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ABSTRACT To identify DNA oxidation defenses of hyperthermophilic archaea,
we deleted genes encoding the putative 7,8-dihydro-8-oxoguanine (oxoG)-targeted
N-glycosylase of Sulfolobus acidocaldarius (ogg; Saci_01367), the Y family DNA poly-
merase (dbh; Saci_0554), or both and measured the effects on cellular survival, repli-
cation accuracy, and oxoG bypass in vivo. Spontaneous G·C-to-T·A transversions were
elevated in all Δogg and Δdbh constructs, and the Δogg Δdbh double mutant lost vi-
ability at a higher rate than isogenic wild-type (WT) and ogg strains. The distribution
of G·C-to-T·A transversions within mutation detector genes suggested that reactiv-
ity of G toward oxidation and the effect on translation contribute heavily to the pat-
tern of mutations that are recovered. An impact of the Ogg protein on the overall
efficiency of bypassing oxoG in transforming DNA was evident only in the absence
of Dbh, and Ogg status did not affect the accuracy of bypass. Dbh function, in con-
trast, dramatically influenced both the efficiency and accuracy of oxoG bypass. Thus,
Ogg and Dbh were found to work independently to avoid mutagenesis by oxoG,
and inactivating this simple but effective defense system by deleting both genes im-
posed a severe mutational burden on S. acidocaldarius cells.

IMPORTANCE Hyperthermophilic archaea are expected to have effective (and per-
haps atypical) mechanisms to limit the genetic consequences of DNA damage, but
few gene products have been demonstrated to have genome-preserving functions
in vivo. This study confirmed by genetic criteria that the S. acidocaldarius Ogg pro-
tein avoids the characteristic mutagenesis of G oxidation. This enzyme and the by-
pass polymerase Dbh have similar impacts on genome stability but work indepen-
dently and may comprise most of the DNA oxidation defense of S. acidocaldarius.
The critical dependence of accurate oxoG bypass on the accessory DNA polymerase
Dbh further argues that some form of polymerase exchange is important for accu-
rate genome replication in Sulfolobus, and perhaps in related hyperthermophilic ar-
chaea.

KEYWORDS 7,8-dihydro-8-oxoguanine, Archaea, base excision repair,
hyperthermophile, spontaneous mutations, translesion DNA polymerase

Extremophilic microorganisms provide a means to study molecular mechanisms
that preserve cellular components under unusual physical and chemical stresses. The

genome of a bacterial or archaeal cell represents a cellular component that is both
critical to biological success and vulnerable to environmentally promoted damage,
as this extremely long molecule must be replicated accurately and completely
before each cell division. The biological importance of genome maintenance and
the challenges that it faces are reflected in the multiple enzyme systems of bacteria
and unicellular eukaryotes that repair DNA damage and minimize the impact of
persistent DNA lesions (1).

Spontaneous oxidation of guanines in DNA to yield 7,8-dihydro-8-oxoguanine
(oxoG) imposes a characteristic burden on genomes. Though sterically similar to G,
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oxoG has altered H-bonding properties that promote Hoogsteen base pairing with
dATP in the polymerase active site. This causes most DNA polymerases to insert A in the
nascent strand opposite oxoG (2, 3), which subsequent DNA repair or replication can
convert into a permanent G·C-to-T·A transversion mutation. Study of bacteria and
eukaryotes has identified multiple mechanisms that act to avoid this mutagenesis. Base
excision repair (BER), which represents the first line of defense, involves cleaving of
oxoG from the DNA backbone by oxoG-targeted N-glycosylases, examples of which are
the Escherichia coli Fpg protein and the Saccharomyces cerevisiae Ogg protein (4).
Subsequent processing of the resulting abasic site removes the sugar-phosphate unit
and replaces the missing nucleotide, using the opposite, undamaged strand as the
template. Alternatively, if a replication fork encounters oxoG that has escaped BER,
translesion DNA synthesis (TLS) can avoid mutation by inserting C opposite this lesion,
which provides a second line of defense. Corresponding DNA polymerases include S.
cerevisiae Pol� (5) and Saccharolobus (Sulfolobus) solfataricus Dpo4 (6, 7). A third oxoG
coping strategy, represented by the MutY protein of E. coli and related enzymes found
in some eukaryotes, uses a BER-like process to remove A from oxoG·A mispairs formed
as a result of failure of the first two strategies (4). This recycling reaction temporarily
avoids mutation fixation and thus improves the overall performance of repair or TLS
indirectly.

The extremely high growth temperatures of hyperthermophilic archaea (HA) accel-
erate DNA decomposition reactions by orders of magnitude relative to mesophiles; this
suggests that rates of spontaneous DNA damage should be greatly elevated in these
archaea and may create a correspondingly greater need for DNA repair and mutation
avoidance. Genetic assays nevertheless measure low rates of replication errors in
Sulfolobus and related archaea (8–10). Although these results demonstrate that HA can
achieve accurate replication, it has been difficult to confirm in vivo which gene products
contribute to this accuracy. One of the few gene products that has been confirmed to
support genetic fidelity in vivo is an accessory DNA polymerase that counters the
impact of DNA oxidation. In vitro, the sole Y family DNA polymerase of Sulfolobus
acidocaldarius, designated Dbh (DinB homolog), is extremely error prone on an un-
damaged template, yet it correctly inserts C opposite oxoG (11). Inactivating the
corresponding gene, Saci_0554, specifically increases G·C-to-T·A transversion muta-
tions, which are otherwise rare among spontaneous mutations in S. acidocaldarius (12).
Inactivating this gene also decreases the efficiency and accuracy with which oxoG
placed in the chromosome artificially is bypassed (13).

While these results demonstrate that TLS suppresses the signature mutagenesis of
oxoG in S. acidocaldarius, the role of BER has not been investigated genetically. Putative
oxoG-targeted N-glycosylases are well represented in the genomes of Sulfolobales
and related crenarchaeotes, whereas putative A/G-specific adenine DNA glycosylases
(i.e., MutY homologs) generally have not been found (14). In the present study, we
constructed S. acidocaldarius strains (Table 1) lacking its putative oxoG-targeted
N-glycosylase, the Dbh polymerase, or both and evaluated the impact on replication
accuracy and oxoG bypass in vivo.

