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The eukaryotic DNA polymerase δ (Pol δ) participates in 
genome replication, homologous recombination, DNA repair 
and damage tolerance. Regulation of the plethora of Pol δ func-
tions depends on the interaction between the second (p50) and 
third (p66) non-catalytic subunits. We report the crystal structure 
of p50•p66N complex featuring oligonucleotide binding and 
phosphodiesterase domains in p50 and winged helix-turn-helix 
N-terminal domain in p66. Disruption of the interaction between 
the yeast orthologs of p50 and p66 by strategic amino acid changes 
leads to cold-sensitivity, sensitivity to hydroxyurea and to reduced 
UV mutagenesis, mimicking the phenotypes of strains where the 
third subunit of Pol δ is absent. The second subunits of all B family 
replicative DNA polymerases in archaea and eukaryotes, except Pol 
δ, share a three-domain structure similar to p50•p66N, raising the 
possibility that a portion of the gene encoding p66 was derived 
from the second subunit gene relatively late in evolution.

Introduction

Efficient replication and repair of genomic DNA is vitally 
important for the inheritance in humans and for the prevention of 
genetic disorders and cancer. Pol δ is one of the three major repli-
cases in eukaryotes.1,2 In concert with Pol α, it can synthesize both 
leading and lagging DNA strands in the SV40 system and in yeast 
strains with no catalytic subunit of Pol ε.3,4 It belongs to B family 
DNA polymerases, one of the largest DNA polymerase families, 
with representatives in many organisms, from prokaryotes, archaea, 
phages and viruses to multi-cellular eukaryotes.5 The structure of 
several B family polymerases from these groups, except eukaryotes, 

has been solved. Classic example is the single-subunit replicase of 
bacteriophage RB69, in a complex with DNA and a nucleotide.6 
Because of homology it is likely that catalytic subunits of eukaryotic 
polymerases possess similar organization. Structural information 
from lower organisms can be used to model the effects of amino 
acid substitutions on functions of eukaryotic B family polymerases.7 
However, proper Pol δ function relies on a multi-protein complex of 
catalytic subunit with tightly associated regulatory subunits, whose 
structure is unknown. The only information available is a model of 
yeast Pol ε built on the basis of cryo-electron microscopy.8 It provides 
the overview of possible DNA polymerase complex architecture 
with 20 Å resolution but does not reveal the details of interactions 
between subunits necessary to understand the mechanism of poly-
merase transactions.

The best studied genetically and biochemically are Pol δ’s from 
yeast: a three-subunit complex from budding yeast S. cerevisiae and a 
four-subunit complex from fission yeast S. pombe. The largest cata-
lytic subunit contains the polymerase and 3'→5' exonuclease active 
sites domains, as well as regions for protein-protein interactions,9 
for example a PCNA binding motif.2 The essential second subunit 
serves as a stabilizer for the catalytic subunit and as a matchmaker 
with the third subunit. The third subunit plays several important 
roles. The N-terminal part interacts with the second subunit whereas 
the C-terminal part contains a conserved PCNA-binding motif and 
a motif that mediates interaction with Pol α.10-12 The gene encoding 
the third subunit, POL32, is dispensable for growth in budding 
yeast, suggesting that the two-subunit Pol δ retains its role in bulk 
replication.2 However, other critical biological processes are severely 
impaired. Deletion of the POL32 gene renders yeast UV-sensitive 
and UV-immutable,13-15 suggesting a role of the Pol32 protein in 
the regulation of error-prone trans-lesion DNA synthesis (TLS).5,16 
It was recently found that Pol32 is also required for break-induced 
recombination (BIR) and for telomerase-independent telomere 
maintenance.17

Human Pol δ consists of four subunits: p125, p50, p66 and 
p12. The first three subunits correspond to the three subunits of S. 
cerevisiae Pol δ. No catalytic activity is associated with the auxiliary 
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subunits, and they are thought to play a regulatory role, stimulate 
the polymerase activity of p125 by mediating additional interac-
tions with PCNA, and stabilize the entire Pol δ complex.18,19 p50 
serves as a scaffold for the assembly of Pol δ by interacting simulta-
neously with all of the other three subunits.20 In addition, p50 is 
also involved in the recruitment of several proteins regulating DNA 
metabolism, including p21,21 PDIP1, PDIP38, PDIP46 and WRN 
(reviewed in ref. 21).

