domain loop region is important for regulating transcription at the
PYK1 and PMA1 genes in yeast.
In summary, my ChIP assay results suggest that the Esa1 Tudor domain loop region is
important for the occupancy of histone H4 acetylation, NuA4 and Piccolo NuA4 and Pol II
transcription in vivo in yeast.

Figure 2-19: D64A point mutation in Esa1 Tudor domain did not affect the expression of Esa1
and Eaf1 in vivo in yeast.
Western blotting of whole cell extracts prepared from the wild type and Esa1 D64A mutant
strains using the antibody described in the panel.
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2.3.8 Tudor domain mutations do not affect the integrity of the Piccolo NuA4 complex
The Esa1 Tudor domain loop region was found to be important for the Piccolo NuA4’s
enzymatic function, likely due to interactions with nucleosomal DNA. However, it remained
unclear whether the Esa1 Tudor domain loop region is also important to maintain the integrity of
the Piccolo NuA4 complex itself. Here I utilized three complementary methods to determine any
contributions of this loop in complex stability in vitro and in vivo.
Thermal stability assay can be used to examine the protein structure stability or protein-protein
interactions (Ericsson et al., 2006; Niesen et al., 2007). I employed this assay to investigate
whether the engineered Tudor domain mutations affected the integrity of the Piccolo NuA4
complex. Piccolo NuA4 complexes were incubated in the buffer with Sypro Orange dye in a realtime PCR machine. With an increase of the temperature, the subunits of the complex dissociate,
the protein subunits unfold and more protein residues become accessible to the Sypro Orange dye,
resulting in increased fluorescence. The fluorescence intensity was plotted as a function of
temperature and the Tm determined by Boltzmann fitting method. If Esa1 Tudor domain
mutations decreased the thermal stability of the complexes, a lower Tm would be observed in the
Piccolo NuA4 with the Esa1 Tudor domain mutation or deletion. No apparent difference between
the wild type and the mutant was seen indicating that the thermal stability of the complex was not
significantly altered by the Tudor domain mutation (Table 2-2; Figure 2-20).

Piccolo NuA4
wild type
R62A
H55A
N60A
L63A
∆1-80

Tm (℃)
44.3
44.8
43.8
43.6
44.1
45.5

Table 2-2: Melting temperature of Piccolo NuA4 mutants in thermal stability assay
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(a)

(b)

Figure 2-20: Melting Curves of Piccolo NuA4 complexes in the thermal stability assay
(a) Melting curve of wild-type Piccolo NuA4
(b) Melting curve of wild-type Piccolo NuA4 with Esa1 R62A mutation
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To validate this conclusion that the Esa1 Tudor domain mutation did not affect the
integrity of Piccolo NuA4 complex, I challenged the Piccolo NuA4 complexes with urea. In this
experiment, Piccolo NuA4 complexes were immobilized on Talon resins via the hexahistidine tag
on the Epl1 subunit. I applied buffers containing up to 5 M urea to wash the resin before the
remaining protein was eluted off the resin by similar buffers containing 200mM imidazole. As
shown In the Figure 2-21, in both complexes, 2 M urea was enough to dissociate the Yng2
subunit completely from the rest of the complex. This result was consistent with the a previous
finding that Esa1 did not interact with the Yng2 subunit (Boudreault et al., 2003). Moreover, the
interaction between Esa1 and Epl1 remained stable in both the wild type and mutant complexes
until 4 M urea was used. These results suggested that the Esa1 Tudor domain mutation did not
apparently affect the integrity of the Piccolo NuA4 complex in the urea assay.

Figure 2-21: R62A point mutation in Esa1 Tudor domain did not affect the integrity of the
Piccolo NuA4 complex in the urea assay
Wild-type Piccolo NuA4 and Piccolo NuA4 with Esa1 R62A mutation were bound to the Talon
resin via the hexahistidine tag on Epl1 subunit. The bound complexes were challenged by buffer
containing different concentration of urea (0-5 M). The concentration of urea is shown on the top
of the figure. The remaining protein was eluted and analyzed on SDS-PAGE gels.

To confirm that Esa1 Tudor domain mutation did not affect the integrity of NuA4
complex in vivo, I assayed the whole cell extract of both wild type and Esa1 D64A mutant strains
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by fractionation using Mono Q anion exchange chromatography. The distribution of NuA4
complex in the fractions was monitored by Western blots using anti-Eaf1 antibody and anti-Esa1
antibody. The results show that Piccolo NuA4/NuA4 complexes are eluted in fractions 24 to 28.
These results are largely consistant with the previously published results (Grant et al., 1997;
Galarneau et al., 2000). The western blots indicated there was no apparent difference of migration
of NuA4 complex in the wild-type strain and the Esa1 D64A mutant strain (Figure 2-22).
Therefore, I conclude that the Tudor domain mutation does not apparently affect the integrity of
Piccolo NuA4/NuA4 complex in vivo.
In conclusion, the Esa1 Tudor domain mutation does not affect the integrity of the
Piccolo NuA4/NuA4 complex in vivo or the Piccolo NuA4 complex in vitro.

Figure 2-22: The D64A point mutation did not affect the integrity of the NuA4 complex in vivo
Western blots using anti-Eaf1 antibody and anti-Esa1antibody for the fractions from a Mono Q
column analysis with the Ni2+-NTA agarose bound sample of yeast whole cell extract. The
fractions from wild-type yeast are shown at top and the fractions from D64A mutant yeast were
shown at bottom. The same Western blots were performed for fractions 2 to 18, and no Eaf1 or
Esa1 was detected in those fractions (data not shown).
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2.4 Material and methods

2.4.1 Cloning and Mutagenesis
Site-directed mutagenesis was performed on pST50Trc3 transfer vector carrying the Esa1
coding region. Ten ng of plasmid was linearly amplified for 18 cycles in 25μl ThermoPol buffer
(20 mM Tris-HCl pH 8.8, 10 mM (NH4)2SO4, 10 mM KCl, 2 mM MgSO4, and 0.1 % Triton X100) containing 5 pmol of each oligonucleotide primer, 250 μM dNTPs and 1 U Pfu turbo DNA
polymerase. The product was digested by 10 U of Dpn I restriction enzyme at 37℃ for 30
minutes. Two μl of the digested product were transformed into TG1 E. coli competent cells by
standard transformation protocol. The transformed cells were plated on TYE plate (1.0% bacto
tryptone , 0.5% yeast extract, 0.8% NaCl and 1.5% agar) with 100 μg/ml ampicillin and grown at
37℃ overnight. The next day, the colonies were PCR screened and re-streaked. The positive
colonies were grown in 2xTY media (1.6% bacto tryptone, 1.0% yeast extract and 0.5% NaCl)
with 50 μg/ml ampicillin overnight. Plasmid DNA was isolated by the alkaline lysis method. The
sequence of the plasmid was confirmed by restriction mapping and DNA sequencing.
The cassette carrying Esa1 coding region with desired mutation was subcloned by SacIKpnI into pST44 polycistronic expression vector. The sequence of the final plasmid was
confirmed by restriction mapping.

2.4.2 Piccolo NuA4 expression and purification
I coexpressed full length Esa1 proteins with the Yng2(1-218) and HIS-tagged Epl1(51380) truncations by polycistronic expression in BL21(DE3)pLysS E. coli to produce recombinant
Piccolo NuA4 complexes. Transformed E. coli cells were plated on TYE plate with 100 μg/ml
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ampicillin and 25 μg/ml chloramphenicol, and grown at 37℃ overnight. The next day, 3-5
colonies were picked and grown in 2xTY media (1.6% bacto tryptone, 1.0% yeast extract and
0.5% NaCl) with 50 μg/ml ampicillin and 25 μg/ml chloramphenicol at 37℃ as pre-culture until
OD600 is between 0.1 and 1.0. Five ml pre-culture was inoculated into 500 ml 2xTY media. Five
hundred microliters of 0.2M of IPTG (Isopropyl β-D-1-thiogalactopyranoside) was added to
induce the expression when OD600 was at 0.4-0.6. After growing for 3-4 hours at 37℃, the cells
were harvested in SLA3000 rotor at 7,000 rpm for 5 minutes. The cell pellet was resuspended in
P300-EDTA (50 mM sodium phosphate pH 7.0, 300 mM NaCl, 1 mM benzamidine and 5 mM 2mercaptoethanol) at the ratio of 20 ml of P300-EDTA per 1 L of culture. The resuspended cells
were flash frozen in liquid nitrogen and stored at -20℃.
The frozen cells were thawed in 30℃ water bath. The thawed whole cell extract was
sonicated with Branson Digital Sonifier (450D) at 50% power for 4 repeats of 14 pulses (0.5
second on and 0.5 second off). There was at least a one-minute incubation on ice between each
round of sonication. Soluble extract was prepared by centrifugation of the sonicated whole cell
extract in SS34 rotor at 18,000rpm for 20 minutes at 4℃.
After the centrifugation, the soluble extract was aliquoted into 50 ml Falcon tubes,
followed by incubation with 0.5ml of equilibrated Talon resin per 3.6L of culture. After at least
30 minute incubation on rotator at 4℃, the Talon resin was pelleted at 1,800rpm for 5 minutes in
tabletop centrifuge and washed with 3 times of P300-EDTA. The Talon resins were resuspended
in P300-EDTA + 15mM imidazole and were combined into one falcon tube. After 5 minute
incubation on rotator at room temperature, the Talon resins were washed one more time with
P300-EDTA+15mM imidazole before being packed into a glass chromatography column (2.5 x
10 cm, Bio-Rad). After the resin was settled and buffer was drained, additional one column
volume of P300-EDTA + 15mM imidazole was added to wash. For elution, the column was
closed at the bottom and 3 column volume of P300-EDTA + 200mM imidazole was added to
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resuspend the resin. After 5 minutes, the column was re-opened and the elution was collected.
Two more column volume of P300-EDTA+200mM imidazole was added to further elute the
protein from the resin. All the elutions were pooled.
To further purify the Piccolo NuA4 complex over SourceQ anion-exchange
chromatography, the NaCl concentration of the Talon pool was reduced to ~80mM either by
dialyzing in HEPES buffer; or the pool was directly diluted with H0 (10 mM HEPES and 5 mM
2-mercaptoethanol), until the conductivity of the pool is equal to the conductivity of H80 (10mM
HEPES, 80mM NaCl and 5 mM 2-mercaptoethanol). If the hexahistidine tag needed to be
removed, TEV (Tobacco Etch Virus) protease was added to cleave the tag. The pool was
centrifuged at 15,000 rpm for 15 minutes in SS34 rotor at 4℃ before being loaded onto the
SourceQ column. A simple gradient was used to elute the complex, and the desired fractions were
pooled based on the SDS-PAGE results. The purity of the complex after SourceQ anion-exchange
chromatography is good enough for most of the biochemical studies. The complex was finally
dialyzed into H200 (10 mM HEPES, 200 mM NaCl and 5 mM 2-mercaptoethanol) and was
concentrated with Vivaspin centrifugal concentrator (30,000 MWCO, Sartorius). Glycerol was
added to 20% before the Piccolo NuA4 complex was flash frozen and stored at -80℃.

2.4.3 HAT assay
Piccolo NuA4 complexes were diluted to 10ng/μl in 1xHAT buffer (50 mM Tris-Cl pH
8.0, 50 mM KCl, 0.1 mM EDTA, 5% glycerol). Each HAT assay was performed in parallel with
the sample from the wild type as a control. The assay was performed as described previously
(Eberharter et al., 1998). Briefly, 2 μl of diluted Piccolo NuA4 complexes were mixed into a 30
μl reaction that contained 6 μl 5x HAT buffer (250 mM Tris-Cl pH 8.0, 25% glycerol, 0.5 mM
EDTA, 250 mM KCl, and 62.5 μl/ml PSC-protector solution (Roche)), 1 mM DTT, 10 mM
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sodium butyrate, 1 mM Pefabloc SC (Roche), 1 μg recombinant Xenopus histones or nucleosome
core particles, and 0.125 μCi tritiated acetyl-CoA. The reaction mixture was incubated at 30°C
for 30 minutes. After incubation, the reaction mix was placed on ice to stop the reaction. Then, 15
μl reaction samples were spotted onto P81 phosphocellulose filters (Whatman) cut in half, and
allowed to completely air-dry. Dried filters were washed 3x 50 ml 1x wash buffer (50 mM
NaHCO3-NaCO3, pH ~9.2), rinsed in 50 ml acetone, and air-dried. The filters were placed in
scintillation vials which contain 4 ml scintillation fluid (ScintiSafe Econo F, FisherChemical).
Each vial was counted in a scintillation counter for 1 minute. HAT assay results were obtained by
calculating the ratio between the CPM of nucleosome core particles and the core histone HAT
activities. Results from the mutant complexes were calculated in relation to the wild type
complex. Data are presented as the means and standard deviations of results from at least three
independent experiments.

2.4.4 Strep-Tactin Pull-down assay
One hundred pmol of recombinant nucleosome core particles were used to immobilize on
Strep-tactin resin via Strep-tag on histone H2B in H50 pull-down buffer [20mM HEPES pH 7.5,
50mM NaCl, 100µg/ml BSA (Bovine Serum Albumin), 1% Trion X-100 and 0.1% sodium
deoxycholate]. After washing with H50 pull-down buffer twice; H50, H70 or H90 was used to
wash the resin twice to exchange the buffer respectively. After the resins were resuspended in
300µl desired binding buffer, 120 pmol of Piccolo NuA4 complexes were added, and the NaCl
concentration was adjusted to desired concentration by adding H0 buffer (20mM HEPES pH 7.5,
100µg/ml BSA, 1% Trion X-100 and 0.1% sodium deoxycholate). The total protein was eluted
from the resin by heating in 40µl protein gel loading buffer and analyzed on 18% SDS-PAGE gel.
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2.4.5 Preparation of Piccolo NuA4 containing pBpa
The TAG amber codon in Esa1 was introduced by site-directed mutagenesis. The
expression and purification of the Piccolo NuA4 complex containing pBpa was the same
described above, except some modifications. During expression, 0.135g pBpa was dissolved in
1.1ml of 1N NaOH before being added to 500ml 2xTY media. In the purification, since the purity
of the Piccolo NuA4 complexes containing pBpa was poorer than that of the regular Piccolo
NuA4 complexes, additional SourceISO hydrophobic chromatography was used to further purify
the complexes. Light exposure was minimized thorough the procedures when handling the pBpa
samples.

2.4.6 pBpa crosslinking
Thirty-seven and half pmole of Piccolo NuA4 containing pBpa was complexed with
nucleosome core particles in crosslinking buffer (20 mM HEPES pH 7.5, 50 mM KCl, 0.1 mM
EDTA and 5% glycerol) for 10 minutes at room temperature in the dark. Samples were irradiated
with UV light at a distance of 5 cm using a Spectroline Model XX-15A lamp (365 nm) in the cold
room. After UV light exposure, samples were added to SDS loading buffer and heated at 95 ℃
for 5 minutes. Proteins were separated on 18% SDS-PAGE gel. Coomassie blue staining or
Western blot was used in detection.

2.4.7 32P-postlabeling assay
Thirty-two pmole of Piccolo NuA4incorporating pBpa at K61 was complexed with
nucleosome core particles in 40 µl crosslinking buffer (20 mM HEPES pH 7.5, 50 mM KCl, 0.1
mM EDTA and 5% glycerol) for 10 minutes at room temperature in the dark. Samples were
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irradiated with UV light at a distance of 5 cm using a Spectroline Model XX-15A lamp (365 nm)
in the cold room for 20 minutes. Forty µl of T2400 (20mM Tris-Cl pH 8.0, 2.4M NaCl) and 20 µl
of Talon resin in 200 µl T1200 (20mM Tris-Cl pH 8.0, 1.2 M NaCl) were added. The samples
were rotated at room temperature for 20 minutes. The resins were washed twice with 600µl
T1200, and once with DNase I buffer (10 mM Tris-HCl pH 7.6, 2.5 mM MgCl2, 0.5 mM CaCl2).
The samples were digested by 3U DNase I in 40 µl DNase I buffer at 37℃ for one hour. After
being washed with 600µl T1200 twice, and 600µl NEB buffer 3 without DTT (50 mM Tris-HCl
pH 7.9, 100 mM NaCl, 10 mM MgCl2) once, the sample was treated with 10U CIP in 40 µl NEB
buffer 3 without DTT at 37℃ for another hour. After 2 additional washes with 600µl T1200, and
one wash with 600µl T4 PNK buffer (70 mM Tris-HCl pH 7.6, 10 mM MgCl2), the resin was
incubated with 5U T4 PNK, 0.5 µl γ-32P ATP (3000Ci/mmol, 10Ci/ml, MP Biomedical) in 40 µl
T4 PNK buffer for one hour. The resins were washed 6 times with 600µl T4 PNK buffer +
0.1mM ATP. The Piccolo NuA4 complexes were eluted by adding 20 µl of 2X protein gel
loading buffer and heating the resin at 95 ℃ for 5 minutes. The elution samples were separated by
SDS-PAGE. The gel was first stained by Coomassie blue, and then heat-dried and exposed to
phosphor screen. The phosphor screen image was scanned by Typhoon scanner.

2.4.8 Yeast strains
HA-tagged Esa1 was amplified from pBFG6 plasmid with primers containing EcoRI and
BglII sites. After digestion with EcoRI and BglII, the fragment was ligated into EcoRI-BamHI
digested pRS403 plasmid. Esa1 Tudor domain mutants were created using QuikChange sitedirected mutagenesis. pRS403 plasmids with HA-tagged wild type Esa1 or mutant Esa1 were
linearized with PstI digestion and transformed into QY118 MATa his3∆1 leu2∆0 met15∆0
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ura3∆0 esa1∆::KanMX pLP795 (ESA1 ARS/CEN URA3) by standard protocol. Correct clones
were selected on SC plates lacking histidine and uracil.
The viability tests were performed following standard procedure. Yeast strains integrated
with various HA-tagged ESA1 constructs as well as wild-type ESA1 on URA3 plasmid, were
grown overnight in YPAD medium, diluted to and optical density of 1.5. Tenfold serial dilutions
in water were spotted on both YPAD plate and YPAD plus 0.1% 5’-fluoroorotic acid plate. The
plates were grown at 30℃ for 2 to 5 days.
Yeast strains integrated with various HA-tagged ESA1 were selected from the 5’-FOA
plates in viability tests. The eviction of wild-type ESA1/URA3 plasmid was confirmed by restreak on SC plates lacking uracil. The integration was confirmed by genomic PCR and
restriction mapping.

