Chapter 12
Structure and Function of Eukaryotic
DNA Polymerase &

Tahir H. Tahirov

Abstract DNA polymerase & (Pol 8) is a member of the B-family DNA polymerases
and is one of the major replicative DNA polymerases in eukaryotes. In addition to
chromosomal DNA replication it is also involved in DNA repair and recombination.
Pol 6 is a multi-subunit complex comprised of a catalytic subunit and accessory
subunits. The latter subunits play a critical role in the regulation of Pol & functions.
Recent progress in the structural characterization of Pol 9, together with a vast num-
ber of biochemical and functional studies, provides the basis for understanding the
intriguing mechanisms of its regulation during DNA replication, repair and recombi-
nation. In this chapter we review the current state of the Pol & structure-function
relationship with an emphasis on the role of its accessory subunits.

Keywords DNA polymerase delta » Crystal structure » Catalytic subunit ® Accessory
subunits ¢ Iron-sulfur cluster

12.1 Introduction

Eukaryotic DNA polymerase & (Pol 5) belongs to the B-family of DNA polymerases
(Pavlov et al. 2006). It addition to its central role in chromosomal DNA replication
(Downey et al. 1990; Garg and Burgers 2005), Pol & is involved in DNA repair and
recombination (Baranovskiy et al. 2008; Gibbs et al. 2005; Huang et al. 2000, 2002;
Lawrence 2002; Lydeard et al. 2007). In concert with Pol a—primase, it can
synthesize both leading and lagging DNA strands in the SV40 system and in yeast
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Table 12.1 Pol d subunit designations

Designation Human Sp Sc Comments
Catalytic or pl125 Pol3 Pol3p Catalytic subunit; contains the polymerase
A-subunit and 3'—5’ exonuclease active sites;

interacts with B- and D-subunits and
with PCNA

B-subunit p50 Cdcl Pol31p Accessory subunit; interacts with A-,
C- and D-subunits and with PCNA

C-subunit p66 Cdc27  Pol32p Accessory subunit; interacts with
B-subunit and with PCNA

D-subunit pl2 Cdml1 - Accessory subunit; interacts with A-

and B-subunits and with PCNA

strains carrying a catalytically inactive Pol € (Kesti et al. 1999; Waga et al. 1994).
The best studied Pol 8s are those from human, the fission yeast Schizosaccharomyces
pombe (Sp) and the budding yeast Saccharomyces cerevisiae (Sc). The former two
Pol 8s are found as four-subunit complexes (Liu et al. 2000; Zuo et al. 1997), while
the latter Pol 6 is found only as a three-subunit complex (Gerik et al. 1998). A unified
nomenclature for the subunits of these three Pol 8s has been proposed (MacNeill
et al. 2001) and is provided in Table 12.1 along with updated comments on their
roles and intersubunit interactions.

Currently published data on intermolecular interactions supports the overall
architecture of Pol & in which the A-, B- and D-subunits interact with each other and
the C-subunit interacts only with the B-subunit, while all four subunits somehow
interact with PCNA (Fig. 12.1). Progress on the three-dimensional structural char-
acterization of Pol 6 was slow for a long time and limited to the crystal structure of
the p66 C-terminal peptide with PCNA (Bruning and Shamoo 2004). Initial significant
progress was achieved when the crystal structure was solved for a complex of
human p50 subunit with the N-terminal pS0-interacting domain of the p66 subunit
(Baranovskiy et al. 2008). The next notable progress made was the crystal structure
determination of the Pol3p catalytic core in ternary complex with a template primer
and an incoming nucleotide (Swan et al. 2009). Based on these recent achievements
and a vast amount of biochemical, biophysical and functional studies, in this chapter
we provide a review rationalizing the structure-function relationship for Pol 9.
The first part of the chapter is devoted to the crystal structure of the A-subunit
catalytic core and possible structural consequences of cancer-causing mutations, the
organization and role of the A-subunit C-terminal domain (CTD), its metal-binding
motifs (MBM) and comparisons with CTDs of other B-family members. The second
part is devoted to a complex of the B- and C-subunits, its interaction with CTD and
the interaction of the C-subunit with PCNA. The final third part is devoted to the least
structurally characterized D-subunit, its interactions and functions, and speculation
on the possibility of its evolution from the B-subunit.
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Fig. 12.1 Cartoon
representation of Pol d in
complex with DNA-loaded
PCNA

12.2 Catalytic Subunit (A-subunit)

The purification of eukaryotic Pol & from the cytoplasm of erythroid hyperplastic
bone marrow was first reported in 1976 (Byrnes et al. 1976). Pol & has been shown
to possess both polymerase and 3'-5' exonuclease activities within a purified single
122 kDa polypeptide (Goscin and Byrnes 1982). This polypeptide is now known as
a catalytic subunit of Pol 6 and designated as an A-subunit (Table 12.1). The proof-
reading exonuclease activity significantly enhances the fidelity of the A-subunit
(Byrnes 1984; Simon et al. 1991). Cloning and sequencing of Sp, Sc, bovine and
human Pol & A-subunits revealed that, in general, their structures are similar (Chung
et al. 1991; Pignede et al. 1991; Zhang et al. 1991). Primary structure analysis indi-
cates that A-subunits could be considered as comprising of less conserved N-terminal
sequences, the highly conserved catalytic core and CTD. Until recently, information
for understanding the three-dimensional structure of the Pol & catalytic core was
derived mainly from the crystal structures of bacteriophage RB69 as well as its rep-
licating and editing complexes (Franklin et al. 2001; Shamoo and Steitz 1999; Wang
et al. 1997). Recently the 2.0 A resolution crystal structure of Sc Pol3p catalytic core
(residues 68—985) in ternary complex with a template primer and an incoming dCTP
nucleotide has been reported by Swan and co-authors (Swan et al. 2009). This struc-
ture, which is reviewed below, enables precise mapping of functionally important
residues and provides the basis for targeted genetic and functional studies.

