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Abstract

With the publication of the first paper describing the biochemical properties of DNA polymerase 

iota (polι), the question immediately arose as to why cells harbor such a low-fidelity enzyme 

which often violates the Watson-Crick base pairing rules? Yet 20 years after its discovery, the 

cellular function of polι remains unknown. Here, we provide a graphical review of the unique 

biochemical properties of polι and speculate about the cellular pathways in which enigmatic polι 
may participate.
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Introduction

In order to transfer genetic information from generation to generation timely and accurately, 

cells should not only be able to copy ideal double helix DNA, but also DNA containing 

fragments with imperfect structure. The vast majority of endogenously and exogenously 

generated lesions distort DNA to the extent that hinders progression of the cell’s DNA 

replicase. Numerous mechanisms are utilized to repair the damaged DNA, but a substantial 

number of DNA defects remains unrepaired by the time they are encountered by a nascent 

replication fork. The fact that cells are able to complete their genome doubling suggests that 

the replication machinery is able to overcome these obstacles. How is this achieved in a 

living organism? For many years, the prevailing concept was that the damage tolerance 

mechanism, also called post-replicative repair, primarily relies on replication of damaged 

DNA catalyzed by the cell’s main replicase with the assistance of accessory factors. It was 

proposed that translesion DNA synthesis (TLS) occurs in two discrete steps: i) 

(mis)insertion opposite a lesion, followed by ii) extension of the resulting base (mis)pair so 

as to complete bypass of the lesion. When this mechanism was first developed in 1985 using 
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Escherichia coli (E. coli) as a model organism, it implied that the cell’s main replicative 

polymerase, pol III, catalyzes both steps of TLS, but the elongation step was accomplished 

with the help of polymerase accessory proteins, UmuD and UmuC (Figure 1A) [1]. The 

notion that this process was conserved throughout evolution gained traction though the 

discovery of a family of so-called “mutagenesis proteins” related to E.coli UmuC, such as S. 
cerevisiae Rev1 [2], E.coli DinB [3] archeal Dbh [4]; and S.cerevisiae Rad30 [5]. The two-

step model began to evolve in 1999, when several investigators reported intrinsic DNA 

polymerase activity associated with the mutagenesis proteins (reviewed in [6]). Thus, rather 

than acting solely by assisting replicative polymerases at the extension step, the TLS 

polymerases would catalyze both misinsertion and extension themselves (Figure 1B) [7]. 

With the discovery of human homologs of S.cerevisiae Rad30 (polη and polι) and E.coli 
DinB (polκ) (reviewed in [6]), it became clear that the mechanism of TLS is conserved 

throughout evolution (Figure 1C) [8] and gave rise to the “Y-family of DNA polymerases” 

which are found in all domains of life [9]. Our graphical review focuses on one member of 

this family, polι, whose cellular function remains enigmatic two decades after its discovery 

[10]. We speculate on possible roles for polι based on its enzymatic properties, although to 

date, direct in vivo evidence for most of these proposed roles is still lacking.

Unique misincorporation specificity makes polι useful for somatic 

hypermutation

The most intriguing property of polι which distinguishes it from other DNA polymerases is 

its fidelity (Figure 2D–F, I & J). The accuracy with which polι incorporates nucleotides is 

unusually template sequence dependent. Misincorporation frequency is lowest at template A, 

and highest at the template T, where polι favors incorporation of a wobble G instead of the 

correct “Watson–Crick” base, A (Figure 2D) with a 3 to 11-fold preference depending on the 

surrounding sequence context [11]. Furthermore, T and A are inserted opposite T with 

roughly the same efficiency. It is important to note that polι exhibits a similar pattern of 

misincorporation opposite thymines and uracils [12, 13]. Whereas preferential misinsertion 

of G opposite T is highly mutagenic, the same specificity opposite U can reduce mutation 

frequencies if the uracils in DNA result from cytosine deamination.