RESULTS
Removing the putative oxoG repair N-glycosylase of S. acidocaldarius. DNA

N-glycosylases that target oxoG cluster into three families, designated OGG1, OGG2, and
AGOG. Most OGG1 members occur in eukaryotes, although a subfamily is found in
Gram-positive bacteria (14). The AGOG family was first discovered in Pyrobaculum aerophi-
lum (15) and has been found so far only in a subset of HA (Table 2). The remaining family,
OGG2, occurs throughout the remaining groups of bacteria and archaea. All three families
of oxoG-specific BER enzymes exhibit N-glycosylase and �-lyase activity but are distin-
guished from each other by certain sequence motifs and functional properties, including
the degree of specificity for the base opposite oxoG in duplex DNA (16).

One open reading frame (ORF) of the S. acidocaldarius genome, Saci_1367, or ogg,
has been annotated as encoding a putative oxoG-specific N-glycosylase that belongs to

Jain et al. Journal of Bacteriology

August 2020 Volume 202 Issue 16 e00756-19 jb.asm.org 2

https://jb.asm.org


TA
B

LE
1

St
ra

in
s

an
d

ol
ig

on
uc

le
ot

id
es

Su
lfo

lo
bu

s
st

ra
in

or
ol

ig
on

uc
le

ot
id

e
G

en
ot

yp
e

So
ur

ce
or

d
er

iv
at

io
n

Se
q

ue
n

ce
(5
=

to
3=

)

St
ra

in
s

M
R3

1
py

rE
13

1
(b

p
15

9–
17

7
de

le
te

d)
Sp

on
ta

ne
ou

s
Fo

ar
m

ut
an

t
(4

9)
D

G
18

5
W

ild
ty

p
e

A
TC

C
33

90
9

SD
67

Δ
og

g:
:p

yr
E Ss

o
py

rE
13

1
Th

is
st

ud
y

(s
ee

M
at

er
ia

ls
an

d
M

et
ho

ds
)

SD
67

-7
Δ

og
g:

:p
yr

E
m

ut
an

t
py

rE
13

1
Sp

on
ta

ne
ou

s
Fo

ar
m

ut
an

t
of

SD
67

RJ
4

Δ
db

h:
:p

yr
E S

to
V

4
Th

is
st

ud
y

(s
ee

M
at

er
ia

ls
an

d
M

et
ho

ds
)

RJ
12

w
ild

-t
yp

e
M

R3
1

tr
an

sf
or

m
ed

to
Py

r�
b

y
p

SA
PE

5a

RJ
13

Δ
og

g:
:p

yr
E

m
ut

an
t

py
rE

13
1

Sp
on

ta
ne

ou
s

Fo
ar

m
ut

an
t

of
SD

67
RJ

8
Δ

og
g

Δ
db

h
RJ

13
tr

an
sf

or
m

ed
b

y
PC

R
p

ro
du

ct
of

RJ
4

RJ
40

1
Δ

db
h:

:p
yr

E S
to

V
4

Sp
on

ta
ne

ou
s

Fo
ar

m
ut

an
t

of
RJ

4
RJ

80
3

Δ
og

g
Δ

db
h

RJ
80

tr
an

sf
or

m
ed

to
Py

r�
b

y
p

SA
PE

5a

O
lig

on
uc

le
ot

id
es

b

5=
an

ch
or

A
C

TT
A

C
A

A
G

C
A

A
TA

A
A

TG
A

G
G

C
A

A
A

TG
G

A
A

C
G

C
C

C
C

C
A

G
TA

A
C

A
A

C
TC

C
C

A
A

TA
TC

A
TA

T
3=

an
ch

or
P-

A
TG

TC
G

A
C

TG
C

A
G

A
A

C
TA

A
C

G
A

C
G

A
A

TG
A

A
A

A
TA

TG
TC

A
G

G
A

TG
G

TT
G

G
G

G
A

G
TT

TC
C

TT
C

on
tr

ol
in

se
rt

P-
C

A
A

A
TT

G
A

G
C

N
C

C
TT

TG
A

C
T

ox
oG

in
se

rt
P-

C
A

A
A

TT
G

A
G

C
[8

oG
]C

C
TT

TG
A

C
T

D
ow

ns
tr

ea
m

sc
af

fo
ld

G
C

TC
A

A
TT

TG
A

TA
TG

A
TA

TT
G

U
p

st
re

am
sc

af
fo

ld
A

G
TC

G
A

C
A

TA
G

TC
A

A
A

G
G

de
lS

so
Sa

13
67

f
A

G
TT

A
A

G
A

A
A

A
A

A
A

C
C

A
G

TA
A

G
A

A
A

A
A

G
A

A
G

A
G

A
A

A
G

A
A

A
A

G
TG

C
TA

A
G

A
TG

TC
TT

A
A

TC
T

C
A

C
A

A
A

G
de

lS
so

Sa
13

67
f

TC
A

C
A

A
C

TA
A

TC
A

TT
TA

TA
C

TC
C

TT
TT

TA
TA

C
TT

TT
TT

G
TT

C
TA

TT
TT

A
C

G
A

TA
TG

A
G

A
G

A
G

G
TT

TA
TC

de
lS

to
Sa

05
54

f
C

C
TT

A
A

A
TG

C
TT

A
TA

C
A

C
C

A
A

A
TA

C
TA

A
A

TG
TA

A
A

TG
A

TA
G

TG
G

C
A

G
TG

G
G

TA
TT

TA
A

A
C

de
lS

to
Sa

05
54

r
TT

A
A

G
C

A
A

A
A

TC
C

TT
A

A
C

TC
G

TT
G

C
A

A
TT

A
A

A
TG

TC
G

A
A

G
A

A
A

TC
C

C
A

C
TG

C
C

TA
G

G
TC

T
a

E.
co

li
cl

on
in

g
p

la
sm

id
co

nt
ai

ni
ng

th
e

w
ild

-t
yp

e
py

rE
ge

ne
(5

3)
.

b
Sy

nt
he

tic
D

N
A

s
us

ed
in

st
ra

in
co

ns
tr

uc
tio

ns
an

d
TL

S
as

sa
ys

(s
ee

M
at

er
ia

ls
an

d
M

et
ho

ds
).