12.2.1 Crystal Structure of Catalytic Core

The overall structure of the Pol3p catalytic core replicating complex is shown in
Fig. 12.2a. The DNA is located in a clasp comprised of the thumb, palm, fingers and
exonuclease domains. The thumb forms extensive contacts with the sugar-phosphate
backbones of template primer around the minor groove while the palm interacts with
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Fig. 12.2 A-subunit structure. (a) Cartoon representation of Sc Pol 6 catalytic core (PDB code 3iay)
(Swan et al. 2009). The NTD, palm, thumb, fingers, and exonuclease domains are color coded.
The side chain atoms of exonuclease and polymerase active site residues are shown as light green
and light cyan balls, respectively. The calcium ions are shown as blue balls. The side chain atoms
of Sc Pol & residues corresponding to cancer-causing mutations are shown as red balls. DNA and
dCTP molecules are drawn as sticks. The panel (a) was prepared with PyMol software (Delano
Scientific). (b) Comparison of human Pol oo CTD amino acid sequences with Pol €, and Pol 8 with
Pol £. The secondary structure elements predicted with Phyre server (Kelley and Sternberg 2009)
and metal-coordinating cysteines are marked

the replicative end of the DNA. The nascent G-dCTP base pair packs against the
second a-helix (aP) of the fingers domain. A long B-hairpin of exonuclease domain
is extended toward the DNA major groove forming a hydrogen bond with a DNA
base and a number of van der Waals contacts with the backbone of a template strand.
Finally, the N-terminal domain (NTD), which is wedged between the exonuclease
and fingers domains and interacting with the palm domain, contacts only the unpaired
segment of the template strand. Two active site residues (Asp608 and Asp764) that
catalyze the nucleotidyl transfer reaction are in the palm domain. The exonuclease
active site residues Asp321, Glu323 and Asp407 are located close to a single Ca?*.
The distance between the polymerase and exonuclease active sites is ~45 A.
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Pol3p catalytic core exhibits several notable differences compared with the
RB69 Pol. Their structures can be superimposed with a root-mean-square deviation
of 2.50 A for 631 matching a-carbons. The most notable differences are in NTD and
the fingers domain. The NTD is significantly larger in Pol3p and contains an OB-fold
and a RNA-binding motif, raising the possibility of RNA involvement in Pol & func-
tion. Unlike the NTD, the fingers domain in Pol3p is comprised of only two shorter
and straighter antiparallel a-helices than in RB69 Pol. Another significant difference
is in DNA recognition by the long -hairpin of exonuclease domain. In RB69 Pol
structure this B-hairpin does not associate with DNA. Contrarily, in the Pol3p struc-
ture it is tightly bound to the template, which is consistent with its role in strand
separation. The strand separation is proposed to be facilitated by holding the tem-
plate strand in place by a B-hairpin that allows the primer strand to separate and
migrate to the exonuclease active site (Hogg et al. 2007; Stocki et al. 1995).

12.2.2 Cancer-Causing Mutations

High-fidelity DNA replication is necessary for cell to avoid disease-causing muta-
tions. In the case of Pol 5, DNA replication fidelity is maintained by accurate nucle-
otide selectivity and exonucleolytic proofreading activity. Furthermore, the DNA
mismatch repair pathway contributes to an additional increase of fidelity. Engineering
mutations leading to defects in Pol 6 fidelity in mice increased the genome instability
and accelerated tumorigenesis, supporting the mutator hypothesis for cancer
(Albertson et al. 2009; Goldsby et al. 2001, 2002; Venkatesan et al. 2007). Unlike the
mutations in mice Pol 8, which were intentionally modeled to destroy specific poly-
merase functions, the mechanisms of actions of cancer-causing mutations in the
human Pol & A-subunit are not apparent. However, using the structure of the Pol3p
catalytic core it became possible to map the location of cancer-causing mutations
and provide the rationale for their structure-function relationship (Swan et al. 2009)

Examination of Pol 8 mRNA in six colon cancer cell lines (DLD-1, HCT116,
SW48, HT29, SW480 and SW620) and seven sporadic human colorectal cancers
revealed Arg506His, Arg689Trp and Ser746lle substitutions located in the catalytic
core (Fig. 12.2a — note that in the figure these are numbered according to their loca-
tion in Sc Pol3p, as described below) (da Costa et al. 1995; Flohr et al. 1999).

