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PREFACE

At the postgenomic era, when the primary structure of our genome has been
determined, a significant challenge for investigators i1s now to determine not
only the role of polymorphisms appearing in gene coding sequence for the
function of the corresponding proteins but also the protein—nucleic acid
interactions that regulate numerous vital processes in our cells such as gene
expression, replication, cell proliferation and apoptosis, RINA stability, etc.
Therefore, in this volume of the Advances in Protein Chemistry and Structural
Biology dedicated to protein—nucleic acid interactions, we discuss some of
these issues.

The first chapter in this book is focused on the current knowledge on
PCNA interactions, the DNA sliding clamp found in eukaryotes and
archaebacteria, from a structural point of view and highlights the questions that
remain still open for these interactions. The second chapter brings insights into
aggregation, nuclear location, and nucleic acid interaction as common features
shared by a number of proteins related to neurodegenerative diseases, including
Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis, transmis-
sible spongiform encephalopathy, Huntington’s disease, etc. This chapter
reviews those common features suggesting that neurological diseases may share
also a transcriptional disorder as an important contribution to the origin of the
disease.

In the third chapter, the applicability of several computational approaches
for understanding protein—-DINA interactions is discussed from different
perspectives—development of databases for the protein—-DNA interactions
and binding specificity of the complexes, structural analysis of protein—
DNA complexes, discriminating DNA-binding proteins from amino acid
sequence, prediction of DNA-binding sites and protein—-DNA binding spec-
ificity using sequence and/or structural information, and understanding the
recognition mechanism of protein—-DNA complexes. Furthermore, the avail-
able online resources for understanding protein—IDINA interactions are collec-
tively listed, which can be of a great benefit to researchers working in this field.

Last two chapters summarize the current advances of the chromatin
immunoprecipitation (ChIP)-based approaches to decipher gene regulatory
and epigenetic network in the cells. The limitations of the method are dis-
cussed and the future ChIP-based developments are explored with special
emphasis on ChIP-Seq which is presented in details in the fifth chapter.

vii



Viii Preface

Authors demonstrate here how sequence analysis of ChIP-Seq derives novel
biological knowledge on multiple levels, from individual transcription factor
binding sites to genome segments operating as regulatory modules. An over-
view of existing software in the field is also provided.

It 1s my sincere hope that this overview of some widely used methods
for studying protein—nucleic acid interactions and the involvement of some
dysfunctional interactions in a number of diseases would inspire future trans-
lational studies focusing on targeting protein—nucleic acid regulatory mech-
anisms as a strategy for therapies in various diseases/disorders.

R OSSEN DONEV
Institute of Life Sciences, College of Medicine
Swansea University, United Kingdom
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CHAPTER ONE
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Abstract

PCNA is the DNA sliding clamp found in eukaryotes and archaebacteria. Sliding clamps
were first described as processivity factors in DNA replication. They consist of multi-
meric, toroidal-shaped structures with pseudo-sixfold symmetry that encircle the
DNA duplex and tether the replicative polymerases to the genomic template. Later,
it was found that PCNA serves as a docking platform where other proteins dock to carry
out different DNA metabolic processes. The structure of the bacterial clamp bound to a
short primed DNA shows a tilted duplex in the central channel, which is lined by
a-helices with net positive charges. Many of the proteins reported to interact with PCNA
do so via the PCNA Interaction Protein sequence (PIP-box). The structures of several
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2 Alfredo De Biasio and Francisco J. Blanco

proteins and peptides bound to PCNA show a common binding mode, but it is still
unknown how the many different partners compete for binding and exert their enzy-
matic and regulatory functions. Furthermore, the literature contains many reports on
proteins that directly bind to PCNA as detected by different methods, but only few
of the putative complexes have been examined in detail by quantitative analytical tech-
niques or high-resolution structural methods. Some of the reported interactions are not
observed in solution using the pure proteins, indicating that the direct interaction is
nonexistent or very weak and is likely mediated by other factors. We review here the
current knowledge on PCNA interactions from a structural point of view, with a focus
on human proteins and highlighting the questions that remain to be answered.