2.4.9 Chromatin Immunoprecipitation and qPCR
One hundred ml of yeast culture (OD600 = 0.8-1.0) was crosslinked with formaldehyde
(1% v/v) for 15 minutes at room temperature and quenched by adding glycine to 125 mM for 5
minutes at room temperature. The cells were harvested by centrifugation and washed by ice-cold
STE [10mM Tris-Cl pH 8.0, 50 mM NaCl, 1mM EDTA, 0.5 mM PMSF (phenylmethylsulfonyl
fluoride) and 1 mM benzamidine-HCl]. The cells were resuspended in 0.8ml ice-cold FA-lysis
buffer [50 mM HEPES pH 7.5, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% sodium
deoxycholate, 0.2% SDS, and complete protease inhibitors (2 µg/ml leupeptin, 3 µg/ml aprotinin,
2 µg/ml pepstatin A, 1 µg/ml chymostatin, 1 mM benzamidine-HCl and 0.5 mM PMSF)] in a
bead beater tube. One ml of 0.5mm zirconia beads were added to the resuspended cells and the
tubes were placed into pre-chilled MBB-96 aluminum tube holder. The cells were broken for 3
cycles of 3 minutes beating and 3 minutes at -20℃ each time in beads beater. A 22G needle was
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used to poke a hole at the bottom of the bead beater tube and the whole cell extract was collected
by centrifuging the bead beater tube.
The whole cell extract was transferred to a 15 ml falcon tube and placed into pre-chilled
Bioruptor (Diagenode, Philadelphia PA). The whole cell extract was sonicated for 8 pulses (30
seconds on and 30 seconds off), and the chromatin was sheared into fragments averaging 150 to
500 bp in size.
In the immunoprecipitation step, 100 µl of whole cell extract was incubated with 2–4 µl
of antibody in 500 µl FA-lysis buffer containing 0.05% SDS in cold room overnight with
rotation. The next day, 40µl of 50% Protein A sepharose CL4B (GE healthcare) slurry was added
and the tubes were rotated for another 1.5-2 hour. The resins were sequentially washed by the
following buffers 2 times each:
FA-lysis buffer –SDS (50 mM HEPES/KOH pH 7.5, 150 mM NaCl, 2 mM EDTA, 1%
Triton X-100 and 0.1% sodium deoxycholate plus complete protease inhibitors);
FA-wash 2 buffer (50 mM HEPES pH 7.5, 0.5 M NaCl, 2 mM EDTA,1% Triton X-100,
0.1% sodium deoxycholate and 0.5 M PMSF);
FA-wash 3 (10 mM Tris-Cl pH 8.0, 0.25 M LiCl, 2 mM EDTA, 1% NP-40 and 1%
sodium deoxycholate);
and TE (10 mM Tris-Cl pH 8.0 and 1 mM EDTA).
The immunoprecipitated complexes were eluted and the formaldehyde crosslinking was
reversed by heating at 65℃ overnight in the elution buffer (25 mM Tris-Cl pH 7.5, 0.2 M NaCl, 2
mM EDTA, and 0.5% SDS) with 60 µg Proteinase K. The next day, the immunoprecipitated
DNA was recovered by phenol/CIA extraction and ethanol precipitation.
The immunoprecipitated DNA and input DNA were analyzed by qPCR. Real-time PCR
was performed with PerfeCTa® SYBR® Green FastMix (Quanta Biosciences) using a StepOne
Plus qPCR thermocycler (Applied Biosystems). The regions assayed by qPCR are listed as
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follows [distances to the TSS (transcription start site)]; PYK1 promoter: -275 ~ -161, PYK1 ORF:
+580 ~ +661, PMA1 promoter: -299 ~ -121 and PMA1 ORF: +1138 ~ +1219.
For the ChIP of HAT complexes and RNA polymerase II, the percent IP was calculated
by the standard curve created by input DNA. For the ChIP of histone H4 acetylation, the
percentage of IP was normalized to the percent IP of histone H3. Data are presented as the mean
and standard deviations of results from at least three independent experiments.

2.4.10 Thermal shift assay
Thirty-three pmol of Piccolo NuA4 complex in 20 µl 10mM HEPES, 150mM NaCl, 5
mM 2-mercaptoethanol and 5X Sypro Orange dye was pipetted into a real-time PCR plate. The
samples were heated from 21℃ to 91℃ with 1℃ increment each cycle, and fluorescence signals
were detected at the end of each cycle (excitation with a blue LED source and emission filtered
through a 5-carboxy-X-rhodamine (ROX) emission filter). The data were processed by Protein
Thermal Shift™ Software v1.0 (Life Technologies) using Boltzmann Fitting method. The
Boltzmann equation is ( ) = (

)+

(

)
(

(

)
)

. In this equation, F(pre) is the

fluorescence reading before the transition or melting at the start of the analysis region; F(post) is
the fluorescence reading after the transition or melting at the end of the analysis region; Tm is the
melting temperature; C is the enthalpy of the reaction. Data are fit to this equation to generate the
Tm.

2.4.11 Urea assay
Thirty pmole of Piccolo NuA4 complex was immobilized on 20 µl Talon resin in H200.
The Talon resins were resuspended in 300 µl H200 plus 0M, 1M, 2M, 3M, 4M, 5M urea, and
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then were rotated at room temperature for 5 minutes. The resins were washed twice with 300 µl
H200 plus urea before Piccolo NuA4 complex was eluted by 35 µl H200 plus urea and 200mM
imidazole. The elution was analyzed by SDS-PAGE.

2.4.12 Fractionation of yeast whole cell extract
Three liters of each wild type and D64A mutant yeast cultures of were grown at 30℃ to
OD600 about 0.8-1.0 and then the cells were harvested by centrifugation and washed with icecold STE [10mM Tris-Cl pH 8.0, 50 mM NaCl, 1mM EDTA, 0.5 mM PMSF
(phenylmethylsulfonyl fluoride) and 1 mM benzamidine-HCl]. The cells were resuspended in 20
ml ice-cold extraction buffer [50 mM HEPES pH 7.5, 350 mM NaCl, 0.1% Tween 20, 10%
glycerol and complete protease inhibitors (2 µg/ml leupeptin, 3 µg/ml aprotinin, 2 µg/ml
pepstatin A, 1 µg/ml chymostatin, 1 mM benzamidine-HCl and 0.5 mM PMSF)] . Cells were
thawed and resuspended with 20-30 ml extraction buffer. Cells were broken using 0.5 mm glass
beads in a 40-ml bead beater chamber (BioSpec Inc.) for 8 repeats of 30 seconds, with a 1 minute
break in between the beatings. Then, the whole cell extract was centrifuged at 18,000 rpm in
SS34 rotor at 4℃ for 30 minutes. The clarified whole cell extract was incubated with 5 ml of NiNTA resin on a rotator in the cold room for 2.5 hours. The resins were washed with extraction
buffer containing 20 mM imidazole, and then the bound proteins were eluted by extraction buffer
containing 300 mM imidazole. The eluted protein was directly loaded onto a Mono Q anion
exchange column which was equilibrated in buffer A (20 mM Tris-Cl, 100 mM NaCl, 10%
glycerol). The bound protein was eluted with a 20-ml salt gradient of buffer A to buffer B (20
mM Tris-Cl, 500 mM NaCl, 10% glycerol) and the elution was collected in 0.5 ml fractions. The
collected fractions were precipitated by TCA (trichloroacetic acid) and analyzed by Western blot.
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2.5 Discussion

2.5.1 Potential role for the Piccolo NuA4 Esa1 Tudor domain loop region in modulating
histone tail-nucleosomal DNA interactions
In this chapter, I identified a loop region in the Esa1 Tudor domain that is critical for
Piccolo NuA4’s nucleosomal HAT activity. This region contributed to the binding between
Piccolo NuA4 and the nucleosome, likely via interacting with the nucleosomal DNA. I noted that
the same point mutation in this region had a greater effect on the nucleosomal acetylation than
nucleosomal binding. Specifically, Piccolo NuA4 containing the Esa1 R62A point mutation only
retained about 5% of the wild-type HAT activity, while the binding between Piccolo NuA4
containing the Esa1 R62A point mutation and the nucleosome was only reduced to about 50%.
Therefore, Esa1 Tudor domain loop region mainly functioned on the catalysis of Piccolo NuA4
on the nucleosome, rather than the binding between Piccolo NuA4 and the nucleosome. Since
nucleosomal histone tails bind to nucleosomal DNA (Luger and Richmond, 1998), and the
crosslinking experiments suggested that Esa1 Tudor domain loop region interacted with the
nucleosomal DNA, I propose that Piccolo NuA4 uses the Esa1 Tudor domain loop region to pry
the histone tails away from the nucleosomal DNA on the Esa1 HAT domain by competing with
the histone tails on the DNA.

2.5.2 The point mutations of the Esa1Tudor domain loop region are severe mutations.
I confirmed that the Esa1 Tudor domain mutations affect cell viability in vivo in yeast.
Esa1 is the only essential HAT in yeast (Smith et al., 1998; Allard et al., 1999; Clarke et al.,
1999). Tudor domain point mutations in Esa1 caused the more severe phenotype compared to
MYST HAT domain point mutations in Esa1 in vivo. Each of the Esa1 Tudor domain mutations
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R62A, E65L (this work), Y56A (Selleck et al., 2005) and N60A (Shimojo et al., 2008) induced
lethality in yeast. However, either E338Q point mutation in Esa1 HAT domain only affected the
growth rate, not the viability of yeast, although E338 is the most critical residue for the catalysis
and E338Q mutant greatly reduced the HAT activity of Esa1 both in vivo and in vitro (Berndsen
et al., 2007; Decker et al., 2008). Therefore, the loop region in Esa1 Tudor domain played an
important role for cell viability.
The loop region in Tudor domain might also have an important function on Esa1’s
activity on non-histone substrates. Thirteen nonchromatin substrates of Esa1 were identified by a
protein acetylation array approach (Lin et al., 2009). For example, Esa1 acetylates Pck1 enzyme
(phosphoenolpyruvate carboxykinase) and the acetylation is crucial for its function of glucose
metabolism and the life span of yeast cells. Thus, it might be worthwhile to investigate the
function of the Esa1 Tudor domain loop region on these nonchromatin substrates to determine if
this activity contributes to the lethality of Esa1 Tudor domain mutant strains.

2.5.3 It is not clear whether the Esa1 Tudor domain loop region interacts with the histone
protein
My results that the loop region failed to crosslink to the histone protein cannot exclude
the possibility that the loop region interacts with the histone protein weakly. There are limitations
in the crosslinking assay. First of all, pBpa is not a very active crosslinker and it is reported that
the same crosslinking assay produced different results by using different crosslinkers (Tate et al.,
1998). Secondly, I chose 4 positions within or near the loop region to incorporate the pBpa into.
Although none of them crosslinked to the histone proteins, it did not exclude the possibility that
some other position near this region could crosslink. Therefore, it might be worthwhile to repeat
the crosslinking experiments by incorporating different kinds of crosslinkers at different positions.
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Since the 7 Å-long pBpa crosslinks to the nucleosomal DNA, this loop region could possibly
crosslink to histone protein when a crosslinker with a longer arm is used.

2.5.4 The Esa1 Tudor domain loop region might interact with RNA in vivo
It has been shown that Esa1 Tudor domain binds to RNA [poly(U), Kd = ~30 µM], and
the point mutation in the same loop region I identified greatly affects the interaction between
Esa1 Tudor domain and RNA (Shimojo et al., 2008). However, it seems unlikely this can explain
the effects I observed. The mutant recombinant Piccolo NuA4 shows a strong defect in in vitro
HAT assays without RNA present. In addition, RNase was added in the HAT assays to remove
the any possible contaminated RNA from E. coli. No difference was observed in assays with or
without RNase added. These in vitro results do not support the hypothesis that the Esa1 Tudor
domain functions by interacting with RNA. However, the possibility of the Esa1 Tudor domain
interacting with RNA in vivo cannot be excluded. RNA-IP followed by microarray or RNA sequencing could be performed in yeast to address this question. In this experiment, protein /RNA
interactions are fixed as in a ChIP experiment, and then Piccolo NuA4/NuA4 is
immunoprecipitated via the tag on Esa1. The immunoprecipitated product is digested with
RNase-free DNase to remove the DNA. Then the RNA could be either reverse transcribed into
DNA, and that DNA sequence and the amount can be assayed by high-through sequencing or by
microarray analysis. Thus, the question of whether Piccolo NuA4/NuA4 interacts with RNA and
whether Esa1 Tudor domain mutation affect the enrichment of the RNA that Piccolo NuA4/NuA4
interacts could be addressed.
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2.5.5 The Tudor domain of Esa1 interacts with the nucleosomal DNA
The result that the loop region of Esa1 Tudor domain is important for Piccolo NuA4
binding to the nucleosome core particles is consistent with the results observed for the MOF HAT
subunit. MOF is a homolog of Esa1 in Drosophila and it contains a chromo barrel domain near
the N-terminus and a MYST HAT domain near the C-terminus. MOF is a subunit of the MSL
(male-specific lethal) complex which acts on H4K16 and is involved in X-chromosome dosage
compensation and autosomal transcription regulation in Drosophila. It has been reported that the
chromo barrel domain of MOF in the MSL HAT complex interacts with RNA (Akhtar et al.,
2000). Recently, the Akhtar group investigated the function of the MOF chromo barrel domain in
the MOF/MSL1/MSL3 trimeric complex. The results indicated that the chromo barrel domain,
particularly the same loop region as I identified in the Esa1 Tudor domain, interacts with the
nucleosomal DNA. Point mutation in the loop region also decreased the MSL complex’s HAT
activity on the nucleosome in vitro and affected the occupancy of H4K16Ac and the MSL
complex on chromatin in vivo (Conrad et al., 2012). These results which are very similar with my
results of Esa1 Tudor domain loop region in Piccolo NuA4 suggest that the function of this loop
region I identified might be shared among ‘Royal family’ domains.
Moreover, our cryo-EM structure in collaboration with the Asturias laboratory suggests
multiple interactions between the nucleosomal DNA and the Piccolo NuA4 complex. However,
which part of the Piccolo NuA4 complex interacts with the nucleosomal DNA is not clear.
Crosslinking followed by mass spectrometry is used to study protein-protein interaction and
protein-DNA interaction (Toth and Biggin, 2000; Geyer et al., 2004; Pingoud et al., 2005; Singh
et al., 2010; Rappsilber, 2011). In this case, protein-DNA crosslinking could be introduced by
adding non-specific cross linker (e.g., formaldehyde, acrolein and glutaraldehyde) or by
incorporating a nucleotide analog containing photo-crosslinking group (e.g., bromo, aryl azide
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and benzophenone) in the nucleosomal DNA (Tate et al., 1998). After crosslinking, the complex
is disrupted and the crosslinked DNA is digested by DNase. The DNA-interacting surface of the
Piccolo NuA4 complex can be mapped by assaying where the residual DNA is by mass
spectrometry. The protein-protein interaction of the Piccolo NuA4 and the nucleosome core
particle could also be investigated by the similar methods.

2.5.6 The in vivo effects of the Esa1 Tudor domain loop region mutation in yeast
The Western blot result showed that the global level of histone H4 acetylation was
decreased in Esa1 D64A strain (Figure 2-15 b). To assess the effects across genes, I used ChIP to
demonstrate a five-fold reduction in the level of acetylation both at the promoter and within the
ORF region of the PYK1 and PMA1 loci.
The ChIP assay of the NuA4/Piccolo NuA4 HAT complexes showed that recruitment of
the HAT complexes was also reduced. These effects could be due to a combination of the
following. First of all, accessibility of chromatin is decreased by the reduction of histone
acetylation (Gorisch et al., 2005).The decrease in histone H4 acetylation by Esa1 D64A mutation
could affect accessibility of the HAT complexes to the ChIP antibody. Secondly, the D64A point
mutation in Esa1 Tudor domain could interfere with the binding between Piccolo NuA4 or NuA4
and chromatin since the Esa1 Tudor domain was shown to contribute to the binding between
Piccolo NuA4 and the nucleosome in in vitro pull-down assay.
I observed that at the promoter region of PMA1 locus, the Eaf1 occupancy was
significantly reduced compared to the occupancy of Esa1, while at the rest of regions I assayed,
the changes of occupancy were comparable. The greater reduction of Eaf1 suggested that the
recruitment of NuA4 was more affected than the recruitment of Piccolo NuA4 at the promoter of
PMA1 locus. Alternatively, it is possible that the impaired histone acetylation decreased the
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chromatin accessibility and the immunoprecipitation efficiency of Esa1 was less affected.
Immunoprecipitation of Esa1 was through an HA-tag on Esa1. The six tandem HA epitope tags
would likely have a better chance to be exposed to the antibody compared to the unknown epitope
of Eaf1 when the chromatin accessibility is decreased.
The recruitment of NuA4/Piccolo NuA4 complexes to chromatin in vivo and the binding
of Piccolo NuA4 to the nucleosome core particles in vitro were both reduced due to the Esa1
Tudor domain mutation. However, these two results were not quantitatively comparable due to
the following reasons. Firstly, the complexes assayed in vivo and in vitro were different. In the
ChIP assay, the recruitment of NuA4 alone (via Eaf1 antibody) and the total recruitment of NuA4
and Piccolo NuA4 (via HA antibody through Esa1 subunit) were measured. In vitro, only Piccolo
NuA4 was assayed in the binding experiment. Secondly, recruitment of NuA4/Piccolo NuA4 to
chromatin could be influenced by multiple parameters in vivo, while in the pull-down assay were
performed under well-defined conditions in vitro. Thus the in vitro pull-down assay might only
reflect some but not all features of NuA4/Piccolo NuA4-chromatin interactions.
The transcription level (the occupancy of Pol II) in Esa1 D64A mutant strain was reduced
at both PYK1 and PMA1 loci, which could be caused by a combination of reasons. First of all, the
histone H4 acetylation is important for recruitment of chromatin remodelers to the promoter. It
has been reported that SWR1 and SWI/SNF bind to the acetylated histone through their
bromodomain-containing subunits (Hassan et al., 2001; Hassan et al., 2002; Altaf et al., 2010).
The chromatin remodelers are important for opening the chromatin, recruiting general
transcription factors and initiating transcription. Secondly, the acetylation of histone H4 and
histone H2A by NuA4 is critical for the incorporation of H2A.Z into chromatin by the chromatin
remodeler complex SWR1 (Keogh et al., 2006; Durant and Pugh, 2007; Auger et al., 2008; Altaf
et al., 2010). Moreover, the acetylation of H2A.Z by NuA4 is shown to be important for gene
activation (Babiarz et al., 2006; Keogh et al., 2006; Millar et al., 2006). Thirdly, in the coding
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regions, nucleosome acetylation by NuA4 stimulates the activity of nucleosome remodeler, RSC
and SWI/SNF, which evicted the nucleosomes and enhanced the rate of Pol II elongation (Carey
et al., 2006; Ginsburg et al., 2009).
Therefore, Esa1 Tudor domain plays a very important role in gene transcription in yeast.