Arg506 of p125 is aligned with Arg511 of Pol3p that is located in a long a-helix
(o) opposite the active site of the exonuclease domain. Replacement of this arginine
residue by histidine may alter its interactions with the surrounding residues from
loop B13B14 and consequently shift the position of the al helix. Such a shift of
the ol helix may cause an allosteric effect on the exonuclease activity of Pol 6.
The Arg511His substitution in yeast Pol 6 resulted in a small but significant (2.5-fold)
increase in the rate of mutagenesis in a MMR-deficient strain (Daee et al. 2010).
Because the amino acid sequences and hence local structures are different between
the yeast and human Pol 3s, a more profound effect of Arg5S06His substitution is a
possibility for human Pol 3.
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Arg689 of p125 is the equivalent of Pol3p Arg696 which is located in the second
a-helix (aP) of the fingers domain. The Arg696 side chain is sandwiched between
the NTD and the fingers domain. Modeling of Trp696 in place of Arg696 shows
that, in any allowable conformation, the bulky tryptophan side chain creates signi-
ficant clashes with the surrounding residues. In order to release the clashes and
sterical hindrance introduced by Arg696Trp substitution, it is necessary to have a
significant shift of, and/or conformational changes in, the oP helix. Because the aP
helix is one of the most important determinants for the selectivity of incoming
nucleotide, any shift in its position will inevitably affect the accuracy of base selec-
tion. Indeed, the Arg696Trp substitution is lethal in yeast, with the lethality caused
by a catastrophic increase in spontaneous mutagenesis attributed to low-fidelity
DNA synthesis (Daee et al. 2010).

The effect of Ser746lIle mutation on the catalytic activities of Pol d is less clear.
The equivalent residue in Pol3p is Lys753 which is located in loop Q24 at the
edge of the palm domain. The Lys753 side chain is completely solvent-exposed.
However, it is possible that the local structure of the loop aQB24 is different in
human Pol & and that Ser746 is less exposed; consequently, its replacement by a
bulkier isoleucine may result in conformational changes. Another possibility is that
substitution of serine by isoleucine introduces conformational changes in the loop
aQP24 by packing the isoleucine side chain in the nearby hydrophobic pocket.
In both such scenarios an allosteric effect of Ser746lIle mutation to the polymerase
active site is possible.

Pol & from highly malignant Novikoff hepatoma cells was found to contain an
Arg648Gin substitution (Popanda et al. 1999). Several biochemical characteristics
of this polymerase were found to be altered, including a decrease in copying fidelity.
The Arg648 equivalent in Pol3p is Arg658, which is located in loop 2300 con-
necting the fingers and palm domains (Fig. 12.2a). Thus the conformational changes
caused by Arg648Gln substitution could allosterically alter the selectivity of incom-
ing nucleotide via the shift of the a0 and oP helices.

In summary, an inspection of the structure-function relationship of the reported
cancer-causing amino acid replacements in the Pol 3 A-subunit catalytic core indi-
cates that all these mutations have a potential to alter its exonuclease or polymerase
activities via allosteric effects. That is consistent with the mutator properties of Pol
d in cancer.

12.2.3 C-terminal Domain

Two putative zinc finger motifs (ZnF1 and ZnF2) each with four conserved metal-
coordinating cysteines has been identified in the CTD of Pol 8s from a variety
of sources (Sanchez Garcia et al. 2004). ZnF2 was found to be both necessary and
sufficient for binding to the B-subunit in vivo and in vitro. The ZnF2 metal-binding
site is critical for the activity of Sc and Sp Pol 3s since substitution of ZnF2 cysteines
with alanines abolishes B-subunit binding and their in vivo function. Recently Netz
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and co-authors have established that the cysteines in ZnF2, but not in
ZnF1, coordinate the [4Fe-4S] cluster instead of the previously assumed zinc ion
(Netz et al. 2011). They also determined that the ZnF1 is required for PCNA-
binding and PCNA-mediated Pol & processivity. However the nature of the metal in
ZnF1 motif has not yet been clarified and in further discussions the ZnF1 and ZnF2
will be referenced as the metal-binding motifs 1 and 2 (MBM1 and MBM2).

At present, the only reported CTD structure is the structure of yeast Pol oo CTD
in complex with its B-subunit (Klinge et al. 2009) (see Chap. 9, this volume). Pol a
CTD forms an elongated bi-lobal shape. The two lobes are connected by a three-
helix bundle and each lobe contains an MBM. In contrast to what has been observed
with the Pol & CTD, the conserved cysteines in both MBM1 and MBM2 of Pol o
CTD are coordinated with zinc ions. The CTD of Pol o forms a stable complex with
the B-subunit. However, in case of Pol 6 the CTD interaction with the B-subunit is
dependent on the stability of the [4Fe-4S] cluster. The complex becomes unstable
and dissociates at ambient conditions due to loss of iron from the Fe-S cluster. In
addition to the differences in MBM2 metal content, the primary structure of Pol &
CTD is nearly two times shorter than in Pol oo CTD. The secondary structure predic-
tion of Pol 6 CTD using the Phyre server (Kelley and Sternberg 2009) revealed three
helices alternated with MBM1 and MBM2 in the order: helix-MBM 1-helix-MBM2-
helix (Fig. 12.2b). Assuming the resemblance of overall architecture of Pol o and
Pol & CTDs, the predicted helices in Pol 8 CTD would be packed as a three-helix
bundle flanked by the MBM 1 and MBM2 lobes. However, unlike Pol oo CTD having
central three-helix bundle separate of MBMs, MBM2 in particular, the three-helix
bundle of Pol & CTD appears to comprise a part of its MBMs. In Pol & the first
conserved cysteine residue of MBM1 is located at the C-terminus of the first helix
while the first and second conserved cysteine residues of MDM2 are protruding
from the second helix, pointing to significant structural differences between the MBMs
of Pol a and Pol 8. Contrarily, in Pol oo MBMs the metal-coordinating cysteines are
located in either loops or B-strands. The discrepancy in structure is especially appar-
ent for MBM2 which results in the different nature of their ligands: Zn** in Pol o
and [4Fe-4S] cluster in Pol 6.