The parts of p50 responsible for interactions with p66, p125 and 
p12 have not been defined. Using two-hybrid screening, the human 
p66 has been shown to contain p50- and PCNA-binding domains 
within the 144 N- and 20 C-terminal amino acids, respectively.22 
Interestingly, many essential functions of Pol δ, including the 
regulation of replication, TLS and BIR, are mediated by the third 
subunit13,15,17,23,24 and thus apparently depend on the interaction 
between its second and third subunits. Here we report the crystal 
structure of the complex between the second p50 subunit and 
the 144 amino acids N-terminal domain of the third p66 subunit 
(p66N) of human Pol δ. The structure revealed a formation of a tight 
complex between these two subunits of Pol δ, confirmed by two-
hybrid analysis of interface mutants. The biological significance of 
p50•p66 interaction has been demonstrated by genetic experiments 
in yeast. The results have broad implications for understanding the 
structure, function and evolution of replicative DNA polymerase 
complexes.

Results

Overall structure of p50•p66N. The crystal structure of p50•p66N 
has been determined using the multiple isomorphous replacement 
(MIR) method and refined at 3 Å resolution. Four discrete molecules 
of p50•p66N without apparent oligomerization were located in an 
asymmetric unit and each molecule contained all amino acid residues 
of p66N and p50, except disordered regions in four loops and the 
C-terminal tail of p50. The structure revealed an extended cashew-
shaped molecule with overall dimensions of 100 x 60 x 50 Å3 and 
three domains: phosphodiesterase-like (PDE) and oligonucleotide/
oligosaccharide binding (OB) domains in p50, and a winged helix-
turn-helix (wHTH) domain in p66 (Figs. 1A and B, and 2). 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 PDE and OB domains were found in the second subunits 
of replicative B family DNA polymerases covering all species from 
archaea to humans.25,26

p50 domains. The PDE domain is formed of amino-acid resi-
dues 1–41 and 180–469 and comprised of a two-layer β-sheet (β15, 
β16, β14, β13, β12 and β2 in layer 1; β18, β17, β8, β9, β10 and β11 
in layer 2) with α-helices α7 and α8 flanking on one side, and α1, 
α3 - α6 flanking on the other side (Figs. 2 and 3A). The active site 
of PDEs in archaeal DNA polymerases contains conserved histidine 
and aspartate residues involved in metal coordination and catalysis.25 
However, catalytic residues are replaced in the second subunits of the 
eukaryotic B family DNA polymerases, rendering them inactive.25 
It has been proposed that the inactive PDE domain of eukaryotic 
polymerases is involved in protein-protein interactions. In order to 
elucidate the structural features enabling the PDE domain of p50 to 
accommodate multiple protein-protein interactions, we compared 
it with the structure of a monomeric single subunit PDE protein 
MJ093627 (PDB code 1s3l and Fig. 4A). The 165 aa residue MJ0936 

has a compact globular shape. In contrast, the larger 331 aa residue 
PDE domain of p50 contains many protruding parts and exhibits 
several notable differences both in the central two-layer β-sheet as 
well as in the flanking helical regions (Fig. 4A). In particular, β2 of 
the N-terminal is added to layer 1 anti-parallel to β12, while the β18 
from layer 2 is extended to interact with β3 of p66. The flanking 
regions of p50 PDE have three additional α-helices, including a 
significantly longer helix α1 and longer loops, which together provide 
a larger surface area (12858 Å2 in p50 vs 6579 Å2 in MJ0936) and 
the flexibility to form many protein-protein interactions.

The OB domain (aa 54–179) is connected with the PDE domain 
via two linkers. One linker (aa 180–192) is a part of the PDE 
domain and is well defined in crystal, whereas another linker (aa 
42–53) is disordered. The OB domain consists of a five-stranded 
β-barrel28 (β3–β7) wrapped by helix α2 on one side (Fig. 4B). The 
Pro63-introduced bend in this helix shows excellent shape comple-
mentarity to the β-barrel. Another side of β-barrel remains fully 
accessible and, considering the analogy to OB domains of replication 
protein A (RPA), this side may have a potential for DNA and protein 
binding.29,30 The loop β3β4 in the OB domain of p50, which is disor-
dered and significantly longer than corresponding DNA-interacting 
loops in OB domains of RPA, might also contribute to p50 interac-
tion with DNA or protein (Fig. 4B). In addition to two peptide links, 
the interaction between the OB and PDE domains also involves 17 
hydrogen bonds and several scattered hydrophobic contacts (Table 
S1), and buries a surface area of 2049 Å2, which is within the range 
for stable protein-protein interactions.31