Oxidative Mutagenesis in Sulfolobus Journal of Bacteriology

August 2020 Volume 202 Issue 16 e00756-19 jb.asm.org 3

https://jb.asm.org


the OGG2 family and has no close paralog. Corresponding proteins occur in several
closely related HA, but at the genus level, their distribution appears to be rather erratic
and complementary to that of AGOG members (Table 2). At least three OGG2 enzymes
closely related to the Saci_1367 product (those of Methanocaldococcus jannaschii,
Archaeoglobus fulgidus, and Thermoplasma volcanium) have been confirmed experi-
mentally to have oxoG-directed N-glycosylase and �-lyase activities (17–19).

Based on this evidence, we targeted Saci_1367 for deletion by replacement, using
selectable cassettes consisting of heterologous pyrE genes (see Materials and Methods).
Pyr� transformants were compared to the recipient strain by PCR, and a confirmed
Saci_1367 deletion, designated SD67, was retained for study (see Fig. S2 in the
supplemental material). To facilitate analysis of ogg function, we constructed two
isogenic deletion strains by a similar approach. In one, the dbh gene (Saci_0554) was
deleted by replacement with a cassette distinct from the one used to delete Saci_1367
(see Fig. S3 in the supplemental material). The DNA of this strain then served as a
template for a PCR product that transformed a pyrE mutant derivative of SD67 to pyrE�,
creating the double mutant RJ8 (Δogg Δdbh). Spontaneous pyrE mutants of the ogg,
dbh, and ogg dbh deletion mutants were selected; these Pyr� derivatives and the
parental strain MR31 were then modified by restoring the native pyrE gene (Saci_1597)
(Table 1). The resulting four isogenic strains, RJ12 (wild type [WT]), RJ13 (Δogg), RJ401
(Δdbh), and RJ803 (Δogg Δdbh), were then compared in various analyses to determine
the functional impacts and epistatic interactions of the gene deletions.

Phenotypic properties. No consistent growth differences among the four isogenic
strains were noted during routine cultivation, and individual cultures varied somewhat
in preliminary growth curve experiments (see Table S1 in the supplemental material).
When compared more systematically with respect to survival of UV and growth
inhibition by chemicals that damage DNA in vivo, all the strains yielded the same MIC
values for each compound tested and similar survival rates as a function of the UV dose
(see Table S1). We also monitored survival under various nongrowth conditions over
several days. At 4°C, rates of cell death were high and nearly identical for all four strains,

TABLE 2 Phylogenetic distribution of oxoG repair N-glycosylases among thermophilic
archaeaa

Family Species E valueb

OGG2 Sulfolobus acidocaldarius (0)
Sulfurisphaera tokodaii
Acidianus spp.
Saccharolobus solfataricusc E-76
Metallosphaera spp.
Sulfodiicoccus sp.
Archaeoglobus spp. E-39
Ferrolobus spp.
Thermoplasma spp.
Methanocaldococcus jannaschii E-34

AGOG Pyrobaculum aerophilumd (0)
Pyrobaculum islandicum
Thermoproteus uzonensis E-93
Caldivirga spp. E-50
Pyrodictium spp.
Ignicoccus spp.
Pyrococcus spp.
Thermococcus spp.
Aeropyrum pernix
Hyperthermus butylicus E-27

aResults of BLASTP using the protein encoded by Saci_1367 (OGG2 family) or Pae2237 (AGOG family) as the
query; exemplary species of cultured archaea are listed in order of decreasing similarity to the query
sequence.

bFor reference, approximate expectation values are listed for selected genera or species (some are averaged
over multiple sequences).

cReflects new genus assignment of Sulfolobus solfataricus (7).
dPyrobaculum genomes were confirmed to lack OGG2 representatives.

Jain et al. Journal of Bacteriology

August 2020 Volume 202 Issue 16 e00756-19 jb.asm.org 4

https://jb.asm.org


whereas at slightly higher temperatures, the Δogg Δdbh double mutant died more
quickly than one or more of the Dbh� strains of the set (Fig. 1).

Genetic properties. A preliminary assessment of the genetic impacts of deleting
ogg and dbh was made by selecting inactivation of the pyrE cassette inserted at each
locus. Although cassettes with different sequence were used to delete the two genes,
they exhibited similar properties relative to a cassette inserted into the trpC gene (12).
Specifically, the cassettes replacing the ogg and dbh genes exhibited markedly higher
frequencies of G·C-to-T·A transversions than the one replacing trpC (see Table S2 in the
supplemental material). The effect was most pronounced in the Δogg Δdbh construct
RJ8, in which all the identified mutations were G·C-to-T·A events.

A more systematic analysis involved constructing four isogenic strains representing
the wild-type, Δogg, Δdbh, and Δogg Δdbh genotypes with the native pyrE gene
restored (Table 1). For all four strains, fluctuation assays were performed on multiple
sets of independent liquid cultures using 5-fluoroorotic acid (FOA) selection for loss of
this native pyrE gene function (see Materials and Methods). Under these conditions,
deleting either ogg or dbh had limited impact on the overall rate of forward mutation,
whereas deleting both ogg and dbh increased the overall mutation rate 5-fold relative
to the WT (Table 3). Thus, with respect to the rate of forming spontaneous FOA-
resistant (Foar) mutations, the ogg and dbh deletions did not exhibit genetic epistasis.

One spontaneous Foar mutant was then picked at random from each independent
culture of the Δogg construct (RJ13) and the Δogg Δdbh construct (RJ803), and the pyrE
gene was analyzed by sequencing. As seen in previous studies, nearly all the indepen-
dent mutants were found to contain only one mutation each, which in each case
altered the predicted pyrE gene product. To estimate the impacts of ogg and dbh on

FIG 1 Comparative survival of isogenic constructs. Serial dilutions of strains RJ12 (WT), RJ13 (Δogg), RJ401
(Δdbh), and RJ803 (Δogg Δdbh) in xylose-tryptone medium were incubated under nongrowth conditions
(23°C with 9 h fluorescent illumination per day or 37°C in the dark). Viable counts were determined by
plating at the times indicated. The data are averaged from three independent trials. The error bars
indicate �1 standard error of the mean and do not overlap for the last time points of the WT or Δogg
strain versus the Δogg Δdbh strain under either condition. Similarly, the following slopes calculated by
linear regression differed by the sum of twice the standard error of each regression for the following
cases, indicating statistical significance (52): 23°C, WT versus Δogg Δdbh (�0.1137 versus �0.1803); 37°C,
Δogg versus Δogg Δdbh (�0.1028 versus �0.1711).
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particular types of mutations, we compared the proportions of different mutations in
the sets of independent mutants we derived from strains RJ13 and RJ803 and the
corresponding sets previously generated by the same methods from strains DG185
(WT) and CS2 (dbh) (12). Scaling the proportions of mutations observed in each set by
the overall rates of spontaneous mutation in the four isogenic strains (Table 3) thus
provided a basis for comparing the effects of ogg and dbh on various types of mutation.