2.5.7 The loop region in Esa1 Tudor domain might experience a conformation change
during the acetylation
The pull-down and crosslinking results suggest that the Esa1 Tudor domain is important
for Piccolo NuA4 to bind to the nucleosome, and it is likely that the loop region interacts with the
nucleosome core particle directly. However, in the cryo-EM analysis of Piccoo NuA4 deletions,
some densities disappeared when the Esa1 Tudor domain was deleted (Figure 2-23 d, e)
(Chittuluru et al., 2011). After I aligned the cryo-EM models of wild-type Piccolo NuA4 (v55),
Piccolo NuA4 with Esa1 Tudor domain deletion and Piccolo NuA4/nucleosome complex (Figure
2-23 a, b, c), the disappeared densities are distant from the nucleosome. The simplest
explaination is that the disappeared densities are from the deleted Esa1 Tudor domain, indicating
that the Esa1 Tudor domain is distant from the nucleosome. But, it is possible that deleting the
Esa1 Tudor domain changes the structures of some other regions of Piccolo NuA4, and the
disappeared densities are not from the Esa1 Tudor domain.
It is also possible only a certain conformation is favored and observed under the
conditions required for the cryo-EM sample preparation. The Esa1 Tudor domain could still make
contacts with the nucleosome in some other conformational state allowing enzymatic activity.
This conformational change could be so transient that cryo-EM was unable to capture the contact
between Esa1 Tudor domain and nucleosome. smFRET studies might be able to provide more
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information on whether the Tudor domain experiences conformational changes during its
acetylation of the nucleosome (see detail in 5.1.3)
(a)

(b)

(c)

(d)

(e)

Figure 2-23: Mapping Esa1 Tudor domain in Piccolo NuA4/nucleosome complex by cryo-EM
(a) Cryo-EM structure of Piccolo NuA4/nucleosome complex
(b) Cryo-EM structure of Piccolo NuA4/nucleosome complex after masking out the density of the
nucleosome core particle
(c) Cryo-EM structure of Piccolo NuA4 alone
(d) Cryo-EM structure of Piccolo NuA4 v14 (with Esa1 Tudor domain deleted)
(e) Cryo-EM structure of Piccolo NuA4 alone. Comparing to Piccolo NuA4 v14, the additional
density observed in the Piccolo NuA4 v55 class average is highlighted by red arrowheads
(Chittuluru et al., 2011)
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Chapter 3
Mechanism of N-terminal Region of Epl1 EPcA domain in Piccolo NuA4
Acting on the Nucleosome

3.1 Abstract
Epl1 is the largest subunit of Piccolo NuA4, and it bridges Esa1 and Yng2 subunits. The
N-terminal region of the EPcA domain in Epl1 was shown to be important for Piccolo NuA4
binding to the nucleosome. I further identified that residues R58 and K59 in the N-terminal region
of EPcA domain are critical for Piccolo NuA4’s nucleosomal HAT activity by site-directed
mutagensis. The pull-down experiments indicate that the N-terminal region of EPcA domain
contributes to the binding between Piccolo NuA4 and the nucleosome. After I found that the
native cysteines in Piccolo NuA4 were not reactive, I conjugated crosslinker via the sitespecifically introduced cysteines. I then employed a label transfer assay to determine that the
N-terminal region of the EPcA domain is in close proximity to nucleosomal DNA and the histone
H2A N-terminal tail.
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3.2 Introduction
PcG (polycomb group) genes in Drosophila are homeotic switch gene regulators that
maintain homeotic gene repression (Lewis, 1978; Denell and Frederick, 1983). The E(Pc)
(Enhancer of polycomb) gene was first discovered in Drosophila (Sato et al., 1983). E(Pc) genes
are classified as a special group of PcG genes because mutations of E(Pc) genes do not by
themselves have a homeotic phenotype (Sato et al., 1983), but rather enhance the phenotypes of
PcG gene mutations (Cheng et al., 1994; Campbell et al., 1995).
E(Pc) genes are conserved in eukaryotes (Stankunas et al., 1998). The yeast E(Pc) gene,
Epl1, (Stankunas et al., 1998) codes for an 833 amino acid protein, significantly smaller than the
Drosophila ortholog (2023 aa.). The conserved EPcA and EPcB domains are located in the Nterminal part of Epl1 (Figure 3-1 a).
Epl1 is essential for cell cycle progression and global histone H4/H2A acetylation
(Galarneau et al., 2000; Boudreault et al., 2003). Mutations in Epl1 cause sensitivity to DNAdamaging agents, defects in gene-specific transcription and suppression of the telomere-position
effect in yeast (Boudreault et al., 2003).
Epl1 is a subunit of NuA4 and Piccolo NuA4 HAT complexes (Galarneau et al., 2000;
Boudreault et al., 2003). In the NuA4 complex, the N-terminal region of Epl1 bridges Esa1, Yng2
and Eaf6 while the middle region interacts with the rest of the NuA4 complex (Figure 3-1 a)
(Boudreault et al., 2003). Deletion analysis suggests that the N-terminal region of the EPcA
domain of Epl1 is sufficient for Piccolo NuA4’s nucleosomal HAT activity (Selleck et al., 2005),
as well as its binding to the nucleosome core particle, while the C-terminal region shows no
nucleosomal binding in similar investigations (Chittuluru et al., 2011).
Residues 160 to 280 of Epl1 are predicted to form a right-handed orthogonal bundle
involved in protein-protein interaction, while the remainder of the Epl1 N-terminus (1-160 and
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280-330) are thought to be unstructured (Perry, 2006) (Figure 3-1 b). The mechanism of action
of the N-terminal region of Epl1 EPcA domain within the Piccolo NuA4 complex remained
elusive. In this work, I studied the function of the Epl1 EPcA domain in nucleosomal acetylation
in the context of the Piccolo NuA4 complex.

(b)

(a)

(c)

Figure 3-1: Introduction of Epl1 EPcA domain
(a) Schematic shows the regions for known Epl1 binding interactions (Chittuluru et al., 2011)
(b) Diagram of predicted EPcA domain (Epc-N domain) (Perry, 2006)
(c) Electrophoretic mobility shift assay indicating that Epl1 residues 51-71 are required for the
binding between Piccolo NuA4 and the nucleosome (Chittuluru et al., 2011).
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3.3 Results

3.3.1 Residues in the Epl1 N-terminal region are important for Piccolo NuA4’s nucleosomal
HAT activity
In a previous study from our laboratory, the Epl1 N-terminal region (the first twenty
amino acids of the EPcA homology region) was found to be important for Piccolo NuA4’s
nucleosomal HAT activity (Selleck et al., 2005). Recently EMSA (Electrophoretic Mobility Shift
Assay) results from Jacque Cote’s laboratory using Piccolo NuA4 complexes I purified suggested
the Epl1 N-terminal EPcA region was also important for the Piccolo NuA4-nucleosome core
particle interaction (Chittuluru et al., 2011). To further examine which residues in the Epl1 Nterminal region were important for Piccolo NuA4’s nucleosomal HAT activity, I performed
alanine scanning mutagenesis by QuikChange site-directed mutagenesis of residues in Epl1 EPcA
domain and tested the HAT activity of each mutant.
I made mutant Piccolo NuA4 complexes containing R54A, R56A, R58A, K59A, K63A
and K67A changes in the Epl1 N-terminal region in my first round of mutagenesis screening
(Figure 3-3, Table 3-1). These candidates were selected to test the hypothesis that these basic
residues might be important for the Epl1 N-terminal region to interact with the nucleosome
(Figure 3-2). A preferred HAT activity of Piccolo NuA4 complex on the nucleosome core
particles over free histones was measured in this study, as previously discussed for the Esa1
Tudor domain mutagenesis studies (section 2.3.2).

Figure 3-2: Alignments of the sequences of the N-terminal region of Epl1 EPcA domain
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Figure 3-3: Effect of Epl1 EPcA N-terminal domain point mutations on Piccolo NuA4’s
nucleosomal HAT activity
The nucleosomal HAT activity of Piccolo NuA4 with point mutations in N-terminal region EPcA
domain was calculated by dividing the HAT activity on nucleosomes by the HAT activity on free
histones, with Piccolo v55 set to 1.0. Piccolo complexes that lost at least 75% in nucleosomal
HAT activity are in red, lost 50%-75% in nucleosomal HAT activity are in orange and retain
more than 50% in nucleosomal HAT activity are in green.
Piccolo
NuA4

Epl1
mutations

histone HAT
activity

nucleosome HAT
activity

v55
v163
v176
v164
v177
v165
v166
v174
v178
v179
v175

R54A
F55A
R56A
H57A
R58A
K59A
K63A
Q64A
H65A
K67A

1051 ± 134
569 ± 16
690 ± 65
763 ± 22
535 ± 56
800 ± 38
502 ± 107
618 ± 126
556 ± 53
728 ± 81
909 ± 108

6206 ± 268
2996 ± 430
1581 ± 236
3012 ± 650
2877 ± 382
246 ± 12
509 ± 147
2370 ± 679
2067 ± 225
2071 ± 301
4570 ± 100

preference for
nucleosomes
relative to v55
1.00 ± 0.11
0.88 ± 0.14
0.42 ± 0.04
0.66 ± 0.18
0.97 ± 0.32
0.05 ± 0.01
0.19 ± 0.10
0.63 ± 0.17
0.65 ± 0.11
0.47 ± 0.13
0.81 ± 0.12

Table 3-1: Effect of Epl1 EPcA N-terminal domain point mutations on Piccolo NuA4’s
nucleosomal HAT activity.
Histone HAT activity, nucleosome HAT activity and the preference for nucleosome relative to
wild-type Piccolo NuA4 (v55) of Piccolo NuA4 containing Esa1 Tudor domain mutation are
shown in this table. The CPM (counts per minute) for histone HAT activity and nucleosome HAT
activity are listed, and the preferential HAT activity for nucleosomes was calculated by dividing
the HAT activity on nucleosomes by the HAT activity on free histones, with wild-type Piccolo
NuA4 (v55) set to 1.0.
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My results indicate that arginine 58 and lysine 59 are the most important ones among
these basic residues for Piccolo NuA4’s nucleosomal HAT activity. The R58A single mutation
decreased Piccolo NuA4’s nucleosomal HAT activity to ~5% of that of the wild type complex.
Lysine 59 was also important since Piccolo NuA4 with a singly K59A mutation in Epl1 had only
~20% of the nucleosomal HAT activity remaining. In contrast, Piccolo NuA4 complexes with the
other alanine mutations (R54, R56, K63 and K67) still retained more than 60% of their
nucleosomal HAT activity.
To further explore the other residues in this region, I performed a second round of
mutagenesis. I made Piccolo NuA4 complexes with F55A, H57A, Q64A and H65A point
mutations and assayed their nucleosomal HAT activities (Figure 3-3, Table 3-1). The results
revealed that F55A and H65A had moderate effects since they decreased the nucleosomal HAT
activity to 40%-50%, while Piccolo NuA4 complexes with H57A and Q64A retained more than
60% of their activity.
In summary, residues R58 and K59 in Epl1 N-terminal region are the most important of
the positions examined for the Piccolo NuA4 HAT complex to act on nucleosome core particles.
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3.3.2 The native cysteines in Piccolo NuA4 are not reactive
I utilized a photo-crosslinking method to study whether the N-terminal region of Epl1
interacted with component of the nucleosome. In my work on the Esa1 Tudor domain (Chapter 2),
I employed pBpa (p-benzoyl-phenylalanine) as the crosslinker in the interaction study, but there
were several disadvantages to its use. Firstly, benzophenone is not a very active crosslinker (Tate
et al., 1998). Secondly, since the crosslinker is incorporated during protein expression and protein
was purified with multiple steps, it was more likely to be exposed to light. Thirdly, the purity of
the Piccolo NuA4 complex containing pBpa was poor and the yield of the complex was low
(Figure 2-8 b and Figure 2-11 a). Thus I decided to investigate the possibility of conjugating the
crosslinker via site-specific cysteine incorporation.
There are 13 cysteines in the Piccolo NuA4 complex (7 in Esa1, 4 in Epl1 and 2 in Yng2).
I utilized a multi site-directed mutagenesis procedure to mutate all the cysteines to serine in each
of the subunits, and then purified the complexes and assayed their HAT activities. The results of
these assays suggest that the cysteines in Epl1 and Yng2 were not critical as the complexes with
mutations (cysteine to serine) in Epl1 and Yng2 retained their nucleosomal HAT activity as
compared to the wild type complex (data not shown). However one or several cysteines in Esa1
were important for protein folding because Piccolo NuA4 complexes aggregated on the Talon
resin during the affinity purification when cysteines in Esa1 were mutated to serine.
As the two cysteines in Yng2 are not critical, I employed QuikChange site-directed
mutagenesis to mutate E143, K246 and K353 of Epl1; E37, R99 and R167 of Yng2; K217, E282
and E407 of Esa1 to cysteine in cysteine-free Yng2 Piccolo NuA4, respectively. I tested whether
the cysteines in Esa1 and Epl1 are reactive and whether the introduced cysteines can be
conjugated specifically. The cysteines-free Yng2 served as a negative control of maleimide
conjugation. The Esa1 HAT domain residues I selected were assessed to be solvent accessible,
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based on analysis of the crystal structure by the CCP4 (Collaborative Computational Project No.
4) SURFACE software package (1994). In Epl1 and Yng2, I chose residues which were predicted
as surface residues by Jpred, a secondary structure prediction server (Cole et al., 2008).
Maleimide reacts specifically with the sulfhydryl group and can be used to detect solvent
accessible cysteines. I used the Alexa Fluor 647 maleimide to react with Piccolo NuA4
complexes with and without engineered cysteines. Fortunately, I found that the native cysteines
of Esa1 and Epl1 in Piccolo NuA4 are not reactive. The result indicated that signals from 8 out of
9 introduced cysteines were at least 10-fold stronger than the background signal on the subunits
(Figure 3-4 a), and only the E282C was not labeled. Interestingly, E282 was fully accessible in
the crystal structure of the Esa1 HAT domain. It is possible that Esa1 or another subunit of the
Piccolo NuA4 complex might block the E282 residue from reacting with the Alexa Fluor 647
maleimide.
To assay whether the cysteines in Yng2 are solvent accessible, I performed the same
conjugation experiments with wild-type Piccolo NuA4 (with native cysteines in Yng2), Piccolo
NuA4 with V62C and K63C mutation in Epl1 (Figure 3-4 b). The result indicates that the
cysteines in Yng2 are not solvent accessible, as the intensity of AlexaFluor 647 on Yng2 with
native cysteines is similar to the intensity of Yng2 without cysteine (Figure 3-4 a, lane 1; Figure
3-4 b, lane 1). The results also suggest that the introduced cysteines at Epl1 V62 and K63 can be
conjugated by maleimide specifically.
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(a)

(b)

Figure 3-4: The Piccolo NuA4 complex can be conjugated site-specifically through cysteine
incorporation.
(a) SDS-PAGE gel for assaying the conjugation of maleimide to introduced cysteine of Piccolo
NuA4. Piccolo NuA4 with E143C, K246C and K353C mutations in Epl1 are shown in lane 2-4,
respectively. Piccolo NuA4 with E37C, R99C and R167C mutations in Yng2 are shown in lane 57, respectively. Piccolo NuA4 with K217C, E282C and E407C mutations in Esa1 are shown in
lane 8-10, respectively. Piccolo NuA4 containing cysteine-free Yng2 is shown in lane 1.
Left panel is the picture of fluorescence imaging. The intensities of the conjugated AlexaFluor
647 are quantified by ImageQuant (Molecular Dynamics), and are shown on the bottom of the gel.
The background signal from Yng2 in lane 1 is set to 1. Right panel is the same gel stained by
Coomassie-blue.
(b) Fluorescence imaging of SDS-PAGE gel for assaying the conjugation of maleimide to wildtype Piccolo NuA4, Piccolo NuA4 with V62C and K63C mutations in Epl1 is shown. The
intensities of the conjugated AlexaFluor 647 are shown on the bottom of the gel. The background
signal from Esa1 in wild-type Piccolo NuA4 is set to 1.
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The background signal was not from the conjugation of Alexa Fluor 647 maleimide to the
cysteine residue since there was still some signal on the Yng2 subunit, from which all the
endogenous cysteines were removed (Figure 3-4 a, lane 1). The background signal was likely
due to a side reaction between maleimide and lysine residues (Smyth et al., 1964; Cobb and Beth,
1990; Jacobs et al., 2007).
In the experiments shown in Figure 3-4, I used a large excess (230-fold) of Alexa Fluor
647 maleimide to conjugate with Piccolo NuA4. This test suggests that conjugation of Alexa
Fluor 647 maleimide to an engineered cysteine Piccolo NuA4 was specific enough for the
crosslinking experiment because only equal molar ratio would be used in conjugating the
crosslinker to the Piccolo NuA4 complex.
Therefore, native Piccolo NuA4 does not contain reactive cysteine side chain and reactive
cysteine can be introduced for site-specific conjugation with functional groups such as for
crosslinking studies.

118
3.3.3 Epl1 N-terminal region is in close proximity to the histone H2A tail region
I used a label transfer assay to investigate whether the N-terminal region of Epl1 in
Piccolo NuA4 is in close proximity to histone proteins. I choose Mts-Atf-Biotin as the photo
crosslinking label transfer reagent for this study as it was successfully utilized to study proteinprotein interactions (Layer et al., 2007; Chahal et al., 2009; Padrick et al., 2011). Mts-Atf-Biotin
has three functional groups (Figure 3-5 a). The methanethiosulfonate (Mts) group reacts to form
a disulfide bond with the sulfhydryl group of the cysteine residue introduced into the bait protein.
This disulfide can subsequently be cleaved by a reducing agent. The perfluorophenylazide (Atf)
group can be activated using UV irradiation at 300 nm to crosslink to protein or DNA within 11
Å. Mts-Atf-Biotin was site-specifically conjugated to the Piccolo NuA4 via introduced cysteine
and the Mts-Atf-Biotin-labeled Piccolo NuA4 was reconstituted with the nucleosome. After UV
irradiation, the Atf group presumably crosslinked to the target protein, and then a reducing agent
was added to cleave the disulfide bond of the Mts group. This resulted in the biotin group being
transferred from the bait protein (Epl1) to the target protein, allowing detection of the target
protein by streptavidin-HRP (Horseradish Peroxidase) and ECL (enhanced chemiluminescence).
I expressed and purified Piccolo NuA4 complexes with V62C and K63C single mutations
in Epl1, and then conjugated the Mts-Atf-Biotin to the Piccolo NuA4 complexes by incubating
them together at equal molar ratio. Dot blot results using streptavidin and chemilluminescence to
detect the biotin group suggested that the conjugation was significantly preferred on the
complexes with introduced cysteines (Figure 3-5 b). To rule out the possibility that the Mts-AtfBiotin conjugate affects the binding between Piccolo NuA4 and the nucleosome core particle, I
confirmed that the Piccolo NuA4 complex containing Mts-Atf-Biotin on Epl1 K63 bound to both
tailed and tailless nucleosome core particles under crosslinking conditions using EMSA
(Electrophoretic Mobility Shift Assay) (Figure 3-6).
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(a)

(b)

(c)
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Figure 3-6: Mts-Atf-Biotin labeled Piccolo NuA4 complex bound to the nucleosome core
EMSA followed by Western blot using HRP-Streptavidin and ECL shows that Piccolo NuA4
containing Mts-Atf-Biotin at Epl1 K63 binds to the nucleosome. Samples of assays with tailed
nucleosome are shown in lane 1 and 2. Samples of assays with tail-less nucleosome are shown in
lane 3 and 4. Samples of controls which without nucleosome added are shown in land 5 and 6.
Samples for assays using 20.5 pmol of Mts-Atf-Biotin labeled Piccolo NuA4 are shown in lane 1,
3 and 5. Samples for assays using 41 pmol of Mts-Atf-Biotin labeled Piccolo NuA4 are shown in
lane 2, 4 and 6.

