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DNA Polymerase ␦ and  Switch by Sharing Accessory
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Background: DNA polymerase (Pol) ␦ is involved in UV light-induced mutagenesis by an unknown mechanism.
Results: The C terminus of DNA Pol  interacts with accessory subunits of DNA Pol ␦, which is required for UV light-induced
mutagenesis.
Conclusion: When replication is stalled, accessory subunits of DNA Pol ␦ participate in recruitment of translesion DNA Pol .
Significance: This finding provides a novel mechanism of DNA lesion bypass in eukaryotes.

Eukaryotes possess four B-family DNA polymerases: ␣, ␦, ⑀,
and  (1). Polymerase (Pol)2 ␣ functions in initiation and early
elongation steps of replication by extending RNA primers laid
by a tightly associated primase. Pol ␦ plays an indispensable role
in DNA replication and DNA repair in eukaryotic cells (2). Pol
⑀ is involved in the initiation of replication at origins and in
leading-strand synthesis in the vicinity of the origins (3). Its role
in bulk replication is less clear because, in yeast, the N-terminal
part of the protein responsible for catalytic functions is not
essential for replication (4, 5). Pol  can bypass some lesions
and, importantly, is ultimately involved in the extension of non-
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canonical primer-template combinations that result in mutation fixation (6, 7). Disruption of the gene encoding the catalytic
subunit (REV3) results in a severe decrease in spontaneous and
damage-induced mutagenesis, embryonic lethality in mice, and
chromosomal instability (8). These properties put Pol  in a
central position in the cellular machinery regulating the outcomes of DNA damage, a process that triggers many diseases,
including cancer.
The four eukaryotic B-family DNA polymerases are multisubunit complexes composed of catalytic and regulatory subunits (Fig. 1) (9 –11). DNA polymerases ␣, ␦, and ⑀ invariably
have orthologous essential B-subunits bound to the C-terminal
domain (CTD) of the catalytic subunit. A corresponding subunit was not found for Pol ; however, its CTD harbors two
metal-binding sites (MBS1 and MBS2), each composed of four
conserved cysteines, as in the other members of B-family DNA
polymerases (11–13). The crystal structure of the yeast Pol ␣
CTD and B-subunit complex revealed that MBS2 is directly
involved in intersubunit interaction (13). Combined with electron microscopy studies of Pol ␣ and Pol ⑀ and small angle x-ray
scattering studies of Pol ␦, these data indicate that the CTD is
organized as a separate domain connected to the catalytic core
by a flexible linker (13–15). This indicates that CTD is a universal tether between the catalytic core and accessory subunits in
replicative DNA polymerases. Unlike Pol ␣, Pol ␦, and Pol ⑀, the
structural role for the Pol  CTD was not established.
Intriguingly, mutations affecting the CTD or accessory subunits of Pol ␦ abolish induced mutagenesis to the same extent as
the absence of Pol  (16 –18), indicating that Pol ␦ participates
in the regulation of error-prone translesion DNA synthesis
(TLS). However, the reasons for the dependence of Pol  function on Pol ␦ and the mechanism of the key event in TLS, the Pol
␦ 7 Pol  switch, remained a mystery. Here, we present an
explanation for this by demonstrating that Pol  and the catalytic subunit of Pol ␦ share the accessory B- and C-subunits of
Pol ␦.

EXPERIMENTAL PROCEDURES
Construction of REV3 Mutants in Yeast and Analysis of Their
Expression and in Vivo Effects—Mutations in the regions
encoding the yeast Rev3 active site and CTD were first introJOURNAL OF BIOLOGICAL CHEMISTRY
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Translesion DNA synthesis is an important branch of the
DNA damage tolerance pathway that assures genomic integrity
of living organisms. The mechanisms of DNA polymerase (Pol)
switches during lesion bypass are not known. Here, we show that
the C-terminal domain of the Pol  catalytic subunit interacts
with accessory subunits of replicative DNA Pol ␦. We also show
that, unlike other members of the human B-family of DNA polymerases, the highly conserved and similar C-terminal domains
of Pol ␦ and Pol  contain a [4Fe-4S] cluster coordinated by four
cysteines. Amino acid changes in Pol  that prevent the assembly
of the [4Fe-4S] cluster abrogate Pol  function in UV mutagenesis. On the basis of these data, we propose that Pol switches at
replication-blocking lesions occur by the exchange of the Pol ␦
and Pol  catalytic subunits on a preassembled complex of accessory proteins retained on DNA during translesion DNA synthesis.