The results suggested, for example, that inactivating either ogg or dbh had similar
effects on the pattern of spontaneous mutation in S. acidocaldarius (Table 3). In both
cases, the frequency of base pair substitutions (BPSs) increased relative to other
spontaneous mutations, and this increase was due almost entirely to large increases in
the frequency of G·C-to-T·A transversion events. The proportions of G·C-to-T·A trans-
versions in the Δogg and Δdbh samples (42% and 23%, respectively) were markedly
higher than in the wild-type sample (2%) (Table 3). In addition, the ogg and dbh strains
were similar with respect to the relative proportions of the major types of mutation;
corresponding chi-square tests distinguished Δogg and Δdbh strains from wild-type
and double-deletion constructs but not from each other (see Table S3 in the supple-
mental material).

When the ogg and dbh deletions were combined in a single strain, their impact on
the mutation spectrum increased dramatically. In the Δogg Δdbh double mutant, about
90% of spontaneous mutations inactivating pyrE were G·C-to-T·A transversions, and this
increase accounted for the 5-fold elevation of the overall forward mutation rate versus
the wild type (a 6.5-fold increase versus ogg) observed in the fluctuation assays (Table
3). The fluctuation data in the current study and previous data for wild-type and dbh
strains indicate that deleting both ogg and dbh caused a 250-fold increase in the rate
of G·C-to-T·A transversions (Table 3). The genetic evidence thus indicated that, although
both gene products act to avoid spontaneous G·C-to-T·A transversion, they do not act
in the same biochemical pathway, which is consistent with the enzymatic activities
known or predicted for the two proteins.

Analysis of spontaneous transversion mutations. The spectrum of spontaneous
pyrE mutations recovered in the Δogg Δdbh strain (RJ803) is shown in Fig. 2. We
observed 96 independent G·C-to-T·A events distributed over 20 of the 215 G or C
nucleotides in the pyrE coding sequence. The frequency of G·C-to-T·A transversions in
RJ803 varied widely among these 20 sites. The top 3 sites accounted for 56 indepen-
dent events, for example, whereas 8 sites had only 1 event each (Table 4). An additional
11 G or C sites represented G·C-to-T·A events observed in other strains but not in this
set of RJ803 mutants (Tables 4 and 5).

The nucleotide compositions of S. acidocaldarius genes are skewed by a low G�C
content of the genome overall and by enrichment of purine nucleotides in the sense
(coding) strand of genes; the latter bias has been noted in many thermophile genomes
(20). Consistent with both biases, the pyrE coding strand has 139 G versus 76 C
(ratio, 1.83), and we found evidence of strand bias in several parameters of G·C-to-T·A
transversion. For example, the 20 sites at which transversions were observed in RJ803
exhibit a 3:1 skew in that only 5 have C in the sense strand (Fig. 2). Similarly, the eight
most-used sites in RJ803, representing 79 independent events (83%), are all oriented
with G in the sense (nontranscribed) strand of pyrE (Table 4). As a result, the observed
transversion events are more strongly skewed than would be predicted solely by base
composition, with 86 G-to-T versus 6 C-to-A events in the sense strand, for a ratio of
14.3.

To investigate the influence of the local sequence context on the observed distri-
bution of events, 31 pyrE sites where transversions had been observed in any S.
acidocaldarius strain were compared to each other by aligning a 21-nucleotide (nt)
window centered on the affected G. The analysis identified GGANNY as the sequence
motif correlating most consistently with G·C-to-T·A transversions within this sample set
of known mutations (Fig. 3). The motif was distributed within pyrE with a 9:1 sense/
antisense strand bias. Only six of the 10 copies of the motif had mutated in RJ803,
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however, accounting for 56/95 (59%) G·C-to-T·A events observed (Table 4). The six are
also the only GGANNY sites in pyrE at which G·C-to-T·A changes the length of the
encoded protein; at the remaining four sites (where no mutations were observed),
G·C-to-T·A. events can produce only amino acid substitutions (Table 5).

FIG 2 Spectrum of pyrE mutations in Δogg Δdbh S. acidocaldarius. Each of 103 independent mutations inactivating the native pyrE gene of strain RJ803 is
depicted above the corresponding position of the wild-type sequence. Duplication of an existing base pair is indicated by “�,” whereas a single-base deletion
as indicated by “Δ”; tracts of the same base pair are overlined to indicate that they behave as a single point with respect to � or Δ events. A 26-bp interval
tandemly duplicated in one mutant is overlined, and a 16-bp interval deleted from one mutant is underlined.

TABLE 4 Distribution of observed transversions in the S. acidocaldarius pyrE genea

Positionb Sense strand Countc Motif pre-CTd

3 G 6 gGATTT ATge

46 G 4 gGAAAT gGA
77 G 1
187 G 5 gGATTT gGA
199f G 20
202 G 1
215 C 1
250 G 26 gGATAC gGA
255 C 1 TAc
265 G 2 gAG
334 G 4
359 C 1 cAA
394 G 10 gGAGGT gGA
406 G 2 gAA
413 C 1
436 G 2 gAA
439 G 5 gGAGCT gGA
448 G 1 gAA
457 G 1 gAA
482 C 2 TcA
aThe set of 96 G·C-to-T·A events in RJ803 distributed over 20 sites in the pyrE coding sequence (Fig. 2).
bBase pair number in the coding sequence.
cNumber of occurrences observed.
dWild-type codon sequence is shown with the affected nucleotide in lowercase.
eG·C-to-T·A events at this site do not terminate translation but remove the wild-type N terminus.
fTransversions at this site affected the first G in GGGGCG.
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To clarify the possible role of translational consequences in detection efficiency, we
identified BPSs in the pyrE gene that generated selectable (i.e., Foar) mutants in other
experiments using the methods of the present study (8, 21). Of 86 independent BPS
events recovered in various ogg� dbh� strains, 33 (38%), were G·C-to-T·A transversions,
31 (36%) were chain-terminating (CT) (i.e., nonsense) mutations, and 18 (21%) fell into
both categories. Among dbh� ogg� strains, therefore, 18 of 33 (54%) G·C-to-T·A events
created chain-terminating mutations compared to 52/89 (58%) in the Δogg Δdbh strain
RJ803. Thus, similar results were obtained for two extreme cases, i.e., normal cells in
which transversions are rare versus those in which loss of defense enzymes elevate
G·C-to-T·A events about 250-fold. This result argued that the efficiency of detecting
G·C-to-T·A transversions in pyrE by FOA selection remains relatively constant over a
wide range of replication accuracy. The data also imply that nonsense mutations are
overrepresented among the mutations detected by this selection, based on the fol-
lowing reasoning. At only 27 of the 215 G or C sites in pyrE does G·C-to-T·A transversion
create a stop codon. Thus, if transversion events were distributed randomly, about 13%
of them would be expected to create nonsense mutations, and the observed value is
higher than this (54% to 58%). This overrepresentation of the chain-terminating sites
among all transversion events that inactivate pyrE indicates that a corresponding
proportion of these events (and, by extension, other BPSs) do not inactivate the gene
product. This property is predicted by degeneracy of the genetic code and is typical of
protein-encoding genes (8).