While the fidelity of polι is very similar on primed single-stranded and gapped DNA 

substrates (Figure 2D & E), on DNA templates containing a one nucleotide 5′ overhang, the 

pattern of nucleotide misincorporation changes (Figure 2F). On these templates, polι has 

lowest fidelity opposite C, where C and A are misinserted 3 to 8-fold more frequently than 

the correct base, G [14]. Reduced fidelity was also seen opposite template G, where it 

inserted C and T with roughly equal efficiency.

The unique fidelity of polι initially suggest that it would be a good candidate as a somatic 

hypermutase (Figure 3). Indeed, the misincorporation pattern seen for polι in vitro using 

different DNA substrates suggested that it could participate in the hypermutation of 

immunoglobulin variable genes in vivo by generating A/T mutations in the middle (Figures 

2D & 3A) [11] and G/C mutations at the end of DNA template (Figures 2F & 3B) [14]. 

However, analysis of hypermutation in variable genes from mice carrying a naturally 
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occurring nonsense mutation in exon 2 near the 5′ end of the Poli gene that results in 

negligible expression of a truncated catalytically inactive polymerase [15], did not reveal any 

changes in the overall frequency and spectrum of base pair substitution in the variable region 

compared to the mice carrying wild-type Poli [16]. The same results were obtained using 

knock-in mice expressing full-length catalytically inactive polι, suggesting that loss of polι 
does not contribute to single base-pair hypermutation in mice [17]. Although these data 

might argue against the participation of polι in hypermutation, they are also consistent with 

the scenario where another low-fidelity polymerase can readily substitute for missing polι. 

Furthermore, an essential role for polι in somatic hypermutation was eventually discovered, 

in that it, along with pol ζ, is required for the generation of tandem mutations in 

immunoglobulin genes [17]. The proposed mechanism for the generation of tandem 

mutations is conceptually similar to the two-step model of TLS with polι catalyzing the first 

errant misincorporation and pol ζ extending the resulting mispair, while simultaneously 

introducing a second mutation (Figure 3A).

Polι is able to catalyze translesion replication past a variety of DNA lesions

Multiple in vitro studies suggest that polι can incorporate nucleotides opposite a variety of 

DNA lesions, while further elongation is either substantially inhibited, or completely 

abolished (Figures 2J & 4A, B) (reviewed in [10]). For example, it has been shown that polι 
may, under certain circumstances, facilitate efficient TLS of UV photoproducts (Figure 4) 

[18, 19]. In support of this idea, mice lacking polι develop mesenchymal cancers in 

response to UV exposure, and mouse embryonic fibroblasts lacking polι exhibit an altered 

spectrum of UV-induced mutations. These findings are consistent with suggestions 

implicating polι in TLS past UV-induced lesions. In particular, it seems likely that while 

polι only plays a minor role in TLS of UV lesions in normal cells, it is in demand in 

xeroderma pigmentosum variant [XPV] cells lacking polη, the enzyme responsible for the 

efficient and accurate bypass of cyclobutane pyrimidine dimers (CPDs). This hypothesis is 

supported by the fact that the increased frequency of UV-induced mutations in XPV cell 

lines closely correlates with the relative level of polι expression and the abnormal 

mutational spectrum generated in cells devoid of polη is strikingly similar to the 

misincorporation pattern characteristic for polι in vitro (Figure 4A–C) [20].

Polι accumulates at UV-induced stalled replication forks and its localization is facilitated, to 

a large extent, through an interaction with polη [21]. Consequently, in XPV cells lacking 

polη, polι foci formation is drastically diminished. These findings seem to argue against an 

involvement of polι in TLS in XPV cells. However, we believe that the remaining number of 

polι-containing foci generated as a result of recruitment of polι by an interaction with 

PCNA [22], is sufficient to carry out replication of UV-damaged DNA, although with 

markedly reduced efficiency and fidelity. Therefore, polι appears to be at least partially 

responsible for the hypermutable phenotype ultimately resulting in skin cancers associated 

with an XPV defect.