Figure 3-7: Mts-Atf-Biotin on K63C crosslinked to histone proteins
Western blot using HRP-Streptavidin and ECL for label transfer assays using Mts-Atf-Biotin
labeled Piccolo NuA4. Samples for assays using Mts-Atf-Biotin labeled Piccolo NuA4 via Epl1
V62C mutant are shown in lane 1, 3 and 5. Samples for assays using Mts-Atf-Biotin labeled
Piccolo NuA4 via Epl1 K63C mutant are shown in lane 2, 4 and 6. Samples which were
irradiated with UV at 300nm were shown in lane 1-4. Samples which were not irradiated with UV
are shown in lane 5 and 6. Samples for assays with nucleosome core particles present are shown
in lane 1, 2, 5 and 6. Samples for assays without nucleosome core particles present are shown in
lane 3 and 4.
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In the label transfer experiment, I detected two bands in lane 2 which indicated that MtsAtf-Biotin conjugated on K63 transferred the biotin group to histones proteins (Figure 3-7).
Based on their electrophoretic mobility, the upper and darker band was either histone H2A or
histone H2B, and the lower and lighter band was histone H4. This crosslinking was site-specific
since Mts-Atf-Biotin on V62, the neighboring residue, did not transfer the biotin to histones. The
negative result from V62 crosslinking also confirms that the transferred biotin signal was not
from non-specific conjugated Mts-Atf-Biotin somewhere else on the Piccolo NuA4 complex. The
negative result of the control experiment without UV irradiation indicates the crosslinking
detected was UV-dependent (Figure 3-7, lane 2). Last but not least, the negative result of the
control experiment without nucleosome core particles (Figure 3-7, lane 6) proves that the bands
migrating at the histone protein positions are not degradation products of the subunits of the
Piccolo NuA4 complex, and that the crosslinking was nucleosome-dependent. Therefore, K63 of
Epl1 N-terminal region in the Piccolo NuA4 complex is in close proximity (within 11 Å) to
histone components of the nucleosome core particle.
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Figure 3-8: Mts-Atf-Biotin on K63C crosslinked to histone H2A tail region
Western blot using HRP-Streptavidin and ECL for label transfer assays using Mts-Atf-Biotin
labeled Piccolo NuA4 via Epl1 K63C. Sample for assay using recombinant Xenopus nucleosome
core particles is shown in lane 1. Sample for assay using recombinant Xenopus tail-less
nucleosome core particles is shown in lane 2. Sample for assay using recombinant yeast
nucleosome core particles is shown in lane 3. Left panel shows Ponceau Red stained membrane
and the right panel shows the chemilluminescence of the same membrane detected on the film.
To clarify which histone and to further determine what histone regions are in proximity to
the N-terminal region of Epl1, I repeated the label transfer experiments using a recombinant
tailless Xenopus nucleosome core particle (tails from each of the four histones removed) and a
yeast nucleosome core particle. The experiments on the tailless nucleosome tested whether the
tail region or the core region of the histone proteins crosslinked to the Piccolo NuA4 Epl1 subunit.
Yeast nucleosome particles were used because in contrast to Xenopus H2A and H2B, yeast
histone H2A and histone H2B are clearly resolved on an SDS-PAGE gel. When using the yeast
nucleosome core particles, Mts-Atf-Biotin on K63 of Epl1 transferred to yeast histone H2A but
not histone H2B (Figure 3-8, lane 3 Ponceau Red stain and streptavidin-HRP detection). I also
found that Mts-Atf-Biotin-conjugated Piccolo NuA4 complexes failed to transfer biotin to tailless
histone H2A (13-119), but the biotin was still transferred to tailless histone H4 (20-102) (Figure
3-8, lane 1 and 2; Figure 3-9, lane 1 and 4). Therefore, the N-terminal region of Epl1 in Piccolo
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NuA4 complex appears to be close to histone H2A tail region (either N-terminal or the Cterminal) as well as the histone H4 core region.
I next focused on investigating the crosslinking between Mts-Atf-Biotin on Epl1 K63 in
the Piccolo NuA4 complex and histone H2A in the nucleosome core particle since the
crosslinking between Epl1 K63 and histone H2A was much stronger than that of histone H4. To
further distinguish whether the N-terminal (1-12) or C-terminal (120-130) region of H2A was
crosslinked, I made recombinant nucleosome core particles with H2A N-terminal tail and Cterminal tail deletions, respectively, and repeated the photo-crosslinking label transfer assay. In
Figure 3-9, the signal from the biotin group disappeared when the N-terminal tail was deleted,
while the signal was maintained when the C-terminal tail-deletion was used. Therefore, the Epl1
N-terminal region is proximal to the N-terminal tail of histone H2A when Piccolo NuA4 binds to
the nucleosome core particle.

Figure 3-9: Mts-Atf-Biotin on K63C crosslinked to histone H2A N-terminal tail
Western blot using HRP-Streptavidin and ECL for label transfer assays using Mts-Atf-Biotin
labeled Piccolo NuA4 via Epl1 K63C. Sample for assay using recombinant Xenopus nucleosome
core particles is shown in lane 1. Sample for assay using recombinant Xenopus nucleosome core
particles with N-terminal tail deletion on histone H2A is shown in lane 2. Sample for assay using
recombinant Xenopus nucleosome core particles with C-terminal tail deletion on histone H2A is
shown in lane 3. Sample for assay using recombinant tail-less Xenopus nucleosome core particles
is shown in lane 4.
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Figure 3-10: The crosslinking signals did not arise from free histone proteins
Western blot using HRP-Streptavidin and ECL for label transfer assays using Mts-Atf-Biotin
labeled Piccolo NuA4 via Epl1 K63C. Sample for assay using recombinant Xenopus nucleosome
core particles was shown in lane 1. Sample for assay using 5% histone mixture is shown in lane 2.
Sample for assay using 5% histone H2A/H2B dimer is shown in lane 3.

The crosslinking was specific to the nucleosomal histone proteins. Given that less that 1%
free DNA in our recombinant nucleosome core particles (Figure 2-13 b), the non-nucleosomal
histone proteins are unlikely to exist above 1% of the nucleosome concentration used in the assay.
To be more cautious, I repeated the label transfer experiment using non-nucleosomal histone
substrates at 5% concentration. No crosslinking was observed with H2A/H2B dimer or with a
mixture of the four core histones under these conditions (Figure 3-10), suggesting that the
crosslinkings between Mts-Atf-bioin on K63 of Epl1 and nucleosomal histones were specific.
I did observe that histone H3 was crosslinked to the Mts-Atf-Biotin when histone H2A Cterminal tail was deleted (Figure 3-8, lane 3). Since it is known that deleting any tail of histone
H2A, H2B or H3 does not affect Piccolo NuA4’s HAT activity on nucleosome (Berndsen et al.,
2007), it is unlikely that the deletion of histone H2A C-terminal tail changes the way how Piccolo
NuA4 binds to the nucleosome and allows histone H3 to interact with Epl1 N-terminal region
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non-specifically. On the other hand, the biotin label was transferred to the histone H3 N-terminal
tail and not the core region since nucleosomes missing histone H3 N-terminal tail did not
crosslink with Mts-Atf-Biotin (Figure 3-9, lane 4). I speculate that the long positively charged
histone H3 N-terminal tail obtained more freedom when the positively charged histone H2A Cterminal tail was removed. This could allow the histone H3 tail to interact with Epl1 N-terminal
region non-specifically.
In conclusion, Epl1 K63 in the Piccolo NuA4 complex resides are close to the N-terminal
tail of histone H2A and the core region of histone H4 in the nucleosome core particle.
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3.3.4 The N-terminal region of Epl1 is close to nucleosomal DNA when Piccolo NuA4 binds
to the nucleosome
The label transfer results suggested that the N-terminal region of Epl1 is close to the Nterminal tail of histone H2A. In the crystal structure of the nucleosome core particle (Davey et al.,
2002), histone H2A N-terminal tail was close to nucleosomal DNA. I therefore asked whether the
N-terminal region of Epl1 EPcA domain was also close to the nucleosomal DNA. The Atf
crosslinker group is capable of crosslinking both protein and DNA, so that I used the same MtsAtf-Biotin-labeled Piccolo NuA4 complex to study whether the N-terminal region of Epl1 was in
proximity to the nucleosomal DNA.
In this experiment, the Mts-Atf-Biotin-labeled Piccolo NuA4 and the nucleosome core
particles were crosslinked and reduced as described in section 3.3.3. Instead of separating the
protein subunits on the gel, I removed all the proteins by the phenol extraction and recovered
DNA from the aqueous phase. Then the DNA was ethanol precipitated and spotted on the
Hybond-N+ blotting membrane. The transferred biotin group was detected by streptavidin-HRP
and chemilluminescence.
Since Mts-Atf-Biotin crosslinking of protein to DNA had not been reported previously, I
established a positive control employing RCC1 and nucleosome. Our laboratory had solved the
crystal structure of RCC1 and nucleosome complex and identified that a DNA binding loop in
RCC1 that interacted with the nucleosomal DNA. Human RCC1 contains 8 cysteines, but only 3
(C93, C228 and C280) were solvent accessible in the human RCC1 crystal structure. The RCC1
(C93S, C228S and C280S) mutant could therefore be considered to be a protein with no reactive
cysteines (data not shown). I engineered cysteines at RCC1 positions S236 and H239 shown to be
close to the nucleosomal DNA in the crystal structure. The RCC1 (S236C) and RCC1 (H239C)
single point mutants were found to bind to nucleosome core particles in a pull-down assay (data
not shown). My results indicate that both positions of RCC1 protein (S236 and H239)
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crosslinked to the DNA as expected. The signals were both UV- and cysteine-dependent (Figure
3-11 a) and thus validated the method of detecting protein-DNA interaction by Mts-Atf-Biotin
label transfer.
(a)

(b)

Figure 3-11: The N-terminal region of Epl1 EPcA domain is close to the nucleosomal DNA
(a) Dot blot using HRP-Streptavidin and ECL for label transfer assays to detect protein-DNA
interaction of Piccolo NuA4 and RCC1. Samples which were irradiated by UV 300nm are shown
in the dots of the top row. Samples for assays using Mts-Atf-Biotin labeled Piccolo NuA4 via
Epl1 V62C and K63C are shown in the top row, dot 2 and 3. Samples for assays using Mts-AtfBiotin labeled RCC1 via S236C and H239C are shown in top row, dot 5 and 6. Samples of the
control experiments using the Mts-Atf-Biotin labeled wild-type Piccolo NuA4 and RCC1 are
shown in the top row, dot 1 and 4. Samples which are shown in dots of the bottom row were
treated as the same as the top row, except that the UV irradiation was omitted.
(b) Dot blot using HRP-Streptavidin and ECL for the control experiments of label transfer assays
to detect protein-DNA interaction of Piccolo NuA4. Sample from assay of Mts-Atf-Biotin labeled
Piccolo NuA4 via Epl1 K63C and the nucleosome is shown in dot 3. Sample from assay of MtsAtf-Biotin labeled Piccolo NuA4 via Epl1 K63C and 1% free nucleosomal DNA is shown in dot
4. Sample from control experiment of Mts-Atf-Biotin labeled wild-type Piccolo NuA4 and the
nucleosome is shown in dot 1. Sample from control experiment of Mts-Atf-Biotin labeled wildtype Piccolo NuA4 and 1% free nucleosomal DNA is shown in dot 2.

Having validated this procedure using RCC1 binding to the nucleosome, I examined
crosslinking between the Piccolo NuA4 and nucleosomal DNA. I observed UV- and cysteinedependent crosslinking when both Epl1 V62C and K63C point mutants were employed in this
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label transfer crosslinking experiment. These results are consistent with the finding that K63 is in
close proximity to the N-terminal tail of histone H2A, since the N-terminal tail of histone H2A is
itself likely to be proximal to nucleosomal DNA.
To rule out the possibility that the crosslinking I observed was due to trace amount of free
DNA, I repeated the experiment with Mts-Atf-Biotin Piccolo NuA4 and 1% free nucleosomal
DNA (As shown in Figure 2-13 a, the recombinant nucleosome core particles I used contained
less than 1% free DNA). No crosslinking between Piccolo NuA4 and free DNA was detected
under these conditions (Figure 3-11 b), suggesting that the crosslinking between K63 on Epl1
and the DNA I had detected was from the nucleosomal DNA in the nucleosome core particles.
I noticed that Mts-Atf-Biotin at Epl1 V62 and K63 crosslinked to the nucleosomal DNA,
but only K63 crosslinks to histone proteins. I speculate that Epl1 N-terminal region of EPcA
domain is closer to the nucleosomal DNA than the histone proteins, so that both V62 and K63
crosslink to the nucleosomal DNA. On the other hand, Epl1 V62 may be distant from the histone,
and the side chain of Epl1 V62 faces away from the histone, so that the Mts-Atf-Biotin on Epl1
V62 failed to crosslink to the histone proteins. Similar results have been observed in the
crosslinking experiment of Piccolo NuA4 with pBpa. In that experiment, pBpa at both Esa1 Y59
and K61 crosslinks to another Piccolo NuA4 complex, while in the 32P- postlabeling assay, only
pBpa at Esa1 K61 crosslinks to the nucleosomal DNA.

3.3.5 Residues in Epl1 N-terminal region contributed in the binding between Piccolo NuA4
and the nucleosome
The EMSA (Electrophoretic Mobility Shift Assay) result suggested the first twenty
amino acid of N-terminal EPcA region of Epl1were important for Piccolo NuA4 to bind to the
nucleosome core particles (Chittuluru et al., 2011). I have identified R58 and K59 of Epl1 as
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critical residues for Piccolo NuA4’s nucleosome HAT activity, and that K63 is in close proximity
to the N-terminal tail of histone H2A. Here I asked whether these residues were also important
for the Piccolo NuA4 complexes binding to nucleosome core particles.
I examined the binding between the Piccolo NuA4 complexes containing point mutations
in Epl1 N-terminal region and the nucleosome core particles by pull-down experiment. Briefly, I
immobilized the Strep-tagged nucleosome core particles on the Strep-Tactin resins, and then
allowed the Piccolo NuA4 complexes to bind to the nucleosome. Buffer containing 50mM,
70mM and 90mM NaCl were used to examine binding between the nucleosome core particles and
the Piccolo NuA4 complexes containing mutations or deletions.
Under the same buffer conditions, Piccolo NuA4 with Epl1 R58A or K59A point
mutation bound to the nucleosome less strongly than the wild-type Piccolo NuA4 (Figure 3-12 a).
This suggests that Epl1 R58 and K59 participate in binding between Piccolo NuA4 and the
nucleosome core particle.
I also assayed the Epl1 K63A point mutation for Piccolo NuA4 interactions with the
nucleosome since my label transfer results were obtained at Epl1 K63 position. In the Figure 312 b, Piccolo NuA4 complex with K63A point mutation in Epl1 showed a defect in binding to the
nucleosome especially in a higher concentration of NaCl. Moreover, the results also confirmed
that there were significant amount of Piccolo NuA4 with K63A mutation in Epl1, which still
bound to the nucleosome core particle in NaCl concentrations matching those used in the label
transfer assay (50mM).
In summary, the point mutation in the N-terminal region of Epl1 EPcA made the binding
between the Piccolo NuA4 and the nucleosomes more sensitive to increased concentrations of salt.
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(a)

(b)

Figure 3-12: Epl1 EPcA domain deletion and point mutation decreased the binding between
Piccolo NuA4 and the nucleosome in pull-down assay
(a) Coomassie-stained SDS-PAGE gel for immobilized nucleosome (tagged on histone H2B)
pull-down assay using Piccolo NuA4 complex. The input (30%) of the recombinant Piccolo
NuA4 complexes used is shown in lanes 1, 5 and 9. Samples that remained bound before elution
from the Strep-Tactin resin Sepharose by heating are shown in lanes 2-4, 6-8 and 10-12. The
results for experiment using wild-type Piccolo NuA4, Piccolo NuA4 with Epl1 R58A mutation
and Piccolo NuA4 with Epl1 K59A mutation are shown in 2-4, 6-8 and 10-12. The samples
recovered from pull-down assays with binding and washing buffer containing 50mM are shown
in lanes 3, 7 and 10; containing 70mM in lanes 4, 8 and 11; containing 90mM in lanes 5, 9, 12.
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(b) Coomassie-stained SDS-PAGE gel for immobilized nucleosome (tagged on histone H2B)
pull-down assay using Piccolo NuA4 complex. Wild-type Piccolo NuA4, Piccolo NuA4 with
K63A mutation in Epl1 and Piccolo NuA4 with the first 20 amino-acid deletion in Epl1 EPcA
domain were assayed in buffer containing 50mM, 70mM and 90mM NaCl, respectively in pulldown assay.
The intensity was quantified using Quantity One (BIO-RAD). The relative intensity was
normalized by dividing the intensity of the Esa1 subunit by the intensity of STRHISNxH2B, with
wild-type Piccolo NuA4 set to 100. The relative intensity of the experiment with 50 mM NaCl is
shown in red, the relative intensity of the experiment with 70 mM NaCl is shown in blue, and the
relative intensity of the experiment with 90 mM NaCl is shown in black.
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3.4 Materials and methods

3.4.1 Cloning, co-expression and co-purification of histone H2A/H2B dimer
Xenopus histone H2A deletion was introduced by PCR and was cloned into pST50
transfer vector. Then H2A deletion cassette was subcloned into pST44 polycistronic expression
vector containing tagged Xenopus histone H2B.
The expression construct was transformed in BL21(DE3)pLysS cells. The cells grew at
37℃ in 3L 2xTY media and were induced by 0.2 mM IPTG when OD600 reached 0.7 ~ 0.9.
Cells were harvested after 3 hours of induction, resuspended in 20 mM Tris pH 8.0, 25 mM NaCl,
5 mM beta mercaptoethanol and 10 mM benzamidine and flash frozen in liquid nitrogen.
The frozen cells were thawed in 30℃ water bath. The thawed whole cell extract were
sonicated with Branson Digital Sonifier (450D) at 50% power for 4 repeats of 14 pulses (0.5
second on and 0.5 second off). There was at least a two-minute incubation on ice between each
sonication. Soluble extract was prepared by centrifugation of the sonicated whole cell extract in
SS34 rotor at 18000rpm for 20 minutes at 4℃.
After centrifugation, the soluble extract was added with 0.5 M sodium phosphate pH7.2
and 5 M NaCl to adjust the buffer to 0.2 M sodium phosphate pH 7.2 and 150 mM NaCl. Four
and half ml of settled hydroxyapatite resin (CHT Ceramic Hydroxyapatite Type I Media, BioRad) equilibrated in wash buffer was added to the soluble extract. After overnight incubation on a
rotator at 4℃, the hydroxyapatite resins were pelleted at 500 rpm for 15 minutes in tabletop
centrifuge, and washed 4 times with total of 100 ml wash buffer (0.2 M sodium phosphate pH
7.2, 150 mM NaCl, 5 mM beta mercaptoethanol and 1 mM benzamidine). The histone dimer was
eluted 4 times by total 36 ml elution buffer (0.2 M sodium phosphate pH 7.2, 2 M NaCl, 5 mM
beta mercaptoethanol and 1 mM benzamidine).
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The histone dimer pool was dialyzed into H50 (10 mM HEPES, 50mM NaCl and 5 mM
beta mercaptoethanol) and the tag on histone H2B was cleaved by TEV protease during the
dialysis. The histone dimer was further purified over SourceQ anion-exchange chromatography.

3.4.2 Nucleosome core particle reconstitution
A total of 5 mg of the histone H2A/H2B dimer, the histone H3/H4 tetramer and Widom
601 147bp nucleosome DNA were mixed at the molar ratio of 3:1:1 in 4 ml buffer containing
additional 2M KCl and 10 mM DTT. The nucleosome core particles were reconstituted by
dialyzing in 400 ml of RB high buffer (10 mM Tris-Cl pH 7.5, 2 M KCl, 1 mM EDTA and 1 mM
DTT). During the dialysis, RB high buffer was gradually replaced by RB low buffer (10 mM
Tris-Cl pH 7.5, 250 mM KCl, 1 mM EDTA and 1 mM DTT) by a peristaltic pump at 0.8 ml per
minute for 36 hours. The reconstituted nucleosome core particles were further purified by
SourceQ anion-exchange HPLC. The desired fractions were pool and dialyzed in NCP storage
buffer (10 mM potassium cacodylate pH 6.5 and 0.1 mM EDTA). The recombinant nucleosome
core particles were concentrated by Vivaspin centrifugal concentrator (10,000 MWCO, Sartorius)
and stored at 4℃.