In considering the relative contributions of nucleotide reactivity and sequence context
to the observed mutagenesis, we noted that 19 of the 27 sites (70%) where G·C-to-T·A
events created CT mutations (which we designated “pre-CT” sites) appeared in
spontaneous-mutation spectra of various Dbh� Ogg� S. acidocaldarius strains, whereas
the corresponding representation of the GGANNY motif is 5/10 (50%) (Table 5).
Similarly, in RJ803, 62 of 95 G·C-to-T·A events (65%) generated stop codons, whereas 56

TABLE 5 Sites of transversions not recovered in strain RJ803a

Positionb

Sense
strand

Observed in
other strainsc

Not observed in
other strainsd

65 C TcA
87 C TAc
98 G gGAAAC
106 C gGAGCC
107 C P ¡ H
128 C TcA
200 G G ¡ S
203 G G ¡ V
218 C TcA
286 G gAA
297 G gGAAGC
298 G gAA
337 G D ¡ Y
376 G gAG
378 G gGAGGT
379 G gAG
431 G R ¡ I
433 G gAA
499 G gAA
524 C TcA
538 G gAG
544 G gAA
583 G gGA
aG·C-to-T·A transversions recovered in various ogg� dbh� S. acidocaldarius strains (all are single occurrences).
bBase pair number in the pyrE coding sequence.
cNonsense mutations are shown as the wild-type codon, with the affected nucleotide in lowercase, and
missense mutations are indicated by the resulting amino acid substitution.

dExamples of the GGANNY motif are listed where they occur; all four of the indicated occurrences generate
amino acid substitutions via G-to-T transversion at the lowercase g. The remaining sites do not coincide
with GGANNY, but transversion of the nucleotide shown in lowercase generates a nonsense mutation.
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(59%) coincided with the GGANNY motif (Table 4). In both normal and Δogg Δdbh
backgrounds, therefore, creation of a stop codon was a slightly better predictor of
where spontaneous G·C-to-T·A events will be recovered than was the consensus motif
deduced from alignments of sequences surrounding observed G·C-to-T·A events. We
also noted that S. acidocaldarius pyrE contains eight transversion “cold spots” where
G·C-to-T·A events have never been observed in experiments despite the fact that they
create stop codons and therefore should be detectable (Table 5). We compared the
sequence contexts of these cold spots with the eight hot spots identified in RJ803 (Fig.
3c and d). Both sequence motifs contained the GG dinucleotide, but in the hot-spot
motif, the chain-terminating transversion occurred on the 5= G, whereas in the cold-
spot motif, it was positioned at the 3= G. The experimentally observed transversions
thus parallel the reactivity of G toward oxidation, which is high in the 5= member of
short tracts (22).

Although we analyzed the native S. acidocaldarius pyrE gene in greatest detail,
spontaneous mutations were also selected in a modified cassette (see Fig. S3) that
encodes a different amino acid sequence and has a higher G�C content and a lower
purine/pyrimidine strand bias. In the Δogg Δdbh strain RJ8, this engineered cassette
yielded 12 independent mutations, all G·C-to-T·A transversions, distributed over eight
sites. In contrast to the native pyrE gene, none of the transversions created stop codons.

FIG 3 Effect of local context on the transversion rate. Nucleotide overrepresentation at sites of G·C-to-T·A
transversion in the pyrE gene is depicted by letter size (see Materials and Methods). In weighted
(proportional) analyses, each site was represented as many times in the alignment as in the correspond-
ing set of mutants. The four panels represent different analyses of hot spots (a and b) and cold spots (c
and d), as follows: the top eight transversion hot spots (unweighted) (a), the same eight sites weighted
according to event frequency (see above) (b), sites of G·C-to-T·A transversion recovered in the mutation
spectra of ogg� dbh� strains but not observed in RJ803 (unweighted; 11 total) (c), and sites at which
G·C-to-T·A transversion creates a stop codon which nevertheless has not been observed in any S.
acidocaldarius pyrE mutation analysis (unweighted; eight total) (d).
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Frequency analysis of the surrounding nucleotides (see Fig. S4 in the supplemental
material), identified them as the consensus MNNNNGGM, in which the first G is
converted to T in the recovered mutants. The strand bias of this motif (15 sense versus
6 antisense occurrences) was markedly weaker than that of the mutated G·C sites in the
target gene (7:1) or that of independent selected events (11:1). The consensus motif
inferred from the engineered cassette nevertheless overlapped the consensus observed
in the native pyrE gene, sharing GGA in common.

Functional impact on TLS. As demonstrated in yeast, various bacteria, and S.
acidocaldarius, oligonucleotide-mediated transformation (OMT) can be used to select
clones in which DNA lesions have been inserted into a specific site in the recipient
genome by recombination and bypassed by TLS (13, 23, 24). To increase the versatility
of this method in S. acidocaldarius, we designed a system that replaces an 18-bp pyrE
deletion present in many of our laboratory constructs (see Fig. S1 in the supplemental
material) by transformation with synthetic DNA. The transforming DNA is synthesized
to place the DNA lesion at bp 165 of the native pyrE gene, which is a synonymous
position within the deleted interval. Thus, after the single-stranded DNA (ssDNA) is
incorporated into the recipient chromosome (see Fig. S1), insertion of any nucleotide
opposite the lesion restores the wild-type amino acid sequence and generates a pyrE�

transformant. Since the recipient genome lacks the selected interval, it does not
provide the template needed for either repair or accurate bypass via strand exchange
processes before the transforming DNA is replicated (see Fig. S1). The resulting depen-
dence on TLS events makes this assay complementary to that of spontaneous mutation,
in that it should not be affected by the efficiency of G oxidation or the impact of
transversion on the selection.