12.2.4 Similarities Between C-terminal Domains
of Pol 6 and Pol §

Unlike the bulkier CTDs of Pol o and Pol €, the CTD of Pol  appears to have a
structure which is highly similar to Pol &’s CTD (Fig. 12.2b). The alignment of
amino acid sequences and secondary structures of the latter two CTDs shows that
the length and positions of their helices as well as the positions of metal-coordinating
cysteines coincide (Fig. 12.2b). Their similarity raises the possibility of similarity in
the structures of their binding partners as well. The CTDs of Pol a, Pol € and Pol &
are known to bind their respective B-subunits. However, a B-subunit was not found
in Pol €. The three following explanations can be posited for this. First, Pol { does
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not possess a B-subunit. Second, a B-subunit was not discovered due to low expression
levels or other technical complications. Third, Pol £ shares a B-subunit with Pol 8.
The latter case would fit with a plausible model of efficient polymerase switch at
replication-blocking lesions during translesion DNA synthesis (TLS). According to
such a model, Pold and Polg will exchange only their catalytic subunits on a preas-
sembled complex while the shared accessory subunits of Pol 6 will be retained by
DNA-loaded PCNA. This model is in accordance with previously observed involve-
ment of Pol § accessory subunits in TLS (Gerik et al. 1998; Gibbs et al. 2005; Huang
et al. 2000, 2002; Lydeard et al. 2007).

12.3 B- and C-subunits

The B- and C-subunits of both yeast and mammalian Pol ds have been cloned,
purified and characterized (Gerik et al. 1998; Hughes et al. 1999; Mo et al. 2000;
Zhang et al. 1995; Zuo et al. 1997). The sequence homology is high among the
B-subunits with amino acid sequence similarity of 23-28%. However, the homol-
ogy is low among the C-subunits. Using the two-hybrid screening, human p66 has
been shown to contain p50- and PCNA-binding domains within the 144 N- and 20
C-terminal amino acids, respectively (Pohler et al. 2005). A similar domain arrange-
ment was found also for Pol32p (Johansson et al. 2004). The B-subunit interacts
with the A-, C- and D-subunits, as well as PCNA (Lu et al. 2002). The C-subunit
also interacts with PCNA (Bruning and Shamoo 2004; Zhong et al. 2006). The parts
of the B-subunit responsible for interactions with the D-subunit have not been
defined. Interestingly, many essential functions of Pol 6, including the regulation of
replication, TLS and BIR, are mediated by the C-subunit (Gerik et al. 1998; Gibbs
etal. 2005; Huang et al. 2000, 2002; Lydeard et al. 2007) and thus apparently depend
on the interaction between its B- and C-subunits. The crystal structure of human p50
in complex with the N-terminal domain of human p66 is described below.

12.3.1 Crystal Structure of p50°p66

The B-subunit of the human Pol & is the first among B-subunits of the B-family DNA
polymerases whose crystal structure has been solved, providing insights into the over-
all architecture of B-subunits and their structure-function relationship (Baranovskiy
et al. 2008). The structure of pS0 was determined in complex with the 144-amino-acids
N-terminal domain of the C-subunit (p66, ) and the complex hereinafter will be referred
as p50ep66, . The structure revealed an extended cashew-shaped molecule with three
domains: phosphodiesterase-like (PDE) and oligonucleotide/oligosaccharide-binding
(OB) domains in p50, and a winged helix-turn-helix (wHTH) domain in p66
(Fig. 12.3a). The PDE domain is located in the center of the molecule and bound to an
OB domain on one side, and a wHTH domain on the other side. The fusion of the
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Fig. 12.3 B- and C-subunit structures. (a) Cartoon representation of p50¢p66, (PDB code 3e0j)
(Baranovskiy et al. 2008). On the left side view the secondary structure elements are color coded
and labeled. a-helices, B-strands and coils are red, yellow and green in p50, and cyan, magenta and
light pink in p66. The disordered loops are shown as dotted lines. The expected CTD docking site
is highlighted in pink color. On the right side the molecule was rotated to optimize the view of
domains. The wHTH, PDE and OB domains are color coded. (b) Cartoon representation of p66
(residues 453-466) in complex with human PCNA (PDB code 1u76) (Bruning and Shamoo 2004).
Two orthogonal views are shown. The surface of one PCNA protomer is shown with bound p66
peptide represented as sticks. Both panels were prepared with PyMol software (Delano Scientific)
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PDE and OB domains is a distinct feature of the second subunits of replicative
B-family DNA polymerases covering all species from archaea to humans (Aravind
and Koonin 1998; Makiniemi et al. 1999).