Figure 1. Overall view of p50•p66N. (A) Schematic representation of p50 
and p66N domains in relation to their sequence numbering. (B) Cartoon 
representation of p50•p66N. The wHTH, PDE and OB domains are color 
coded. The (B) was prepared with PyMol software (Delano Scientific).
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buried at the dimer interface. The amino acid residues involved 
in the p50•p66 interaction are highlighted in Figure 5. Layer 2 
of a PDE two-layer β-sheet is joined with the β-sheet of p66 via 
parallel strands β18 (p50) and β3 (p66), and together they form an 
extended 10-stranded β-sheet (Fig. 3B). One more intersubunit β-β 
interaction is observed between the parallel β-strands β1 (p50) and 
β5 (p66). Thirty-seven intersubunit hydrogen bonds, including 12 
main-chain to main-chain hydrogen bonds, contribute to p50•p66N 
dimer formation (Table S1). Intersubunit hydrophobic interactions 
covering one larger area and three smaller areas also contribute to the 
stability of the complex. Furthermore, the presence of a negatively 
charged p66-interacting surface in p50 (Fig. 6A) and a comple-
mentary, positively charged surface of p66 (Fig. 6B) suggests that 
intersubunit electrostatic interactions also contribute to complex 
stabilization.

For the functional studies of p50•p66 interaction it would be 
appropriate to generate point mutations capable of disrupting the 
complex without affecting the fold of its subunits. One approach to 
achieve this result would involve elimination of intersubunit interac-
tions by removing the side chains involved in interactions. However, 
these mutations will not disrupt the main-chain to main-chain 
hydrogen bonds. Due to the aforementioned extensive inter-subunit 
interactions, the impact of one or two of interacting side chains 
truncations (e.g., by mutation to alanine) is expected to be low. The 
second approach would involve generation of amino acid changes 
capable of disrupting the p50•p66 interactions by sterical hindrance 
with a bulky side chain or by repulsion of side chains with the same 
charge. To increase the impact of sterical hindrance or repulsion 

p66N domain. A p50-bound p66N is comprised of a four-
stranded, anti-parallel β-sheet surrounded by five α-helices and a 
C-terminal tail, and has a V-shaped structure (Fig. 4C). Search for 
3D domains similar to the N-terminal 57 amino acids fragment 
using the Secondary Structure Matching (SSM) software32 revealed 
the closest match with the Repeat 1 (R1) of c-Myb DNA-binding 
domain (PDB code 1h88 and Fig. 4C) comprised of helix-turn-helix-
turn-helix motif. Unlike the other two repeats of c-Myb (R2R3), R1 
has not detectable DNA-binding activity but increases the affinity 
of c-Myb R1R2R3 to DNA five- to ten-fold by providing the long-
range electrostatic interaction between the positively charged surface 
of R1 and the negatively charged surface of DNA.33 The SSM search 
with the addition of the next 58 aa revealed the closest match with 
an NMR structure of the Pyrococcus furiosus protein PF0610 (PDB 
code 2gmg and Fig. 4C) containing a wHTH motif and having a 
verified non-specific DNA-binding activity.34 No other domains 
were found by SSM search with a larger p66N fragment. Thus, the 
N-terminal 105 amino acids of p66 represent a novel variation of 
the wHTH motif that is often found in dsDNA binding domains of 
transcriptional activators and repressors. We were unable to detect a 
DNA-binding by p50•p66N using gel shift assay (data not shown). 
However, similarly to R1, the distribution of positively charged 
residues (Lys19, Arg47, Lys48, Lys50, Lys105 and Lys109) on the 
putative DNA backbone facing surface of p66 suggest that these 
residues might contribute to the additional electrostatic interactions 
of Pol δ with dsDNA.

p50•p66 interactions. The p66N appears to be a natural exten-
sion of p50 and has a significantly large (5398 Å2) surface area 

Figure 2. Stereo view of p50•p66N cartoon. The secondary structure elements are color coded and labeled. α-helices, β-strands and coils are red, yellow 
and green in p50, and cyan, magenta and light pink in p66N. The figure was prepared with PyMol software (Delano Scientific).
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overall folding of Pol31. In contrast, replacement of a conserved 
threonine (Thr381 in p50) located in close proximity to the exposed 
and disordered loop α7β14 (Fig. 5) produced a cold-sensitive allele.35 
The latter mutation is unlikely to induce significant changes in the 
folding of Pol31; instead, it might disrupt the protein-protein inter-
actions, e.g., with the Pol3 or Pol δ-interacting factor.