Polι’s unique biochemical characteristic of misincorporating G opposite T or U suggests a 

potential error-free role in TLS, and in replication of undamaged DNA, if the T or U was 

once 5-methylcytosine, or cytosine, that had undergone deamination (Figure 4F) [12, 13]. In 
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fact, hydrolytic deamination is a common problem, especially for growing cells since it is 

>100 times faster in single- stranded DNA generated during replication and transcription, 

than in double- stranded DNA. Uracil derivatives are also often produced by cytosine 

deamination following exposure to DNA damaging agents. In all these cases, recruitment of 

polι, the only known polymerase favoring misinsertion of G opposite undamaged and 

damaged U, makes perfect sense and might help to explain why downregulation of its 

expression leads to cancer development. Indeed, an unusual substrate specificity of polι 
would play an important role in preventing CG to TA transition mutations that would be 

generated if the modified base was copied accurately. Therefore, an important biological 

function of polι could be maintaining genome integrity by restoring the coding properties of 

cytosines that have undergone spontaneous, or damage-induced deamination.

Studies in several laboratories are consistent with findings suggesting that while polι is able 

to (mis)insert bases opposite a number of lesions, it often cannot extend primers past the 

damaged sites (recently reviewed in [10]). However, it should be noted that most of the 

earlier in vitro TLS studies were performed using buffer containing a high concentration of 

Mg2+, which we now know is not the optimal metal ion cofactor for polι activity [23]. The 

optimal buffer for in vitro replication by polι contains low (50–250 μM) Mn2+ (Figure 2H) 

[23]. Indeed, polι-dependent incorporation opposite various damaged sites and in many 

cases the overall lesion bypass, was greatly stimulated in the presence of MnCl2 [23]. The 

biological relevance of these observations remains to be established, but it seems reasonable 

to presume that although Mn2+ is present at a much lower concentration than Mg2+ 

intracellularly, its accumulation through specific import pathways is high enough to activate 

polι. In addition, the catalytic activity of polι is greatly stimulated by an interaction with 

PCNA (Figure 2C) [22]. Therefore, it seems plausible to speculate that polι plays a much 

more prominent role in TLS than previously assumed from in vitro studies.

dRP lyase activity makes polι suitable to participate in specialized base 

excision repair

Another property which sets polι apart from other members of the Y-family polymerases is 

its intrinsic 5’-deoxyribose phosphate (dRP) lyase activity (Figure 2G) [24, 25]. This 

property, coupled with the enhanced catalytic activity of polι at short gaps and ability to 

catalyze strand-displacement DNA synthesis (Figure 2B) [14] prompted us to hypothesize 

that the enzyme may participate in a specialized form of short- and long-patch BER (Figure 

5). Involvement of polι in specialized BER would be particularly advantageous when T is 

generated by deamination of 5-methylcytosine and the G from the resulting G:T mispair is 

errantly excised by a DNA glycosylase (Figure 5C) [24]. In this case, a gap- filling reaction 

catalyzed by polι occurring through frequent misinsertion of G opposite template T would 

represent a correct event by preventing C:G to T:A transition mutations. In an alternate 

scenario, if the uracil in DNA arises as a consequence of incorporation of dU opposite 

template A, after the dU is removed by UNG, then polι’s ability to efficiently and accurately 

incorporate T opposite template A [11] would also maintain genome integrity (Figure 5B) 

[24]. Therefore, a role for polι in specialized polβ-independent forms of BER is another 
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example when the combination of its unique properties makes it exceptionally fit to fulfill 

specific cellular tasks.

It’s been 20 years since the discovery of the mysterious and fascinating polι. Let’s hope it’s 

not another 20 years before its true cellular function is uncovered!
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References

[1]. Bridges BA, Woodgate R, The two-step model of bacterial UV mutagenesis, Mutat Res 150 (1985) 
133–139. [PubMed: 4000157] 

[2]. Larimer FW, Perry JR, Hardigree AA, The REV1 gene of Saccharomyces cerevisiae: isolation, 
sequence and functional analysis, J Bacteriol 171 (1989) 230–237. [PubMed: 2492497] 