The PDE domain of p50 is comprised of a two-layer -sheet with two o-helices
flanking on one side, and three o-helices flanking on the other side. However, unlike
the catalytically active PDE domains, the B-subunits of the eukaryotic B-family DNA
polymerases, including p50, do not contain conserved histidine and aspartate residues
involved in metal coordination and catalysis (Aravind and Koonin 1998). Instead, the
catalytically inactive PDE domains of eukaryotic polymerases play a central role in
protein-protein interactions. They have nearly twice the size and surface area com-
pared with catalytically active PDE domains. For example, comparison of pS0 with
the structure of a monomeric single subunit archaeal phosphodiesterase protein
MJ0936 (Chen et al. 2004) (PDB code 1s31) highlights significant differences in their
structures. The MJ0936 has a compact globular shape with a surface area of 6,579 A2,
In contrast, the PDE domain of p50 has a surface area of 12,858 A% and contains many
protruding parts and flexible loops. These differences make p5S0 a perfect docking
platform for Pol & subunits and possibly for other regulatory proteins.

The OB domain is connected with the PDE domain via two linkers, 17 interdomain
hydrogen bonds and several scattered interdomain hydrophobic contacts. The OB
domain consists of a five-stranded B-barrel (Murzin 1993) wrapped by a bended
a-helix on one side. Another side of the B-barrel remains fully accessible and may
have a potential for DNA and protein binding as in the case of the OB domains of
replication protein A (RPA) (Bochkarev et al. 1997; Bochkareva et al. 2005).

p50-bound p66, is comprised of a four-stranded, anti-parallel 3-sheet surrounded
by five a-helices and a C-terminal tail, and has a V-shaped structure. It contains a
novel variation of the wHTH motif that is often found in dsDNA-binding domains
of transcriptional activators and repressors.

12.3.2 p50°p66 Interactions

p66,, appears as an extension of p50 because one of the layers of a PDE domain
two-layer B-sheet is joined with the B-sheet of p66 via parallel B-strands, resulting
in an extended 10-stranded B-sheet (Fig. 12.3a). In addition, one more inter-subunit
- interaction is observed between the parallel B-strands (the first 3-strand of p5S0
and the last B-strand of p66,). Overall, 37 inter-subunit hydrogen bonds, including
12 main-chain to main-chain hydrogen bonds, inter-subunit hydrophobic interactions
covering one larger area and three smaller areas and inter-subunit electrostatic inter-
actions contribute to p50°p66, dimer formation. The latter interactions are formed
by the negatively charged p66-interacting surface of p50 and the complementary,
positively charged surface of p66. The p50ep66 complex formation produces
significantly large (5,398 A2) surface area buried at the dimer interface

Because of extended inter-subunit surface and a large number of main-chain to
main-chain hydrogen bonds, the impact of one or two interacting side chains
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truncations (for example by substitution to alanine) to the stability of p50ep66
complex is expected to be low. However, amino acid substitution with a bulky side
chain at the interface, which results in a sterical hindrance, or substitution with a side
chain, which results in a same charge repulsion, would be the efficient ways to pre-
vent the complex formation. Three sites in pS0 (Leu217, Gly224 and Glu231) were
selected to generate single and double tryptophan substitutions, aiming to disrupt
the pS0ep66 interactions by sterical hindrance and the interactions were examined by
two-hybrid assays. The data confirmed that sterical hindrance causing amino acid
substitutions leads to disruption of p50ep66 interaction (Baranovskiy et al. 2008).

12.3.3 Functional Studies

The crystal structure of Pol 5 p50ep66,, provides a platform for the explanation of
earlier accumulated genetic and functional studies as well as to set up novel structure-
based rational genetic and functional studies. Surprisingly, the structure also revealed
that in spite of the functional importance, the residues from the p50°p66 dimerization
interface belong to the least conserved regions. This significantly complicated the
mapping of p50ep66 interacting residues by genetic studies. As result, the earlier
genetic studies of p50 orthologs in yeast, Pol31p (Vijeh Motlagh et al. 2006) and Sp
Cdcl (MacNeill et al. 1996) were performed mainly targeting the highly conserved
regions. For example, the temperature-sensitive Pol31p mutants (Vijeh Motlagh
et al. 2006) are mapped to the secondary structure elements of pS0 that are neces-
sary for its proper folding. After inspection of the structure of p50°p66 we know
that these temperature-sensitive phenotypes are due to deformations in the overall
folding of Pol31. In another example the deletion of the C-terminal 20 residues of
Cdcl abolished its interaction with Cdc27 in yeast two-hybrid assays (MacNeill
et al. 1996). Indeed, corresponding residues of pS0 provide 7 out of the 12 inter-
subunit backbone interactions with p66. It has also become apparent why the deletion
of up to 100 N-terminal residues of the Pol32p abolishes its interaction with Pol31p
(Johansson et al. 2004).