Predictions of the secondary structures of bakers yeast Pol31 and 
Pol32 (yeast ortholog of p66) made by Phyre software37 suggest that 
they are folded similarly to p50 and p66, respectively. Consequently, 
in spite of the differences in fine map of protein-protein interac-
tion interfaces, the overall mode of Pol31•Pol32 complex assembly 
is expected to be similar to that of p50•p66. Thus, we used the 
structure of p50•p66N for the design of amino acid changes that 
will disrupt the Pol31•Pol32 interaction. In case of yeast proteins we 
applied a combination of sterical hindrance and charge repulsion. We 
introduced an Arg-Arg-Gly insertion after Agr243 in the loop α3α4 
located in the center of the Pol31•Pol32 interface. The addition of 
glycine is expected to reduce the main-chain tension introduced by 
the insertion of arginines and will not disrupt the overall fold of Pol31. 
In the second Pol31 variant, an Arg-Arg-Gly insertion was combined 
with two point mutations Gly242Trp, Asp249Trp. We introduced 
the appropriate mutations (pol31-RRG and pol31-WRRGW) into the 
yeast strain allowing for concomitant detection of induced and spon-
taneous mutations in three genetic loci.38 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 (Fig. 7A). Both mutations, however, led to 
mild cold-sensitivity, increased sensitivity to hydroxyurea (Fig. 7A), 
elevated sensitivity to UV light irradiation (Fig. 7B) and reduced 
UV mutagenesis (Fig. 7C), in comparison to the parent strain. The 

by amino acid substitution, it is important that the introduced 
side chain did not turn away from the facing molecule. Guided by 
computer modeling, we selected three sites in p50 (Leu217, Gly224 
and Glu231) to generate single and double tryptophan substitu-
tions (Fig. 5), aiming to disrupt the p50•p66 interactions by sterical 
hindrance. The effects of the mutations encoding selected amino 
acid changes were examined by two-hybrid assay (Fig. 6C). p50 and 
p66N exhibit strong interactions in the yeast Matchmaker GAL4 
two-hybrid system for two reporters in the two combinations of 
fusions of these proteins to activating or DNA binding domains (Fig. 
6C, upper row of plates). The described above single and double 
amino acid changes, depending on the nature of the two-hybrid 
construct, abolished interaction either for both reporters (middle row 
of plates), or precluded the interaction for b-galactosidase reporter 
only (bottom row). Thus the generated mutations lead to disruption 
of p50•p66 interaction.

Functional studies using yeast orthologs of p50 and p66. The 
main disadvantage of functional studies with deletion mutants is the 
high probability of protein fold disruption. For example, β18 of p50 
interacts with p66, but β18 is also a part of the two-layer β-sheet 
of the PDE domain. Thus, the deletion of β18, in addition to the 
disruption of p50•p66 interaction, also might affect the stability of 
p50. In the absence of a three-dimensional structure, residues located, 
mainly, in the highly conserved regions were previously selected for 
amino acid changes and genetic studies of yeast p50 orthologs, Pol31 
(in S. cerevisiae)35 and Cdc1 (in Schizosaccharomyces pombe).36 Using 
the structure of p50•p66N, we mapped the temperature-sensitive 
Pol31 mutants35 to the secondary structure elements of p50 that 
are necessary for its proper folding (Fig. 5). Thus, the temperature-
sensitive phenotypes were, probably, due to deformations in the 

Figure 3. The topology of p50•p66N. (A) The topology diagram of p50 and p66N subunits with labeling of β-strands and α-helices. (B) Cartoon representa-
tion of a 10-stranded β-sheet formed by joining of β3 from p66 β-sheet (magenta) and β18 from a layer 2 (yellow) of a PDE two-layer β-sheet. The (B) was 
prepared with PyMol software (Delano Scientific).
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from the crystal structure coincide well with their counterparts from 
other species predicted by Phyre software,37 including the orthologs 
from the fission and budding yeasts. Thus, p50•p66N complex and 
its orthologs are likely to share the same overall fold, which means 
a significant number of direct inter-subunit backbone to backbone 
hydrogen bonds (Table S1). The structure of p50•p66N provides a 
plausible explanation for the previously reported results of two-hybrid 
assays of interactions between Cdc1 deletion mutants an Cdc27, the 
fission yeast orthologs of p50 and p66, and highlights the importance 
of inter-subunit backbone interactions.36 In particular, deletion of 
C-terminal 20 residues of Cdc1 abolished its interaction with Cdc27 
in yeast two-hybrid assays.36 Indeed, these residues of Cdc1 correspond 
to a β18 and the N-terminal tail of p50 (Fig. 5), which provide seven 
out of the 12 inter-subunit backbone interactions with p66 (Table S1). 
Similarly, the deletion of up to 100 N-terminal residues of the bakers 
yeast third subunit Pol32 abolished the interaction between the Pol31 
and Pol 32 subunits.11