5> 1. DNA SLIDING CLAMPS

DNA sliding clamps are multimeric proteins with toroidal-shaped
structures that encircle the DNA duplex and slide bidirectionally along
it (Kuriyan & O’Donnell, 1993). They are central components of the
replisome, the chromosomal-DINA replication machinery (Pomerantz &
O’Donnell, 2007), and act as replication processivity factors by tethering
the polymerases to the genomic template (Moldovan, Pfander, & Jentsch,
2007). Shding clamps are loaded onto DNA by specialized protein com-
plexes known as clamp loaders (Kelch, Makino, O’Donnell, & Kuriyan,
2012). The three domains of life, and even viruses, have functionally and
structurally related sliding clamps (Indiani & O’Donnell, 2006). Protein
clamps may be homodimeric, homotrimeric, or heterotrimeric assemblies,
with the protomers binding each other in a head-to-tail fashion forming a
ring. Despite limited sequence homology between the protomers of differ-
ent organisms, all sliding clamps consist of six structural domains that form a
characteristic fold: an outer layer of 6 P-sheets and an inner layer of
12 a-helices lining the central channel (Jeruzalmi, O’Donnell, & Kuryan,
2002). The bacterial clamp is formed by the homodimeric association of
two protomers, each one with three topologically similar domains.
In contrast, the archaeal (Matsumiya, Ishino, & Morikawa, 2001) and eukary-
otic clamps assemble into homo- or heterotrimeric rings in which each proto-
mer contains two similar domains and a long interdomain-connecting loop
(IDCL). As examples of clamp structures, the Escherichia coli DNA polymerase
Il B subunit (Kong, Onrust, O’Donnell, & Kuriyan, 1992) and the Homo
sapiens PCNA (hPCNA) ring (Kontopidis et al., 2005) are illustrated in
Fig. 1.1,
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Figure 1.1 Ribbon representations of the crystallographic structures of bacterial and
eukaryotic DNA sliding clamps. (A) The E. coli DNA polymerase Ill B subunit prokaryotic
B-clamp with a primed DNA in the central channel (3BEP). The front side is shown and
the two protein protomers are colored in green and red. (B) Two views of the human
PCNA trimeric ring (1VYM) are shown with the three protomers colored in green, red,
and blue. The view on the left shows the front side and the view on the right is the pre-
vious one rotated 90° along a vertical axis. The IDCL (residues 117-134), the BD2-E2
loop (184-195), the BH1-BI1 (residues 105-109), and the C-terminus are labeled on the
protomer colored in green using the original nomenclature. This indicates with a Greek
letter the type of secondary structure that is connected by the loop, with a capital Latin
letter the order of those elements along the PCNA sequence and with a number the
corresponding pseudodomain of the PCNA protomer. The five C-terminal residues
(residues 256-261) not seen in the crystal structure are indicated by circles in the green
protomer. (For interpretation of the references to color in this figure legend, the reader
is referred to the online version of this chapter.)

The clamp ring has two distinct faces: the front side, containing the
hydrophobic pocket where polymerases and other proteins bind, and the
back side. The front side is also known as the C-side after the localization
of the C-termini of the protomers. Although the charge distribution in
the outer surface of the ring differs among the clamps, the inner surface is
always rich in positively charged amino acids generating a positive electro-
static potential and thus favoring the passing of DNA. The ring has an inter-
nal diameter of approximately 35 A, which is much larger than the
approximately 24 A lateral extent of a double-stranded DNA (dsDNA) helix
in a canonical B-form (Wing et al., 1980). Molecular dynamics simulations
of a DNA duplex within the channel of human PCNA suggested that the
helical axis would be tilted with respect to the plane of the ring (Ivanov,
Chapados, McCammon, & Tainer, 2006). The only available high-
resolution structure of a sliding clamp bound to DINA is the crystal structure
of the E. coli DNA polymerase III  subunit bound to a 10-bp long dsDNA
with one four-base 5'-overhang of single-stranded DNA (ssDNA) on one
end (Georgescu et al., 2008). This DNA molecule represents a DNA strand
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primed for being copied by a polymerase. In the crystal, the dsSDNA portion
was found within the ring and tilted, with the dsDNA helical axis and the
clamp C2 rotation axis making an angle of 22°. This tilting may be caused by
interactions of the DNA with amino acids on the front side of the ring but
may be also influenced by the interaction of the ssDNA with another sym-
metry related ring in the crystal lattice. In fact, the primed DNA was found
with the ssDNA overhang protruding through the back side, which is the
reverse orientation relative to the physiological orientation, likely an artifact
of crystallization. The authors show evidence that in solution the interaction
is intramolecular, and that the binding site of ssDNA on PCNA is the same
where the polymerase binds. These results indicate that in solution the ori-
entation is the physiological one and that the ssDNA binding to the protein
binding pocket may serve as a “placeholder” keeping the clamp at the
primed site after loading instead of sliding oft. Because the polymerase con-
tains two regions that bind the clamp (Lopez de Saro, Georgescu,
Goodman, & O’Donnell, 2003), displacing the ssDNA from its binding site
allows the complex to slide and diffuse along the DNA.