[3]. Ohmori H, Hatada E, Qiao Y, Tsuji M, Fukuda R, dinP, a new gene in Escherichia coli, whose 
product shows similarities to UmuC and its homologues, Mutat Res 347 (1995) 1–7. [PubMed: 
7596361] 

[4]. Kulaeva OI, Koonin EV, McDonald JP, Randall SK, Rabinovich N, Connaughton JF, Levine AS, 
Woodgate R, Identification of a DinB/UmuC homolog in the archeon Sulfolobus solfataricus, 
Mutat Res 357 (1996) 245–253. [PubMed: 8876701] 

[5]. McDonald JP, Levine AS, Woodgate R, The Saccharomyces cerevisiae RAD30 gene, a homologue 
of Escherichia coli dinB and umuC, is DNA damage inducible and functions in a novel error-free 
postreplication repair mechanism, Genetics 147 (1997) 1557–1568. [PubMed: 9409821] 

[6]. Vaisman A, Woodgate R, Translesion DNA polymerases in eukaryotes: what makes them tick?, 
Crit Rev Biochem Mol Biol 52 (2017) 274–303. [PubMed: 28279077] 

[7]. Woodgate R, Evolution of the two-step model for UV-mutagenesis, Mutat Res 485 (2001) 83–92. 
[PubMed: 11341996] 

[8]. Woodgate R, A plethora of lesion-replicating DNA polymerases, Genes Dev 13 (1999) 2191–
2195. [PubMed: 10485842] 

Vaisman and Woodgate Page 5

DNA Repair (Amst). Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[9]. Ohmori H, Friedberg EC, Fuchs RPP, Goodman MF, Hanaoka F, Hinkle D, Kunkel TA, Lawrence 
CW, Livneh Z, Nohmi T, Prakash L, Prakash S, Todo T, Walker GC, Wang Z, Woodgate R, The 
Y-family of DNA polymerases, Mol Cell 8 (2001) 7–8. [PubMed: 11515498] 

[10]. McIntyre J, Polymerase iota - an odd sibling among Y family polymerases, DNA Repair 86 
(2020) 102753. [PubMed: 31805501] 

[11]. Tissier A, McDonald JP, Frank EG, Woodgate R, polι, a remarkably error-prone human DNA 
polymerase, Genes Dev 14 (2000) 1642–1650. [PubMed: 10887158] 

[12]. Vaisman A, Woodgate R, Unique misinsertion specificity of polι may decrease the mutagenic 
potential of deaminated cytosines, EMBO J 20 (2001) 6520–6529. [PubMed: 11707422] 

[13]. Vaisman A, Takasawa K, Iwai S, Woodgate R, DNA polymerase ι-dependent translesion 
replication of uracil containing cyclobutane pyrimidine dimers, DNA Repair 5 (2006) 210–218. 
[PubMed: 16263340] 

[14]. Frank EG, Tissier A, McDonald JP, Rapic-Otrin V, Zeng X, Gearhart PJ, Woodgate R, Altered 
nucleotide misinsertion fidelity associated with polι-dependent replication at the end of a DNA 
template, EMBO J 20 (2001) 2914–2922. [PubMed: 11387224] 

[15]. Frank EG, McDonald JP, Yang W, Woodgate R, Mouse DNA polymerase ι lacking the forty-two 
amino acids encoded by exon-2 is catalytically inactive in vitro, DNA Repair 50 (2017) 71–76. 
[PubMed: 28077247] 

[16]. Martomo SA, Yang WW, Vaisman A, Maas A, Yokoi M, Hoeijmakers JH, Hanaoka F, Woodgate 
R, Gearhart PJ, Normal hypermutation in antibody genes from congenic mice defective for DNA 
polymerase ι, DNA Repair 5 (2006) 392–298. [PubMed: 16443401] 

[17]. Maul RW, MacCarthy T, Frank EG, Donigan KA, McLenigan MP, Yang W, Saribasak H, Huston 
DE, Lange SS, Woodgate R, Gearhart PJ, DNA polymerase ι functions in the generation of 
tandem mutations during somatic hypermutation of antibody genes, J Exp Med 213 (2016) 1675–
1683. [PubMed: 27455952] 

