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Identification of amino acid 
residues involved in the dRP-lyase 
activity of human Pol ι
Nataliya Miropolskaya, Ivan Petushkov, Andrey Kulbachinskiy & Alena V. Makarova

Besides X-family DNA polymerases (first of all, Pol β) several other human DNA polymerases from Y- 
and A- families were shown to possess the dRP-lyase activity and could serve as backup polymerases 
in base excision repair (Pol ι, Rev1, Pol γ and Pol θ). However the exact position of the active sites and 
the amino acid residues involved in the dRP-lyase activity in Y- and A- family DNA polymerases are not 
known. Here we carried out functional analysis of fifteen amino acid residues possibly involved in the 
dRP-lyase activity of human Pol ι. We show that substitutions of residues Q59, K60 and K207 impair 
the dRP-lyase activity of Pol ι while residues in the HhH motif of the thumb domain are dispensable for 
this activity. While both K60G and K207A substitutions decrease Schiff-base intermediate formation 
during dRP group cleavage, the latter substitution also strongly affects the DNA polymerase activity of 
Pol ι, suggesting that it may impair DNA binding. These data are consistent with an important role of 
the N-terminal region in the dRP-lyase activity of Pol ι, with possible involvement of residues from the 
finger domain in the dRP group cleavage.

Human DNA polymerase iota (Pol ι) belongs to the Y-family of translesion DNA polymerases and demonstrates 
very low accuracy of DNA synthesis. The high error rate of Pol ι is a result of the special organization of the active 
site1, 2 which is adapted to bypass a variety of DNA lesions3, including bulky carcinogenic lesions4–9 and inter-
strand DNA cross-links10. The DNA polymerase activity of Pol ι is stimulated by Mn2+ ions11, 12. In addition to 
the DNA polymerase activity, human Pol ι has an intrinsic 5′-deoxyribose-5-phosphate lyase activity (dRP-lyase 
activity)13, 14. Pol ι carries out efficient DNA synthesis on gapped DNA substrates and in reactions reconstituted 
with uracil-DNA glycosylase, AP-endonuclease and ligase can repair DNA13, 15. Moreover, Pol ι is able to comple-
ment in vitro the short-patch base excision repair (BER) deficiency of Pol β null cell extracts16. Extracts from cells 
with downregulated Pol ι also show reduced BER activity14. In addition, Pol ι binds to chromatin under oxidative 
stress and interacts with the BER factor XRCC114. Altogether these data support a role of Pol ι in certain types of 
BER.

Removal of a 5′-dRP group by Pol ι likely proceeds via β-elimination mechanism13 involving formation of a 
Schiff base intermediate between an enzyme primary amine (usually originating from a lysine residue) and the 
Cl′ atom of the deoxyribose phosphate17–19. Nevertheless, the mechanism of dRP-lyase activity of Pol ι is not well 
understood. In particular, the site of the dRP-lyase activity and amino acid residues involved in catalysis are yet to 
be determined. Based on sequence alignments with Pol β, it was suggested that the site of the dRP-lyase activity 
is located in a helix-hairpin-helix motif (HhH-motif) of the thumb domain of Pol ι (Fig. 1A and B)13, 14. However 
the role of this motif in Pol ι was not biochemically established.