Although predicted to be specific for TLS, the transformation assay could be used to
detect oxoG-specific BER indirectly by comparing the transformation efficiencies of the
isogenic S. acidocaldarius constructs by intact versus oxoG-containing DNA. The results
(Table 6) indicated that the impact of Ogg function on transformation by oxoG-
containing DNA was conditional. Although oxoG decreased the transformation of
normal (Ogg� Dbh�) cells by the DNA sequence, the penalty associated with the oxoG
lesion was not relieved by deleting only ogg (Table 6). Deleting only dbh had a dramatic
effect, however, causing a further 10-fold decrease in the relative transforming ability
of oxoG-containing DNA (Table 6). This result thus reinforced other genetic evidence
that Dbh plays a central role in bypassing oxoG in S. acidocaldarius (12, 13). The fourth
strain we evaluated, the Δogg Δdbh double mutant, exhibited an intermediate effi-
ciency of transformation by oxoG-containing DNA (Table 6); thus, deleting ogg affected
transformation of dbh mutant cells, but not dbh� cells, by lesion-containing DNA. The
observed 2.4-fold increase in the double mutant relative to the Δdbh strain is consistent
with the double mutant avoiding oxoG-specific destruction of the transforming DNA by
the Ogg protein. All of the observed differences in transformation efficiency between
strains were found to have statistical support (see Table S3).

TABLE 6 Transformation assay of TLSa

Recipient
strain Genotype

Control DNAb oxoG DNA
Transformation
efficiency

No.
inserted
at oxoGe

No. of EPc

No. of
transformants No. of EP

No. of
transformants

Relative to
controld

Relative
to WT C A

MR31 ogg� dbh� 7 162 10 44 0.181 1 27 0
SD67-7 Δogg 7 72 37 61 0.160 0.89 31 0
RJ4 Δdbh 30 219 185 23 0.017 0.094 1 18
RJ8 Δogg Δdbh 11 63 127 30 0.041 0.23 1 27
aBased on OMT, as described in Materials and Methods.
bControl indicates an intact (normal) oligonucleotide, used for normalization.
cNumber of electroporations (EP) performed (770 pmol DNA each).
dRatio of transformants per pmol oxoG-containing DNA to transformants per pmol control DNA.
eThe numbers represent transformants of each type generated by oxoG-containing DNA.
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Finally, we measured the accuracy of individual oxoG bypass events in these
experiments by PCR and restriction scoring (see Materials and Methods). All 58 events
scored in dbh� transformants, where OMT by the lesion-containing oligonucleotide
was relatively efficient, inserted C (Table 6). Conversely, in dbh mutant cells, where OMT
by oxoG-containing oligonucleotides was inefficient, TLS was consistently inaccurate,
with 45/47 (96%) events inserting A. Furthermore, deleting ogg in a Δdbh background,
which increased transformation by oxoG-containing DNA, did not increase the accuracy
of TLS (Table 6). These assays thus confirmed that a functional dbh gene is necessary for
accurate TLS past oxoG in the S. acidocaldarius chromosome, regardless of the func-
tional status of ogg.

DISCUSSION

Although the physiological and phylogenetic divergence from model organisms
suggests that HA may have unusual mechanisms of genome maintenance, it also
complicates the process of identifying such mechanisms experimentally. For example,
the fact that HA do not encode homologs of the MutS-MutL system that is broadly
conserved in mesophiles (including other archaea [25]) makes it difficult to predict a
priori what proteins, if any, may correct unforced errors of DNA replication in these
organisms. Conversely, whereas HA do encode homologs of highly conserved, well-
studied homologous-recombination proteins, they apparently do not tolerate inactiva-
tion of these homologs (26, 27), unlike the bacteria and eukaryotes in which the
biological functions of the proteins have been analyzed. Finally, the genes of HA that
are implicated in genome maintenance by sequence similarity or biochemical activity,
and that can be deleted, often yield phenotypes that do not support the hypothesized
gene function. To cite recent examples, Sulfolobus and related HA have RPA homologs
considered to be fundamental to their molecular biology (28, 29), yet deleting the sole
RPA homolog of S. acidocaldarius had minimal impact on growth, arguing that it is not
the major functional ssDNA-binding protein (30). Similarly, a novel mismatch-specific
endonuclease could be demonstrated to suppress spontaneous mutation in coryne-
bacteria (31), but deleting the only homologous gene in Sulfolobus had no apparent
effect on mutation (32).

In this context, the present study confirms, by functional criteria, genes that control
a well-defined and frequent type of spontaneous mutation in S. acidocaldarius. The
phenotypes of S. acidocaldarius mutants demonstrate that ORFs Saci_1367 and
Saci_0554 encode functionally complementary defenses against oxoG-promoted mu-
tation, consistent with the biochemical properties of the encoded proteins or corre-
sponding proteins of related HA. Specifically, deleting Saci_1367 (ogg) increased sev-
eralfold the rate of only one class of spontaneous mutations, namely, G·C-to-T·A
transversion, consistent with its predicted function as an oxoG-specific N-glycosylase.
Although the Ogg� phenotype resembled the phenotype caused by inactivating the
sole Y family DNA polymerase of S. acidocaldarius, Dbh (12), ogg and dbh deletions were
not epistatic, as demonstrated by the exaggerated defect that resulted from combining
them in a single strain.