Interaction of Pol  with Pol ␦ Subunit
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FIGURE 1. Schematic representation of multisubunit organization for
human B-family DNA polymerases. Subunits with similar functions are color-coded as follows: catalytic subunits are dark blue, B-subunits are
red, and the C-subunit of Pol ␦ (p66) is green. For quick reference: in budding
yeast, the catalytic subunits of Pol ␣, Pol ␦, Pol ⑀, and Pol  are Pol1, Pol3, Pol2,
and Rev3, respectively; the B-subunits of Pol ␣, Pol ␦, and Pol ⑀ are Pol12,
Pol31, and Dpb2, respectively; and the C-subunit of Pol ␦ is Pol32.

N. Sharma and P. Shcherbakova, unpublished data.
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Primer sequences are available upon request.
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duced into yeast integrative plasmid pRevLCav2 (19). This plasmid contains the Saccharomyces cerevisiae REV3 ORF region
coding for 647 C-terminal amino acids and 335 bp of downstream noncoding sequence and the URA3 gene. We used a
multiple-site plasmid mutagenesis protocol (20) to create
alleles coding for changes of cysteines 1398, 1401, 1414, and
1417 at MBS1 and cysteines 1446, 1449, 1468, and 1473 at
MBS2 to alanines. The resulting plasmids encoding mutant
REV3 ORF ends were digested with SnaBI prior to transformation into yeast strain 8C-YUNI101 (MATa his7-2 leu2-3,112
ura3⌬ bik1::ura3-29RL trp1-1UAG ade2-1UAA) (19). Transformants were selected on synthetic medium without uracil and
colony-purified. In the next step, we selected clones that lost
both the URA3 marker and the duplicated part of REV3 but
acquired the desired mutation on medium containing 5-fluoroorotic acid, which selects against URA3⫹ cells (21). The resulting strains were used for studies of UV light-induced lethality and
mutagenesis as described previously (19). All data points are an
average of three independent trials, and error bars are S.D.
For the analysis of the protein levels of Rev3 variants, we
constructed expression vectors encoding a fusion of full-length
Rev3 with GST. The basic plasmid with a galactose-inducible
promoter and a LEU2 marker was constructed by N. Sharma
and P. Shcherbakova.3 We used an in vivo gap repair method to
transfer the mutant alleles of REV3 from pRevLCav2 to the