In this work we tested the effects of fifteen amino acid substitutions, including all lysine residues located 
around the DNA-binding cleft of Pol ι, on its dRP-lyase activity. Tested mutations were located in the HhH motif 
of the thumb domain (K237A, Y244A, K245A, K248A, E251A) and in the fingers domain around the DNA pol-
ymerase active site (Y39A, Q59A, K60G, Y61A, K72A, K76A, K77A). Additionally, we mutated lysine residues 
potentially interacting with DNA and selected based on available 3D structures of Pol ι-DNA complexes (K207A, 
K214A, K309A) (Fig. 1A and B). We analyzed the effects of these mutations on Pol ι catalysis and for the first time 
identified amino acid residues critical for the removal of 5′-dRP group.
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Figure 1. Effects of amino acid substitutions on the dRP-lyase activity of Pol ι. (A) Alignments of the fingers 
and thumb domains of Pol ι from various eukaryotes. Hsa, Homo sapiens; Mmu, Mus musculus; Xtr, Xenopus 
tropicalis; Dre, Danio rerio; Dme, Drosophila melanogaster. Amino acid numbering corresponds to human Pol 
ι. Pol ι residues analyzed in this study are red-colored. The sequence of the HhH motif of the N-terminal lyase 
domain in Pol β is shown above the HhH motif of the thumb domain in Pol ι. The catalytic residue K72 involved 
in the dRP-lyase activity in human Pol β is shown in light blue color. (B) Structure of Pol ι in complex with 
DNA template (with 1,N6-ethenoadenine in the active site; light blue), DNA primer (dark blue) and incoming 
dNTP (light green) (2DPI6). The fingers domain is dark gray; the HhH motif in the thumb domain is green. 
Pol ι lysine residues analyzed in this study are red-colored; Y39, Y61 and Y244 are shown in orange; Q59 and 
E251 are purple. (C) The structure of the oligonucleotide substrate with the 5′-dRP group used in this study. 
(D) and (E) Gel images of the dRP-lyase activity of wild-type and mutant Pol ι variants. Lanes 1 in D and 5 in E 
(“−”) show spontaneous cleavage of the 5′-dRP group observed in the absence of Pol ι protein. The full-length 
gels are presented in Supplementary Figs 2 and 3. (F) and (G) Diagrams showing percentages of the 5′-dRP 
group cleavage by Pol ι variants. The dashed line shows the level of spontaneous cleavage observed in the 
absence of Pol ι. Substitutions K76A, K77A, K207A, K214A, K237A, Y244A, K245A, K248A, E251A, K309A, 
KK237/245AA, KK237/248AA, KK245/248AA, KKK237/245/248AAA were obtained in the catalytic core of 
Pol ι consisting of residues 1–420 (D and F). Substitutions Y39A, Q59A, K60G, Y61A and K72A were obtained 
in the full-length Pol ι protein (E, G and Supplementary Fig. 1).
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Results
Residues Q59, K60 and K207 are required for the dRP-lyase activity of Pol ι. Human Pol ι is a 
80 kDa protein consisting of 715 amino acid residues. First 420 amino acid residues are sufficient for the DNA 
polymerase activity of Pol ι and referred to as the catalytic core1, 20. We found that the catalytic core also retains 
the dRP-lyase activity, which was slightly reduced compared to the wild-type Pol ι (compare Fig. 1D, lane 2 and 
Fig. 1E, lane 1). These data suggest that the dRP-lyase active site is located in the N-terminal half of Pol ι protein.

We next analyzed the effects of fifteen amino acid substitutions on the dRP-lyase activity of Pol ι. The 
choice of residues was based on the predictions made using sequence alignment of Pol ι and Pol β and previous 
cross-linking experiments13, 16, as well as available structural data1, 2, 6. The positions of all residues selected for 
mutagenesis are illustrated in Fig. 1A and B. To facilitate protein purification we used the catalytic core of Pol ι for 
the majority of amino acid substitutions (see Materials and Methods and Fig. 1 legend for details).

In Pol β the HhH motif of the N-terminal 8 kDa lyase domain catalyzes the excision of the 5′-dRP group 
from DNA19, 21, 22. Y-family DNA polymerases lack the N-terminal lyase domain. However the thumb domain 
of Pol ι contains a HhH motif consisting of residues 228–252 and showing similarity with the HhH motif of the 
N-terminal lyase domain of Pol β based on sequence alignment13, 14 (Fig. 1A). To probe the function of this HhH 
motif in the dRP-lyase activity of Pol ι we tested the ability of Pol ι variants with amino acid substitutions K237A, 
Y244A, K245A, K248A and E251A to cleave the 5′-dRP group. In addition, we analyzed double and triple substi-
tutions of these residues (KK237/245AA, KK237/248AA, KK245/248AA, KKK237/245/248AAA).

Surprisingly, we found that analyzed residues in the HhH motif are dispensable for the dRP-lyase activity by 
Pol ι. Substitutions K237A, Y244A and E251A did not affect the dRP-lyase activity (Fig. 1D, lanes 8, 9 and 12, and 
Fig. 1F). Nearly wild-type activity (80–90%) was observed for the K245A and K248A Pol ι variants (Fig. 1D, lanes 
10 and 11, and Fig. 1F). The double and triple amino acid substitutions of lysine residues also did not abrogate the 
dRP-lyase activity of Pol ι (Fig. 1D, lanes 13–16, and Fig. 1F).

