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DNA polymerase n mostly catalyzes an error-free bypass of the most frequent UV lesions, pyrimidine
dimers of the cyclobutane-type. In addition to its nuclear localization, we show here for the first time
its mitochondrial localization in budding yeast. In mitochondria, this polymerase improves bypass repli-
cation fidelity opposite UV damage as shown in base pair substitution and frameshift assays. For base pair
substitutions, polymerase 1 appears to be related in function and epistatic to DNA polymerase { which,
however, plays the opposite role in the nucleus.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Prokaryotic and eukaryotic cells have developed various mecha-
nisms to repair or tolerate spontaneously occurring or externally
introduced DNA damage [1]. Our knowledge of mitochondrial DNA
repair pathways is still incomplete [2,3]. However, given the rele-
vance of mitochondrial mutations in disease and aging [4-6], this to-
pic is of considerable importance. Mitochondria harbor various
enzymes of the base excision repair pathway, such as DNA glycosy-
lases for uracil, 8-oxo-G, thymine glycol, AP endonucleases as well as
DNA ligase, and mismatch repair may also occur [2,3]. With regard to
UV damage, mitochondria were shown to be unable to excise UV-in-
duced pyrimidine dimers [7] whereas budding yeast mitochondria
are at least capable of photoreactivation [8]. Yeast and mammalian
mitochondrial DNA also actively undergo homologous recombina-
tion [9,10] which may lessen the impact of unrepaired UV damage.

Since nucleotide excision repair is absent in mitochondria, the
presence of efficient replicative bypass mechanisms can easily be
rationalized. Polymerase 1 represents an example of the evolution-
ary conserved Y-type family of polymerases that is capable of
bypassing the most frequent UV photoproducts, pyrimidine dimers
of the cyclobutane-type, in a largely error-free manner [1,11,12].
In humans, this polymerase contributes significantly to UV resis-
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tance and genetic stability. Inactivation of Pol n was identified as
the underlying cause of Xeroderma pigmentosum variant type
(XP-V) [13].

In Saccharomyces cerevisiae, there is evidence that error-prone
Pol { (complex of Rev3/Rev7) and Rev1 localize to mitochondria
and, unlike in the nucleus, reduce the frequency of mitochondrial
point mutations [14-16]. However, nothing was known about Pol
1 (Rad30). Here, we show its mitochondrial presence and a phys-
iological role in reducing UV-induced base pair substitutions sim-
ilar to Pol ¢.

2. Materials and methods
2.1. Yeast strains

All yeast strains used are listed in Table 1. The standard haploid
strain BY4741 was originally purchased from OpenBiosystems and
construction of 13xMYC tagged Rad30 (Pol 1) has been described
previously [17]. BY4741 carrying a RAD30-GFP fusion was from
Invitrogen [18] and a GAL1 promoter was constructed upstream
of the fusion by recombination-mediated insertion, using PCR cas-
settes described in [19]. Modules were also used for deletion by
transplacement of REV3 or RAD30 in strain Y100 (originally from
Stephen Elledge) and TF236 (from Bill Copeland). Strain TF236 con-
tains an arg8 frameshift allele placed within the mitochondrial
genome [20].

2.2. Pol n localization

Unless indicated otherwise, standard yeast media and growth
conditions were used [21]. Logarithmic-phase cells of BY4741
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Table 1
S. cerevisiae strains used in this study.

BY4741
BY4741

MATa his3A1 leu2A0 met15A0 ura3A0 RAD30-13xMYC::KanMX6

MATa his3A1 leu2 A0 met15A0 ura3A0 pGAL::KanMX6 RAD30-

GFP::HIS3

Y100 MATa ade2-1 ura3-1 trp1-1 his3-11,15 leu2-3,112 can1-100

Y100 MATa ade2-1 ura3-1 trp1-1 his3-11,15 leu2-3,112 can1-100
rad30A::KanMX6

Y100 MATa ade2-1 ura3-1 trp1-1 his3-11,15 leu2-3,112 can1-100
rev3A::HIS3

Y100 MATa ade2-1 ura3-1 trp1-1 his3-11,15 leu2-3,112 can1-100

rev3A::HIS3 rad30A::KanMX6

MATa ino1::HIS3 arg8::hisG pet9(op1) ura3-52 cox3::arg8 m

MATa ino1::HIS3 arg8::hisG pet9(op1) ura3-52

cox3::arg8 m rad30A::KanMX6

TF236
TF236

GAL1-RAD30-GFP were induced for Rad30-GFP expression in YPG
medium (3% glycerol, 1% yeast extract, 2% Bacto peptone) contain-
ing 0.5-2% galactose for up to 3 h at 30 °C. Cell samples were spun
down, incubated for 10 min with 1 pg/ml DAPI (Research Organics)
and resuspended in PBS. Cells were then examined with an Olym-
pus AX70 upright microscope, equipped with filters optimized for
GFP and DAPI fluorescence. Extranuclear DAPI signals indicated
mitochondrial DNA, as verified by examination of an isogenic
strain void of mitochondrial DNA (p°) (not shown).