3.4.3 Assay for solvent accessible cysteine
Site-specific cysteine was introduced by site-directed mutagenesis. Piccolo NuA4
complexes were expressed and purified as described above. 16.67 pmol Piccolo NuA4 in 10 µl
H200 (20 mM HEPES pH 7.5, 200 mM NaCl) was first reduced in 10 mM TCEP (tris(2carboxyethyl)phosphine) for 10 minutes at room temperature, and then 3.85 nmol Alexa Fluor
647 in 40µl H200 was add. The conjugation was performed in the dark for 20 minutes. DTT was
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added to 5 mM to stop the conjugation. Piccolo NuA4 complexes were analyzed on SDS-PAGE
gel. The gel was first scanned on Typhoon and quantified by Imagequant followed by Coomassie
blue staining.

3.4.4 Multi site-directed mutagenesis
Oligonucleotides containing the desired mutation sequence were designed for
QuikChange site-directed mutagenesis, except that only one oligonucleotide is needed for each
site and all the oligonucleotides anneal to the same strand of the parent plasmid. One hundred
pmol of oligonucleotides were kinased in 10 µl PNK buffer containing 5U T4 PNK and 1mM
ATP at 37℃ for 1 hour, followed by T4 PNK heat-inactivation at 65℃ for 10 minutes. Fifty ng of
the parent plasmid and 10 pmol of each oligonucleotides were mixed in 25 µl mixture containing
1.25 µl 10X ThermoPol, 1.25 µl 10X Taq ligase buffer, 2.5 nmol of each dNTPs, 2U Pfu Turbo
DNA polymerase and 40U Taq ligase. The linear amplification and ligation was performed by
95℃ for 3 minutes and 25 cycles of 95℃ for 1 minute, 55℃ for 1 minutes and 65℃ for 2
minutes/kilobase of plasmid length. The product was digested by 20U Dpn I for 2 hours. The rest
of the steps were the same as QuikChange site-directed mutagenesis methods.

3.4.5 Labelling Piccolo NuA4 with Mts-Atf-Biotin
Piccolo NuA4 complexes with introduced cysteine were reduced in 10 mM DTT at room
temperature for 30 minutes. Then DTT was removed by dialyzing twice in 2L H200. Forty-eight
nmol of reduced Piccolo NuA4 complex was mixed with 48 nmol Mts-Atf-Biotin (dissolved in
DMSO) in a total reaction volume of 800 µl. After one hour of incubation at room temperature in
the dark, the non-reacted Mts-Atf-Biotin was removed by dialysis in 2L H200 in the cold room
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with light protection. Mts-Atf-Biotin labeled Piccolo NuA4 complexes were concentrated to 1.25
mg/ml by Vivaspin centrifugal concentrator (10,000 MWCO, Sartorius). Glycerol was added to
20%, and the final concentration of Piccolo NuA4 was 1 mg/ml. Proteins were flash frozen in
liquid nitrogen and stored in -80℃ with light protection.

3.4.6 EMSA
Twenty and half pmol or 41 pmol Mts-Atf-Biotin labeled Piccolo NuA4 complexes were
mixed with 10 pmol nucleosome core particles in final buffer containing 20mM HEPES, 50 mM
NaCl, 100 µg/ml BSA and 5% glycerol. The complexes were incubated at room temperature in
the dark for 10 minutes. The complexes were separated on a pre-run 5% native PAGE gel and
blotted to a nitrocellulose membrane. Horseradish peroxidase-conjugated streptavidin and
chemilluminescence were used to detect complexes containing biotin.

3.4.7 Photo-crosslinking label transfer assay
Sixty-four pmol Mts-Atf-Biotin labeled Piccolo NuA4 complex was mixed with 80 pmol
nucleosome core particles in 40 µl H50. After 10 minutes of incubation at room temperature in
the dark, samples were irradiated with UV light for 5 minutes at a distance of 5 cm using a
Spectroline XX-15B lamp (300 nm). After UV light exposure, samples were reduced in 50 mM
DTT at 70 ℃ for 5 minutes.
For detecting protein-protein interactions, protein gel loading buffer were added to the
samples. Samples were separated on a 18% SDS-PAGE gel and blotted to nitrocellulose
membrane. Towbin buffer with 0.8% SDS was used in the Western blot to transfer the histone
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proteins efficiently. Horseradish peroxidase-conjugated streptavidin was used to detect the
proteins labeled with biotin.
For detecting protein-DNA interactions, samples were extracted four times with
phenol/CIA, and once with CIA. The DNA was then ethanol precipitated and resuspended in 10
µl TE. Two µl of the resuspended DNA was spotted on Hybond-N+ blotting membrane (GE
healthcare) and air dried. The DNA was then crosslinked to the membrane via irradiated by UV
265 nm in a Stratalinker UV Crosslinker (Stratagene). Horseradish peroxidase-conjugated
streptavidin was used to detect the DNA labeled with biotin.
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3.5 Discussion

3.5.1 Piccolo NuA4 might employ the first 20 amino acids of EPcA domain in Epl1 to
interact with the nucleosome via nucleosomal DNA
Previous studies from our laboratory as well as Cote’s group identified the first 20 amino
acids of Epl1 EPcA domain, which were critical for Piccolo NuA4’s nucleosomal HAT activity
and the binding of Piccolo NuA4 to the nucleosome (Selleck et al., 2005; Chittuluru et al., 2011).
In this study, I located R58 and K59 in Epl1 EPcA N-terminal domain that were critical for the
Piccolo NuA4 complex to acetylate the nucleosome. The results of a label transfer assay further
identify that this region is in close proximity to the N-terminal tail of histone H2A as well as
nucleosomal DNA in the nucleosome.
The previous results of EMSA (Electrophoretic Mobility Shift Assay) from Cote’s and
our groups showed that the deletion of the first 20 amino acids of N-terminal EPcA domain of
Epl1affected the binding between Piccolo NuA4 and the nucleosome core particles (Figure 3-1 c,
lanes 7 and 14) (Chittuluru et al., 2011). My pull-down assay results are largely consistent with
the EMSA results (Figure 3-11 b), but the effect of the 20 amino-acid deletion on the binding in
the pull-down assay was not as significant as that of the EMSA. I think it is probably due to the
different assays. For instance, the binding between the nucleosome and the Piccolo NuA4 with 20
amino-acid deletion on Epl1 EPcA domain might be more sensitive in electrophoresis, so that a
more significant difference was observed in EMSA than in the pull-down assay.
Although the first 20 amino acids of EPcA domain in Epl1 were critical for Piccolo
NuA4’s nucleosomal HAT activity, they only played a moderate role in the binding between
Piccolo NuA4 and the nucleosome. Moreover, the key residues important for HAT activity and
the binding were close but not exactly the same. For example, Piccolo NuA4 containing Epl1
R58A mutation only retained about 5% of the wild-type Piccolo NuA4’s nucleosomal HAT
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activity, while the binding between Piccolo NuA4 containing Epl1 R58A point mutation and the
nucleosome was only slightly reduced compared to the wild-type Piccolo NuA4. On the other
hand, the binding between Piccolo NuA4 containing Epl1 K63A point mutation and the
nucleosome was reduced to about 35% compared to the wild-type Piccolo NuA4, about the same
effect as the deletion of 20 amino acids. However, Piccolo NuA4 containing Epl1 K63A mutation
still retained over 60% of the wild-type Piccolo NuA4’s nucleosomal HAT activity. Therefore,
the N-terminal region of the EPcA domain of Epl1 functionally interacts with the nucleosome
substrate, rather than merely contributing to the overall binding between Piccolo NuA4 and the
nucleosome.
The results of the label transfer assay suggest that Epl1 K63 is close to both of the Nterminal tail of histone H2A and the nucleosomal DNA. Since it is reported that the N-terminal
tail of histone H2A is not required for Piccolo NuA4 to acetylate the nucleosome (Berndsen et al.,
2007), I propose that Piccolo NuA4 engages nucleosomal DNA with the N-terminal region of its
EPcA domain.
Interestingly, the effects of Esa1 Tudor domain and N-terminal region of Epl1 EPcA
domain seem to be similar. The Esa1 Tudor domain and the first 20 amino acids of Epl1 EPcA
domain only play a moderate role in the binding between Piccolo NuA4 and the nucleosome, but
these mutations in these two domains had much greater effects than mutations affecting Piccolo
NuA4’s nucleosomal HAT activity. The R62A Tudor domain mutation in Esa1 and the EPcA
domain R58A in Epl1 each reduced Piccolo NuA4’s nucleosomal HAT activity to about 5% of
wild-type HAT activity, but in the pull-down assay, even the deletions (Esa1 Tudor domain or the
first 20 amino acids of Epl1 EPcA domain) only decreased the binding between Piccolo NuA4
and the nucleosome to about 50%. These disproportional effects on nucleosomal HAT activity
and nucleosome binding suggest that other regions of Piccolo NuA4 might also contribute to the
Piccolo NuA4 binding with the nucleosome, and that the Esa1 Tudor domain and Epl1 EPcA
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domain might function after Piccolo NuA4 binds to the nucleosome. On the other hand, the
amounts of Piccolo NuA4 and the nucleosome were quite different in HAT assay and pull-down
experiments. In the HAT assay, only 0.16 pmol of Piccolo NuA4 and 5 pmol of nucleosome core
particle were used, while in the pull-down experiment, 120 pmol of Piccolo NuA4 and 100 pmol
of nucleosome core particle were added. It is possible that the effects of Piccolo NuA4 mutation
in Esa1 and Epl1 are more severe at lower protein concentration.

3.5.2 Structural model for how N-terminal region Epl1 EPcA domain interacts with histone
H2A N-terminal tail and nucleosomal DNA
In the cryo-EM structure of Piccolo NuA4 and the nucleosome core particles, there were
densities near the histone H2A tail (Chittuluru et al., 2011). Based on my results using label
transfer, I propose those densities correspond to the Epl1 EPcA domain.
The residues 160 to 280 of Epl1 have been predicted to constitute a right-handed
orthogonal four-helix bundle involved in protein-protein interaction, with the remaining regions
(residues 50-160 and 280-380) predicted to be unstructured (Perry, 2006) (Figure 3-1 b). After
considering my results of label transfer assay in this study, the cryo-EM structure of Piccolo
NuA4 and the nucleosome complex, and the computational predicted structure of EPcA domain
together, I propose a model where the first 20 amino acids of EPcA domain sit close to the
interaction region of histone H2A N-terminal tail and the nucleosomal DNA, and where residues
160 to 280 of EPcA domain (predicted to form a four-helix bundle) interacts with the histone
surface (Figure 3-13).
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Figure 3-13: Structural model for N-terminal region Epl1 EPcA domain interacts with histone
H2A N-terminal tail and nucleosomal DNA
The nucleosome core particle crystal structure was docked into the Piccolo NuA4/nucleosome
cryo-EM structure (Chittuluru et al., 2011). Histone proteins are labeled in blue and the
nucleosome DNA is labeled in cyan. The histone H2A N-terminal tail is highlighted in red and
the density of Piccolo NuA4 which is close to the histone H2A N-terminal tail is predicted to
correspond to the EPcA domain of Epl1. This molecular graphics image was produced using the
UCSF Chimera package from the Computer Graphics Laboratory, University of California, San
Francisco (supported by NIH P41 RR-01081).

3.5.3 There might be more than one way in which Piccolo NuA4 binds to the nucleosome
core particles
Piccolo NuA4 acted predominantly on histone H4 and weakly on histone H2A in vivo
and in vitro (Boudreault et al., 2003; Selleck et al., 2005; Berndsen et al., 2007). Only one distinct
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mode of binding was observed in cryo-EM experiment and this binding mode explained how
Piccolo NuA4 complex acted on the histone H4 (Chittuluru et al., 2011). However, this structure
could not explain how Piccolo NuA4 acted on histone H2A. The acetylation of H2A was also
functionally important. For example, the Allis’s group recently proposed that acetylation of the
N-terminal tails of both histone H2A and H4 shared essential function for cell viability (Kim et
al., 2012).
The weak crosslinking on histone H4 core region might indicate that Piccolo NuA4
employs a second binding mode when acetylating histone H2A. The acetylation on histone H2A
the Piccolo NuA4 was significantly less than the acetylation of histone H4 (Boudreault et al.,
2003; Arnold et al., 2011), so that this second binding mode could be missed in a low resolution
cryo-EM experiment. For instance, it is possible that Piccolo NuA4 binds the nucleosome near
the histone H2A/H2B side (Figure 3-14). This binding mode could be missed since the
interpretation of the orientation of the nucleosome core particles in this low-resolution structure is
difficult. Here, I propose a model of how Piccolo NuA4 acted on histone H4 and histone H2A. In
most of the cases, the N-terminal region of EPcA domain was close to histone H2A N-terminal
tail when Piccolo NuA4 was acetylating histone H4. But in some other cases, when Piccolo
NuA4 was acting on histone H2A, the N-terminal EPcA domain was close to histone H4 core
region.
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Figure 3-14: Two binding models of Piccolo NuA4 interacting with the nucleosome core particle
In the primary binding model (left), the majority of the Piccolo NuA4 is located above histone H3,
H4 and the dyad of the nucleosome core particle, while in the secondary binding model (right),
the nucleosome core particle is rotated 180° along the z axis and Piccolo NuA4 is located below
histone H2A and H2B.
The nucleosome core particle crystal structure was docked onto the Piccolo NuA4/nucleosome
cryo-EM structure (Chittuluru et al., 2011). Histone H3, H4, H2A and H2B are labeled in blue,
green, yellow and red, and the nucleosome DNA is labeled in light blue. This molecular graphics
image was produced using the UCSF Chimera package from the Computer Graphics Laboratory,
University of California, San Francisco (supported by NIH P41 RR-01081).
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3.5.4 Comparison of photo-crosslinking methods
I used two photo-crosslinking methods in my work: pBpa and Mts-Atf-Biotin. Both of
them have advantages and disadvantages. As I mentioned above (3.3.2), pBpa’s crosslinking
efficiency is not very high, and the purity and yields of Piccolo NuA4 complexes incorporated
pBpa are not ideal. The crosslinking by pBpa is not reversible so the crosslinked target is difficult
to be identified by the migration of the crosslinked products on the SDS-PAGE gel. On the other
hand, Atf (perfluorophenylazide) is a stronger crosslinker than pBpa, and Mts-Atf-Biotin can be
conjugated to highly purified Piccolo NuA4 complex. After the label transferring and cleavage,
all targeted proteins and DNA remain about the same size, so that the target protein can be
identified by its migration on the gel. However, pBpa is activated at 365 nm, which causes less
damage in protein and DNA than 300 nm. The incorporation of pBpa into full length protein is
complete and very site-specific, while the conjugation rates of Mts-Atf-Biotin vary from each
protein preparation and the conjugation to the cysteine is relatively less site-specific. Last but not
least, Mts-Atf-Biotin needs cysteine-free protein/complex and Mts-Atf-Biotin-labeled
protein/complex is sensitive to the reducing agents, while pBpa does not need cysteine-free
protein and the pBpa which is incorporated into protein is not sensitive to the reducing agents. To
summarize, the selection of pBpa and Mts-Atf-Biotin as crosslinking reagents will depend on the
needs of the particular experiment.

3.5.5 Multi-site-directed mutagenesis
A multi-site-directed mutagenesis method was used to convert cysteine residues to serine
in Piccolo NuA4 complex when I assayed for solvent accessible (reactive) cysteine residues. The
efficiency of the multi-site-directed mutagenesis method was less than that of the conventional
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single site QuikChange site-directed mutagenesis. As long as one of the oligonucleotides is
incorporated during the mutagenesis, the newly synthesized DNA can survive DpnI digestion
used for selection. In another words, DpnI only digests the parent DNA, but is not able to
distinguish whether all the oligonucleotides in a multi-site-directed mutagenesis are incorporated.
In our laboratory, we screened the transformation colonies by PCR screening followed by
restriction digestion. When designing the mutagenesis oligonucleotides, we simultaneously
introduced or removed a translationally silent restriction site near the actual mutagenesis site.
Thus, the appearance or disappearance of the restriction site can be used as a marker for
successful mutagenesis. In the conventional single-site QuikChange site-directed mutagenesis, I
usually obtained at least 80% colonies which were positive in the PCR screening followed by the
restriction digestion. In a three-site-directed mutagenesis experiment, I was able to get two
positive colonies out of 26 colonies in PCR screening followed by a restriction enzyme digestion.
Therefore, PCR screening is crucial for multi-site-directed mutagenesis and introducing or
removing restriction sites needs to be carefully designed.
Although the efficiency is low, it is still worthwhile to use the multi-site-directed
mutagenesis due to the following reasons. Firstly, the total effort is less and a lot of time is saved.
Each round of site-directed mutagenesis takes three days, so that a three-site-directed mutagenesis
saves at least a week. Secondly, even if the multi-site-directed mutagenesis does not work, singlesite mutagenesis still can be obtained. Thirdly, different combinations of mutations can be
produced in one experiment. For instance, I have observed all combinations of mutations in PCR
screening of 26 colonies. Therefore, this allows the generation of mutations in various
combinations for downstream biochemical analysis.
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Chapter 4
Interaction between RCC1 and the nucleosome core particle and
crystallization study of RCC1/Ran/nucleosome complex

4.1 Abstract
The Ran GTPase regulates important cellular functions by creating a Ran-GTP gradient
around the chromosome. This gradient is established through stimulation of Ran nucleotide
exchange by the guanine exchange factor RCC1 (regulator of chromosome condensation 1). I
investigated how the RCC1/Ran protein complex interacts with the nucleosome. I developed a
competition pull-down binding assay to reveal that the nucleosomal binding site of RCC1
included the histone H2A/H2B acidic patch and overlapped with the binding site of the LANA
(latency-associated nuclear antigen) peptide from Kaposi’s sarcoma herpesvirus.
I also initiated work to solve the structure of Ran/RCC1/nucleosome triple complex by
X-ray crystallography. I was able to reconstitute and purify several orthologous Ran/RCC1
complexes for reconstitution with the nucleosome. I have grown crystals of several of these triple
complexes. Of the triple complexes crystallized to date, the Drosophila Ran/RCC1/nucleosome
complex has demonstated the most promise, diffracting to approximately 4.5 Å.

150
4.2 Introduction

4.2.1 RCC1
The Regulator of Chromosome Condensation 1 (RCC1) gene was first identified over 25
years ago. The human RCC1 gene was found to complement the temperature-sensitive phenotype
of hamster cell line tsBN2 which arrests in the G1 phase of the cell cycle or has premature
chromosome condensation (Kai et al., 1986; Ohtsubo et al., 1987; Seki et al., 1996), suggesting
that RCC1 is a critical cell cycle regulator. RCC1 is located in the nucleus where it binds to DNA
(Ohtsubo et al., 1989). Mutations in RCC1 show defects on pre-messenger RNA processing and
transport (Aebi et al., 1990; Kadowaki et al., 1993), mating (Clark and Sprague, 1989), initiation
of mitosis (Uchida et al., 1990) and chromatin decondensation (Sazer and Nurse, 1994),
suggesting RCC1 is important in nucleo-cytoplasmic transport.
The human RCC1 protein contains a 20-amino-acid unstructured tail near the N-terminus
followed by a β-propeller domain (Renault et al., 1998). The structure of RCC1 was solved at 1.7
Å resolution by X-ray crystallography. The structure shows the β-propeller domain which is
made up of seven blades, each consisting of a four-stranded antiparallel β-sheet. The structure
underlies the mechanisms of the phenotypes that were seen from the genetic studies. Most of the
genetic mutations are located on the blades, so they affect the architecture and stability of the
RCC1 protein (Renault et al., 1998).
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Figure 4-1: Crystal structure of human RCC1
The structure of human RCC1 (PDB: 1A12) shows the β-propeller domain which is made up of
seven blades, each consisting of a four-stranded antiparallel β-sheet (Renault et al., 1998). The βsheets are colored in yellow and the loops are colored in green.