It was shown previously that the N-terminal region comprising the first 78 residues is required for the Schiff 
base formation of Pol ι16. We therefore tested the role of residues Y39, Q59, K60 and Y61 (conserved in vertebrates, 
Fig. 1A) in this region in the dRP-lyase activity. These residues are located in the DNA polymerase active site of Pol 
ι and contact the DNA template and incoming nucleotides during catalysis1, 2, 6. Substitutions Y39A, Q59A, K60G 
and Y61A were obtained previously in the full-length Pol ι protein; substitutions Y39A and Q59A were shown to 
significantly affect the DNA polymerase activity of Pol ι12. We found that substitutions Q59A and K60G dramati-
cally reduced the dRP-lyase activity by Pol ι, almost to the level of spontaneous cleavage (Fig. 1E, lanes 3 and 4, and 
Fig. 1G). Substitution Y39A did not significantly affect the dRP-lyase activity of Pol ι (Fig. 1E, lane 2 and Fig. 1G), 
while substitution Y61A decreased the activity (Supplementary Fig. 1). Other three lysine residues K72, K76 and K77 
located in this region were shown to be dispensable for the dRP-lyase activity (Fig. 1D,F and Supplementary Fig. 1).

Based on available structural data we also chose for analysis three lysine residues that contact DNA and could 
potentially be involved in the dRP-lyase activity as catalytic nucleophiles: K207, K214, and K309 (Fig. 1A and B).  
While substitutions K214A and K309A did not affect the dRP-lyase activity of Pol ι (Fig. 1D, lanes 6, 7, and 
Fig. 1F), substitution K207A strongly decreased the 5′-dRP group cleavage (Fig. 1D, lane 5, and Fig. 1F).

Effects of K60G, K207A and K245A substitutions on the Schiff base intermediate formation.  
We next compared the ability of mutant variants of Pol ι to form the Schiff base intermediate during β-elimination, 
which can be covalently trapped by reduction with NaBH4. We compared the amounts of NaBH4-stabilized 
cross-linked products formed with the 5′-dRP group by the wild-type and mutant Pol ι variants.

It was shown that a control K245A substitution in the HhH motif, which did not affect the dRP-lyase activity (see 
above), also did not impair the Schiff base formation by Pol ι (Fig. 2A, compare lanes 4 and 6, and Fig. 2B). In con-
trast, the K60G and K207A substitutions significantly decreased the amounts of cross-linked products (Fig. 2A, lanes 
3 and 5, and Fig. 2B). The strongest decrease in the Schiff base formation was observed for the K60G Pol ι mutant.

Effects of K60G and K207A substitutions on the DNA polymerase activity of Pol ι. According 
to the Pol ι catalytic core structure, residues K60 and K207 make direct contacts with DNA1, 2, 6 (Fig. 1B). 
Therefore the loss of the dRP-lyase activity by the K60G and K207A Pol ι mutants could be caused by the loss of 
protein-DNA contacts. To reveal whether these substitutions generally impair DNA binding, we measured the 
DNA polymerase activity of these mutants in primer extension reactions on an oligonucleotide substrate (Fig. 3). 
Since DNA synthesis by Pol ι is stimulated by manganese ions, the reactions were performed in the presence of 
either Mg2+ or Mn2+ ions. In Mg2+ reactions, the wild-type Pol ι incorporated opposite template G not only 
dCTP but also dTTP. These agrees with previous reports on the low fidelity of DNA polymerase synthesis by 
Pol ι; dTTP misincorporation may be also due to transient template misalignment and positioning of the next 
template A into the active site. In agreement with published data, Mn2+ stimulated Pol ι activity. The activity of 
the K60G variant was reduced only in the presence of Mg2+ (Fig. 3, lanes 6–10) and was similar to the wild-type 
Pol ι in the presence of Mn2+ ions (Fig. 3, lanes 26–30). In contrast, the K207A variant was defective in DNA 
synthesis with both Me2+ cofactors (Fig. 3, lanes 16–20 and 36–40). Moreover, the K207A substitution also 
changed the spectrum of dNTP incorporation by Pol ι. In particular, it abrogated the incorporation of dATP and 
dGTP opposite template G and thus increased the fidelity of DNA synthesis by Pol ι (Fig. 3, lanes 37, 38). Thus, 
substitution K207A shows a stronger effect on the DNA polymerase activity compared to the K60G substitution.