expression plasmid (22). A yeast strain with a deletion of the
entire REV3 gene was transformed by a mixture of two PCR
fragments: the part of the expression plasmid without the
region corresponding to the C-terminal part of REV3 and the
part of the REV3 gene corresponding to the mutated region
from pRevLCav2. Leu⫹ transformants were selected, and the
presence of anticipated alleles of REV3 was determined by PCR
and DNA sequencing. Correct constructs were reamplified in
Escherichia coli and used for transformation in the proteasedeficient strain BJ2168. Induction was done as described (23).
All plasmid and genomic constructs used in this study were
verified by full-length sequencing.4
Analysis of Protein Interaction by Nickel-Iminodiacetic Acid
(Ni-IDA) Pulldown Assay—Different human DNA Pol constructs cloned in pCOLADuet-1 (see details under supplemental “Experimental Procedures”) were expressed in E. coli strain
BL21(DE3) at 17 °C for 16 h following induction with 1 mM
isopropyl ␤-D-thiogalactopyranoside at A600 ⫽ 1. For constructs containing the p70 subunit of human Pol ␣, we used
Rosetta-2(DE3) cells and the same expression conditions.
Afterward, expression cells were harvested, washed with PBS,
aliquoted, and kept at ⫺80 °C. Cells were disrupted in ice water
by sonication in lysis buffer containing 20 mM Tris-HCl (pH
7.9), 0.15 M NaCl, 3% glycerol, 3 mM ␤-mercaptoethanol, 0.4
mM PMSF, and 1 g/ml leupeptin. After centrifugation, 0.4 ml
of lysate (corresponding to a 5-ml culture volume) was incubated with 20 l of Ni-IDA resin (Bio-Rad) for 1 h by rocking at
4 °C. The resin was washed one time with 0.4 ml of lysis buffer,
two times with 0.4 ml of 0.3 M NaCl in lysis buffer, and again
with 0.4 ml of lysis buffer. The bound proteins were eluted with
65 l of 0.3 M imidazole HCl (pH 7.7). For preliminary small
ubiquitin-like modifier (SUMO) tag proteolysis, 1 g of doubly
tagged UD1 (dtUD1) was added to 0.4 ml of lysate, followed by
incubation 1 h at 6 °C before loading on Ni-IDA. Samples
loaded on and eluted from Ni-IDA were subjected to 12% SDSPAGE, followed by detection with Coomassie Blue staining or
Western blotting using the ECL Plex system (GE Healthcare).
B-subunits of different DNA polymerases were visualized using
anti-His monoclonal antibody (6G2A9, GenScript); SUMOtagged CTDs were visualized by anti-SUMO monoclonal antibody (4G11E9, GenScript).
Purification of p353C-p50-p66N, p125C-p50-p66N, p180Cp70, p261C-p59, and p50-p66N—Expression of these complexes (with SUMO-tagged CTDs and His6-tagged B-subunits)
was carried out in 1–2 liters of E. coli culture in LB medium
with 25 g/ml kanamycin under the conditions described
above. After cell disruption using EmulsiFlex-C5, the protein
complexes were purified according to the same scheme consisting of chromatography on Ni-IDA (Bio-Rad) and Mono Q (GE
Healthcare) columns. His6-tagged dtUD1 protease was added
to lysate at a 1:10,000 mass ratio before loading on Ni-IDA.
After SDS-PAGE analysis, the most pure fractions were combined, and their UV-visible absorbance spectra were measured
using a NanoDrop 2000c spectrophotometer (Thermo Scientific) and trUView cuvettes (Bio-Rad). Protein concentrations
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were estimated by measuring the absorbance at 280 nm and
using extinction coefficients of 61.8, 50.8, 57.2, 60.3, and 47.8
mM⫺1 cm⫺1 for complexes containing p125C, p353C, p180C,
p261C, and p50-p66N only, respectively (calculated with ProtParam (24)). Protein concentrations obtained this way were
7–20% higher compared with concentrations obtained by the
Bradford method using BSA as the standard.
Purification of His6-SUMO-tagged p261C and p353C—Expression was carried out for 12 h at 17 °C in E. coli BL21(DE3)
cells transformed with pASHSUL encoding the N-terminally
His6-SUMO-tagged Pol ⑀ or Pol  CTD (including p353C variants with mutated MBS1 or MBS2). Cells were grown in 10 ml
of LB medium to A600 ⫽ 0.7 at 37 °C and cooled down to 17 °C
(⬃30 min), followed by induction with 25 ng/ml anhydrotetracycline. After expression, the cells were washed with PBS and
lysed, and the soluble protein fraction was precipitated by 40%
ammonium sulfate and purified using Ni-IDA resin. Protein
concentrations were estimated by the Bradford method using
BSA as the standard.
Determination of Iron Content in Protein Samples—The concentration of non-heme iron in protein samples was determined by colorimetry with the iron chelator Ferrozine using the
iron assay kit from Pointe Scientific, Inc. The original protocol
was optimized to avoid the effect of protein aggregation on
absorbance measurement. After the addition of iron color reagent, the reaction was incubated for 10 min at 37 °C and spun
for 3 min at 13,000 rpm, and the absorbance was recorded at
560 nm against a blank solution with a BioMate 5 spectrophotometer (Thermo Electron Corp.). Iron concentration was
calculated using the following formula: Asample/Astandard ⫻ 90
M ⫽ total iron (M).

RESULTS
Structural Similarities of CTDs of Catalytic Subunits of Pol ␦
and Pol —We aligned the amino acid sequences and predicted
secondary structures of the human Pol ␦ CTD with the CTDs of
Pol ␣, Pol ⑀, and Pol  (Fig. 2). The alignment revealed that the
Pol ␦ CTD (p125C) shares high structural similarity with the Pol
 CTD (p353C), but not the Pol ␣ (p180C) and Pol ⑀ (p261C)
MAY 18, 2012 • VOLUME 287 • NUMBER 21