Sc Pold was used to verify the functional importance of the interaction between
the B- and C-subunits (Baranovskiy et al. 2008). The Pol31pePol32p complex was
disrupted by a combination of charge repulsion and sterical hindrance. Two struc-
ture-guided Pol31p variants were constructed. In the first Pol31p variant, an Arg-
Arg-Gly is inserted in the loop located in the center of the Pol31pePol32p interface.
In the second Pol31p variant, an Arg-Arg-Gly insertion was combined with two point
mutations (Gly242Trp, Asp249Trp). These mutations were introduced into the yeast
strain allowing for concomitant detection of induced and spontaneous mutations in
three genetic loci (Pavlov et al. 2002). Neither of the mutations led to a growth defect
or temperature sensitivity, indicating that the mutations in this essential gene do not
affect the general properties of the second subunit. However, in comparison to the
parent strain, both mutations led to mild cold-sensitivity, increased sensitivity to
hydroxyurea, elevated sensitivity to UV light irradiation and reduced UV mutagenesis.
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Overall, the mutations behaved as strains with the complete deletion of the third
subunit. These experiments confirm that the mutations to affect specifically the
interaction between the B- and C-subunits, which is consistent with the structure-
predicted functional consequences of the amino acid changes.

In another set of experiments by the MacNeill group, random and directed muta-
genesis techniques were used to create a collection of 30 genes encoding mutant
Cdcl proteins (Sanchez Garcia et al. 2009). Each mutant protein was tested for
function in fission yeast and for binding to Pol3 and Cdc27 using the two-hybrid
system. Mapping of the location of each mutant onto the three-dimensional struc-
ture of p50 provided a plausible explanation for in vivo function of each Cdcl
mutant and also identified the amino acid residues and regions within the Cdcl
protein that are essential for interaction with Pol3 and Cdc27. Mutants specifically
defective in Cdc1eCdc27 and CdclePol3 interactions allowed the identification of
Cdc27- and Pol3-binding areas on Cdcl. The Cdc27-binding area of Cdcl coincides
with the p66-binding area of p5S0. The Cdc1 mutations disrupting Pol3 binding were
found mainly to affect the four disordered regions which are localized in close prox-
imity to each other and protruding to the same surface area (Fig. 12.3a). Based on
these observations, the disordered area of Cdc1 was predicted to bind the CTD of Pol3.
Similar conclusions were obtained by Maloisel group for Sc Pol 6 (Brocas et al. 2010).
Later, the crystal structure of the Pol o B-subunit in complex with the C-terminal
domain of its catalytic subunit has been reported (Klinge et al. 2009). The structure
confirmed that in Pol 8, the B-subunit area that was predicted to interact with the
CTD matches well with the corresponding interaction area in the Pol oo B-subunit.

12.3.4 Crystal Structure of p66°PCNA

The crystal structure of the C-terminal PCNA-interacting protein motif domain
(or PIP-box) of p66 (residues 452—466) has been determined in complex with human
PCNA (Fig. 12.3b) (Bruning and Shamoo 2004). The structure shows that the binding
mode of p66 and site of interaction is similar to the PIP-box structures of FEN1 and
p21°®! (Bruning and Shamoo 2004; Gulbis et al. 1996). As in these structures, the
PIP-box of p66 is comprised of an extended N-terminal region, a central conserved
region containing 3, -helix, and a region C-terminal to the PIP-box. A PIP-box exists
in proteins involved in cell cycle regulation and DNA processing. Sequential and
regulated binding of PIP-box-containing proteins to PCNA has been suggested to con-
tribute to the ordering of events during DNA replication and repair (Warbrick 2000).

12.4 D-subunit

The fourth D-subunit of Pol & was the latest addition to the list of Pol & subunits.
Hurwitz and coauthors purified and characterized the composition of Sp Pol &
(Zuo et al. 1997). Further analysis of the complex revealed four subunits with



12 Structure and Function of Eukaryotic DNA Polymerase & 229

molecular masses of 125, 55, 54 and 22 kDa (Zuo et al. 2000). Western blot analysis
confirmed that the first three subunits correspond to Pol3, Cdcl, and Cdc27,
respectively. The identity of the smallest subunit was determined by sequence analy-
sis, indicating that this is identical to Cdm1, which was previously described as a
multi-copy suppressor of the temperature-sensitive cdcl-P13 mutant (MacNeill
et al. 1996). Unlike Sp Pol 8, Sc Pol & is comprised of three subunits only and lacks
the D-subunit (Gerik et al. 1998).

Shortly after the discovery of D-subunit in yeast Pol 8, Lee and coauthors
discovered the D-subunit of mammalian Pol & exhibiting a 25% identity to Cdm1
(Liu et al. 2000). The D-subunit of human Pol 8, designated as p12, is a 107 amino
acid protein with a molecular mass of 12.4 kDa. The four-subunit human Pol 3 complex
was reconstituted by overexpression of the four subunits in Sf9 insect cells by two groups
(Podust et al. 2002; Xie et al. 2002). The purified complex displayed a specific activity
comparable with that of the human, bovine, and fission yeast proteins isolated from
natural sources. Recently a large-scale production of human Pol & has been achieved by
its overexpression in silkworm larvae, providing a basis for its better structural and func-
tional characterization, especially the role of p12 (Zhou et al. 2011).

12.4.1 D-subunit Structure and Inter-Subunit Interactions

A stable three-subunit Sp Pol 6 complex containing Pol3, Cdcl, and Cdm1 was
reconstituted by simultaneous expression of corresponding polypeptides in baculo-
virus-infected insect cells (Zuo et al. 2000). The presence of such a complex pointed
to an interaction of Cdm1l with either or both Pol3 and Cdcl (Zuo et al. 2000).
Further clarification of D-subunit interactions was reported in the case of human Pol 8.
The yeast two-hybrid and pull-down assays revealed that p12 interacts with both the
catalytic subunit and the B-subunit of Pol & (Li et al. 2006).