2.3. Purification of mitochondria

First, a crude mitochondrial extract was prepared from a 5 1 cul-
ture of BY4741 RAD30-13xMYC by spheroblasting with zymolyase
(US Biological), homogenization and differential centrifugation as
described in [22]. Next, the mitochondrial pellet was resuspended
in 20 ml 40% w/v iodixanol (OptiPrep™) and purified according to
manufacturer’s instructions (Axis-Shield). Briefly, the suspension
was overlayered by 14 ml each of OptiPrep solutions of
p=1.16 g/ml and p = 1.10 g/ml in a 38 ml centrifuge tube. The dis-
continuous gradient was centrifuged for 3 h at 80,000g in a Beck-
man SW28 rotor. The mitochondrial band formed at the interface
of p=1.16g/ml and p=1.10g/ml solutions was collected and
mitochondria harvested by centrifugation (10 min, 10,000g).
SDS-PAGE electrophoresis and Western blotting was performed
according to standard techniques, using primary antibodies for
porin (monoclonal, Molecular Probes) and MYC (Covance), both
at 1:1000 dilution.

2.4. Mitochondrial mutation assays

Mitochondrial point mutations conferring resistance to erythro-
mycin were detected as described [14], except that a two-step pro-
tocol proved to be more reliable at higher UV doses. Strains of Y100
background were grown for 4 days to saturation in YPG, appropri-
ate dilutions were spread on plates containing 3% glycerol, 2% pep-
tone, 1% yeast extract, 50 mM phosphate buffer (pH 6.5), 1 g/l
erythromycin, added from a stock of 40 g erythromycin per liter
ethanol. After irradiation with a germicidal UV lamp at 254 nm,
plates were incubated for 6 days at 30 °C and replica-plated onto
the same medium, except that the erythromycin concentration
was raised to 4 g/l. Resistant colonies were counted after additional
3 days of incubation. Colony survival was determined using the
same medium without added erythromycin.

Following UV treatment of Y100 strains in logarithmic phase,
petite clones were identified on YPD medium as small, white colo-
nies and respiration deficiency was verified on medium containing
glycerol instead of dextrose (YPG).

Arg8 mitochondrial frameshift reversion frequencies in TF236
[20] were measured in a two-step procedure. Cells from a 48 h
culture in YPD were initially plated on arginine-dropout plates,

containing 2% dextrose, 6.7 g/l yeast nitrogen base w/o amino
acids, 740 mg/l CSM-Arg drop-out mix (Sunrise Scientific Prod-
ucts), supplemented with 500 mg/l yeast extract. Following seven
days of incubation at 30 °C, cells were replica-plated onto plates
of the identical medium but lacking any yeast extract supplement.
Arginine-prototrophic revertant colonies were scored after an
additional five days of incubation.

3. Results and discussion

When yeast strains containing a chromosomal Rad30-GFP fu-
sion were investigated, we found indications for mitochondrial
localization of Rad30 in addition to its expected nuclear localiza-
tion. Its detection was facilitated if a GAL1 promoter was integrated
in front of the fusion gene, and increasing amounts of galactose
were added to induce overexpression of Rad30-GFP (Fig. 1A and
B). GFP foci colocalized with cytoplasmic DAPI signals which in
yeast exclusively originate from mitochondrial DNA. Previous UV
treatment or cell cycle position did not appear to influence the rel-
ative distribution of Rad30-GFP (not shown); this issue, however,
awaits more detailed investigation. Interestingly, elevating overex-
pression by increasing the galactose concentration above 1.5% re-
sulted in an exclusion of Rad30-GFP from mitochondria (Fig. 1B).
Increased self-aggregation of the Rad30-GFP fusion protein may
be responsible for this observation; if this reflects a propensity of
Rad30 to specifically self-interact, remains to be studied.