[18]. Tissier A, Frank EG, McDonald JP, Iwai S, Hanaoka F, Woodgate R, Misinsertion and bypass of 
thymine-thymine dimers by human DNA polymerase ι, EMBO J 19 (2000) 5259–5266. 
[PubMed: 11013228] 

[19]. Vaisman A, Frank EG, Iwai S, Ohashi E, Ohmori H, Hanaoka F, Woodgate R, Sequence context-
dependent replication of DNA templates containing UV-induced lesions by human DNA 
polymerase ι, DNA Repair 2 (2003) 991–1006. [PubMed: 12967656] 

[20]. Wang Y, Woodgate R, McManus TP, Mead S, McCormick JJ, Maher VM, Evidence that in 
Xeroderma Pigmentosum variant cells, which lack DNA polymerase η, DNA polymrase ι causes 
the very high frequency and unique spectrum of UV-induced mutations, Cancer Res 67 (2007) 
3018–3026. [PubMed: 17409408] 

[21]. Kannouche P, Fernández de Henestrosa AR, Coull B, Vidal A, Gray C, Zicha D, Woodgate R, 
Lehmann AR, Localisation of DNA polymerases η and ι to the replication machinery is tightly 
co-ordinated in human cells, EMBO J 21 (2002) 6246–6256. [PubMed: 12426396] 

[22]. Vidal AE, Kannouche P, Podust VN, Yang W, Lehmann AR, Woodgate R, Proliferating cell 
nuclear antigen-dependent coordination of the biological functions of human DNA polymerase ι, 
J Biol Chem 279 (2004) 48360–48368. [PubMed: 15342632] 

[23]. Frank EG, Woodgate R, Increased catalytic activity and altered fidelity of DNA polymerase ι in 
the presence of manganese, J Biol Chem 282 (2007) 24689–24696. [PubMed: 17609217] 

[24]. Bebenek K, Tissier A, Frank EG, McDonald JP, Prasad R, Wilson SH, Woodgate R, Kunkel TA, 
5’-Deoxyribose phosphate lyase activity of human DNA polymerase ι in vitro, Science 291 
(2001) 2156–2159. [PubMed: 11251121] 

[25]. Prasad R, Bebenek K, Hou E, Shock DD, Beard WA, Woodgate R, Kunkel TA, Wilson SH, 
Localization of the deoxyribose phosphate lyase active site in human DNA polymerase ι by 
controlled proteolysis, J Biol Chem 278 (2003) 29649–29654. [PubMed: 12777390] 

Vaisman and Woodgate Page 6

DNA Repair (Amst). Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Evolution of the two-step model for error-prone translesion DNA synthesis.
A. The initial model explaining UV-induced mutagenesis was published in 1985 [1]. It was 

proposed that in E. coli, the copying of DNA containing a UV-induced thymine–thymine 

cyclobutane pyrimidine dimers is catalyzed by the replicative polymerase, pol III. While the 

first step of misincorporation opposite the 3’T of CPD is facilitated by the RecA protein, the 

second, elongation step, is carried out with the assistance of the UmuDC proteins, the active 

form of which was subsequently shown to be a complex of UmuD’2C. Mispaired bases here 

and in other Figures are marked by pink rectangles. B. A revised model for UV-mutagenesis 

in E. coli. A T-T CPD is a kinetic block to replication by pol III. According to the updated 

model, both steps of TLS consisted of nucleotide (mis)insertions opposite the 3’T and 5’ the 

T of the dimer are readily performed by the UmuD’2C complex, named pol V [7]. Pol V-
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introduced misincorporations are fixed as mutations by pol III resuming chromosomal 

duplication once the kinetic block to replication has been overcome. C. The current two-step 

model for TLS in E. coli, Saccharomyces cerevisiae and Homo sapiens [8]. Similar to E. 
coli, duplication of damaged DNA in other organisms is catalyzed by specialized translesion 

polymerases after replication by polε is hindered by the lesion. The polymerases most 

efficient in TLS are those belonging to the Y-family that are unevenly distributed among 

three kingdoms of life, and eukaryotic polζ from the B-family of DNA polymerases. 