Discussion

The crystal structure of Pol δ p50•p66N reveals, for the first 
time, the three-dimensional organization of the essential second 
subunits of the B family DNA polymerases and provides a platform 
for their structure-based rational genetic and functional studies. 
Three distinct folds comprising the p50•p66N complex represent 
novel variations of the wHTH, OB and PDE domains. The PDE 
domain is in the center of the molecule and serves for a variety of 
protein-protein interactions. The wHTH and OB domains flanking 
the PDE domain represent the folds found in dsDNA- and ssDNA-
binding proteins, respectively. These two domains have a potential to 
augment the substrate binding by the catalytic subunit of Pol δ. For 
example, the ssDNA-binding affinity of a single OB domain of RPA 
is low; however, the addition of a second OB domain linked to a first 
OB domain increases the ssDNA-binding affinity of RPA approxi-
mately 100-fold.39 The wHTH and OB domains might also perform 
a regulatory role by detecting certain types of DNA distortions due 
to damage and switching the Pol δ from processive replication to 
transactions required for DNA repair.

The second subunits of B family DNA polymerases, including 
both archaeal and eukaryotic polymerases, are three-domain proteins: 
an approximately one third of the protein consists of the distinct 
“unknown” domain in the N-terminal end, and the remaining 
part is comprised of the OB and PDE domains (Fig. 8). However, 
the second subunits of eukaryotic Pol δ appear to be an exception 
because they do not contain such special domain at N-terminal part. 
Thus it is not surprising that previous bioinformatics studies of B 
family DNA polymerase second subunits were able to predict the 
presence of OB and PDE domains but have not detected the similari-
ties in their N-terminal sequences.25,26 The structure of p50•p66N 
presented here revealed tight complex of OB and PDE-type domains 
in p50, and the wHTH-type domain in p66N. The high degree of 
structural complementarity between the PDE and wHTH domains 
pointed to the possibility that the “unknown” domain in N-terminal 
parts of the second subunits of B family DNA polymerases, except for 
Pol δ, might be the wHTH-type domain and interacts with the PDE 
domain similarly to what observed in structure of p50•p66N. Indeed, 
predictions of the secondary structure elements in N-terminal parts 
of human pola2 and pole2, their yeast orthologs, as well as second 

properties of these mutants parallel the properties of strains with the 
complete deletion of the third subunit,13,15 although all phenotypes 
are somewhat milder as expected from the partial defect of the inter-
action between the subunits. The pol31-WRRGW mutation effects 
are stronger than the effects of the pol31-RRG, consistent with the 
cumulative effect of two types of amino acid changes. Thus, the 
mutations seem to specifically affect the interaction between the 
second and third subunits, which is consistent with the structure-
predicted functional consequences of the amino acid changes.

Interestingly, in spite of the formation of a very tight complex 
between the p50 and p66 subunits, and the functional importance 
of p50•p66 interaction, the residues from their dimerization interface 
were mapped to the least conserved regions (Fig. 5). Nevertheless, 
despite variations in the amino acid sequence compositions in inter-
acting areas, the secondary structure elements of p50 and p66N derived 

Figure 4. Comparison of p50•p66N domains with known structures. 
Comparisons of (A) p50 PDE domain with MJ093627 (PDB code 1s3l), (B) 
p50 OB domain with OB domain (aa 302–420) of DNA bound RPA70 sub-
unit29 (PDB code 1gmc), and (C) p66 wHTH domain residues 2–106 with 
c-Myb R133 (PDB code 1h88) and PF061034 (PDB code 2gmg). The folding 
of domains is shown by cartoons. The MJ0936 active site residues and ions 
are shown in sticks and balls, respectively. ssDNA bound to the OB domain 
of RPA70 is shown in sticks. All panels were prepared with PyMol software 
(Delano Scientific).
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Experimental Procedures