A crystal of the same primed DNA bound to a single-chain chimera of
Saccharomyces cerevisiae PCNA (scPCNA) did not provide a high-quality
structure of the DNA moiety because of partial disorder or low occupancy
(McNally, Bowman, Goedken, O’Donnell, & Kuriyan, 2010). The ssDNA
overhang was not observed, but the model derived from the visible electron
density data indicates that the dsDINA is tilted within the central channel
optimizing the contacts between the negatively charged DNA and the pos-
itively charged inner side of the ring.

It has been progressively realized that sliding clamps are involved in DNA
metabolism and in other DNA template-based processes besides chromosomal
replication. These processes include sister chromatid cohesion, DNA repair,
chromatin assembly and remodeling, and cell cycle control and survival. Sev-
eral reviews cover the mode of action of sliding clamps in these processes and
other aspects of sliding clamp function (Bloom, 2009; Green, 2006; Lopez de
Saro, 2009; Moldovan et al., 2007), although they have not been studied up to
the same level of detail as DINA replication has.

Because of their central activity around DNA-related processes, sliding
clamps interact with many other proteins besides polymerases. In particular,
a large number of proteins have been reported to interact with the eukary-
otic PCNAs, the most studied sliding clamps (Maga & Hubscher, 2003),
posing the question on how do they access PCNA in a coordinated manner
and how does PCNA organize their cellular functions in space and time
(Warbrick, 2000). Although structural and biochemical studies provide
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some answers to these questions, the PCNA interactors are so numerous that
it looks an impossible task to experimentally unravel all the implications of
such a diverse set of binders. In this review, we focus on the structural prop-
erties of human PCNA, its interactions with other proteins for which there is
some experimental support, and how robust is the evidence for the interac-
tion with some of its partners in light of recent studies questioning the pre-
viously reported binding events. In the text hereafter, PCNA designates the
human PCNA, unless specified otherwise.

) 2. PCNA STRUCTURE, STABILITY, AND DYNAMICS

Human PCNA is predominantly trimeric in solution at concentra-
tions above 50 nM (Yao et al., 1996) and is stable over a 25-45 °C temper-
ature range (Schurtenberger et al., 1998). This is why PCNA rings need to
be opened, at the expense of ATP hydrolysis, by the clamp loader replication
factor C to assemble the ring onto DNA (Tsurimoto & Stillman, 1991).

The crystal structure of the PCNA ring shows the protomers arranged in
a head-to-tail fashion forming a ring with the front side containing the three
IDCLs linking the two domains of each protomer, and the back side with
prominent loops that protrude into the solvent (Fig. 1.1B). There are two
available PCNA structures (PDB entries IVYM and 1W60) corresponding
to different crystallographic spatial groups (monoclinic C2 and trigonal P3,
respectively), with a total of five crystallographically independent PCNA
protomer structures (Kontopidis et al., 2005). Although the two structures
are essentially the same, the C* atom RMSD between the five protomer
structures ranges from 0.7 to 2 A, and the overall fit of the trimer rings shows
a bucking of the trimer in the C2 crystal compared with the planar ring in the
P3 one. These results suggest a conformational plasticity of the PCNA mol-
ecule. The three-dimensional structure of PCNA in solution has not been
determined, but its NMR spectrum has been assigned (Sanchez, Torres,
Prieto, Blanco, & Campos-Olivas, 2007), and the structural information
derived from the measured backbone chemical shifts and long-range NOEs
is consistent with the crystal structure, indicating that the overall structure in
solution is the same (De Biasio et al., 2011).