RCC1 binds to the histone H2A/H2B dimer and nucleosomal DNA on the nucleosome
core particle. It had been known that RCC1 targets to chromatin, but the precise mechanism by
which it interacted with chromatin was still not clear (Kai et al., 1986). RCC1 binds to histones
H2A/H2B both in vitro and in vivo (Nemergut et al., 2001). It also binds to DNA with its Nterminal tail in vitro (Bischoff and Ponstingl, 1991a; Seino et al., 1992) and the removal of
RCC1’s N-terminal domain causes mitotic defects (Moore et al., 2002). Furthermore, the
methylation of Pro3 and Lys4 by NRMT (N-terminal RCC1 methyltransferase) promotes DNA
binding and is required for correcting the spindle assembly and chromosome segregation (Chen et
al., 2007; Tooley et al., 2010). The phosphorylation of Ser2 and Ser11 by Cdc2 is also important
for the chromosome interaction, spindle assembly and chromosome segregation (Hutchins et al.,
2004; Li and Zheng, 2004).
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4.2.2 Ran
The Ran small GTPase was first found when it co-purified with RCC1 (regulator of
chromosome condensation 1) by the Ponstingl group (Bischoff et al., 1990). It was named “Ran”
(RAs-related Nuclear protein) later by the same group because of its sequence similarity with the
Ras protein (Bischoff and Ponstingl, 1991b). Ran is a member of the Ras superfamily. It is a 25
kD GTPase which is highly conserved among the eukaryotic species (Moore and Blobel, 1994;
Avis and Clarke, 1996; Dasso and Pu, 1998) and is a crucial nuclear transport factor (Melchior et
al., 1993; Moore and Blobel, 1993). Like other GTPase family protein, such as EF-Tu and p21ras,
Ran binds to either GDP or GTP. Ran-GTP is considered the active state whereas Ran-GDP is
inactive (Bourne et al., 1990; Bischoff and Ponstingl, 1991b; Valencia et al., 1991).
The structure of the Ran GDP-bound form was solved by Wittinghofer group at 2.3 Å
(Scheffzek et al., 1995) and Schwartz laboratory at 1.48 Å (Partridge and Schwartz, 2009)
(Figure 4-2 a). The main part of the structure is a G-domain which is formed by six-stranded βsheet surrounded by five α-helices connected with loop. The Ran G-domain structure is very
similar to the structures of other Ras family proteins including Ras, EF-Tu, transducing-α, Gai
and EF-G (Figure 4-2 b). However there are significant variations in the regions involved in
GDP and Mg2+ binding in the Ran-GDP crystal structure (Jurnak, 1985; Pai et al., 1989; Milburn
et al., 1990; Wittinghofer and Pai, 1991; Angert et al., 1993; Berchtold et al., 1993; Scheffzek et
al., 1995).
The crystal structure of Ran/RanBD1 GTP analog was also solved by Wittinghofer
laboratory in 1999 (Vetter et al., 1999). Comparing the structures of Ran-GDP and Ran-GTP, the
switch regions of Ran (i.e. switch I: amino acid 30-47; switch II: amino acid 65-80; C-terminal
switch (switch III): amino acid 177-216) undergo dramatic conformational changes. However, the
crystal structure of Ran-GTP alone has never been determined.
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(a)

(b)

Figure 4-2: Crystal structure of Ran-GDP, Ran-GTP and Ras
(a) In the cystal structure of Ran-GDP (PDB: 3GJ0) and Ran-GTP (part of the Ran/RanBD1 GTP
structure (PDB: 1RRP)), the switch I is highlighted in red; the switch II is in cyan; the C-terminal
switch (switch III) is in yellow. The structure shows the conformational changes upon the
nucleotide exchange (GTP to GDP). (from “Ran-dependent nuclear export mediators: a structural
perspective” by Guttler, T., and Gorlich, D. (2011). Embo J 30, p. 3459)
(b) Crystal structure of RasGDP (PDB: 4Q21) The G-domain is formed by six-stranded β-sheets
surrounded by five α-helices connected with loops.
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Figure 4-3: The interactions between Ran and RCC1
In the crystal structure of RCC1/Ran complex (PDB: 1I2M), RCC1 is in grey and Ran is in
yellow. In Ran protein, the switch I and II of Ran are highlighted in light and dark blue, the Ploop is in violet, the helices α3 is in orange and helices α4 is in green. The β-wedge of RCC1 is
highlighted in red.

4.2.3 RCC1/Ran structure
The Nucleotide free RCC1/Ran binary complex crystal structure was also solved by the
Alfred Wittinghofer’s laboratory at 1.8 Å (Renault et al., 2001) (Figure 4-3). The crystal
structure showed that, Ran binds the face of the RCC1 β propeller, and 24 residues of Ran and 25
of RCC1 are involved in the interaction. All blades of the RCC1 β propeller participated in the
interaction with Ran and the protruding β wedge contributes the most. The interacting sites of
Ran are concentrated on the P loop, switch II, helix α3 and α4. The C-terminal tail of Ran is not
visible in this structure.
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4.2.4 Functions of Ran

4.2.4.1 Function in nucleocytoplasmic transport in interphase
Ran binds to either GDP or GTP and shuttles between the nucleus and cytoplasm through
the nuclear pore complexes (NPCs) by β-karopherins (Strom and Weis, 2001; Mosammaparast
and Pemberton, 2004). Ninety-five percent of Ran is found in the nucleus, and the other 5% is in
the cytoplasm. The GTP-bound Ran (Ran-GTP) is active while the GDP-bound Ran (Ran-GDP)
is inactive and these two states are regulated by two types of proteins. In the nucleus, RCC1,
guanine-nucleotide exchange factor (Ran-GEF), stimulate the formation of Ran-GTP. In the
cytoplasm, Ran GTPase-activating protein (Ran-GAP) helps Ran to hydrolyze GTP to GDP and
to form Ran-GDP.
In the Ran cycle, importins-cargo complex translocates through the NPC to the nucleus,
and release cargo when binding to Ran-GTP. Then exportins bind to both cargo and Ran-GTP in
the nucleus and translocate through the NPC to the cytoplasm. After the hydrolysis, Ran-GDP is
transported back to the nucleus by nuclear transport factor 2 (NTF2).

4.2.4.2 Function in spindle assembly
RCC1 which binds to the nucleosome recruits Ran-GTP to the location of spindle
assembly on the chromosome. The high concentration of Ran-GTP attracted importins and
releases spindle assembly factors such as TPX2 (Gruss et al., 2001). TPX2 is a microtubule
organizing factor which initiates microtubule formation (Wittmann et al., 2000). TPX2 also
activates a protein kinase, Aurora A involved in cell division (Bayliss et al., 2003). Thus, a Ran
gradient regulates spindle assembly during M-phase of the cell cycle.
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4.2.4.3 Function in nuclear envelope re-assembly during the M-phase
Ran-GTP is required for nuclear envelope formation (Dasso et al., 1994; Nicolas et al.,
1997; Hughes et al., 1998). The results of experiments in Xenopus egg extracts and other cell-free
systems showed that the membrane vesicles accumulated and fused to form a continuous
membrane with NPCs around the artificial beads coated with Ran-GTP suggesting Ran-GTP was
directly involved in the NE formation (Zhang and Clarke, 2000, 2001).

Figure 4-4: Schematic drawing of the Ran cycle
In the nucleus, RCC1 and chromatin stimulate the formation of Ran-GTP. In the Ran
cycle, importins-cargo complex translocates through the NPC to the nucleus, and release cargo
when binding to Ran-GTP. The exportins bind to both cargo and Ran-GTP translocate through
the NPC to the cytoplasm. In the cytoplasm, Ran GTPase-activating protein (Ran-GAP) helps
Ran to hydrolyze GTP to GDP and to form Ran-GDP. After the hydrolysis, Ran-GDP is
transported back to the nucleus by nuclear transport factor 2 (NTF2). (“Structural biology of
nucleocytoplasmic transport” by Cook, A., Bono, F., Jinek, M., and Conti, E. (2007). Annu Rev
Biochem 76, p. 650.)
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4.2.5 RCC1/nucleosome crystal structure
RCC1 uses one of its β-propeller faces to bind to Ran and the other face was expected to
bind to the nucleosome (Renault et al., 2001; Hao and Macara, 2008). However, our laboratory
proposed an alternate binding model for RCC1 and the nucleosome based on biochemical studies
(England et al., 2010). Our results suggested that RCC1 binds the nucleosome via its β-propeller
edge, rather than the face which was opposite to what binds Ran. Later, our laboratory solved the
crystal structure of RCC1 bound nucleosome core particle at 2.9 Å (Makde et al., 2010). The
atomic structure confirmed the edge-binding model. The switchback loop, a loop between strands
4C and 4D, is critical for RCC1 binding to the nucleosome. The crystal structure also reveals that
the DNA binding loop, a loop between strands 4D and 5A, interacts with the nucleosomal DNA
near superhelical location 6. The N-terminal tail of RCC1 is not visible in the crystal structure,
but structure and our biochemical result suggest it also interacts with the nucleosomal DNA. The
latter finding provides more evidence for the importance of RCC1 N-terminal tail’s function in
vivo (Hutchins et al., 2004; Li and Zheng, 2004; Chen et al., 2007; England et al., 2010; Tooley et
al., 2010).
We now have a better understanding of how RCC1 interacts with the nucleosome, but we
still have limited knowledge of the structure of Ran/RCC1/nucleosome triple complex and how
the interaction with the nucleosome stimulates the guanine exchange. In this section, I describe
published results of studying RCC1-nucleosome interaction by a competition assay and the
preliminary results of crystallography work of Ran/RCC1/nucleosome complex.

158

Figure 4-5: Crystal structure of Drosophila RCC1/Xenopus nucleosome containing 147 bp
Widom 601 DNA positioning sequence
In the crystal structure, RCC1 is shown in yellow-orange (central strand region), blue and green
(loop region) and red (N-terminal tail, DNA-binding loop and switch back loop); the histone H3,
H4, H2A and H2B and DNA of the nucleosome core particle are shown in cornflower blue, light
green, wheat, pink and light blue, respectively (PDB: 3MVD). The RCC1 switchback loop
interacts with histone H2A/H2B acidic patch and the RCC1 DNA-binding loop interacts with the
nucleosomal DNA. The N-terminal tail of RCC1 is pointing to the nucleosomal DNA, suggesting
that it is likely to interact with the DNA of the nucleosome core particles. (from “Structure of
RCC1 chromatin factor bound to the nucleosome core particle” by Makde, R.D., England, J.R.,
Yennawar, H.P., and Tan, S. (2010).. Nature 467, p. 563)
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4.3 Results

4.3.1 LANA and RCC1 bind to the nucleosome core particle in the pull-down assay
To study the interaction between RCC1 and the nucleosome, I developed an in vitro pulldown assay. I used the 23-amino-acid LANA (latency-associated nuclear antigen) peptide from
Kaposi’s sarcoma herpesvirus as a positive control in the pull-down experiment, since it was
known that the LANA peptide binds to the H2A/H2B acidic patch of the nucleosome and the
LANA peptide with LRS-AAA mutation does not bind to the nucleosome (Barbera et al., 2006). I
immobilized GST-tagged LANA wild type or LANA mutant (LRS-AAA) proteins on
glutathione-Sepharose (GSH-Sepharose) resin, and then added nucleosome core particles to the
washed beads. In the glutathione (GSH) elution, the nucleosome co-eluted with the wild type
LANA peptide while it did not bind to the mutant LANA peptide (Figure 4-6 a). Wild type
LANA interacted with the nucleosome but the mutation in LANA blocked its binding with the
nucleosome suggesting that this LANA fusion protein binds to the nucleosome specifically in this
pull-down assay.
In the RCC1 pull-down experiment, the β-propeller domain of human RCC1 (residues
21-421) was immobilized on glutathione (GSH)-Sepharose via a GST-fusion tag, and then the
recombinant nucleosome core particles were added to the washed beads (Figure 4-6 b). I found
that the nucleosome core particles were co-eluted with the GST-tagged RCC1 in the GSH elution.
To confirm the interaction between RCC1 and the nucleosome was specific, I generated GSTtagged DHFR (dihydrofolate reductase) which did not bind to the nucleosome in the same
experiment. The nucleosome core particles were remained in the flow through indicating that
there is no binding between GST-tagged DHFR and the nucleosome. This negative control
suggested that the binding between RCC1 and the nucleosome is specific.
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(a)

(b)

Figure 4-6: LANA and RCC1 interact with the nucleosome core particle in the pull-down assay
(a) Coomassie-stained SDS-PAGE gel for immobilized LANA peptide pull-down assay using
recombinant Xenopus nucleosome core particles. The input nucleosome is shown in lane 1. The
input tagged LANA peptide and LANA LRS→AAA mutant peptide are shown in lanes 2 and 5.
Proteins did not bind to the immobilized LANA peptides and remained in the supernatant (FT)
are shown in lanes 3 and 6, while proteins that were eluted from the beads (B) are shown in lanes
4 and 7. The molecular weight markers are shown on the right. The results for experiments using
LANA peptide and LANA LRS→AAA peptide are shown in lanes 2-4 and 5-7, respectively.
(b) Coomassie-stained SDS-PAGE gel for immobilized RCC1 β-propeller domain pull-down
assay using recombinant Xenopus nucleosome core particles. The input tagged hRCC1∆1 =
hRCC1 (21-421) are shown in lane 1. The asterisk marks the position of a contaminant. The input
nucleosome is shown in lane 2. Proteins did not bind to the immobilized RCC1 or DHFR and
remained in the supernatant (FT) are shown in lanes 3 and 5, while proteins that were eluted from
the beads (B) are shown in lanes 4 and 6. The molecular weight markers are shown on the right.
The results for experiments using RCC1 and DHFR are shown in lanes 2-4 and 5-7, respectively.
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4.3.2 RCC1 and LANA competes with each other on the nucleosome core particle

4.3.2.1 LANA elutes nucleosome immobilized via GST tagged RCC1
Since both LANA peptide and RCC1 have been shown to bind to the nucleosome via
interactions with the H2A/ H2B histone dimer (Nemergut et al., 2001; Barbera et al., 2006), I
asked if RCC1 is competitive or compatible with LANA binding to the nucleosome. I utilized a
GST competition pull-down assay to address this question (Figure 4-7 a). The β-propeller
domain of human RCC1 (residues 21-421) was immobilized on glutathione (GSH)-Sepharose via
a GST fusion tag and then allowed to bind recombinant nucleosome core particles (Figure 4-7 b,
lanes 1 and 2). A LANA peptide-thioredoxin fusion protein was then added to the washed beads
containing RCC1 and the bound nucleosome core particles. If LANA and RCC1 can
simultaneously bind to nucleosomes, I would expect the beads to retain all three components.
However, I find that adding increasing amounts of the LANA fusion protein causes the
nucleosome core particles to elute from the RCC1 beads (Figure 4-7 b, lanes 5, 6, 9, and 10). To
confirm that this release of nucleosomes is due to LANA displacing nucleosomes from RCC1, I
repeated the experiment using a LANA mutant defective in binding the nucleosome. When the
LANA LRS→AAA mutant-thioredoxin fusion protein (LANAmut) is used, the same additions of
this mutant LANA-thioredoxin protein fail to dissociate nucleosome core particles from the
RCC1 beads (Figure 4-7 b, lanes 7, 8, 11, and 12). These results indicate that RCC1 and LANA
bind competitively to the nucleosome core particle, presumably due to overlapping binding sites
on the histone dimer.
This competitive binding of RCC1 and LANA to the nucleosome does not depend on the
nature of the LANA fusion construct because a LANA fusion utilizing the IgG binding domains
of Protein A instead of thioredoxin shows the same competitive binding, as demonstrated by the
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titration in Figure 4-7 c. Unlike the thioredoxin-LANA fusion, the Protein A-LANA fusion is
well resolved from the histone H3 band, allowing me to determine that the Protein A-LANA
elutes with nucleosome core particle released from immobilized RCC1 but does not bind to
nucleosome core particles that remain bound to the immobilized RCC1 (Figure 4-7 c, lanes 2-11).
The latter observation is somewhat unexpected because I anticipate two RCC1 binding sites per
nucleosome core particle (one binding site for each histone dimer). If I assume that the
immobilized RCC1 protein binds the nucleosome core particle through one of the two binding
sites, the LANA peptide might be expected to bind the other site. A possible explanation for
myfinding that Protein A-LANA does not bind to nucleosome core particles bound by GSTRCC1 itself immobilized on GSH-Sepharose is that the second nucleosome binding site presented
in this manner is not accessible to the Protein A-LANA fusion protein due to steric effects, which
might be caused by the dimerization of GST-tagged RCC1.
(This section was mostly derived from a part of the paper “RCC1 Uses a
Conformationally Diverse Loop Region to Interact with the Nucleosome: A Model for the RCC1Nucleosome Complex” J Mol Biol. 2010 May 14; 398(4):518-29, which was written by Dr. Song
Tan)
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(a)

(b)

(c)