These results reveal both parallels and differences with respect to other microor-
ganisms. In S. cerevisiae, two studies using different detector genes found that G·C-to-
T·A transversions were increased 3.3- or 24 –fold by removing the oxoG-specific DNA
glycosylase (Δogg1), 0.7- or 2-fold by removing the Y family TLS polymerase Pol�
(Δrad30), and 10- or 148-fold by removing both enzymes (33, 34). The exaggerated
impact when both BER and TLS genes of yeast were inactivated resembles the S.
acidocaldarius result. In contrast, the negligible effect of inactivating only the relevant
TLS polymerase of yeast (Pol�), despite the ability of Pol� to bypass oxoG accurately in
vitro (5), differed from the S. acidocaldarius results. Furthermore, in this respect E. coli
resembles yeast rather than Sulfolobus: inactivating TLS polymerases II, IV, and V singly
or in combination did not affect the efficiency or accuracy of oxoG bypass in M13 DNA
(35). Thus, Sulfolobus differs from both yeast and E. coli in relying on TLS to avoid
considerable oxoG-promoted mutation. It is not clear whether this typifies archaea
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generally, however. At least one hyperthermophilic species, Thermococcus gammatol-
erans, lacks a Y family DNA polymerase naturally and exhibits highly erroneous bypass
of oxoG in vitro (36). Although the organism is a strict anaerobe and thus might be
expected to avoid DNA oxidation, it has been reported to encode at least one
oxoG-specific N-glycosylase and to repair artificially introduced oxoG in vivo (37).

In quantitative terms, the similar effects of deleting either ogg or dbh individually
indicated that each gene product normally prevents a similar amount of oxidative
mutagenesis in S. acidocaldarius (Table 3; see Table S2). Similarly, the 17-fold increase
in the G·C-to-T·A transversion rate caused by deleting ogg in a dbh� S. acidocaldarius
strain demonstrates that the normal level of Dbh activity is not sufficient to accom-
modate all the oxoG that forms under normal growth conditions. The much (about
250-fold) larger increase that resulted from deleting both ogg and dbh further suggests
that, outside of these two gene products, S. acidocaldarius probably has little capacity
for removing oxoG or bypassing it accurately. Consistent with this possibility, the Δogg
Δdbh double mutants also exhibited increased rates of cell death under certain
conditions (Fig. 1).

The elevated rate and molecular specificity of spontaneous BPSs in Δogg Δdbh
constructs, which represented 90% of the spontaneous mutations, enabled us to
examine a defined process of spontaneous mutation in much greater detail than has
been done in any other archaeon or hyperthermophile to date. Analysis of the
mutations in a well-characterized target indicated potentially complex interactions
among G oxidation, gene sequence, and protein structure and suggested that a
frequent target of DNA oxidation in S. acidocaldarius is the first (5=) G of short G tracts.
In the AT-rich Sulfolobus genomes the most common of these are GG dinucleotides,
which are enriched in the sense strands of coding regions and commonly adjacent to
A (the most common nucleotide in coding strands). The frequent conversion of GGA
glycine codons to chain-terminating TGA, which contributed heavily to the GGANNY
consensus motif for transversion observed in the native pyrE gene, thus reflects the
abundance, reactivity toward oxidation, and high detection efficiency unique to GGA.

Our results combine to indicate simple relationships among DNA oxidation, bio-
chemical defenses, and biological consequences in S. acidocaldarius (Fig. 4). The
underlying principle of the scheme is that once oxoG forms in DNA, it (like other DNA
lesions) ultimately leads to one of three biological fates: (i) cell death, (ii) mutagenesis,
or (iii) accurate replication, where the last reflects the sum of several distinct processes
that may include repair, accurate TLS, and tolerance mechanisms involving recombi-
nation (38).

Our results also provide new details regarding the role of TLS in maintenance of the

FIG 4 Fates of oxoG in vivo. The scheme depicts four alternate fates of oxoG, representing different
processing pathways and biological consequences. Thus, repair avoids the deleterious consequences of
oxoG if it can be completed before DNA replication, and unrepaired oxoG may be bypassed accurately
by TLS. If both these options fail, bypass by the remaining polymerases has low accuracy (leading to
transversion) and low efficiency (promoting cell death). (A) Predominance of repair and accurate TLS
within normal S. acidocaldarius cells. (B) Cells lacking ogg activity, in which the proportion of erroneous
TLS increases. (C) Consequences of losing both Ogg and Dbh activities.
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Sulfolobus genome. In transformation assays, functional Dbh allowed S. acidocaldarius
to replicate a chromosomal oxoG with �98% accuracy, but without Dbh, the observed
accuracy was about 4%, and essentially all erroneous events insert A. Inactivating Dbh
also decreased the overall success of transformation by oxoG-containing DNA, even in
Δogg cells. This indicates that the remaining DNA polymerases (which may include one
of the Sulfolobus primases [39]) have high intrinsic failure rates at oxoG. Combining the
accuracy and efficiency data from this study and a previous one (13) suggests that in
the chromosome of a normal (Dbh�) S. acidocaldarius cell, an unrepaired oxoG may be
about 100 times more likely to be replicated by Dbh than by another DNA polymerase,
including the highly processive PolB1. This estimate is consistent with the observation
that TLS past oxoG in Dbh� strains produced no detected insertion of A (0/58), rather
than the 10% A insertion ratio predicted by combining 90% of the C-specific bypass
evident in Dbh� recipients and 10% of the A-specific bypass seen in Dbh� recipients
(Table 6).

The indication that oxoG bypass accuracy is not additive in Dbh� versus Dbh�

strains is significant because it suggests that Dbh has a competitive advantage over the
other DNA polymerases of S. acidocaldarius for bypass of oxoG in normal cells distinct
from that of simple catalytic efficiency. In general, using TLS to avoid miscoding by DNA
lesions such as oxoG requires (i) preventing the replicative complex from replicating the
template lesion, (ii) giving the TLS polymerase with the appropriate specificity access to
the 3= end of the nascent strand, and (iii) excluding other DNA polymerases. Bacteria
and eukaryotic cells are known to meet these fundamental requirements in different
ways. Eukaryotic cells respond to perturbed replication by covalently modifying par-
ticular lysine residues of the sliding clamp (PCNA) with the peptide tags ubiquitin and
SUMO (38, 40). Different perturbations induce different patterns of modification, and
this allows the corrective pathway to be tailored to the nature of the replication block.
Bacteria, in contrast, appear to depend largely on kinetic competition among the
polymerases, assisted by colocalization with the sliding clamp, to determine which
polymerase ultimately bypasses a given lesion (41–43). Archaeal DNA replication is
notable in that it shares certain molecular features with eukaryotes and others with
bacteria. Most archaeal replication proteins are specifically related to eukaryotic pro-
teins, but to our knowledge, functional relevance of covalent modification for poly-
merase switching has not been demonstrated in archaea, and the extent to which
archaea actively switch DNA polymerases remains a significant, unresolved question.