Importantly, even without any overexpression, we found evi-
dence for mitochondrial localization of Rad30 by purifying mito-
chondria through OptiPrep gradient centrifugation from a strain
expressing Rad30-Myc downstream of the native promoter. A sig-
nificant Rad30-Myc level was associated with a strong mitochon-
dria-specific porin signal.

Further confirming localization to mitochondria, we demon-
strate a physiological role of Pol 1 in mitochondrial UV mutagen-
esis without overexpression. The well-established assay of UV-
induced mutations conferring resistance to erythromycin was
used. Erythromycin resistance following UV radiation is mostly
due to base pair substitutions at residues 1951 and 1952 of 21S
rRNA, indicating TT dimers as the underlying lesions [14]. If a
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Fig. 1. Subcellular localization of yeast Rad30. (A) A chromosomal Rad30-GFP
fusion was overexpressed from a GAL1 promoter. When GFP fluorescence (right) is
compared to DAPI staining of nucleus and mitochondria (left), nuclear as well as
mitochondrial localization of Rad30 is observed. (B) Rad30 localization is affected
by the degree of its overexpression, depending on the amount of galactose added
(0.5-2%). If >1.5% galactose was used, Rad30 appears to be nuclear only. (C)
Normally expressed Rad30-13xMyc was detectable in mitochondria that had been
highly purified through an OptiPrep density gradient, as indicated by a strong
mitochondria-specific signal (porin) following reprobing of the same membrane.
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haploid deletion mutant of RAD30 and its isogenic wild-type strain
were compared, elevated mutation frequencies were found over a
broad range of UV doses (Fig. 2A and B). Thus, as in the nucleus, Pol
1 functions to reduce the frequency of UV-induced base pair sub-
stitutions in mitochondria opposite TT damage. Interestingly, un-
like its role in the nucleus, Pol { was described to also reduce
UV-induced base pair substitution frequencies [14]. We confirmed
this observation and addressed the mutability of a double-deletion
strain (rad30A rev3A) (Fig. 2A and B). As expected, survival of col-
ony-forming cells is reduced non-epistatically in the double mu-
tant (Fig. 2A). However, induced mutation frequencies indicate
an epistatic interaction in UV-induced base pair substitution lead-
ing to erythromycin resistance (Fig. 2B).
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Although more subtle, a similar mutation-reducing effect of Pol
n was found for mitochondrial UV-induced frameshift reversion,
as detected in the arg8 system [20] (Fig. 2C). In this system, how-
ever, an opposing, error-promoting effect of Pol { has been de-
scribed [15].

However, no significant influence of Pol n was found for UV-in-
duced petite mutation leading to respiration deficiency (Fig. 2D),
indicating no role in generating non-functional mitochondria due
to major deletions or complete loss of DNA. Here, in contrast to
the base substitution system of erythromycin resistance, Pol { acts
in its usual error-promoting fashion (Fig. 2D), confirming previ-
ously published data over a range of UV doses [14]. Additional
deletion of RAD30 did not influence this effect (Fig. 2D).
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Fig. 2. Influence of Rad30 and Rev3 on UV survival and on the probability of UV-induced mitochondrial base pair substitution, frameshift reversion and “petite” mutations.
(A) Survival of colony-forming haploid yeast cells following UV irradiation of strain Y100 (wild type, or deleted for RAD30, REV3, or both) is shown. (B) Frequency of UV-
induced erythromycin-resistant mutants among surviving cells. (C) Frequency of UV-induced mitochondrial frameshift reversions (arg8) among surviving cells in strain
TF236 (wild-type and rad30 deleted) at 20 J/m?. The difference is significant at p = 0.01. (D) Percentage of respiration-deficient colonies (“petites”) among colony-forming
survivors as a function of UV dose (Y100 strain background). All data shown represent the means of 3-5 independent experiments, with standard deviations indicated.



N. Chatterjee et al./Biochemical and Biophysical Research Communications 431 (2013) 270-273 273

The most important result of this study is the localization of
Rad30 to mitochondria and confirmation of its expected role of
improving replication fidelity of a UV-damaged template. In the
prevention of UV-induced base pair substitutions (but not frame-
shift mutations), Pol | cooperates epistatically with Pol ¢. Although
Pol m is capable of translesion synthesis on its own [11], Pol { may
assist in a two-step bypass using its well-characterized role of
extension of imperfectly matched terminal base pairs [23].