Discussion
In X-family DNA polymerases Pol β and Pol λ the dRP-lyase active site is located in the HhH motif of the 
N-terminal 8 kDa lyase domain19, 21–24. Human A-family Pol γ and Pol θ and Y-family Pol ι and Rev1 polymer-
ases also possess the dRP-lyase activity13, 25–27. These polymerases lack a significant amino acid sequence simi-
larity with Pol β in the N-terminal domains and amino acid residues involved in the dRP-lyase activity are not 
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determined. Here, we for the first time analyzed the functional role of candidate amino acid residues in the 
dRP-lyase activity of Pol ι and identified residues required for the excision of the 5′-dRP group.

It was previously proposed that the active site of the dRP-lyase in Pol ι may be located in the thumb HhH motif 
that comprises residues 228–252 (Fig. 1A,B). In particular, it was speculated that Pol ι residue K237 may serve 
as the orthologue of Pol β residue K72 during the β-elimination reaction14. However, we showed that neither of 
tested substitutions in the HhH motif (including substitutions of lysine residues K237A, K245A and K248A) 
significantly affected the dRP-lyase activity or Schiff base formation (as tested for the K245A substitution). 
Moreover, double and triple substitutions of residues K237, K245 and K248 also did not abrogate the dRP-lyase 
activity of Pol ι. Our observations are in agreement with data of Dr. Roger Woodgate laboratory, who have also 
recently shown that single K237A, K245A and K248A Pol ι mutants do not compromise the dRP-lyase activity of 
Pol ι (personal communication) Therefore, it is likely that the HhH motif of the thumb domain does not play an 
important role in the 5′-dRP group cleavage in human Pol ι.

Figure 2. Effect of Pol ι amino acid substitutions on the Schiff base intermediate formation. (A) Gel image of 
cross-linked products formed by wild-type and mutant Pol ι variants after NaBH4-treatment. The truncated 
variant of wild-type Pol ι consisting of the first 420 amino acid residues is designated as WT420. (B) The diagram 
of the calculated percentages of cross-linked products formed by Pol ι variants (relative to the wild-type 
enzyme).

Figure 3. Effects of amino acid substitutions on the DNA polymerase activity of Pol ι. The structure of the 
oligonucleotide substrate used to test the DNA polymerase activity is shown on top. Gel image of DNA 
polymerase activity of wild-type Pol ι and its mutant variants is shown below. Primer extension reactions 
were performed in the presence of Mg2+ and Mn2+ ions. All four dNTPs (N) or individual dNTP (A, G, T, C) 
were added to the reaction. The full-length and truncated (WT420) variants of wild-type Pol ι were used for 
comparisons with the K60G and K207A mutants, respectively.
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Previous experiments with controlled proteolysis mapped the cross-link formed after formation of the Schiff 
base with the 5′-dRP group in a protease-resistant 40 kDa domain which comprises residues 79–445 of Pol ι16. 
However, this 40 kDa domain alone was not capable of the dRP lyase activity. The N-terminal 8 kDa region con-
taining residues 1–78 was shown to be necessary for the Schiff base formation with the 40 kDa domain16.

Consistent with this observation, we showed that mutations of conservative residues Q59 and K60 in the 
N-terminal region lead to the loss of the dRP-lyase activity in Pol ι. Substitution of residue Y61 also decreases this 
activity, probably by affecting the conformation of the adjacent K60 residue. Recently we showed that mouse Pol 
ι missing the region encoded by exon 2 (corresponds to residues 14–55 in human Pol ι) also lacks the dRP-lyase 
activity28. It is likely that deletion of this region impairs the correct folding of the N-terminus of Pol ι required for 
this activity. These data emphasize the essential role of the N-terminal region in the dRP-lyase activity of Pol ι.