CTDs. The CTDs of Pol ␣ and Pol ⑀ are significantly larger in
size and share similar topology with ␤-strand-based zinc fingers. In contrast, the predicted secondary structures of the Pol ␦
and Pol  CTDs are all-helical, and three of their metal-coordinating cysteines contribute directly from ␣-helices.
Pol  CTD Interacts with Pol ␦ B-subunit—To determine
whether the topological similarities of the Pol  and Pol ␦ CTDs
result in similar binding properties for the Pol ␦ B-subunit
(p50), we carried out in vitro binding studies. Instead of the p50
subunit alone, we used the p50-p66N complex, which structurally resembles the second subunits of Pol ␣ and Pol ⑀, whose
N-terminal parts have significant similarity to the p66N
sequence (18). Moreover, the N-terminal domain of the C-subunit stabilizes p50, forming with it a relatively large intersubunit contact area (5398 Å2) (18, 25). To address the problem of
low solubility of the CTDs during expression in E. coli, we used
N-terminal fusions with a cleavable SUMO tag. Coexpression
of the genes encoding the SUMO-tagged CTDs of the Pol ␦ or
Pol  catalytic subunits and the Pol ␦ accessory subunits (p50p66N; p50 has an N-terminal His6 tag) allowed us to obtain
stable ternary complexes by affinity purification on Ni-IDA
resin (Fig. 3A). These CTD/B intersubunit interactions are
mediated by CTDs only because the SUMO tags were not
retained in complexes after their cleavage with the SUMO-specific protease dtUD1. Notably, both CTDs (p125C and p353C)
have a similar stoichiometry in these complexes, which is close
to 1:1 (Fig. 3A and supplemental Table S1), indicating that they
bind p50 with approximately the same affinity. In the next set of
experiments, we coexpressed the His6-tagged B-subunits of Pol
␣ and Pol ⑀ with their own SUMO-CTDs (SUMO-p180C and
SUMO-p261C, respectively) and with SUMO-p353C. All
SUMO-CTDs were robustly produced as judged by Western
blotting of lysates with anti-SUMO antibodies (Fig. 3, D and E).
Ni-IDA pulldown experiments demonstrated that the B-subunits of Pol ␣ and Pol ⑀ did not form a complex with SUMOp353C, but they bound strongly to their own SUMO-CTDs (Fig.
3, B–E). Trace levels of SUMO-p353C detected in partially purified samples of p70 and p59 by Western blotting (Fig. 3, D and
JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 2. Amino acid sequence alignments of human Pol ␦ C-terminal domain with CTDs of Pol ␣, Pol ⑀, and Pol . The alignment was performed by
ClustalW with default parameters and then adjusted manually to align the metal-binding cysteines. Secondary structure predictions were made using Phyre
software (45). Conserved metal-binding cysteines, ␣-helices, and ␤-strands are highlighted in yellow, red, and cyan, respectively. In p125C and p353C, the first
cysteines in MBS1 and MBS2 and the second cysteine in MBS2 are located in the ␣-helices.
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E) were due to nonspecific binding with Ni-IDA because
SUMO-p353C is aggregation-prone without the proper binding
partner. In a reciprocal experiment, coexpression of p50-p66N
and the Pol ␣ SUMO-CTD (SUMO-p180C) did not lead to
complex formation (Fig. 3, C and E). These results confirm that
the interaction between p353C and the B-subunit of Pol ␦ is
highly specific.
Human Pol ␦ and Pol  CTDs Contain Iron-Sulfur Clusters—
The purified human Pol ␦ and Pol  CTD-p50-p66N complexes
exhibit physical properties characteristic of proteins with ironsulfur clusters: the yellow-brownish color; a broad peak with a
maximum at 410 nm in UV-visible spectra (with an A410/A280
ratio of ⬎0.1); and development of a pink color in the presence
of the iron-specific indicator Ferrozine, which allows quantification of the iron content as 2.8 and 2.6 per molecule, respectively (Fig. 4 and supplemental Fig. S1) (26, 27). Such stoichiometry is close to what is typically observed for proteins
containing [4Fe-4S] clusters, taking into account that one or
two iron atoms per molecule were lost during purification (28,
29). Our data are consistent with the recent finding of [4Fe-4S]
clusters in yeast Pol ␦ and Pol  (30), in human and yeast primases (29, 31), and in several proteins involved in DNA repair
(26 –28, 32).
Absence of Iron-Sulfur Cluster in Human Pol ␣ and Pol ⑀
CTD-B Complexes—The samples of similarly purified p180Cp70 and p261C-p59 complexes and p50-p66N alone were colorless, their spectra did not exhibit a peak at 410 nm, and their
iron content measured by Ferrozine was close to the back-
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FIGURE 4. Analysis of purified human DNA Pol subcomplexes. A, purity
analysis by electrophoresis on 12% SDS-polyacrylamide with Coomassie Blue
staining. Lane 1, p125C-p50-p66N; lane 2, p353C-p50-p66N; lane 3, p180C-p70;
lane 4, p261C-p59; lane 5, p50-p66N; lane 6, EZ-Run Rec protein ladder (Fisher
Scientific). B, absorbance analysis by UV-visible spectrophotometry.