(d)
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Figure 4-7: RCC1 and LANA compete with each other for binding to the nucleosome core
particle
(a) Schematic representation of the LANA-nucleosome competition assay.
(b) Coomassie-stained SDS-PAGE gel for LANA-nucleosome competition assay using
thioredoxin-tagged LANA peptide. The input of the recombinant GST-tagged human RCC1∆1
used is shown in lane 1. The asterisk marks the position of a contaminant. The input of
recombinant nucleosome core particles is shown in lane 2. Sample eluted (E) by buffer or LANA
peptide from nucleosome core particles bound to GST-tagged RCC1∆1 are shown in lanes 3, 5, 7,
9 and 11, while samples that remained bound before elution (B) from the GSH-Sepharose by
GSH are shown in lanes 4, 6, 8, 10 and 12. Samples recovered with buffer are shown in lanes 3
and 4, with 1:1 molar ratio of LANA peptide in lanes 5 and 6, with 1:1 molar ratio of LANA
LRS→AAA mutant peptide in lanes 7 and 8, with 2:1 molar ratio of LANA peptide in lanes 9
and 10, with 1:1 molar ratio of LANA LRS→AAA mutant peptide in lanes 11 and 12.
(c) Coomassie-stained SDS-PAGE gel for LANA-nucleosome competition assay using ProteinA-tagged LANA peptide. Samples eluted (E) by buffer (lane 2) or LANA peptide at 0.5, 0.75, 1.0
or 1.5 molar ratio of input nucleosome core particles (lanes 4, 6, 8 and 10) are shown, while the
corresponding samples that remained bound before elution (B) from the GSH-Sepharose by GSH
are shown in lanes 3, 5, 7 and 11.
(d) Coomassie-stained SDS-PAGE gel for RCC1-nucleosome competition assay. Sample that was
not eluted by human RCC1∆1 and remained bound before elution (B) from GSH-Sepharose by
GSH is shown in lane 1. The input human RCC1∆1 for elution are shown in lanes 2, 5 and 8.
Sample eluted (E) by human RCC1∆1 from nucleosome core particles bound to GST-tagged
LANA peptide are shown in lanes 3, 6 and 9, while samples that remained bound before elution
(B) from the GSH-Sepharose by GSH are shown in lanes 4, 7 and 10. Samples recovered with 1:1
molar ratio of human RCC1∆1 are shown in lanes 2-4, with 10:1 molar ratio of human RCC1∆1
in lanes 5-7, with 100:1 molar ratio of human RCC1∆1 in lanes 8-10.
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4.3.2.2 RCC1 elutes nucleosome immobilized via GST tagged LANA
I also performed the reciprocal competition assay of RCC1 and LANA. In this
experiment, the nucleosome core particles were immobilized on GSH resin via GST tagged
LANA, and RCC1 was added to compete with LANA (Figure 4-6 d). The nucleosome core
particles were eluted from the LANA beads by increasing amounts of the RCC1. These results
also indicate that RCC1 and LANA bind competitively to the nucleosome core particle.
The relative binding affinities of RCC1 and LANA to the nucleosome could be estimated
from the competition assay results. RCC1 and LANA similarly compete to elute nucleosomes
immobilized on the resin. Even when equal molar amount of competitor as nucleosomes are
applied, nucleosome start to be eluted (Figure 4-6 b, lanes 5, 6; d, lanes 2-4). These results
suggest that the binding affinities of RCC1 and LANA to the nucleosome are similar, or at least
of the same magnitude.
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4.3.3 Reconstitution of RCC1/Ran/Nucleosome complex
Our laboratory published the results in 4.3.2.1, together with the results from Joe England,
a research associate (England et al., 2010). Later, Ravindra Makde, a postdoctoral researcher,
solved the crystal structure of the Drosophila RCC1 bound to the nucleosome core particle. This
crystal structure raises questions about how the Ran small GTPase binds with RCC1 and the
nucleosome to form the RCC1/Ran/nucleosome complex. I have worked with Dr. Makde to
perform crystallization studies of this RCC1/Ran/nucleosome triple complex.
I choose nucleotide free RCC1/Ran/nucleosome complex as the target for crystallization.
Ran protein cannot be purified unless it is loaded with nucleotide. Since RCC1 is a guanine
exchange factor of Ran, Ran loaded with nucleotide starts exchanging or losing bound nucleotide
when interacts with RCC1. Moreover, the nucleosome further facilitates the exchange or lose of
nucleotide when it binds to RCC1/Ran complex (Nemergut et al., 2001). However, a uniform
stable complex is preferred for X-ray crystal structure investigations. Previous studies showed
that nucleotide free RCC1/Ran complex was stably formed when Mg2+ was stripped using 5 mM
EDTA (Renault et al., 2001). So I obtained nucleotide free RCC1/Ran/nucleosome complex with
5 mM EDTA.
I tested using RCC1 and Ran protein from different species in my crystallization studies
(Table 4-1). Orthologs provide a method to obtain variant proteins with different surface
properties that could influence crystal contacts without affecting biological function (Savchenko
et al., 2003). Our laboratory witnessed crystallization benefits for the RCC1/nucleosome project
by changing the species from Xenopus to human to yeast to Drosophila (Tan, 2012). For the
nucleosomes, I used recombinant nucleosome core particles containing either 145bp or 147bp
Widom 601 nucleosomal DNA. 147 bp human α-satellite nucleosomal DNA was used in Luger’s
nucleosome structure and 147 bp Widom 601 nucleosomal DNA was used in RCC1/nucleosome
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structure. But the Widom 601 nucleosome core particle contains 145 bp DNA instead of 147bp.
In the nucleosome core particle containing Widom 601 DNA, the DNA is more twisted at super
helix location +5 and -5 (Makde et al., 2010; Vasudevan et al., 2010). The results suggest that
different nucleosomal DNA sequence could alter the DNA structure in the nucleosome core
particle.
The RCC1/Ran/nucleosome complex was reconstituted in two steps. First, RCC1/Ran
complex was reconstituted by mixing RCC1 and Ran in multiple additions. Then
RCC1/Ran/nucleosome triple complex was reconstituted by stepwise mixing of the nucleosome
and RCC1/Ran complex. A 10% excess of factor (RCC1 and Ran) is used to favor the formation
of complexes. The excess RCC1 and Ran would not affect the screening, since RCC1 had
previously been determined not to crystalize under the screening conditions I employed, and
under the reconstitution conditions I used, nucleotide free Ran on its own precipitates and is
removed by centrifugation.
The RCC1/Ran/nucleosome complexes were further purified by size exclusion
chromatography, and the triple complex eluted as a symmetric peak (Figure 4-7 a). The
composition, purity and stoichiometry of the components of the complexes were assessed by
SDS-PAGE, and dynamic light scattering was used to determine whether the complex remained
monodispersed. The SDS-PAGE gel suggests that the RCC1/Ran/nucleosome complexes are at
least 95% pure and stoichiometry of RCC1 : Ran : nucleosome is likely to be 2:2:1. The
polydispersity of the triple complexes are all below 20%, indicating the materials are
monodispered (Figure 4-7 b; Table 4-1).
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(a)

(b)

Figure 4-8: Reconstitution of RCC1/Ran/Nucleosome complex
(a) Chromatogram of the purification of Drosophila RCC1/Ran/nucleosome complex over
Superdex 200 size exclusion chromatography
(b) Coomassie-stained SDS-PAGE gel for the reconstitution of RCC1/Ran/nucleosome complex
of different species. The components of each version of the triple complex are listed in Table 4-1.
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RCC1/Ran/
Nucleosome

Nucleosomal DNA
length (bp)

RCC1

Ran

Polydispersity
(%)

v04

147

ySrm1

yGsp1

9

v06

147

hRCC1

hRan

12.4

v07

147

hRCC1

dRan

11.4

v08

147

zRCC1

hRan

8.9

v09

147

dRCC1Δ1

dRan

9.4

v10

147

dRCC1Δ3x4

hRan

12.5

v13

147

agRCC1

yGsp1

12

v14

145

ySrm1

yGsp1

5.9

v15

145

hRCC1

hRan

13.4

v17

145

zRCC1

hRan

7.9

v18

145

dRCC1Δ1

dRan

9

v19

145

dRCC1Δ3x4

hRan

16.1

v20

145

agRCC1

yGsp1

16.3

Table 4-1: RCC1/Ran/Nucleosome complex reconstitution
Orthologs of RCC1 and Ran from different species including human (h), yeast (y), zebrafish (z),
Drosophila (d) and Ashbya gossypii (ag) were reconstituted with nucleosome core particles
containing 145bp and 147bp Windom 601 nucleosomal DNA in RCC1/Ran/nucleosome complex.
The polydispersity of the complexes measured by dynamic light scattering suggested that the
reconstituted complexes were monodispersed.
(Dr. Ravindra Makde and I contributed equally in the production of the first batch of
RCC1/Ran/nucleosome complexes containing 147 bp nucleosomal DNA [RCC1/Ran/nucleosome
v04-v13)]

170
4.3.4 Crystallization, post-crystallization handling and diffraction of RCC1/Ran/nucleosome
complex
I set up crystallization trials of the RCC1/Ran/nucleosome complex using crystallization
screening conditions developed by our laboratory. PEG2000 MME or PEG400 was used as
precipitant. Crystals with different shapes and sizes were observed under multiple conditions after
3 days.
The yeast Srm1/Gsp1 and nucleosome core particle with 147 bp DNA crystallized in
25mM NaAc pH 6, 25mM (NH4)2HPO4 and 20% PEG2000-MME. The crystals were soaked in a
base soak solution (25mM NaAc pH 6, 25mM (NH4)2HPO4 and 22% PEG2000-MME) at 4℃ and
then transferred from 0% to 24% PEG400 in 4% increments with 10-15 minutes between each
step. The best yeast Srm1/Gsp1/nucleosome crystal was diffracted to ~10 Å at home source
(Figure 4-9).
(a)

(b)

Figure 4-9: Yeast Srm1/Gsp1/Nucleosome complex crystallization and diffraction
(a) Yeast Srm1/Gsp1/Nucleosome complex was crystallized in 25mM NaAc pH 6, 25mM
(NH4)2HPO4 and 20% PEG2000-MME.
(b) The crystal in (a) diffracted to ~10 Å home.
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The human RCC1/Ran and nucleosome core particle with 147 bp DNA formed a large
perfect looking crystal in 25mM NaAc pH 5.5, 100mM LiAc and 24% PEG400 or 5% PEG2000MME. Unfortunately, these crystals were barely diffracted even after stepwise dehydration.

Figure 4-10: Human RCC1/Ran/nucleosome crystallization
Human RCC1/Ran/nucleosome complex was crystallized in 25mM NaAc pH 5.5, 100mM LiAc
and 24% PEG400.
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The Drosophila RCC1 Δ1/Ran and nucleosome core particles with 147 bp DNA
produced the best result by far. A large but hollow crystal was observed in the drop with 25mM
NaAc pH 5.5 and 25mM Na3citrate and 5% PEG2000-MME (Figure 4-10). This crystal was
dehydrated and cryo-protected by soaking in 25mM NaAc pH 5.5, 25mM Na3citrate, 6%
PEG2000-MME containing increasing concentrations of PEG400 (0-24% in 4% increments).
This crystal diffracted to ~7.5 Å at home source. The same crystal was recovered from the beam
and its contents analyzed by SDS-PAGE electrophoresis. All the protein components of the triple
complex were observed on the gel after Coomassie staining, providing evidence that the crystal
contained the RCC1/Ran/nucleosome triple complex
I next explored and optimized crystallization conditions for the Drosophila RCC1
Δ1/Ran /nucleosome complex. These experiments produced hexagonal prism crystals (Figure 411, 4-12). Diffraction to ~4.5 Å was observed at the Cornell High Energy Synchrotron Source,
but high mosaicity of the diffraction data made the data difficult to process.
Crystal annealing is a method often used to improve diffraction and to reduce mosaicity
(Harp et al., 1998; Hanson et al., 2003; Newman, 2006). There are two main approaches to crystal
annealing. The simpler way is to block the cooling stream (liquid nitrogen) for a few seconds
before unblocking, so that crystal thaws and refreezes. The second approach is to put the crystal
back to the mother liquor or the final dehydration solution for a few minutes, and then refreeze
and remount the crystal. Each these methods were tried in the post-crystallization handling of
RCC1/Ran/nucleosome crystal, but unfortunately these annealing attempts made the diffraction
worse.
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Figure 4-11: Drosophila RCC1Δ1/Ran/nucleosome complex crystallization screen and diffraction
at home source
(a) Drosophila RCC1Δ1/Ran/nucleosome complex crystallized in 25mM NaAc pH 5.5 and
25mM Na3citrate and 5% PEG2000-MME
(b) The crystal in (a) diffracted to ~7.5 Å at home source
(c) SDS-PAGE gel shows that the crystal contains all the components of Drosophila
RCC1Δ1/Ran/nucleosome complex

174
(b)

(a)

(d)

(c)

Figure 4-12: Drosophila RCC1Δ1/Ran/nucleosome complex crystallization screen and diffraction
at synchrotron
(a) Drosophila RCC1Δ1/Ran/nucleosome complex was crystallized in 25mM NaAc pH 5.5,
75mM Na3citrate and 14% PEG2000-MME
(b) The crystal in (a) diffracted to ~4.5 Å
(c) Drosophila RCC1Δ1/Ran/nucleosome complex was crystallized in 25mM NaAc pH 5.5,
80mM Na3citrate and 12% PEG2000-MME
(d) The crystal in (c) diffracted to ~8 Å
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4.4 Material and Methods

4.4.1 RCC1 purification
The human RCC1 gene was cloned from HeLa cDNA by PCR amplification. The
untagged or Avitag-GST- hexahistidine tagged β-propeller domain (residue 21-421) was
expressed in BL21(DE3)pLysS cells at 37℃ for 3 hours after induced by 0.2 mM IPTG. The
tagged RCC1 protein was purified by Talon metal affinity chromatography and SourceQ anionexchange HPLC. The untagged RCC1 protein was purified by SP-Sepharose cation-exchange
chromatography.
Hexahistidine-tagged Drosophila RCC1 (2-422) was expressed in BL21(DE3)pLysS
cells at 18℃. The fusion protein was purified by Talon metal-affinity chromatography, and the
tag was digested by TEV protease. The cleaved protein was further purified by SourceS cationexchange and SourceQ anion-exchange HPLC.

4.4.2 LANA cloning and purification
Oligonucleotides containing the coding sequence of Kaposi’s sarcoma herpesvirus
LANA peptide residues 1-23 were subcloned into pST50 expression vector. QuikChange sitedirected mutagenesis was used to make LRS-AAA mutant. HisTrxN or STRHISNPRA tagged
proteins were expressed in BL21(DE3)pLysS cells at 37℃ for 3 hours after induced by 0.2 mM
IPTG. Proteins were purified by Talon metal-affinity and SourceQ anion-exchange
chromatography. STRHISNPRA tagged protein was digested by TEV protease and addition
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Talon metal-affinity purification was used to remove the tag and TEV protease from the Protein
A-LANA fusion protein.

4.4.3 GST pull-down
One hundred µl of 8 μM Avitag-GST-hexahistidine-tagged hRCC1Δ1 was incubated
with 20 μl of GSH-Sepharose resin (GE Healthcare) in GST binding buffer (20 mM Tris-Cl, pH
8.0, 100 mM NaCl, 10 mM DTT, 200 μg/ml bovine serum albumin (BSA), and 0.1% NP40).
After washing the resin twice with 150 μl GST binding buffer and equilibration with T50Ac
buffer (5 mM Tris-Cl, pH 8.0, 50 mM NaAc, 10 mM DTT, 200 μg/ml BSA, and 0.1% NP40), 35
μl of 6.5 μM recombinant nucleosome core particles was added and allowed to bind to the
immobilized hRCC1Δ1 protein. Unbound nucleosome core particles were removed by washing
with T50Ac buffer. The immobilized hRCC1Δ1 protein and remaining nucleosome core particles
were then unbound from the resin using 35 μl T50Ac buffer with an additional 100 mM GSH.
Samples were fractionated on an 18% acrylamide SDS-PAGE gel and visualized by Coomassie
Blue staining.

4.4.4 Competition assay
The immobilized hRCC1Δ1 protein with nucleosome core particles were prepared as in
“GST pull-down” above. The bound nucleosome core particles were then challenged by addition
of 6.5 μl 13 μM Protein A–LANA fusion protein or HisTrxNLANA or HisTrxNLANA (LRS →
AAA) proteins in a final volume of 35 μl in the same buffer. The immobilized hRCC1Δ1 protein
and remaining nucleosome core particles were then unbound from the resin using 35 μl T50Ac
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buffer with an additional 100 mM GSH. Samples were fractionated on an 18% acrylamide SDSPAGE gel and visualized by Coomassie Blue staining.

4.4.5 Ran purification
Human Ran (hRan) was expressed as HisTrxN fusion or STRHISN fusion in E. coli
BL21(DE3)pLysS cell at 18℃ for 18 hours after induced by 0.2 mM IPTG. Drosophila Ran was
expressed as STRHISN fusion in E. coli BL21(DE3)pLysS cell at 37℃ for 3 hours after induced
by 0.2 mM IPTG. Cells were harvested and flash frozen in P300 + 2mM MgCl2 + 100 μM GDP.
The protein was first purified by Talon metal-affinity chromatography. The pool of Ran was
added to 5 mM EDTA and 200μM GDP, and incubated at 4℃ for 30 minutes before 10mM
MgCl2 was added to stabilized the loaded GDP. The HisTrxN tag was cleaved by TEV protease
and the Ran protein was further purified by SourceS cation-exchange chromatography.

4.4.6 RCC1/Ran reconstitution
There are two ways to reconstitute nucleotide free RCC1/Ran complex.
1. Purified Ran was added to RCC1 stepwise in the buffer with 5 mM EDTA. The ratio
of 1:1.2 of RCC1:Ran was used. Ran protein was divided into three sets. Each set was added to
RCC1 with at five minute intervals. Reconstituted complex was centrifuged to remove excess
precipitated Ran before was used to reconstitute with the nucleosome core particle.
2. Partially purified Ran by Talon metal-affinity chromatography can be used directly to
reconstitute with RCC1 (either highly purified or partially purified by Talon affinity
chromatography only) without being loaded with GDP. The concentration of partially purified
Ran and RCC1 was estimated by Bradford assay. Excess Ran protein was used in the
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reconstitution. The fusion tag was cleaved by TEV NIa during dialysis. The pool of reconstituted
complex was centrifuged to remove precipitated free excess Ran and then further purified by
SourceQ anion-exchange chromatography.

4.4.7 RCC1/Ran/nucleosome reconstitution
Twenty-two nmol of RCC1/Ran complex was divided into 3 sets and then added to 10
nmol nucleosome core particles in T50Ac buffer (5mM Tris-Cl pH 7.6, 50mM NaAc, 1mM DTT).
After each addition, complex was left at room temperature for 3 min. After the last addition,
complex was left at room temperature for 10 minutes before purified over Superdex 200 size
exclusion chromatography. The desired fractions were pooled and concentrated. The
quantification was calculated based the absorption at 260 nm of nucleosomal DNA in 0.2N
NaOH. All complexes were diluted to 12mg/ml for crystallization.