These activities of Pol | and Pol ¢ reduce error frequency in the
erythromycin system. Thus, the polymerase that introduces base
pair substitutions by competing with Pol n and ¢ for UV-lesion by-
pass remains to be identified. An obvious candidate is Pol ¥ whose
UV damage bypass capabilities have only recently been evaluated
[24]. The human enzyme is severely inhibited by a cyclobutane
TT dimer in the template but the rare bypass appears to be highly
mutagenic. The possibility of Pol y modifications in response to
DNA damage, increasing its translesion synthesis activity, perhaps
in conjunction with elevated dNTP levels, should also be explored.

It needs to be elucidated if lesion bypass in mitochondria is exe-
cuted by a coordinated handover of different DNA polymerases. A
main nuclear signaling pathway involving PCNA and its monoubiqg-
uitinated form [25-28] cannot be responsible due to the apparent
absence of PCNA from mitochondria. (However, the Rev1 protein
interacting with ubiquitinated PCNA and activating Pol ¢ [29,30],
is present.) Polymerase { clearly plays a role in mitochondrial
DNA replication since its overexpression suppresses the mutagenic
consequences of certain Pol y mutations, even without any obvious
connection to spontaneous or induced DNA damage [16]. Possibly,
DNA polymerases present in mitochondria act in a largely uncoor-
dinated fashion on a damaged template, enhancing or reducing
genome stability depending on the nature of the DNA damage
and its location. Given the importance of mitochondrial UV dam-
age for aging and cancer [5,6], these are important issues to be ad-
dressed in the future.

Acknowledgments

We thank Drs. Xiangle Sun and Saumyendra Sarkar for technical
help and Dr. Bill Copeland for providing strain TF236.

References

[1] E.C. Friedberg, G.C. Walker, W. Siede, R.D. Wood, R.A. Schultz, T. Ellenberger,
DNA Repair and Mutagenesis, Second ed., American Society of Microbiology
Press, Washington, DC, 2006.

[2] D.Kang, N. Hamasaki, Maintenance of mitochondrial DNA integrity: repair and
degradation, Curr. Genet. 41 (2002) 311-322.

[3] N.B. Larsen, M. Rasmussen, L.J. Rasmussen, Nuclear and mitochondrial DNA
repair: similar pathways?, Mitochondrion 5 (2005) 89-108

[4] D.C. Wallace, Mitochondrial diseases in man and mouse, Science 283 (1999)
1482-1488.

[5] S.E. Durham, KJ. Krishnan, ]J. Betts, M.A. Birch-Machin, Mitochondrial DNA
damage in non-melanoma skin cancer, Br. J. Cancer 88 (2003) 90-95.

[6] M.A. Birch-Machin, H. Swalwell, How mitochondria record the effects of UV
exposure and oxidative stress using human skin as a model tissue,
Mutagenesis 25 (2010) 101-107.

[7] D.A. Clayton, ].N. Doda, E.C. Friedberg, The absence of a pyrimidine dimer
repair mechanism in mammalian mitochondria, Proc. Natl. Acad. Sci. USA 71
(1974) 2777-2781.

[8] G. Green, AM. MacQuillan, Photorepair of ultraviolet-induced petite
mutational damage in Saccharomyces cerevisiae requires the product of the
PHR1 gene, J. Bacteriol. 144 (1980) 826-829.

[9] SR. Bacman, S.L. Williams, CT. Moraes, Intra- and inter-molecular
recombination of mitochondrial DNA after in vivo induction of multiple
double-strand breaks, Nucleic Acids Res. 37 (2009) 4218-4226.

[10] B. Thyagarajan, R.A. Padua, C. Campbell, Mammalian mitochondria possess
homologous DNA recombination activity, J. Biol. Chem. 271 (1996) 27536-
27543.

[11] REE. Johnson, S. Prakash, L. Prakash, Efficient bypass of a thymine-thymine
dimer by yeast DNA polymerase, Pol 1, Science 283 (1999) 1001-1004.

[12] S. Prakash, R.EE. Johnson, L. Prakash, Eukaryotic translesion synthesis DNA
polymerases: specificity of structure and function, Annu. Rev. Biochem. 74
(2005) 317-353.

[13] C. Masutani, R. Kusumoto, A. Yamada, N. Dohmae, M. Yokoi, M. Yuasa, M.
Araki, S. Iwai, K. Takio, F. Hanaoka, The XPV (xeroderma pigmentosum variant)
gene encodes human DNA polymerase 1, Nature 399 (1999) 700-704.

[14] L. Kalifa, E.A. Sia, Analysis of Revlp and Pol { in mitochondrial mutagenesis
suggests an alternative pathway of damage tolerance, DNA Repair 6 (2007)
1732-1739.