Residues Q59 and K60 are located in the DNA polymerase site in the fingers domain of Pol ι. In addition, sub-
stitution of residue K207 from the palm domain was shown to affect the dRP-lyase activity. Substitutions of both 
lysines K60 and K207 dramatically decrease the cross-link formation with the 5′-dRP group and to various extent 
diminish the DNA polymerase activity of Pol ι. At present, we cannot draw a clear conclusion on whether any of 
these lysines play a catalytic role in the 5′-dRP group cleavage. However, the K60 residue is more suitable for this 
role. Despite the fact that K60 is located within the DNA polymerase active site, substitution of this residue had a 
smaller effect on the DNA polymerase activity of Pol ι and stronger effect on the Schiff base formation than sub-
stitution of residue K207. Thus, the observed changes in the K207A Pol ι activity may be attributed to significant 
defects in DNA binding while residue K60 might be directly participating in the reaction.

It should be noted that participation of the K60 residue in the 5′-dRP group cleavage would require significant 
reorientation of the DNA substrate in comparison with available structures (see Fig. 1B; the C1′ atoms in the DNA 
5′-end closest to K60 are shown in yellow). This reorientation requirement may explain why the dRP-lyase activ-
ity of Pol ι is ~30-fold weaker compared to Pol β16. The hypothesis that the dRP-lyase active site is located in the 
N-terminal 8 kDa region also contradicts previous studies, which localized the site of the dRP-group cross-linking 
in the 40 kDa domain spanning residues 79–44516. We speculate that a nonspecific cross-link between the 40 kDa 
domain and the 5′-dRP group might interfere with precise mapping of specific contacts, while detection of the 
8 kDa region cross-linking might be difficult because its position coincided with the intense signal of free DNA 
probe. Alternatively, residues Q59 and K60 might indirectly affect the dRP-lyase reaction, by stabilizing the cor-
rect DNA orientation or protein conformation required for the dRP-group cleavage. Future structural studies are 
required to verify the exact role of the N-terminal region in the dRP-lyase activity of Pol ι.

Methods
Purification of human Pol ι and its mutant variants. The production and purification of Pol ι proteins 
from S. cerevisiae protease-deficient strain BJ 2168 was carried out as described28. Proteins were eluted and stored 
at −80 °C in elution buffer containing 30 mM HEPES pH 8.0, 8% glycerol, 100 mM KCl, 5 mM K2HPO4/KH2PO4 
pH 8.0, 1 mM DTT, 30 mM glutathione. Full-length wild-type Pol ι, full-length Pol ι variants with amino acid 
substitutions Y39A, Q59A, K60G and Y61A as well as truncated Pol ι encoding for the first 420 amino acids were 
obtained earlier12, 20. Full-length Pol ι variant with amino acid substitution K72A was obtained in this work using 
site-directed mutagenesis. Pol ι variants with single, double and triple amino acid substitutions K76A, K77A, 
K207A, K214A, K237A, Y244A, K245A, K248A, E251A, K309A, KK237/245AA, KK237/248AA, KK245/248AA, 
KKK237/245/248AAA were obtained in the truncated Pol ι variant by site-directed mutagenesis and purified in 
the same way. All proteins were more than 95% pure.

DNA oligonucleotide substrates. DNA oligonucleotides were synthesized by Syntol and DNA Synthesis 
(Moscow, Russia) and were PAGE-purified prior to use. To prepare radiolabeled oligonucleotide duplex DNA 
substrate for testing dRP-lyase activity (Fig. 1C), 34-mer oligonucleotide containing uracil at position 16 was 
3′-labeled by terminal deoxynucleotidyl transferase using [α−32P]dATP for 3 min at 37 °C. This strand was then 
annealed to complementary 34-mer oligonucleotide by heating at 90 °C for 3 min and slow cooling to RT. Then 
uracil-containing DNA substrate was treated with uracil-DNA-glycosylase (UDG) and AP-endonuclease (APE1) 
to create a nick with the 5′-dRP group as described16.

To obtain DNA substrate for DNA polymerase reactions 16-mer primer was 5′-labeled with [γ−32P]-ATP using 
T4 polynucleotide kinase and annealed to unlabeled 30-mer template oligonucleotide12.

Detection of dRP-lyase activity. Testing of dRP-lyase activity was performed as described16, 28 with mod-
ifications. The reaction mixture contained 30 mM HEPES pH 7.5, 20 mM KCl, 5 mM MgCl2, 8% glycerol, 1 mM 
DTT, 100 nM DNA substrate, 250 nM full-length Pol ι proteins or 500 nM truncated Pol ι variants. After incu-
bation at 37 °C for 30 min the reaction tubes were placed on ice, NaBH4 was added to a final concentration of 
340 mM to stabilize DNA products and incubation was continued for 30 min on ice. The DNA products were 
ethanol precipitated, separated by 23% PAGE with 8 M urea in 1xTBE and visualized with Typhoon FLA 9500 
scanner (GE Healthcare).