It has been reported that PCNA can form double trimers inside the cells,
as detected by cross-linking experiments in intact cells and cell extracts
(Naryzhny, Zhao, & Lee, 2005) and by size-exclusion chromatography of
recombinant pure PCNA (Naryzhny, Desouza, Siu, & Lee, 2006). Muta-
tional analysis indicated that the double trimer is formed by a back-to-back
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association of two trimers. Although this kind of association still allows the
front sides to bind the polymerases and/or other proteins, it will reduce
the tilting of the DNA duplex and the optimization of its contacts with
the positive-charged residues in the inner surface of the ring, in case that the
model inferred from the bacterial clamp applies to PCNA (Ivanov et al.,
2006). The double trimer will also be incompatible with the proposed
mechanism of PCNA loading, which imposes a defined orientation of
PCNA on the primed DNA (Kazmirski, Zhao, Bowman, O’Donnell, &
Kuriyan, 2005; Miyata et al., 2005).

In our hands, recombinantly purified PCNA behaves as one single tri-
mer, as observed by analytical ultracentrifugation and confirmed by size-
exclusion chromatography coupled to multiangle laser light scattering,
which is very sensitive to large aggregates because of the nonlinear depen-
dence of scattering with the particle size. These measurements showed that
the trimeric form is the predominant one even at concentrations of 3 g/L
(on a monomer basis), with less than 1% of species with the molecular
weight of a dimer of trimers (De Biasio et al., 2011). This is consistent with
the crystal structures and NMR analyses, done at much higher concentra-
tions, which do not show any indication of ring association. Although
PCNA may exist transiently as a loosely bound double trimer inside the cells,
its functional relevance is unclear.

The thermal denaturation of PCNA followed by far-UV circular dichro-
ism does not show a cooperative transition, possibly due to simultaneous sec-
ondary, tertiary, and quaternary structure rearrangements, while the chemical
denaturation by urea or GuHCI show two sigmoidal transitions (De Biasio
etal., 2011). The urea-induced chemical denaturation shows a biphasic behav-
ior consistent with a partially unfolded intermediate state which is significantly
populated in the transition zone (Fig. 1.2A). The first transition is dependent
on protein concentration while the second is not, suggesting that PCNA
unfolding is coupled to the dissociation of the ring and that the intermediate
is dissociated. Assuming that the formation of the initial partially unfolded-
dissociated species and its subsequent unfolding are two independent pro-
cesses, the curve could be split into two parts and analyzed separately. With
this assumption, the equilibrium in the range of 0—2.5 M urea could be fitted
to a two-state model of trimer dissociation into monomeric intermediates. The
second transition (between 2.5 and 8.5 M urea) could be fitted to a two-state
unimolecular reaction of intermediate unfolding. In comparison, the scPCNA
is more resistant to urea denaturation, showing a single transition starting at
urea concentrations where the first transition of human PCNA is complete.
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Figure 1.2 Stability and dynamics of human and yeast PCNA rings. (A) Urea-induced
denaturation of hPCNA (solid circles) and scPCNA (open circles) at 1 uM and 35 °C.
The fraction of unfolded protein was computed from the normalized change in circular
dichroism signal at 222 nm. (B) Faster backbone dynamics in hPCNA relative to scPCNA
based on H/D amide exchange NMR data. Ribbon diagrams represent the hPCNA (left)
or scPCNA (right) protomer. Residues of scPCNA whose NMR signal persisted 1 h after
D,0 exchange and for which an exchange constant could be measured and residues of
hPCNA whose signal was still detected immediately after D,O exchange are highlighted
in bright red over the pale violet color of the corresponding protomer. Residues colored
in wheat represent either prolines, or residues whose assignment in the NMR experi-
ment was ambiguous or (in the case of scPCNA) residues for which an exchange con-
stant could not be measured. These figures were adapted from previously published
results (De Biasio et al., 2011). (For interpretation of the references to color in this figure
legend, the reader is referred to the online version of this chapter.)

The human and yeast PCNA homologs share 35% of sequence identity,
and their crystal structures are highly superimposable over the elements of
secondary structure, with an RMSD of 1.0 A for the C* atoms (Krishna
etal., 1994). Differences exist regarding the overall content of difterent types
of amino acids: the yeast protein contains larger and smaller percentages of
charged and uncharged polar residues, respectively, as compared to the
human homolog. The same trend is observed between the thermophilic
Pyrococcus furiosus homolog and the yeast homolog, in agreement with the
general trend observed for thermophilic proteins (Zhou, Wang, Pan, &
Li, 2008).