Prokaryotes possess two Y-family DNA polymerases, pol IV and pol V, while eukaryotes 

have four members of this family, pols η, ɩ, κ and Rev1. Replicative bypass in S. cerevisiae 
involves three major TLS polymerases, pols η, ζ and Rev1, whereas humans utilize two 

additional enzymes, pols ɩ and κ. Similar to prokaryotes, the efficiency and fidelity of TLS 

in eukaryotes is determined by the lesion type and TLS polymerase(s) recruited to stalled 

replication fork through an interaction with ubiquitinated PCNA. For example, polη 
catalyzes both steps of TLS past T-T cyclobutane pyrimidine dimers very efficiently and 

accurately. In the absence of polη, CPDs can be replicated much less efficiently and in a 

highly error-prone manner by sequential action of polι catalyzing an insertion step and polζ 
or polκ catalyzing an extension step. After bypass is achieved, polε resumes chromosomal 

duplication.
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Figure 2. Unique biochemical properties of polι.
A. Processivity of polι. Replication reactions reconstituted in vitro were carried out using 

0.4–40 nM polymerase [11]. Here and in all other panels, the immediate template sequence 

context is shown on the left-hand side of the figure. As expected for a TLS polymerase, polι 
is an extremely distributive enzyme. While it normally inserts up to three nucleotides in one 

binding event, the pattern of primer extension changes depending on the DNA substrate 

sequence context. The greatest activity occurs on the template consisting of short 

homopolymeric runs of As. By comparison, on templates with a random DNA sequence, 

polι pauses after replicating template T. B. Polι-dependent replication using different DNA 

substrates. The ability of polι to utilize primed single-stranded and gapped DNA templates 

is compared [14]. The gap size is indicated below each reaction. N/A corresponds to the 
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reactions using primed single-stranded DNA. For the gapped substrates, an arrow at the 

right-hand side of each reaction pair indicate the size of the expected full-sized product. Polι 
appears to be somewhat more active on gapped substrates than on DNA templates with 

recessed 3’ ends. The most robust reactions are seen with single-nucleotide gapped DNA. 

Polι is also able to catalyze limited strand displacement of a downstream primer. C. Effect 

of PCNA on the activity of polι. The catalytic activity of polι is stimulated by PCNA in the 

presence of RFC and RPA [22]. D. Fidelity of murine polι on primed single stranded DNA. 

The properties of human and murine polι are very similar. Both enzymes are extremely 

error-prone, and their fidelity is unusually template sequence dependent. The 

misincorporation frequency is lowest at template A, and highest at template T, where it 

favors the incorporation of a wrong G instead of the correct A. Furthermore, misinsertion of 

T opposite T occurs with roughly the same efficiency as A opposite T. E. Fidelity of polι on 

a 1 bp gapped substrate. The pattern of nucleotide incorporation by polι is very similar 

during primer extension of the recessed single stranded DNA and during gap filling. F. 

Fidelity of DNA synthesis of murine polι at the end of a template. The pattern of nucleotide 

misincorporation on DNA templates containing a one nucleotide 5′ overhang differs 

significantly from that on the recessed template (compare with panel D), in this case, polι 
has lowest fidelity opposite C, where it clearly favors the misincorporation of C. Reduced 

fidelity is also seen opposite template G, where it inserts the correct C and the wrong T with 

roughly the same efficiency. G. Deoxyribose phosphate lyase activity of polι. As shown by 

a time-course study, polι is able to excise a dRP group although less efficiently than polβ. 