ground level (Fig. 4 and supplemental Figs. S1 and S2). Consistent with our data, the crystal structure of the yeast Pol ␣ CTD-B
complex revealed only zinc ions in both MBSs (13). Recently, an
iron-sulfur cluster was detected in partially purified yeast Pol ␣
and Pol ⑀ (30). In contrast to our purification scheme, the
authors placed a tag on the catalytic subunit, so their partially
purified samples contained the polymerase complex itself and
VOLUME 287 • NUMBER 21 • MAY 18, 2012
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FIGURE 3. Analysis of interaction between B-subunits and CTDs of human DNA polymerases. Samples loaded on and eluted from Ni-IDA were subjected
to 12% SDS-PAGE, followed by detection with Coomassie Blue staining (A–C) or by Western blotting (D and E). A. The Pol ␦ B-subunit binds to the CTDs of Pol
␦ and Pol . The SUMO (S) tag was cleaved off by dtUD1 prior to binding to the resin. B and D, the Pol ⑀ B-subunit binds to the CTD of Pol ⑀ and not to the CTD
of Pol . C and E, the Pol ␣ B-subunit binds to the CTD of Pol ␣ and not to the CTD of Pol . The Pol ␦ B-subunit does not bind to the CTD of Pol ␣. Left lanes in
A, D, and E, ECL Plex fluorescent rainbow markers (GE Healthcare). DNA Pol subcomplexes are schematically shown above the A–C. All B-subunits have
N-terminal His6 tags.
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FIGURE 6. Schematic presentation of p125 7 Pol  switch during TLS. A
detailed explanation is provided under “Discussion.”

FIGURE 5. A, schematic presentation of Rev3 protein and location of amino
acid changes in its catalytic domain and CTD. B and C, effect of rev3 mutations
on yeast survival and induced mutagenesis, respectively. Catalytically (Cat.)
dead Rev3 has a double amino acid change (D1142A/D1144A) at the active
site. Induced mutation frequencies (multiplied by 105) in the CAN1 gene were
calculated by subtracting the spontaneous frequency from the corresponding frequencies after irradiation.

an excess of the catalytic subunit. Probably both zinc and iron
could be incorporated to CTDs during expression, but only the
CTD with the appropriate metal makes a stable complex with
the B-subunit. In support of this argument, partially purified
human Pol ⑀ SUMO-CTD alone has same iron level as Pol 
SUMO-CTD (supplemental Fig. S3). The absence of iron in
pure and stoichiometric Pol ␣ and Pol ⑀ CTD-B complexes (Fig.
4) indicates that their CTDs with an inadvertently incorporated
iron-sulfur cluster are not able to make a stable interaction with
the B-subunit and are removed during purification.
Iron-Sulfur Cluster Is Located in MBS2—To map the [4Fe4S] cluster in Pol , we purified His6-SUMO-CTD variants with
changes of all four conserved cysteines in MBS1 or MBS2 to
alanines (supplemental Fig. S4A). The changes in MBS2
resulted in a decrease in iron content close to the background
level, suggesting that the four cysteines in the MBS2 domain are
involved in [4Fe-4S] cluster coordination (supplemental Fig.
S4B). Our data are consistent with [4Fe-4S] cluster mapping to
MBS2 (CysB) in yeast Pol ␦ (30).
MBS2 Is Required for TLS in Vivo—To evaluate the contribution of MBS1 or MBS2 of the Pol  CTD to TLS, we used the well
established yeast model system. The C-terminal parts of human
and yeast Rev3 are conserved (33). The mutation in REV3 leading to the change of four cysteines at MBS1 did not affect UV
mutagenesis, whereas the mutations leading to disruption of
MBS2 reduced UV mutagenesis to a level observed for catalytically dead Pol  (Fig. 5). The observed effects are due to funcMAY 18, 2012 • VOLUME 287 • NUMBER 21