Structure determination and refinement. Preparations of 
p50•p66N samples, crystallization, cryoprotection of crystals, X-ray 
diffraction data collection and processing are described elsewhere.40 
Heavy-atom derivatives were obtained by soaking of crystals in reser-
voir solutions with dissolved Hg-, Pt-, Au-, Pb- and Sm-containing 
compounds selected from the Hampton Research heavy atom screens. 
Cryoprotection of the derivative crystals and diffraction data collec-
tion were performed as described for native crystals.40 Complete 
diffraction data sets were collected and processed using 37 cryopro-
tected derivative crystals. The best two derivatives were obtained by 
soaking for 10 and 30 minutes in solutions containing approximately 
0.1 mM of HgCl2 and 0.5 mM of K2Pt(NO2)4, respectively. Hg 
and Pt derivative crystals diffracted up to 4.0 Å and 3.3 Å resolu-
tions, respectively. The heavy atom positions were obtained from 5 Å 
difference Patterson maps using CNS software.41 The Pt derivative 

subunits of archaeal Pol II (e.g., Methanothermobacter thermauto-
trophicus DNA polymerase II) using Phyre software37 revealed the 
presence of αααββ motifs usually found in wHTH domains. This 
allows us to hypothesize that p50•p66N complex, instead of p50 
alone, should be considered as the structural counterpart of the 
second subunits of B family DNA polymerases. This hypothesis is 
further supported by the statistically significant similarity between 
multiple alignments of N-terminal parts of p66 sequences and 
N-terminal parts of the Pol α second subunit (Fig. S1A). Taking into 
account that N-terminal parts of the Pol α, Pol ε and archaeal Pol 
II second subunits appear to be homologous (Fig. S1B–D), it seems 
likely that the coding sequence for the N-terminal region of p66 was 
derived from the second subunit genes subsequent to the divergence 
of Pol α and Pol δ from their last common ancestor (Fig. 8). To test 
these predictions, further structural studies of at least one of the 
second subunits of B family DNA polymerases, in addition to Pol 
δ, will be required.

Figure 5. Alignment of human p50, S. pombe Cdc1 and S. cerevisiae Pol31 sequences. The red, cyan and grey bars correspond to positions of α-helices, 
β-strands and disordered regions in p50. The identical residues are highlighted in yellow. The p50 amino acid residues involved in interactions with p66N 
are in bold and green. The amino acid residues mutated in Cdc1,36 and Pol31,35 are in bold and red (temperature sensitive), blue (cold sensitive) and 
grey (no temperature sensitivity). The p50 and Pol31 residues mutated in current study are highlighted in blue and the position of RRG insertion in Pol31 is 
indicated by triangle.
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as well as all other successfully derivatized but poorly 
diffracting crystals shared the same four major heavy 
atom sites. The only exception was an Hg derivative 
with two different major heavy atom sites.

The structure of p50•p66N was solved by MIR 
method using Pt and Hg derivatives. Programs from 
the CCP4 program suite42 were used for all calcula-
tions related to phase determination and density 
modification. Single isomorphous replacement phases, 
computed with Hg derivative using the program 
MLPHARE at 5 Å resolution, were used for the veri-
fication of metal sites in Pt derivative with difference 
Fourier maps, and vise versa. Riso for both crystals 
were too high beyond the 4.2 Å resolution, limiting 
the use of higher resolution data (Table 1). That is 
why the phases for both derivatives were refined at 
4.2 Å resolution until convergence with the program 
MLPHARE, giving an overall figure of merit of 0.361 
(Table 1). The electron density maps calculated with 
MIR phases were not interpretable. Phase extension 
from 5 Å to 4.0 Å resolution combined with solvent 
flattening and histogram matching with the program 
DM removed some noise, but the maps still were 
difficult to interpret. Our preliminary characterization 
of p50•p66N crystals pointed to the presence of four 
molecules in an asymmetric unit. DM calculations 
with the addition of four-fold density averaging and 
automatic mask calculation produced an interpre-
table map with clear boundaries of each molecule 
(Fig. S2A). The non-crystallographic symmetry (ncs) 
matrices were calculated using the positions of heavy 
atoms. We assumed that each complex contains one Pt 
site, and one Hg site is located between two complexes 
related by non-crystallographic two-fold symmetry. A 
total of 420 main chain residues belonging to 11 sepa-
rate peptides were built into the averaged DM map 
using the program TURBO-FRODO. The phases 
and mask calculated from the initial model were used 
for DM with phase extension from 5 Å to 3 Å. The 
resulting map was of high quality and allowed the 
correction and addition of main chain residues, as 
well as the identification and addition of bulky side 
chains (Fig. S2B). The model was multiplied using 
ncs matrices, subjected to rigid-body refinement with 
CNS software, and new ncs matrices and a mask 
were obtained from the refined structure. This model 
building procedure was repeated 11 times and resulted 
in Rfree of 44%. The correct assignment of residues 
was confirmed with positions of Pt and Hg atoms 
bound to p50 Cys81 and Cys314, respectively, and the 
formation of disulfide bond between p50 Cys438 and 
Cys447. Further refinement was performed with CNS 
software41 using conjugate gradient minimization, 
simulated annealing and temperature factor refinement 
protocols. Finally, 61 water molecules were added with 
the water-pick protocol of CNS. Application of zonal 
scaling,43 bulk solvent correction, as well as ncs and 