The internal dynamics of hPCNA has been investigated by the observa-
tion of local and global unfolding events under native conditions through
NMR measurements of the backbone amide proton exchange with the sol-
vent deuterons (De Biasio etal., 2011). These measurements provide a mean
for observing slow main-chain motion events, as the exchange in folded
polypeptide chains may occur in timescales from milliseconds to years.
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While most of the backbone amide resonances of hPCNA are visible in the
NMR spectrum at 35 °C in protonated aqueous buffer, only 15 out of 253
resonances could be seen after 1 h in deuterated buffer, and all of them
exchanged beyond detection after a few hours. In contrast, for scPCNA
at least 90 amide protons were detected after 1h, and some of them
remained visible after several days (Fig. 1.2B).

The internal dynamics of the hPCNA backbone on faster timescales has
been characterized by >N NMR relaxation measurements (De Biasio et al.,
2012). As illustrated in Figure 1.3, there are several regions in the polypep-
tide chain of hPCNA with increased flexibility with respect to the a-helices
and P-strands, which are generally very rigid. These regions are mainly
located in the exposed loops connecting secondary structure elements,
and particularly in the IDCL and the BD2—-BE2 loop, which are the longest
loops in the protein. The last eight residues in the C-terminal tail present the
highest flexibility, consistent with most of them not appearing in the elec-
tron density map of the crystallographic structures. The relative high flexi-
bility observed in the loops is in general agreement with the high
crystallographic B-factors for residues in the corresponding regions of the
X-ray structures of free hPCNA (Kontopidis et al., 2005). However, there
is a large variability in the B-factors reported for the two available crystal

e BD2-BE2

Figure 1.3 Fast backbone dynamics of human PCNA derived from >N NMR relaxation
measurements. Representation of the backbone structure of one protomer of the
hPCNA ring as a coil whose thickness illustrates the relative dynamics of the
corresponding backbone NH bond. Helices and strands are colored in red and blue,
respectively, and the three most flexible regions are colored in yellow. The loops with
high relative disorder are labeled. Adapted from previously published results (De Biasio
et al,, 2012). (For interpretation of the references to color in this figure legend, the reader
is referred to the online version of this chapter.)
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structures. In the monoclinic form, both the IDCL and the BD2—BE2 loop
display very large B-factors as compared with the average, while in the tri-
gonal form only the BD2—BE2 loop shows relative high values. This discrep-
ancy is very likely due to the larger number of crystal contacts involving the
IDCL residues in the latter crystal structure than in the former one.

The differences in the two crystal structures of hPCNA, the fast back-
bone amide proton exchange with the solvent and the susceptibility to
chemical denaturation point to a conformational plasticity of the hPCNA
structure that probably plays a role in its function as docking platform for
a large number of proteins. The more complex interactome regulating
DNA replication, repair, and cell cycle control may require a higher toler-
ance by hPCNA to accommodate the binding of a larger variety of ligands
than the less dynamic scPCNA.

3. INTERACTIONS OF PCNA WITH OTHER PROTEINS

In addition to the replicative function, PCNA directs other important
cellular processes through the interaction with a host of DNA-processing pro-
teins and cell cycle regulators (Warbrick, 2000). Many of the proteins that
interact with PCNA contain a conserved sequence known as PIP-box
(PCNA-Interacting Protein-box). The pattern of the PIP-box sequence is
QXXhXXaa, where h i1s an aliphatic hydrophobic residue, a is an aromatic
hydrophobic one (F, W, or Y), and X is any of the 20 proteinogenic amino
acids (Warbrick, Heatherington, Lane, & Glover, 1998). However, the cur-
rent scientific literature reports many other proteins that interact with PCNA
and that do not have a PIP-box in their sequences.

We have examined the PCNA—protein interactions listed in different
databases that search in the scientific literature for protein—protein interac-
tions with some sort of experimental support. Among them, the Human
Protein Reference Database (HPRD) was shown to be the most complete
and less redundant (Mathivanan et al., 2006). Therefore, Table 1.1 was com-
piled using the HPRD. A literature search was done for each protein anno-
tated in the HPRD as a PCNA interactor in order to confirm the direct
interaction and to know the sort of experimental evidence supporting it.

A total of 52 human proteins can be counted by this criterion to directly
interact with PCNA. However, it is well known that not all the experimen-
tal techniques to detect an interaction are equally reliable, with some of them
having a higher probability than others of yielding false-positives. In our