The three-dimensional structure of the D-subunit from any source has not been
determined. Compared with other Pol 3 subunits the human p12 is a relatively small
polypeptide. Secondary structure predictions using the Phyre server (Kelley and
Sternberg 2009) shows that N-terminal residues may fold as two short B-strands
followed by a long stretch of disordered region that is rich in acidic residues and
three well-defined helices that are located at C-terminal half. The detailed mapping
of p12 regions interacting with the catalytic subunit and the B-subunit as well as
determination of its docking areas on the surface of these subunits has not been
performed. In addition to linking the Pol & with PCNA, interactions with p5S0 and
p125 subunits (Li et al. 2006) point to several likely scenarios for the architectural
role of p12 within the Pol & complex. One possible scenario is when p12 binds
simultaneously to the p50 and the CTD of p125. However, it may also form a bridge
between the p50 and the catalytic core of p125, or even interact with both CTD
and the catalytic core of p125 as well as p50. The p50-interacting CTD is flexible
relative to the catalytic core of p125 (Jain et al. 2009). Consequently, in the latter
two scenarios p12 will reduce the overall flexibility of the Pol 6 complex.
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Fig. 12.4 Amino-acid sequence alignment of B- and D-subunits of Pol & from different organisms.
Hs (human), Dr (Danio rerio), At (Arabidopsis thaliana), Sp (S. pombe) and Sc (S. cerevisiae).
Note that S. cerevisiae does not encode a D-subunit. The aspartate and glutamate residues in Asp/
Glu-rich insert of the S. cerevisiae B-subunit Pol31p and in corresponding regions of D-subunits
are marked in cyan. The tryptophan residues discussed in Sect. 12.4.1 are marked in magenta

As it was mentioned above, Sc Pol & lacks the D-subunit and functions as a
three-subunit complex (Gerik et al. 1998) indicating that some of these subunits
may compensate, at least in part, for the function of the D-subunit. Analysis of the
amino acid sequences of Sc Pol § subunits revealed a highly surprising similarity
between the amino acid sequences close to the C-terminal part of Pol31 and the
human p12 (Tahirov, unpublished data, see Fig. 12.4). This supports the idea that
upon the evolution the D-subunit was derived by duplication of the part of B-subunit.
In particular, Pol31 contains an insertion that is rich in acidic residues. Such acidic
sequences are absent in B-subunits of four-subunit Pol s but may have migrated to
their D-subunits. Another interesting finding is an apparent matching of three
tryptophan residues in Pol31p and pl2. An evolutionary relationship could be
observed upon changing from a lower eukaryotic organism to a higher eukaryotic
organism: during these changes, fewer of these tryptophan residues remained in
B-subunit and more appeared in D-subunit, but their total number in both subunits
remained at least three (Fig. 12.4). For example, in the case of Sp Pol & only one
tryptophan appears in Cdml and two remain in Cdcl, and, finally, in the case of
human Pol § all four tryptophan residues appear in p12 and none remain in p50.

The revealed evolutionary relationship of the B- and D-subunits along with the
crystal structure of the B-subunit (Baranovskiy et al. 2008) may help to map the
location of Pol31 sequences that “migrated” to form the D-subunit, and hence pro-
vide ideas about potential sites where the D-subunit might dock. In particular, the
position of the insertion that is rich in acidic residues is mapped to the loop between
the o-helices a, and o, of B-subunit, and the sequences harboring the tryptophan
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residues are in an extended loop between the o-helix o, and B-strand B, of the
B-subunit. Both of these loops protrude towards the B-subunit surface that is proposed
to bind the C-terminal domain of the catalytic subunit (Fig. 12.3a) (Sanchez Garcia
et al. 2009). In summary, these observations point out that the most likely scenario
for D-subunit docking is when the D-subunit binds simultaneously to the B-subunit
and the C-terminal domain of the catalytic subunit close to their interaction interface;
also, additional interaction with the catalytic core cannot be excluded since p12
alters the catalytic activity of Pol & (Meng et al. 2009, 2010).

12.4.2 D-subunit Function

Earlier studies with Sp Pol & showed that cells deleted for the D-subunit are viable,
indicating that the D-subunit is non-essential for Sp mitotic growth (Reynolds
et al. 1998). Subsequent characterization of the D-subunit and its functional role
were extensively pursued using mainly human Pol §. In initial studies the four-
subunit Pol § and three-subunit Pol 6 lacking the p12 subunit were reconstituted by
co-expressing the corresponding subunits in insect cells (Podust et al. 2002; Xie
et al. 2002). The four-subunit Pol & activity was comparable to that isolated from
natural sources and it efficiently replicated singly primed M13 DNA in the presence
of RPA, PCNA, and replication factor C (RFC) and was active in the SV40 DNA
replication system (Podust et al. 2002). The DNA polymerizing activity of three-
subunit Pol & was 15-fold lower than that of the four-subunit Pol 6. However,
addition of p12 stimulated the activity of the three-subunit Pol & fourfold on
poly(dA)-oligo(dT) template-primer, confirming that the p12 subunit is required to
reconstitute fully active recombinant human DNA polymerase (Podust et al. 2002).
In further studies, a PCNA-binding motif KRLITDSY (residues 4—11) at the N
terminus of p12 was determined by binding assays (Li et al. 2006). The interaction
with PCNA was confirmed by site-directed mutagenesis by replacing the p12
residues Ile7, Serl10, and Tyr11 with alanines. Comparison of DNA polymerizing
activities of four-subunit Pol 6 containing wild-type p12 with Pol & containing
mutated p12 with lost PCNA binding has been performed in the presence of increas-
ing amounts of PCNA using singly primed M13 DNA as the template. The data
revealed that Pol & with mutant p12 is less active than the wild-type Pol § in the
presence of similar concentrations of PCNA. Thus, based on obtained results authors
proposed that p12 not only stabilizes Pol  but also plays an important role in inte-
gration of Pol & with PCNA (Li et al. 2006).