Figure 6. p50•p66N interactions. Electrostatic surface potential of (A) p66N-bound p50, 
and (B) p50-bound p66N; positively and negatively charged areas are colored blue and 
red, respectively. To assess the location of binding sites, the bound p66N (orange) and 
p50 (green) are shown as tubes. The panels a and b were prepared with GRASP soft-
ware.48 (C) Yeast two-hybrid analysis of the interaction of human p50, its variants with 
double amino acid changes and p66N. Left column represents the growth of yeast patches 
on leucine and tryptophan omission plates selective for the two plasmids. Central column 
plates are without leucine, tryptophan and histidine, but supplemented with aminotriazole. 
Growth is allowed when two proteins interact. Third column represents paper filters with 
yeast patches stained for β-galactosidase activity (development of blue color when proteins 
interact). 50_1 and 50_2 are mutations encoding for changes Leu217Trp + Gly224Trp and 
Gly224Trp + Glu231Trp, respectively. Mutations encoding single amino acids substitutions 
Leu217Trp, Gly224Trp or Glu231Trp had effects similar to double mutations. AD stands for 
the pGAD424 plasmid and BD stands for pGBT9 plasmids. AD50 and AD66N stand for the 
constructs with pGAD424 with insert of the POLD2 and the POLD31-432 genes respectively. 
Similarly, BD50 and BD66N stand for respective inserts into pGBT9.
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Figure 7. Phenotypes of yeast strain with mutations in the POL31. The results for strains with deletions of the REV3 and POL32 genes are presented for 
comparison. (A) Studies of sensitivity to elevated temperature, hydroxyurea (HU) and lowered temperature. Fresh stationary cultures were serially 10-fold 
diluted in microtiter plates and plated with multi-prong device onto YPD plates, which were incubated at different temperatures or onto YPD with 100 mM 
HU. (B) Survival after UV -irradiation. (C) UV-Mutagenesis. Appropriate dilutions were plated on selective and synthetic complete plates and UV irradiated. 
Colonies were counted after 3 days of incubation at 30°C.

Figure 8. Domains of the B family DNA polymerase second subunits. The domain boundaries in the second subunits of archaeal Methanothermobacter 
thermautotrophicus DNA polymerase II (Mt pol II), human Pol α (pola2), human Pol ε (pole2) and Pol δ (p50), and third subunit of human Pol δ (p66).
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(AGAGATGTCGACTTAAGCTCTAGGGACGGCAG) for cloning 
and (AGTGCTATACAATGTGCAGC) for sequencing. Host strain 
CG1945 was transformed to Leu+ Trp+ by all combinations of empty 
vectors and fusion plasmids. Four independent transformants from 
each variant were tested on histidine-less medium and for blue color 
formation filter assay as suggested by the manufacturer.

Functional studies. Yeast integrative plasmid pRS306 was 
constructed by cloning the PCR fragment corresponding to the 
C-terminal two thirds of the POL31 gene and a terminator region (nucle-
otides 160–1664 counting from ATG) with artificial HindIII-XhoI 
flanking sites using ACTAAGCTTACCACATTTATCAATACCG 
and TATCTCGAGTTCATCAGATTTGTGCTT. Nucleotide 
changes to encode the mutations discussed above were generated 
by Stratagene Quick mutagenesis kit. Plasmids were linearized by 
MfeI and used for the transformation of yeast strains to the Ura+ 

main chain restraints, improved the quality of maps and resulted in 
excellent geometry of molecule with Ramachandran plot showing 
80.6%, 18.9% and 0.6% of residues in the core, additionally allowed 
and generously allowed regions, respectively (Table 1). The density 
was not observed for the total of 56 residues, including p50 amino 
acid residues 42–53, 102–122, 251–253, 382–387 and 466–469.