H. Effect of divalent metal activator on the catalytic activity of polι. A dose-response 

analysis was performed using 0.05–5 mM MnCl2 or MgCl2. Unlike most DNA polymerases, 

including Y-family polη and polκ, whose catalytic activities are mediated by Mg2+, polι 
prefers to utilize manganese over magnesium [23]. Furthermore, the greatest activity was 

seen with quite low levels (50–250 μM) of Mn2+. Even with Mg2+, peak activity was 

observed in a much lower and narrower concentration range (0.1–0.5 mM) than reported for 

the optimal performance of other polymerases (usually 5–8 mM). I. Effect of divalent metal 

activator on the fidelity of polι. Like other polymerases, polι has much lower fidelity in the 

presence of Mn2+when incorporating nucleotides opposite template A [23]. However, 

replacement of Mg2+ by Mn2+ increased the fidelity of polι at template T, such that the 

hallmark preference for dGTP incorporation disappeared. Nevertheless, polι retained its 

extremely error-prone behavior at this position, since it favored the incorporation of the 

correct base A only with ~2.3-fold preference over the G misincorporation. J. Efficiency and 

fidelity of polι-catalyzed TLS past various DNA lesions. The outcome of replicative bypass 

depends on the type and structure of the lesion, template sequence context, and type of the 

damaged template base [10, 12, 13, 18, 19]. Pink boxes indicate a preference for error-prone 

nucleotide incorporation. Preferentially non-mutagenic nucleotide incorporation catalyzed 

by polι is shown in yellow, even when this preference is marginal. The lesions shown are: 

cyclobutane pyrimidine dimer (CPD); 6–4 thymine–thymine pyrimidine–pyrimidone 

photoproduct (6–4PP); benzopyrene diol epoxide (BPDE); 7,8- dihydro- 8- oxoguanine (8- 

oxoG), 5- hydroxycytosine (5- OHC); acetyl amino fluorene (AAF); 3-deaza analog of N3-

methyl-adenine (3dMeA); uracil (U); 5- hydroxyuracil (5- OHU); 5,6- dihydrouracil (5,6- 

DHU); and abasic site (Ab).
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Figure 3. Extraordinarily unfaithful behavior makes polι a candidate for the introduction of 
nucleotide substitutions in the variable region of immunoglobulin genes.
A. Generation of single T:G and TA:GC tandem mismatches on the recessed DNA template 

by the sequential action of polι and either polη, or polζ. B. Generation of polι-catalyzed 

C:C mismatches at the end of DNA template. The pattern of nucleotide incorporation 

depends on the structure and sequence of a DNA substrate, suggesting that polι could be 

responsible for the different nucleotide changes found in the Ig mutational spectra. Thus, 

preferential misincorporation of G opposite template T on the recessed and gapped DNA 

templates (A) suggests that polι can contribute to the A to G substitution, one of the most 

common errors occurring during somatic hypermutation. If the next, elongation step is 

catalyzed by the error-prone polζ, then tandem T-A to G-C mutations arise. Such a scenario 

has been shown to occur in vivo [17]. It has been reported that most somatic mutations occur 

within 1–2 bases of a double-strand breaks. Very efficient and the highly error-prone activity 

of polι at the end of DNA templates (Figure 2F) hints that it could be responsible for some 

of these mutations. Specifically, C-G to G-C transversions can result from polι favoring 

misinsertion of C opposite C on the DNA substrate containing a one nucleotide 5′ overhang.
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Figure 4. 
Potential involvement of polι in translesion DNA synthesis past UV-induced lesions in vivo. 

A. Reconstitution of polι-catalyzed primer extension reactions on undamaged and CPD- or 

6–4PP-containing templates with primer termini juxtaposed to the 3’T of the lesion. B. 

Extension of the correctly paired primers (A:3’T) on templates with primer termini 

juxtaposed to the 5’T of CPD or 6–4PP on undamaged templates and on CPD- or 6–4PP-

containing templates. C. Spectra of UV-induced mutations in wild-type and XPV cells. D. 