Lee and coauthors have recently discovered that genotoxic agents such as UV
and alkylating chemicals trigger a DNA damage response in which the four-subunit
Pol 6 is converted to a three-subunit Pol & by rapid degradation of p12 (Meng et al.
2009, 2010; Zhang et al. 2007). The p12 degradation required an active ubiquitin
pathway and could be inhibited by proteasome inhibitors. Degradation was regulated
by ATR kinase that controls the damage response in S-phase. The three-subunit
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Pol & exhibits an increased capacity for proofreading 3'-5" exonuclease activity
compared with four-subunit Pol 6 (Meng et al. 2010). In particular, it cleaves single-
stranded DNA two times faster and transfers mismatched DNA from the polymerase
site to the exonuclease site nine times faster. However, Pol 6 extends mismatched
primers three times more slowly in the absence of p12.

In parallel studies, Suzuki and coauthors applied the short hairpin RNA (shRNA)
to control the levels of pl12 in a variety of human cells (Huang et al. 2010a).
Reduction of p12 resulted in a marked decrease in colony formation activity by
Calu6, ACC-LC-319, and PC-10 cells but increased population of karyomere-like
cells. The latter cells retained an ability to progress through the cell cycle suggesting
that p12 reduction induces modest genomic instability (Huang et al. 2010a).
Furthermore they also found that reduced expression of p12 plays a role in genomic
instability in lung cancer (Huang et al. 2010b).

The p12 subunit has been shown to be a target of posttranslational modifications.
Analysis of the p12 sequence for putative phosphorylation sites revealed a single
potential casein kinase 2 (CK2) phosphorylation site at Ser24 (Gao et al. 2008).
Mutation of this serine to aspartate resulted in resistance to phosphorylation,
confirming that Ser24 is indeed a target for CK2 phosphorylation. Dephosphorylation
of Pol § subunits, including p12, is catalyzed by the protein phosphatase-1 (PP1)
(Gao et al. 2008). In addition to phosphorylation and dephosphorylation, the p12
subunit was found to be target for ubiquitination (Liu and Warbrick 2006). However
the regulation of the levels of pl12 by the proteasome was found to be through a
mechanism that is not dependent upon p12 ubiquitination (Liu and Warbrick 2006).
The relation of these post-translational modifications to the above-described Pol &
functions has not been established.

p12 alone and within Pol § has been reported to interact specifically in vitro and
in vivo with BLM (the Bloom’s syndrome protein) and stimulate its DNA helicase
activity, and, reciprocally, BLM stimulates Pol § strand displacement activity
(Selak et al. 2008). A region of p12 comprising amino acids 31-60 was responsible
for interaction with BLM that indeed includes the disordered acidic region of p12.
Interestingly, BLM was found to co-localize with Pol 6 and prevent the degradation
of p12 when cells were treated with hydroxyurea (HU). These findings for the first
time provide a link between BLM and the replicative machinery in human cells and
points to the possible involvement of Pol § in Bloom’s syndrome (BS) (Selak et al.
2008). BS, which is caused by mutation of the BLM gene, is associated with exces-
sive chromosomal instability and a high incidence of cancers of all types.

12.5 Conclusions and Prospects

Decades of research has resulted in the identification and characterization of eukary-
otic B-family DNA polymerases. Now it is evident that the accessory subunits of
these high-molecular weight complexes are playing crucial roles in regulating their
activity. However, deciphering the exact mechanisms of their action remains highly
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challenging. Among the major hurdles toward achieving this goal is the lack of
comprehensive high-resolution three-dimensional structural information, especially
for the complexes containing accessory subunits. As we described in this chapter, in
the case of Pol 8, partial but significant progress has recently been achieved is this
direction. Importantly, the crystal structures were determined for the human Pol &
p50°p60,, complex and the Sc Pol 5 catalytic core. However, other important pieces
of the puzzle related to Pol 3 structure and function remain unknown. These include
the structure of the D-subunit and its complexes with other subunits of Pol d, the
structure of the CTD with its bound iron-sulfur cluster, the interaction of the CTD
with the B-subunit, the structure of the C-subunit C-terminal, the effect of post-
translational modifications, the interaction of Pol & subunits with PCNA, the inter-
action of Pol 3 subunits with other polymerases and regulatory factors, etc. Further
collective efforts of structural biologists will be required to find the missing pieces
of this puzzle and put them together in order to achieve a more complete under-
standing of Pol 8.
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