Yeast two-hybrid studies. POLD2 and its alleles with 
site-directed mutations and POLD31-432 were cloned 
into the EcoRI-SalI sites of the Matchmaker pGAD424 and 
pGBT9 vectors from Clontech. We have used primers 
(AGCCAGAAT TCATGT T T TCTGAGCAGGCTGCC) , 
(AGTAGATGTCGACTCAGGGTCCCAGCCC) for cloning 
and (ACATACACCCAGATGACGAGC) for sequencing of the 
mutation region of the POLD2. The primers for the POLD3 
were: (AGCTAGAATTCGCGGACCAGCTTTATCTGG), 

Table 1  Data collection, phasing and refinement statistics

	 native	 Hg derivative	 Pt derivative
Data collection
Space group	 P21	 P21	 P21

Cell dimensions
  a, b, c (Å)	 95.13, 248.54, 103.46	 95.04, 248.99, 102.34	 94.86, 248.76, 103.74
β (°)	 106.94	 106.59	 107.17
Resolution (Å)*	 40–3 (3.11–3)	 40–4.2 (4.35–4.2)	 40–4.2 (4.35–4.2)
Unique reflections	 85645	 29275	 301365
Rmerge	 0.079 (0.430)	 0.148 (0.289)	 0.065 (0.126)
I/σ(I)	 21.2 (3.8)	 10.3 (5.5)	 29.2 (14.9)
Completeness (%)	 93.0 (90.4)	 88.4 (86.2)	 93.9 (91.1)
Redundancy	 2.6 (2.1)	 2.1 (2.0)
MIR phasing
Resolution (Å)	 25–4	 25–4.2	 25–4.2
Riso*		  0.245	 0.144
Rcullis* (acentric/centric)*		  0.84/0.79	 0.87/0.89
Phasing power* (acentric/centric)		  1.22/0.96	 0.96/0.87
Combined figure of merit*	 0.361
Refinement
Resolution (Å)	 30–3
No. reflections	 83574
Rwork/Rfree	 0.257/0.281
No. atoms
  Protein	 17096
  Water	 61
B-factors (Å2)	 60.4
R.m.s. deviations
  Bond lengths (Å)	 0.011
  Bond angles (°)	 1.6
Ramachandran plot
  Favored (%)	 80.6
  Allowed (%)	 18.9
  Generous (%)	 0.6
  Disallowed (%)	 0

*Number of shells is 10 for each structure. Values in parentheses are for highest-resolution shell. Riso = Σhkl|FPH - FP|/ΣhklFP; Rcullis = Σhkl|FPH - |FP ± FH(calc)||/ΣhklFPH - FP|; Phasing power = ‹FH(calc)›/‹FPH 
- |FP ± FH(calc)|›, where FPH and FP are the structure-factor amplitudes of the derivative and native crystals, respectively, and FH(calc) is the calculated heavy atoms structure-factor amplitude.
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phenotype and the subsequent excision of the URA3 marker for the 
analysis of phenotypes and mutation rates as done previously.44,45 
The analysis was done for two strains with similar results. One strain 
was yo699 (MATa CAN1 his7-2 leu2-Δ::kanMX ura3-Δ trp1-289 
ade2-1 lys2-ΔGG2899-2900, ψ- derivative of the strain Δl(-2)l-7B-
YUNI30038 and the other 9A-YPOM206 (MATα CAN1 his7-2 
leu2Δ -0 ura3-Δ trp1-289 ade2-1 lys2-ΔGG2899-2900) derived from 
a diploid resulting from cross of yo600 to BY4742.

Protein sequences analysis. The non-redundant (nr) database of 
National Center for Biotechnology Information (http://ncbi.nlm.
nih.gov/) was searched using the PSI-BLASTP program.46 Iterative 
sequence similarity searches were performed using single sequences 
of human p66N, Pol α and Pol ε second subunits (NP_006582, 
NP_002680, and NP_002683) and archaeal Pol II second subunit 
from Methanothermobacter thermautotrophicus (NP_276521) as 
queries with default parameters.46 Each search was run for a 
minimum of ten iterations or to convergence. Multiple alignments 
produced by PSI-BLAST were compared using the COMPASS 
program with default parameters.47

Accession Numbers

Coordinates and structure factors have been deposited in the 
RCSB Protein Data Bank with accession code 3E0J.
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