Regardless of the relative importance of kinetic competition versus active switching,
Dbh orthologs appear to provide the primary alternative to the replicative polymerase
in Sulfolobus and related species. Biochemical analysis of S. solfataricus indicates that its
Dbh equivalent, Dpo4, has a cytoplasmic concentration about 10% that of the repli-
cative polymerase subunit but exhibits a 10-fold-higher catalytic efficiency, as defined
by the following formula: kcat/Km (44). Thus, the effective activities of the two poly-
merases in vivo may be comparable; in addition, both activities are much higher than
those of the remaining DNA polymerases, Dpo2 and Dpo3, whose biological functions
remain unclear (42, 44).

Similarly, regardless of the mechanistic details of DNA polymerase exchange in
Sulfolobus, replisome stalling seems to represent a plausible candidate for initiating the
process. Although oxoG is not generally considered to block DNA replication, replica-
tive polymerases vary considerably in their performances at this template lesion.
Mammalian DNA polymerase �, for example, inserts C opposite oxoG at a higher rate
than it inserts A, but the overall accuracy of bypass is decreased by preferential
extension of the oxoG·A mispair versus oxoG·C (45). Bacteriophage T7 polymerase
replicates oxoG in vitro with about 25% A insertion and exhibits no discrimination by
proofreading or extension kinetics (2). In contrast to both of these cases, the catalytic
subunit of the S. solfataricus replicative polymerase, Dpo1, stalls at oxoG, due to
efficient removal of the 3=-terminal nucleotide (i.e., proofreading) opposite this lesion
(46). Archaeal replicative polymerases are also known to stall at other template lesions
in vitro. The best-studied example, stalling at template dU, is the result of a conserved
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feature specific to archaeal DNA polymerases, namely, a specific dU-binding site (47). In
Sulfolobus, therefore, multiple DNA lesions are known that interact with different
features of the replicative polymerase to yield the same predicted result in vivo, i.e., a
stalled replisome. The apparent convergence on this potentially deleterious common
intermediate raises questions as to whether stalling may play a central role in multiple
DNA damage responses of HA and what reconfigurations of the replication fork these
responses may require (48).

MATERIALS AND METHODS
Strains and growth conditions. The S. acidocaldarius constructs used in the study are listed in Table

1. Deletion mutants were constructed by electroporating corresponding pyrE131 mutants (49) with PCR
products in which a functional but heterologous pyrE gene (the “cassette”) was flanked by sequences
that flank the targeted gene in the S. acidocaldarius chromosome, as previously described (21). The Pyr�

strain RJ12 was constructed by corresponding transformation by a plasmid containing the cloned S.
acidocaldarius pyrE gene. In all cases, Pyr� transformants were selected by plating on xylose-tryptone
medium solidified with gellan gum. Pyr� strains were propagated in XT medium supplemented with
uracil (20 �g/ml); all cultures were incubated aerobically at 78°C.

Sensitivity assays. To determine MICs, test compounds were diluted serially at a 1:3 ratio in liquid
XT-plus-uracil medium and inoculated to an initial density of approximately 106 cells/ml. The growth of
each culture in the dilution series was scored after 3 days of incubation; all the strains were incubated
in parallel, and the results were averaged from three or more independent experiments.

Time courses of survival were determined by diluting freshly grown cultures in growth medium. Each
dilution series was incubated for several days under various conditions that did not support growth. At
regular intervals, each cell suspension was mixed, and an aliquot (5 �l) was spotted onto the surface of
the plate. After 5 to 7 days of incubation, colonies were counted to measure the concentration of viable
cells.

TLS assays. Replication past oxoG in vivo was detected genetically by OMT (23, 50); all recipient
strains bore the pyrE131 allele, which is an 18-bp internal deletion (49). As a means of increasing the
transformation efficiency of the synthetic DNAs, the intervals flanking the internal deletion were
extended by ligating corresponding anchor oligonucleotides to both ends of the central insert. Ligation
of the three modules was assisted by scaffolding oligonucleotides (Table 1) and confirmed by agarose
gel electrophoresis. The insert oligonucleotide containing oxoG was synthesized by Biosynthesis (Lou-
isville, TX); all other oligonucleotides were synthesized by Integrated DNA Technologies (Coralville, IA).

Pyr� transformants generated by oxoG-containing DNAs were scored by restriction. After clonal
purification on solid XT medium, genomic DNA was extracted from liquid cultures of the resulting clones,
and the pyrE gene was amplified by PCR (13). Amplicons were incubated with the restriction endonu-
clease BanI, HaeII, or SacI, followed by agarose gel electrophoresis. This scoring scheme (see Fig. S1 in the
supplemental material) was validated in mock analyses in which cells were transformed by a control
insert DNA containing a mixture of the four natural bases at the query position.

Analysis of spontaneous mutation. Forward, i.e., loss-of-function, pyrE mutations were selected by
plating cultures on XT-plus-uracil medium supplemented with 50 �g FOA per ml. Sets of 12 to 20
independent cultures were made by inoculating 0.2 ml XT-plus-uracil medium in wells of a microdilution
plate, each with a different isolated colony, using sterile toothpicks. The cultures were grown to a final
density of 5 � 108 to 10 � 108 CFU/ml, and the number of viable cells for the cultures in the set was
measured by serial dilution and plating of two to four cultures on nonselective medium. The number of
FOA-resistant cells in each of the remaining cultures was determined by spreading each in its entirety on
solid XT-uracil-FOA medium and incubating for 7 days. The genic mutation rate (�) and its 95%
confidence interval were calculated from the numbers of viable and FOA-resistant cells in the cultures
using the “bz” mutation rate calculator of Gillet-Markowska et al. (51) (http://www.lcqb.upmc.fr/bzrates).

Sequence analyses. To sample the spectrum of mutations inactivating the pyrE gene in each
construct, one Foar clone was picked randomly from each independent culture. Each independent
mutant was purified and processed as described above for Pyr� transformants, and the PCR product was
analyzed by dye terminator sequencing. To investigate the sequence specificity of spontaneous-
mutation sites, 21-nt windows centered around the G of an affected G·C base pair were compiled from
mutation spectra. Overrepresented nucleotides were identified using the Web Logo server (https://
weblogo.berkeley.edu/logo.cgi).

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
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