DISCUSSION
The absence of a B-subunit analog in Pol  and the high
structural similarity between Pol ␦ and Pol  CTDs prompted us
to hypothesize that the Pol ␦ B-subunit could be a Pol  binding
partner. Moreover, the crystal structure of the human Pol ␦
p50-p66N subcomplex (18) revealed several disordered loops in
p50, providing a wide flexible surface (supplemental Fig. S6).
Mutations disrupting the interaction of the B-subunit with the
catalytic subunit were mapped mainly to this disordered surface, indicating that it is a docking site for the Pol ␦ CTD (34).
The flexibility of this surface indicates that p50 could interact
with either the Pol ␦ or Pol  CTD. Our biochemical experiments confirmed this idea.
We summarize our main findings and their consequences for
TLS as follows: (i) the B-subunit of Pol ␦ binds equally well to
the catalytic subunit of either Pol ␦ or Pol ; (ii) the CTDs of Pol
␦ and Pol  contain a [4Fe-4S] cluster, which is critical for binding to the B-subunit and for UV light-induced mutagenesis; and
(iii) both the Pol ␣ and Pol ⑀ catalytic subunits lack the [4Fe-4S]
cluster, and their B-subunits do not bind the C terminus of Pol
. We propose a plausible mechanism for the p125 7 Pol 
switch during TLS (Fig. 6). When Pol ␦ stalls at a DNA lesion, it
induces a signal leading to the dissociation of the Pol ␦ catalytic
subunit. The exact sequence of events leading to this is
unknown but involves proliferating cell nuclear antigen
(PCNA) ubiquitylation and recruitment of Rev1 (8, 35). The Band C-subunits that are bound to PCNA remain on the DNA
and recruit Pol . The latter, with the assistance of Y-family TLS
polymerases, bypasses the DNA lesion and is then replaced
again by the catalytic subunit of Pol ␦ to continue processive
replication. According to the crystal structure of the Pol ␣
CTD-B complex (13) and the Pol ␣-Pol ␦ CTD alignment
results (Fig. 2), the [4Fe-4S] cluster in Pol ␦ and Pol  is likely not
buried in the CTD structure and is directly involved in the
interaction with p50. Furthermore, the presence of a [4Fe-4S]
JOURNAL OF BIOLOGICAL CHEMISTRY
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tional defects because none of the aforementioned mutations
resulted in a decreased level of Rev3 in yeast extracts (supplemental Fig. S5). The integrity of Pol ␦ MBS2 is also critical for
induced mutagenesis in yeast (16). Our results reveal the critical
role of the iron-sulfur cluster-binding domain in Pol  function
and suggest a similar mechanism of p50 binding by the Pol ␦
and Pol  CTDs.