Cross-linking of DNA to Pol ι. To prepare the covalently cross-linked Pol ι-DNA complex, the NaBH4 
trapping technique was used16, 18. Briefly, the reaction mixture contained 50 mM Hepes pH 7.5, 20 mM KCl, 
1 mM DTT, 5 mM MgCl2, 200 nM [32P]-labeled DNA substrate and 500 nM full-length Pol ι proteins or 1000 nM 
truncated Pol ι variants. After incubation at 22 °C for 5 min, NaBH4 was added to the reactions to 1 mM final con-
centration and reactions were incubated for 30 min on ice. Then equal volume of sample buffer (0.25 M Tris-HCl 
pH 6.8, 10% glycerol, 2% SDS, 2 mM 2-mercaptoethanol) was added and covalent complexes were resolved by 
SDS-PAGE on 4–20% Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad). The Pol ι-DNA complexes were 
visualized with Typhoon FLA 9500 scanner.
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Primer extension DNA polymerase reactions. Standard primer extension reaction was carried out in 
20 µl of reaction buffer containing 30 mM HEPES pH 7.8, 50 mM NaCl, 8% glycerol, 0.1 mg/ml bovine serum 
albumin, 40 nM DNA substrate, 100 μM each four or individual dNTPs (GE Healthcare). The concentrations of 
divalent metal salts were 0.15 mM for MnCl2 and 0.5 mM for MgCl2. Reaction was started by adding of Pol ι to 
25 nM final concentration and incubated at 37 °C for 10 min. The reaction was terminated by the addition of an 
equal volume of loading buffer (95% formamide, 10 mM EDTA, 0.1% bromophenol blue). DNA products were 
separated on 16% PAGE with 8 M urea.

References
 1. Kirouac, K. N. & Ling, H. Structural basis of error-prone replication and stalling at a thymine base by human DNA polymerase iota. 

EMBO J. 28, 1644–1654, doi:10.1038/emboj.2009.122 (2009).
 2. Nair, D. T., Johnson, R. E., Prakash, S., Prakash, L. & Aggarwal, A. K. Replication by human DNA polymerase-iota occurs by 

Hoogsteen base-pairing. Nature 430, 377–380, doi:10.1038/nature02692 (2004).
 3. Makarova, A. V. & Kulbachinskiy, A. V. Structure of human DNA polymerase iota and the mechanism of DNA synthesis. 

Biochemistry (Mosc) 77, 547–561, doi:10.1134/S0006297912060016 (2012).
 4. Frank, E. G. et al. Translesion replication of benzo[a]pyrene and benzo[c]phenanthrene diol epoxide adducts of deoxyadenosine and 

deoxyguanosine by human DNA polymerase iota. Nucleic Acids Res. 30, 5284–5292 (2002).
 5. Kirouac, K. N., Basu, A. K. & Ling, H. Replication of a carcinogenic nitropyrene DNA lesion by human Y-family DNA polymerase. 

Nucleic Acids Res. 41, 2060–2071 (2013).
 6. Nair, D. T. et al. Hoogsteen base pair formation promotes synthesis opposite the 1,N6-ethenodeoxyadenosine lesion by human DNA 

polymerase iota. Nat. Struct. Mol. Biol. 13, 619–625, doi:10.1038/nsmb1118 (2006).
 7. Pence, M. G. et al. Lesion bypass of N2-ethylguanine by human DNA polymerase iota. J. Biol. Chem. 284, 1732–1740, doi:10.1074/

jbc.M807296200 (2009).
 8. Rechkoblit, O. et al. Trans-Lesion synthesis past bulky benzo[a]pyrene diol epoxide N2-dG and N6-dA lesions catalyzed by DNA 

bypass polymerases. J. Biol. Chem. 277, 30488–30494, doi:10.1074/jbc.M201167200 (2002).
 9. Wolfle, W. T. et al. Human DNA polymerase iota promotes replication through a ring-closed minor-groove adduct that adopts a syn 

conformation in DNA. Mol. Cell. Biol. 25, 8748–8754, doi:10.1128/MCB.25.19.8748-8754.2005 (2005).
 10. Smith, L. A. et al. Bypass of a psoralen DNA interstrand cross-link by DNA polymerases β, ι, and κ in vitro. Biochemistry 51, 