Model of polη-catalyzed error-free bypass of T-T CPD adducts in wild-type cells. E. Model 

of the mutagenic TLS in XPV cells with polι-catalyzing misinsertion of G opposite the 3’T 

of CPD followed by extension of the resulting mispaired primers by polζ or polκ. F. Model 

of error-prone TLS that leads to restoration of correct base pairing in wild-type cells with 
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polι misinserting G opposite the 3’U generated by damaged cytosine deamination and polζ 
or polκ extending the resulting mispaired primers. Recruitment of polι in wild-type cells 

occurs through interaction with polη [21]. Monoubiquitination of either polι or polη 
enhances the interaction between these two polymerases. In vitro studies suggest that 

incorporation of nucleotides opposite the 3’T of 6–4PP is more efficient than opposite the 

3’T of CPD, but elongation past the lesion is much more efficient for CPDs [13, 19]. Polι-

catalyzed TLS past CPDs is most efficient when it occurs by incorporation of G opposite the 

3’T. But extension of the resulting mispaired primers by polι is very inefficient (not shown) 

and requires recruitment of another TLS polymerase, such as pols η, ζ, or κ. Polι itself 

efficiently extends correctly paired primers (A:3’T), but this extension is highly inaccurate. 

On the other hand, polι can reduce UV-induced mutagenesis if it would participate in the 

bypass of a U-T CPD, when U is generated by cytosine deamination (F). Analysis of 

misincorporation patterns on the damaged DNA templates (A, B) suggests that the 

nucleotide selection specificity of polι closely correlates with changes in the mutation 

spectrum recovered from the cells lacking polη (XPV) (A-C). Thus, the appearance of high 

levels of T to A and C to A mutations corresponds to the characteristic for polι 
misincorporation of T opposite T and T opposite U generated by cytosine deamination, 

whereas the reduction in C to T mutations is due to misincorporation of G opposite U 

generated by cytosine deamination.
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Figure 5. Potential involvement of polι in BER.
A. Reconstitution of BER in vitro. B. Schematic representation of BER reconstituted in 
vitro. A DNA strand (35-bp oligonucleotide with a uracil (shown in orange) at position 15. 

The nucleotide incorporated during BER is shown in blue. The strand subject to BER is 32P-

labeled on both 3’- and 5’-termini (marked by red asterisk). The sizes of the reaction 

products are indicated for each step of the pathway. Reconstituted BER consists of the 

following steps: i) excision of the uracil by uracil DNA glycosylase (UNG) and incision of 

the phosphodiester bond on the 5′ side of the resulting abasic site by apurinic/apyrimidinic 

endonuclease (APE1); ii) removal of the dRP group by polι; iii) incorporation of dTTP 

opposite template A by polι; iv) ligation of the nick by DNA ligase I (LIG1). C. Model of 

polι-dependent BER of 5-methylcytosine and 3-methyladenine. Due to its dRP lyase activity 

(Figure 2G) and an increased efficiency on gapped DNA templates (Figure 2B), polι 
emerged as a candidate for the role of an enzyme responsible for the replacement of the 

excised nucleotide(s) during short- and long-path BER [24, 25]. In some cases, participation 
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of polι in BER while being highly error- prone, may actually be much less mutagenic than if 

re-synthesis would be performed by another polymerase. For example, the recruitment of 

polι for BER would be advantageous when a G:T mismatch generated by deamination of 5-

methylcytosine has to be maintained until the T is eventually excised and replaced by C (see 

panel C). The parental genotype has a chance to be restored, if after removal of the 

undamaged guanine by a glycosylase, polι would keep inserting G opposite T. On the other 

hand, the same specificity of polι can lead to harmful consequences for the cell, if the 

polymerase is targeted for BER of a lesion such as 3-methyladenine. The preference for 

incorporating G rather than A opposite T in this case would destabilize the genome. The 

consequences of polι’s involvement in BER of uracils depends on whether dU was errantly 

inserted during replication, or resulted from cytosine deamination (panel B). Replacement of 

uracils excised from an A:U base pair will be relatively accurate because polι is most 

faithful while incorporating nucleotides opposite the A (finc =1–2×10−4) [11]. In contrast, 

when uracils are generated by cytosine deamination, their replacement will be highly 

mutagenic, since misinsertion of T opposite G is the third most frequent error made by polι 
(finc=0.13) after misincorporation of G or T opposite T [11].
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