Interaction of Pol  with Pol ␦ Subunit
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cluster specifically in the Pol ␦ and Pol  CTDs suggests that it
not only plays a structural role but also mediates regulation of
the p125 7 Pol  switch via a change in its oxidation state.
This mechanism explains the genetic data on the role of all
three subunits of Pol ␦ in TLS in yeast, especially the involvement of the Pol ␦ C-subunit (16, 17, 36 –39). The importance of
the C-subunit in TLS is probably due to its strong interaction
with PCNA and also its role in stabilizing the B-subunit.
Although Pol ␦ can bind PCNA via its three subunits simultaneously, the C-subunit plays a critical role in anchoring Pol ␦ to
the replisome (mutasome), especially when the catalytic subunit dissociates during lesion bypass (40, 41). Consistent with
our proposed mechanism, the p12 subunit, which binds simultaneously to the p125 and p50 subunits in human Pol ␦, was
found to dissociate from the replicative complex upon treatment of cells with DNA-damaging agents (42, 43).
Recently, it was shown that yeast Rev1 interacts with the Pol
␦ C-subunit (Pol32) and may work as a bridge between Pol ␦ and
Pol  (44). In these studies, Pol32 was used without its strong
binding partner (Pol31, the B-subunit), which may result in
altered protein conformation and properties. The importance
of this interaction for TLS was not shown. Moreover, the deletions of Pol32 regions 103–142 (allele ⫺3) and 143–182 (allele
⫺4), which encompass the proposed Rev1-binding domain
(residues 100 –180), do not affect UV light-induced mutagenesis (40).
It is worth mentioning that all cumulative evidence obtained
so far points to Pol ␦ as a central regulator of TLS. The mutations affecting the components of Pol ␦ responsible for polymerase switches abolish all induced mutagenesis in both leading
and lagging DNA strands. This suggests either that Pol ␦ is a
main replicase for both DNA strands or that TLS events on the
leading strand, when replicated by Pol ⑀, should include the
switch for Pol ␦ as an initiating event (4, 41, 44).
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES.
Cloning of human DNA Pols constructs to pColaDuet-1 expression vector.
cDNAs for hPol δ p125, p50 and p66 subunits were obtained from Open Biosystems
(Clone IDs 3634655, 2822169 and 40010009, respectively). A pASHSUL vector expressing the
first 98 residues of S. cerevisiae SMT3 (SUMO) and pSUPER expressing SUMO-specific
protease dtUD1 (doubly tagged UD1) were a generous gift from Patrick Loll (Drexel University).
dtUD1 was expressed and purified as described in (1).
A full-length cDNA for the p66 subunit was made as described previously (2). The DNA
sequence coding for 144 amino acids of the N-terminal p66 fragment (p66N) was cloned into
pCOLADuet-1 plasmid (Novagen) at NcoI/EcoRI restriction sites. A His6-p50 encoding sequence
was ligated at NdeI/XhoI into pCOLADuet-1 containing the p66N encoding sequence. The gene
fragment, corresponding to p125 residues 1001-1107, was cloned to pET-28b at NcoI/BamHI
sites. Then a p125C-encoding sequence with adjacent 61- and 25-bp non-coding regions at 5'- and
3'-termini, respectively, was amplified and cloned into pCOLADuet-1 containing DNA for p66N
and p50 by using overlap extension PCR according to (3). The resulting construct contains a
p125C-encoding sequence (together with Shine-Dalgarno box) inserted after the p50 gene, which
allows them to be expressed independently from dicistronic mRNA. To allow for ligationdependent cloning of different DNA sequences coding for SUMO-CTDs in place of p125C, the
obtained plasmid was partially digested with NcoI and BamHI and the appropriate fragment was
purified by agarose gel.
The construct for SUMO-tagged p125C was generated by ligation-independent cloning of
the corresponding gene fragment into the pASHSUL vector as described in (1). Then the SUMOp125C-encoding sequence (without a His-tag) was amplified and ligated to NcoI/BamHI-digested
pCOLADuet-1 containing sequences for p66N and p50. The gene fragment encoding for hRev3
(p353) residues 3028-3130 was amplified from pPGR3d-1/REV3L (a generous gift from P.E.M.
Gibbs, Rochester University) and subcloned into pASHSUL as described above. Then the
SUMO-p353C-encoding sequence (without a His-tag) was amplified and ligated to NcoI/BamHIdigested pCOLADuet-1 containing sequences for p66N and p50.
The gene fragment corresponding to p180 residues 1265-1462 was amplified from
pcDNA3/POLA1 (a generous gift from Motoshi Suzuki, Kyoto University). The SUMO sequence
was amplified from pASHSUL with an overlap region for p180C at the 3'-end. Then sequences for
SUMO and p180C were combined together by applying the fusion PCR technique (4). After
digestion with NcoI/BamHI, the final PCR product was ligated to pCOLADuet-1 containing
sequences for p66N and p50. The p70-encoding sequence was amplified from cDNA (Open
Biosystems; clone ID 2822514) with chimeric primers containing the regions complementary to
the vector sequence flanking the gene for p50. Finally we replaced the p50 gene with one
encoding for p70 in pCOLADuet-1 containing the SUMO-p180C and p66N sequences by using
the overlap extension PCR (3). The p59 sequence was amplified from cDNA (Open Biosystems;
clone ID 8991936) and inserted by PCR instead of the p50 gene in pCOLADuet-1 containing
SUMO-p353C and p66N sequences. Then we amplified the p261C gene fragment from pCRXL/POLE1 (5) with chimeric primers containing the regions complementary to the vector
sequence flanking the p353C gene. Finally the p261C sequence was inserted by overlap extension
PCR directly after the SUMO sequence (in place of p353) into pCOLADuet-1 containing the p59
and p66N sequences.
We used multiple-site plasmid mutagenesis protocol (6) in order to replace cysteines 3042,
3045, 3054, 3057 for alanine at MBS1 and cysteines 3086, 3089, 3099, 3104 at MBS2 in
pASHSUL/SUMO-p353C.
All plasmid constructs used in this study were verified by full-length sequencing. Primers
sequences are available upon request.
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Figure S1. Iron content in purified human DNA Pol subcomplexes. Columns are an average
of two independent experiments including protein expression and purification.
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Figure S2. Analysis of purified p50•p66N sample by UV-visible spectrophotometry.
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Figure S3. Analysis of purified His6-SUMO-tagged p261C and p353C. A, Purity analysis by
electrophoresis in 13% SDS-PAGE with Coomassie Blue staining. Lane 1 – EZ-Run Rec protein
ladder (Fisher Scientific); lanes 2, 3 – His6-SUMO-tagged p261C and p353C, respectively. B, Iron
content in purified His6-SUMO-CTDs. Error bars, s.d. (n = 3).
Significantly low iron content in the purified His6-SUMO-CTDs alone probably reflects
decreased stability of [4Fe-4S] cluster without a complex with B-subunit.
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Figure S4. Analysis of purified His6-SUMO-p353C mutants. A, Purity analysis by
electrophoresis in 13% SDS-PAGE with Coomassie Blue staining. Lane 1 – EZ-Run Rec protein
ladder (Fisher Scientific); lanes 2, 3 - His6-SUMO-p353C with mutated MBS1 or MBS2,
respectively. B, Iron content in purified His6-SUMO- p353C mutants (designated as MBS1* and
MBS2*). Error bars, s.d. (n = 3)
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Figure S5. Analysis of Rev3 constructs expression in S. cerevisiae. Lane 1 – GST-Rev3 wildtype; lanes 2, 3, 4 – GST-Rev3 with mutated MBS1, MBS2 and both sites, respectively. Yeast
extracts were prepared using glass beads in the buffer containing 50 mM Tris-HCl, pH 7.5, 300
mM NaCl, 1 mM EDTA, 10 % sucrose, 10 mM b-ME, 1 mM PMSF, 1X Complete EDTA-free
protease inhibitor cocktail (Roche). Lysates were run on 8 % SDS-PAGE for 1 hr at 200 V
followed by transfer to Immobilon membrane (Millipore). Mouse anti-GST (Genscript) and goat
HRP-conjugated anti-mouse secondary antibodies (Genscript) were used to detect GST-Rev3
fusion protein. Goat anti-human actin antibodies (Santa Cruz Biotechnology, sc-1615; also crossreact with yeast actin), along with the donkey anti-goat HRP-conjugated secondary antibodies
(Genscript) were used to detect actin (loading control). Blot was developed using SuperSignal
West Femto Chemiluminescent substrate detection kit (Thermo Scientific).