8931–8938, doi:10.1021/bi3008565 (2012).
 11. Frank, E. G. & Woodgate, R. Increased catalytic activity and altered fidelity of human DNA polymerase iota in the presence of 

manganese. J. Biol. Chem. 282, 24689–24696, doi:10.1074/jbc.M702159200 (2007).
 12. Makarova, A. V., Ignatov, A., Miropolskaya, N. & Kulbachinskiy, A. Roles of the active site residues and metal cofactors in 

noncanonical base-pairing during catalysis by human DNA polymerase iota. DNA Repair (Amst) 22, 67–76, doi:10.1016/j.
dnarep.2014.07.006 (2014).

 13. Bebenek, K. et al. 5′-Deoxyribose phosphate lyase activity of human DNA polymerase iota in vitro. Science 291, 2156–2159, 
doi:10.1126/science.1058386 (2001).

 14. Petta, T. B. et al. Human DNA polymerase iota protects cells against oxidative stress. EMBO J. 27, 2883–2895, doi:10.1038/
emboj.2008.210 (2008).

 15. Belousova, E. A. & Lavrik, O. I. Repair of Clustered Damage and DNA Polymerase Iota. Biochemistry (Mosc) 80, 1010–1018, 
doi:10.1134/S0006297915080064 (2015).

 16. Prasad, R. et al. Localization of the deoxyribose phosphate lyase active site in human DNA polymerase iota by controlled proteolysis. 
J. Biol. Chem. 278, 29649–29654, doi:10.1074/jbc.M305399200 (2003).

 17. Feng, J. A., Crasto, C. J. & Matsumoto, Y. Deoxyribose phosphate excision by the N-terminal domain of the polymerase beta: the 
mechanism revisited. Biochemistry 37, 9605–9611 (1998).

 18. Piersen, C. E., Prasad, R., Wilson, S. H. & Lloyd, R. S. Evidence for an imino intermediate in the DNA polymerase beta deoxyribose 
phosphate excision reaction. J. Biol. Chem. 271, 17811–17815 (1996).

 19. Prasad, R., Beard, W. A., Strauss, P. R. & Wilson, S. H. Human DNA polymerase beta deoxyribose phosphate lyase. Substrate 
specificity and catalytic mechanism. J. Biol. Chem. 273, 15263–15270 (1998).

 20. Makarova, A. V. et al. Inaccurate DNA synthesis in cell extracts of yeast producing active human DNA polymerase iota. PLoS One 6, 
e16612, doi:10.1371/journal.pone.0016612 (2011).

 21. Prasad, R. et al. Structural insight into the DNA polymerase beta deoxyribose phosphate lyase mechanism. DNA Repair (Amst) 4, 
1347–1357, doi:10.1016/j.dnarep.2005.08.009 (2005).

 22. Matsumoto, Y., Kim, K., Katz, D. S. & Feng, J. A. Biochemistry 37, 6456–6464, doi:10.1021/bi9727545 (1998).
 23. DeRose, E. F. et al. Solution structure of the lyase domain of human DNA polymerase lambda. Biochemistry 42, 9564–9574, 

doi:10.1021/bi034298s (2003).
 24. García-Díaz, M., Bebenek, K., Kunkel, T. A. & Blanco, L. Identification of an intrinsic 5′-deoxyribose-5-phosphate lyase activity in 

human DNA polymerase lambda: a possible role in base excision repair. J. Biol. Chem. 276, 34659–34663, doi:10.1074/jbc.
M106336200 (2001).

 25. Longley, M. J., Prasad, R., Srivastava, D. K., Wilson, S. H. & Copeland, W. C. Identification of 5′-deoxyribose phosphate lyase activity 
in human DNA polymerase gamma and its role in mitochondrial base excision repair in vitro. Proc. Natl. Acad. Sci. USA 95, 
12244–12248 (1998).

 26. Prasad, R. et al. Human DNA polymerase theta possesses 5′-dRP lyase activity and functions in single-nucleotide base excision 
repair in vitro. Nucleic Acids Res. 37, 1868–1877, doi:10.1093/nar/gkp035 (2009).