4.4.8 Crystallization
Crystallization screens were done by mixing 1µl of complex (12mg/ml) with 1 µl of
screening solution and then overlaid with 75 µl of Al’s oil (an equal-volume mixture of silicon
and paraffin oils) at 21 ℃ in 96-well microtitre plates. Crystallization was also done by mixing
4µl of complex with 4µl reservoir on siliconized coverslips by hanging drop. The drop was at
equilibrium against 500µl reservoir at 21 ℃ in 24-well plates.
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4.4.9 Post-crystallization handling & Diffraction
Crystals were harvested and transferred by using a mounting loop. PEG400 or glycerol
was used as the dehydration reagent and the cryo protector, respectively. The dehydration
solutions were made based upon the recipe of mother liquor with 10% more precipitant reagent,
plus increasing amount of PEG400 or glycerol. The crystals were first transferred to the
dehydration solution without dehydration reagent, and then transferred to the dehydration
solutions with increasing amount of dehydration reagent step-wisely (2% or 4%) in a 9-well plate
in the cold room.
Dehydrated crystals were flash cooled in liquid nitrogen before applied to the X-ray.
Crystals were diffracted at home-source and Cornell High Energy Synchrotron Source, and
crystals were also remote screened at ALS. Crystals were diffracted under liquid nitrogen stream,
but room temperature diffraction was also tried.
Crystal annealing was performed by either blocking the liquid nitrogen stream by a credit
card for 5 seconds, or putting the crystal back to the final dehydration solution for 3 minutes.
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4.5 Discussion and Future directions

4.5.1 Competition assay
In the RCC1/nucleosome binding study, I discovered that RCC1 shared the binding site
with LANA, a 23 amino-acid peptide from Kaposi’s sarcoma herpesvirus on histone H2A/H2B
acidic patch by a competition pull-down assay. This finding was validated by the later crystal
structure of Drosophila RCC1/nucleosome solved by Dr. Ravindra Makde in our laboratory.
I noted that LANA peptide failed to bind to the nucleosome core particles which
remained bound to the immobilized RCC1 on the GSH-Sepharose. The observation suggested
that the histone surface was not accessible to the LANA peptide, probably due to steric effects.
However, the histone surface is apparently accessible to RCC1 and LANA and both the
RCC1/nucleosome and LANA/nucleosome are likely 2:1 complexes in solution (Barbera et al.,
2006; Makde et al., 2010), so that this inaccessibility was likely to be caused by GST tag and/or
GSH-Sepharose. This inaccessibility could cause a false negative result in a competition assay.
Therefore, a better designed competition assay is needed. Instead of using pull-down, EMSA or
gel filtration can be used in the competition assay. In these experiments, the factors and
nucleosome are mixed at different ratios before being separated by gel or size exclusion column.
The result would suggest whether these two factors co-exist or compete on the nucleosome. In the
EMSA assay, the factors could be detected if they are labeled with different fluorophore dyes, or
by Western blotting if the antibodies are available. In the gel filtration assay, fluorophore labeling
could also be used, or fractions could be separated by SDS-PAGE followed by staining or
Western blot. Furthermore, EMSA and gel filtration based competition assay do not require GSTtagged protein, and using non-tagged protein could provide more physiological relevant result of
how factors bind to the nucleosome.
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The binding affinities between the factors to the nucleosome need to be considered in the
competition assay. There are two possible outcome of a competition assay when two factors do
overlap the interaction site. If the second factor has higher affinity or similar affinity but at higher
concentration, the nucleosome would be competed off and remain in the solution with the second
factor. Or if the second factor has lower affinity, the nucleosome would stay on the resin and the
second factor would also remain in the solution. Apparently, the first outcome gives more
information since failing to compete off the nucleosome from the resin could be due to reasons
other than not direct overlapping, like steric effect. Although low affinity sometimes could be
overcome by high concentration, it is not always feasible to produce monodisperse protein at very
high concentration. So, to get more informative results, it is better to immobilize the nucleosome
via a factor which has the lower binding affinity, and then to challenge the nucleosome with a
factor which has the higher binding affinity.

4.5.2 RCC1/Ran/nucleosome structure model
Since crystal structures of the RCC1/Ran and the RCC1/nucleosome complexes are both
available, the RCC1/Ran/nucleosome complex can be modeled (Figure 4-13). But, there are still
questions that need to be answered. First of all, from binding and functional assays, it is believed
that Ran binds directly to the nucleosome (Bilbao-Cortes et al., 2002). So how does Ran interact
with histone surface or nucleosomal DNA? Secondly, as Ran does not directly interact with the
nucleosome in the model, either the interactions between RCC1 and Ran, or the interactions
between RCC1 and nucleosome have to change. One hypothesis is that the structure of
RCC1/Ran complex remains the same and the interaction between the nucleosomal DNA and
RCC1’s N-terminal tail (maybe DNA-binding loop as well) is broken or changed so that the
RCC1/Ran complex could tilt toward histone surface and Ran could interact with the nucleosome
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directly. Alternatively, the Ran’s C-terminal region might also play a role. The density of Cterminal region of Ran is not visible in Ran-GTP and RCC1/Ran crystal structure (Figure 4-2 a),
but this region forms an α-helix in Ran/BP1 structure. It is possible that this C-terminal region of
Ran could interact with the nucleosome without disrupting RCC1/nucleosome interactions. A
structure of the RCC1/Ran/nucleosome ternary complex will distinguish between these
possibilities and provide information about how RCC1 and the nucleosome regulate Ran’s
guanine exchange activity.
Other biochemical methods could be used to complement X-ray crystal structure
determination. Single-molecule FRET technique (Lee et al., 2011; Lee and Lee, 2012) could be
used to study and validate the conformational change during the guanine exchange, especially the
conformational change of the C-terminal tail of Ran at single-molecule level (see 5.1.3).
The guanine nucleotide exchange assay has been used to understand how RCC1 and the
nucleosome stimulate the exchange of nucleotide on Ran (Klebe et al., 1995a; Klebe et al.,
1995b; Azuma et al., 1996). The guanine exchange assay could be used to examine the
contributions of particular regions of the Ran or RCC1 in nucleotide exchange. These results
could also provide useful insights to guide crystallization of the triple complex. Furthermore,
once the structure of the RCC1/Ran/nucleosome triple complex is solved, the guanine nucleotide
exchange assay should be used to validate the result.
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Figure 4-13: RCC1/Ran/nucleosome structure model
In the model, RCC1/Ran crystal structure (PDB: 1I2M) was aligned to the RCC1/nucleosome
structure. RCC1 is shown in yellow-orange (central strand region), blue and green (loop region)
and red (N-terminal tail, DNA-binding loop and switch back loop); Ran is shown in light blue
and C-terminal region of Ran is shown in grey; the histone H3, H4, H2A and H2B and DNA of
the nucleosome core particle are shown in cornflower blue, light green, wheat, pink and light
blue, respectively. (from “Structure of RCC1 chromatin factor bound to the nucleosome core
particle” by Makde, R.D., England, J.R., Yennawar, H.P., and Tan, S. (2010).. Nature 467, p.
563)

4.5.3 Produce uniformed material with the help of fluorophore labeling
In our laboratory, we typically add 10% more of the chromatin factor when we
reconstitute factor/nucleosome complex. For example, Dr. Ravindra Makde used a 2.2 : 1 ratio of
RCC1 : nucleosome core particle when he reconstituted the RCC1/nucleosome complex (Makde
et al., 2010). But I do not actually know whether the binding was saturated and whether all the
nucleosome core particles were complexed with factor. Since it may be critical to use as
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uniformed material as possible in crystallization study, it would be very useful to have an easy
method to figure out the right ratio.
A fluorescent labeling method has been used in crystallography studies to indicate
whether crystals contain labeled protein (Forsythe et al., 2006). This method could also be helpful
in producing uniformed material. I plan to use fluorescence-labeled RCC1 and Ran in the
reconstitution, and the fluorophore on the protein would allow me to monitor whether the
nucleosome is saturated by RCC1 and Ran on a size exclusion column, so that I could determine
the correct ratio in the RCC1/Ran/nucleosome complex reconstitution and obtain more uniformed
material. By using a uniform complex sample, I may improve my chance to attain better
diffraction and also reduce the mosaicity in the diffraction.

4.5.4 Optimize the crystallization by varying the molecules

4.5.4.1 Variation of the DNA
The ends of DNA are very important for crystallization of protein/DNA complexes as
DNA ends are often involved in crystal contact (Tan et al., 2000). In my crystallography work of
RCC1/Ran/nucleosome complex, only 147 bp and 145 bp of the Widom 601 nucleosome DNA
was used. DNA with different length and different DNA sequence could also be used. The αhuman satellite DNA is a candidate since the 1.9 Å structure of Xenopus nucleosome core particle
was solved with 147 bp α-human satellite DNA.
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4.5.4.2 Protein from different species and protein with different truncations and deletions
Using orthologs from different species is common way to introduce non-artificial
variations in the protein for crystallization. RCC1 and Ran of some major species have been
tested, and more species and more combinations are worth trying. Also, truncations and deletions
could have a great effect on crystallization. In this case, the C-terminal region of Ran behaves
differently in different crystal structures: it is unstructured in the Ran-GDP structure while it
forms a helix in the RanBP/Ran-GTP structure. So, this region could be an important in crystal
forming.

4.5.4.3 Complex with different nucleotide
As I mentioned above, only nucleotide free RCC1/Ran/nucleosome complexes have been
screened. Complexes with nucleotide need to be tested. Since RCC1 is guanine exchange factor
and the nucleosome even stimulates the exchanging, Ran T24N mutant which has defects in
exchanging nucleotide might be needed. GDP, GTP and nucleotide analog could be tested.

4.5.5 Vary crystallization conditions
Most of the screening was done by using our laboratory’s factorial 13 design using PEG
2000MME as the precipitant. More screen buffer and different precipitant is needed. Since Mg2+
usually crystallizes/precipitates nucleosome alone, we omit all the divalent ions in the screening
solution for nucleosome complex. However, since the Sir3 BAH (bromo-associated homology)
domain/nucleosome complex was obtained in 10 mM Mg2+ (Armache et al., 2011), it is
worthwhile to include divalent ions in the screening solution but with cautions.

186
I noticed that a hole formed in the crystal during the growth of dRCC1/dRan/nucleosome
crystal. This might happen when crystals grow too fast once nucleation has taken place. I suspect
that the hole in my dRCC1/dRan/nucleosome crystal might be one of the reasons for smear spots
and high mosaicity. Microseeding, lower protein concentration, growth at lower temperature or
adding additives like glycerol might reduce the growth rate and help to produce better crystals
without holes.

4.5.6 Optimize the diffraction by post-crystallization handling
Dehydration helps crystal packing and diffraction. Step-wised dehydration was used in
solving RCC1/nucleosome structure and Sir3 BAH domain/nucleosome structure. In my
Ran/RCC1/nucleosome structure work, 24% PEG400 gave the best result by far as the
dehydration reagent. Other dehydration reagent and different concentrations of the reagent need
to be tested. Moreover, a humidity control device can be used to optimize the dehydration
condition and was shown to improve the diffraction and reproducibility (Fraser et al., 2009;
Sanchez-Weatherby et al., 2009; Hu et al., 2011; Kadlec et al., 2011; Russi et al., 2011).
Flash cooling is also a parameter in post-crystallization handing. Slow cooling or step
cooling was also shown to improve the quality of diffraction (Edayathumangalam and Luger,
2005; Warkentin and Thorne, 2009, 2010) .
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Chapter 5
Summary and Further experiments

5.1 Further experiments

5.1.1 Mapping the crosslinking site on the nucleosomal DNA
Although I determined that both K63 of Epl1 and K61 of Esa1 crosslinked to the
nucleosomal DNA, the position where crosslinking happened on the DNA was not mapped.
Mapping the crosslinking site could provide more information on how the Esa1 Tudor domain
loop region and N-terminal region of Epl1 EPcA domain functioned on the nucleosome. For
example, mapping the crosslinking site could validate whether the crosslinking site of Epl1 K63
to the nucleosomal DNA is near the histone H2A N-terminal tail.
Iron-EDTA reagents such as FeBABE (iron-(S)-1-[p-(bromoacetamido)benzyl]EDTA)
and EDTAcyst-NPS (S-(2-nitrophenylsulfenyl)cysteaminyl EDTA) have been used to map
protein-DNA interactions (Flaus et al., 1996; Greiner et al., 1997; Eichner et al., 2010). FeBABE
could be conjugated to K63C of Epl1in Piccolo NuA4. After FeBABE-Piccolo NuA4 is
complexed with the nucleosome core particles, ascorbic acid and hydrogen peroxide could be
sequentially added to produce hydroxyl radicals which cleaved the DNA. The length of cleaved
DNA could be determined by end-radiolabeling or primer extension.
Furthermore, this method of mapping the nucleosomal DNA could be potentially useful
for studying how RCC1/Ran interacts with the nucleosome. For example, crosslinking and
mapping experiment could be employed to study whether the N-terminal tail of RCC1 is close to
or interacts with the nucleosomal DNA. Also, since Ran does not contain any solvent accessible
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cysteine (based on analysis of the crystal structure by the CCP4 (Collaborative Computational
Project No. 4) SURFACE software package (1994)), the same crosslinking and mapping method
could be applied to studying the interaction between Ran and the nucleosome. For example, the
question of whether the C-terminal region of Ran interacts with the nucleosomal DNA in the
RCC1/Ran/nucleosome complex can also be addressed.

5.1.2 Validate the in vitro results in vivo in yeast
I studied the effects of Esa1 Tudor domain mutants in yeast in vivo. The similar
experiments could also be performed on Epl1 EPcA domain mutants to study the in vivo function
of N-terminal region of EPcA domain of Epl1. Mutant strains could be made using URA3-based
system, as with the Esa1 Tudor domain mutant strain. The viability of yeast cells, the genome
locations of acetylation and occupancy of HAT complexes also need to be investigated. I assayed
two constitutive genes (PYK1 and PMA1) in the ChIP assay for the Esa1 Tudor domain mutant.
Genome-wide analysis on both of the wild type and mutant strains of Esa1 Tudor domain as well
as the N-terminal region of Epl1 EPcA domain could provide additional information for how
NuA4 and Piccolo NuA4 function in yeast. It will be especially interesting if the Epl1 EPcA
domain mutations and the Esa1 Tudor domain mutations produce different results in such assays.
Similar experiments could also be conducted on Srm1 (yeast RCC1) or Gsp1 (yeast Ran)
mutants in yeast if more information were available for how RCC1/Ran/nucleosome interacts
with each other in the triple complex.
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5.1.3 smFRET in studying chromatin factor/nucleosome complex
FRET (Förster resonance energy transfer) is used to measure the distance between the
florescence dyes and often used to study conformational changes (Lee et al., 2011; Lee and Lee,
2012). In collaborating with Dr. Tae-Hee Lee in chemistry department, we are using smFRET
(single-molecule FRET) to study the interaction between Piccolo NuA4 and nucleosome. In this
experiment, Piccolo NuA4 complex is labeled with an acceptor dye via a site-specific cysteine
and different versions of nucleosomes are labeled with a donor dye at different positions on
nucleosomal DNA. Then, the distances between these two dyes are measured. By analyzing the
distances between with nucleosomes with donor dye installed at different positions, the threedimensional coordinates of the cysteine of the Piccolo NuA4 could be mapped relative to the
nucleosome. Moreover, smFRET provides the information on individual events, rather than the
average of multiple events. This could be especially useful if transient conformational changes
occur during Piccolo NuA4 and nucleosome interactions.
Also, smFRET might be even more suitable for studying RCC1/Ran/nucleosome
complex, since FRET might be able to distinguish between models for this triple complex (see
4.5.2). For example, the conformational status of C-terminal region in the triple complex could be
studied by smFRET. In this experiment, the C-terminal region of Ran is labeled with an acceptor
dye via a site-specific cysteine and nucleosome is labeled with a donor dye on nucleosomal DNA.
Thus the distance between the C-terminal region of Ran and the nucleosomal DNA will be
measured. Whether the structure of the C-terminal region is fixed or flexible can be answered by
analyzing the distance change.
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5.1.4 Cryo-EM in studying chromatin factor/nucleosome complex
Our laboratory collaborating with Asturias group tried to locate each domain of Piccolo
NuA4 complex by assaying various deletions using cryo-EM. Although we did obtain some
information from such experiments, it was not enough to locate each domain studied. The choice
of the deletions of Piccolo NuA4 in cryo-EM study is limited. The deletion of certain regions
should be big enough to be observed under the cryo-EM but not disrupt the integrity of Piccolo
NuA4. Certain domains like Epl1 EPcA domain cannot be mapped very well because they are
required for the integrity of the Piccolo NuA4 complex.
I propose that the Piccolo NuA4 domains could be mapped using cryo-EM by labeling
with gold nanoparticles. Gold nanoparticle (Nanogold) has been used to label and map other
proteins by cryo-EM (Montesano-Roditis et al., 2001; He et al., 2009). Since the native cysteines
in Piccolo NuA4 are not reactive, additional cysteine can be introduced anywhere on the surface
of the complex site-specifically by site-directed mutagenesis (Figure 3-4). MonomaleimidoNanogold reagent (Nanoprobes Inc., Stony Brook, NY) reacts specifically to sulfur groups and a
1.4 nm round Nanogold would be added to the cysteine site. Since labeling with gold
nanoparticles on the surface is unlikely to affect the integrity of the complex, there are potentially
more sites that could be mapped comparing to assaying deletions. Furthermore, it should be a lot
easier and clearer to interpret an additional density from a round metal particle, rather than
mapping the domain by trying to locate missing densities in Piccolo NuA4 complexes with
deletions.
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5.1.5 Competition pull-down assay
I developed a competition pull-down binding assay to reveal that the nucleosomal
binding site of RCC1 included the histone H2A/H2B acidic patch and overlapped with the
binding site of the LANA peptide from Kaposi’s sarcoma herpesvirus. Competition pull-down
assay could be also used in studying how other chromatin factors bind the nucleosome core
particle. On the histone surface, besides LANA peptide and RCC1, Sir3 BAH (bromo-associated
homology) domain is known to interact with histone H3/H4 and can be used as a competitor
(Armache et al., 2011).
On the nucleosomal DNA, sequence specific binding protein can be designed to bind to
specific site on DNA and functions as a competitor or a blocker. Alternatively, the biotin-dT was
used to be engineered into the internal region of DNA, then streptavidin binds to the biotin group
as a blocker (Gopalakrishnan and Benkovic, 1994). I propose to engineer a biotin-dT into the
DNA on the nucleosome, then allow streptavidin (Kd = ~ 10−14 M) or monomeric-streptavidin
(Kd = ~ 10−7 M) to bind to the biotin-dT on the nucleosome as a competitor or a blocker (Green,
1975; Wu and Wong, 2005).

5.2 Multivalent interactions of chromatin factor with the nucleosome
In this dissertation, I studied two chromatin factors, Piccolo NuA4 and RCC1, and their
interactions with the nucleosome by biochemical methods. Although Piccolo NuA4 and RCC1
are two factors with totally different functions, they do share features in how they interact with
the nucleosome. In particular, both employ multivalent interactions when binding to the
nucleosome.
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The crystal structure of Drosophila RCC1/nucleosome showed that RCC1 uses its
switchback loop to interact with the histone H2A/H2B acidic patch and a separate DNA-binding
loop to interact with nucleosomal DNA. The crystal structure also implied that the N-terminal tail
of RCC1 interacts with nucleosomal DNA. However, no single mutation within these three
regions disrupted the interactions. RCC1 still bound to the nucleosome when any one of these
interactions sites was mutated. Only double mutant or single mutant under high salt conditions
prevented RCC1 from binding to the nucleosome.
Similarly, the cryo-EM structure of Piccolo NuA4 bound to the nucleosome suggests
there are multiple interaction sites between Piccolo NuA4 and the nucleosome core particle. My
pull-down studies of Piccolo NuA4 complexes containing deletions in Esa1 or Epl1 suggest that
both the Esa1 Tudor domain loop region and the first 20 amino acids of Epl1EPcA domain
contribute to the binding between Piccolo NuA4 and the nucleosome.
Therefore, there appears to be a redundant mechanism for Piccolo NuA4 and RCC1 bind
to the nucleosome. As the functions of Piccolo NuA4 and RCC1 are essential for cells, this
mechanism ensures Piccolo NuA4 and RCC1 not only to bind to the nucleosome tightly, but also
to retain most of the binding affinity when a particular binding site is disrupted by a mutation.
Moreover, it is possible that employing multivalent interactions is a common way in which
chromatin factors with important functions bind to the nucleosome. Multiple contacts would
allow the interactions between chromatin factors with the nucleosome to persist during chromatin
structural changes.
Furthermore, this redundant mechanism for binding might be selected during the
evolution. For example, the DNA-binding loop is important for human and Drosophila RCC1 to
bind to the nucleosome (England et al., 2010; Makde et al., 2010). However, the DNA-binding
loop is not conserved and shorter in yeast, and the yeast Srm1/nucleosome crystal structure
suggests that there was no DNA-binding loop in the interaction between Srm1 and the
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nucleosome. The results of pull-down assay validates that the DNA-binding loop region
contribute little to the binding (T.S.Girish’s unpublished results). Therefore, the interaction
between the RCC1 DNA-binding loop and the nucleosome is likely to be established during
evolution.
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