Figure S6. Cartoon representation of p50•p66N complex (PDB code 3E0J) prepared with PyMol
software (Delano Scientific). The secondary structure elements are color-coded as follows: αhelices, β-strands and coils are red, yellow and green, respectively, in p50, and are cyan, magenta
and light pink, respectively, in p66N. The modeled disordered regions are shown with dotted
lines. The proposed binding site for Pol δ CTD is indicated by transparent oval.
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Table S1. Quantification of subunits stoichiometry in Pol δ and Pol ζ p50•66N•CTD complexes*.
Subunit(s)

Molecular
mass, kDa
Pol δ p50•66N•CTD complex
p50
52.1
p66N
16.2
p125C
12.5
p50-p66N-p125C
80.8
Pol ζ p50•66N•CTD complex
p50
52.1
p66N
16.2
p353C
11.9
p50-p66N-p353C
80.2

Relative mass1

Relative band
intensity2

Stoichiometry3

0.65
0.2
0.15
1

0.59
0.21
0.20
1

0.9
1.0
1.3

0.65
0.2
0.15
1

0.58
0.22
0.20
1

0.9
1.0
1.3

*The integrated densities were measured using ImageJ program (v.145s, NIH) and the gel image
shown on the Fig.3A (two medium lanes with dtUD1-treated samples).
1
Relative mass - the mass of corresponding subunit divided by the total mass of all subunits in the
complex.
2
Relative band intensity - integrated density of the band of corresponding subunit divided by the total
integrated density of all subunits in the complex.
3
Stoichiometry - relative band intensity divided by the relative mass.
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