 27. Prasad, R., Poltoratsky, V., Hou, E. W. & Wilson, S. H. Rev1 is a base excision repair enzyme with 5′-deoxyribose phosphate lyase 
activity. Nucleic Acids Res. 44, 10824–10833, doi:10.1093/nar/gkw869 (2016).

 28. Kazachenko, K. Y., Miropolskaya, N. A., Gening, L. V., Tarantul, V. Z. & Makarova, A. V. Alternative splicing at exon 2 results in the 
loss of the catalytic activity of mouse DNA polymerase iota in vitro. DNA Repair (Amst) 50, 77–82, doi:10.1016/j.dnarep.2017.01.001 
(2017).

Acknowledgements
We thank Dr. Roger Woodgate (NIH, Bethesda, USA) for helpful discussions and for kindly sharing unpublished 
data on his laboratory’s studies of the dRP-lyase activity of Pol ι. We also thank Prof. O.I. Lavrik and Belousova 
E.A. (ICBFM SB RAS, Novosibirsk, Russia) for helpful discussions. This study was supported by grants of Russian 
Foundation for Basic Research (15–04–08398-а and 15–34–70002-mos-a) to AVM, the Russian Academy of 
Sciences Presidium Program in Molecular and Cellular Biology to AVM and AK and by scholarship from D. 
Zimin Foundation “Dynasty” to AVM.

http://dx.doi.org/10.1038/emboj.2009.122
http://dx.doi.org/10.1038/nature02692
http://dx.doi.org/10.1134/S0006297912060016
http://dx.doi.org/10.1038/nsmb1118
http://dx.doi.org/10.1074/jbc.M807296200
http://dx.doi.org/10.1074/jbc.M807296200
http://dx.doi.org/10.1074/jbc.M201167200
http://dx.doi.org/10.1128/MCB.25.19.8748-8754.2005
http://dx.doi.org/10.1021/bi3008565
http://dx.doi.org/10.1074/jbc.M702159200
http://dx.doi.org/10.1016/j.dnarep.2014.07.006
http://dx.doi.org/10.1016/j.dnarep.2014.07.006
http://dx.doi.org/10.1126/science.1058386
http://dx.doi.org/10.1038/emboj.2008.210
http://dx.doi.org/10.1038/emboj.2008.210
http://dx.doi.org/10.1134/S0006297915080064
http://dx.doi.org/10.1074/jbc.M305399200
http://dx.doi.org/10.1371/journal.pone.0016612
http://dx.doi.org/10.1016/j.dnarep.2005.08.009
http://dx.doi.org/10.1021/bi9727545
http://dx.doi.org/10.1021/bi034298s
http://dx.doi.org/10.1074/jbc.M106336200
http://dx.doi.org/10.1074/jbc.M106336200
http://dx.doi.org/10.1093/nar/gkp035
http://dx.doi.org/10.1093/nar/gkw869
http://dx.doi.org/10.1016/j.dnarep.2017.01.001


www.nature.com/scientificreports/

7SCientifiC RepoRts | 7: 10194  | DOI:10.1038/s41598-017-10668-5

Author Contributions
N.M. performed experiments, I.P. participated in the design of experiments and performed experiments, 
A.K. participated in the design of experiments and co-wrote the manuscript, A.V.M. performed experiments, 
participated in the design of experiments and co-wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-10668-5
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-10668-5
http://creativecommons.org/licenses/by/4.0/

	Identification of amino acid residues involved in the dRP-lyase activity of human Pol ι
	Results
	Residues Q59, K60 and K207 are required for the dRP-lyase activity of Pol ι. 
	Effects of K60G, K207A and K245A substitutions on the Schiff base intermediate formation. 
	Effects of K60G and K207A substitutions on the DNA polymerase activity of Pol ι. 

	Discussion
	Methods
	Purification of human Pol ι and its mutant variants. 
	DNA oligonucleotide substrates. 
	Detection of dRP-lyase activity. 
	Cross-linking of DNA to Pol ι. 
	Primer extension DNA polymerase reactions. 

	Acknowledgements
	Figure 1 Effects of amino acid substitutions on the dRP-lyase activity of Pol ι.
	Figure 2 Effect of Pol ι amino acid substitutions on the Schiff base intermediate formation.
	Figure 3 Effects of amino acid substitutions on the DNA polymerase activity of Pol ι.