[15] H. Zhang, A. Chatterjee, K.K. Singh, Saccharomyces cerevisiae polymerase {
functions in mitochondria, Genetics 172 (2006) 2683-2688.

[16] E. Baruffini, F. Serafini, I. Ferrero, T. Lodi, Overexpression of DNA polymerase
zeta reduces the mitochondrial mutability caused by pathological mutations
in DNA polymerase gamma in yeast, PLoS One 7 (2012) e34322.

[17] R. Pabla, D. Rozario, W. Siede, Regulation of Saccharomyces cerevisiaze DNA
polymerase n transcript and protein, Radiat. Environ. Biophys. 47 (2008) 157-
168.

[18] W.K. Huh, J.V. Falvo, L.C. Gerke, A.S. Carroll, RW. Howson, J.S. Weissman, E.K.
O’Shea, Global analysis of protein localization in budding yeast, Nature 425
(2003) 686-691.

[19] M.S. Longtine, A. McKenzie III, D.J. Demarini, N.G. Shah, A. Wach, A. Brachat, P.
Philippsen, J.R. Pringle, Additional modules for versatile and economical PCR-
based gene deletion and modification in Saccharomyces cerevisiae, Yeast 14
(1998) 953-961.

[20] M.K. Strand, W.C. Copeland, Measuring mtDNA mutation rates in
Saccharomyces cerevisiae using the mtArg8 assay, Methods Mol. Biol. 197
(2002) 151-157.

[21] D.C. Amberg, D.J. Burke, J.N. Strathern, Methods in Yeast Genetics: A Cold
Spring Harbor Laboratory Course Manual, 2005 ed., Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY, 2005.

[22] B.S. Glick, L.AA. Pon, Isolation of highly purified mitochondria from
Saccharomyces cerevisiae, Methods Enzymol. 260 (1995) 213-223.

[23] R.E. Johnson, M.T. Washington, L. Haracska, S. Prakash, L. Prakash, Eukaryotic
polymerases 1 and ¢ act sequentially to bypass DNA lesions, Nature 406 (2000)
1015-1019.

[24] R. Kasiviswanathan, M.A. Gustafson, W.C. Copeland, J.N. Meyer, Human
mitochondrial DNA polymerase vy exhibits potential for bypass and
mutagenesis at UV-induced cyclobutane thymine dimers, ]. Biol. Chem. 287
(2012) 9222-9229.

[25] P. Kannouche, A.R. Fernandez de Henestrosa, B. Coull, A.E. Vidal, C. Gray, D.
Zicha, R. Woodgate, A.R. Lehmann, Localization of DNA polymerases 1 and t to
the replication machinery is tightly co-ordinated in human cells, EMBO J. 21
(2002) 6246-6256.

[26] M. Bienko, C.M. Green, N. Crosetto, F. Rudolf, G. Zapart, B. Coull, P. Kannouche,
G. Wider, M. Peter, A.R. Lehmann, K. Hofmann, I. Dikic, Ubiquitin-binding
domains in Y-family polymerases regulate translesion synthesis, Science 310
(2005) 1821-1824.

[27] B.S. Plosky, A.E. Vidal, AR. de Henestrosa, M.P. McLenigan, J.P. McDonald, S.
Mead, R. Woodgate, Controlling the subcellular localization of DNA
polymerases 1 and m via interactions with ubiquitin, EMBO J. 25 (2006)
2847-2855.

[28] ARR. Lehmann, Ubiquitin-family modifications in the replication of DNA
damage, FEBS lett. 585 (2011) 2772-2779.

[29] C. Guo, E. Sonoda, T.-S. Tang, ].L. Parker, A.B. Bielen, S. Takeda, H.D. Ulrich, E.C.
Friedberg, REV1 protein interacts with PCNA: significance of the REV1 BRCT
domain in vitro and in vivo, Mol. Cell. 23 (2006) 265-271.

[30] C. Guo, T.-S. Tang, M. Bienko, J.L. Parker, A.B. Bielen, E. Sonoda, S. Takeda, H.D.
Ulrich, 1. Dikic, E.C. Friedberg, Ubiquitin-binding motifs in REV1 protein are
required for its role in the tolerance of DNA damage, Mol. Cell. Biol. 26 (2006)
8892-8900.



	Role of polymerase η in mitochondrial mutagenesi
	1 Introduction
	2 Materials and methods
	2.1 Yeast strains
	2.2 Pol η localization
	2.3 Purification of mitochondria
	2.4 Mitochondrial mutation assays

	3 Results and discussion
	Acknowledgments
	References


