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ABSTRACT

Previously it was shown that UV irradiation induces a
strong upregulation of ifb3 coding for a paralog of the
archaeal transcriptional factor B (TFB) in Sulfolobus
solfataricus, a crenarchaea. To investigate the func-
tion of this gene in DNA damage response (DDR), tfb3
was inactivated by gene deletion in Sulfolobus is-
landicus and the resulting Atfb3 was more sensitive
to DNA damage agents than the original strain. Tran-
scriptome analysis revealed that a large set of genes
show TFB3-dependent activation, including genes of
the ups operon and ced system. Furthermore, the
TFB3 protein was found to be associated with DDR
gene promoters and functional dissection of TFB3
showed that the conserved Zn-ribbon and coiled-coil
motif are essential for the activation. Together, the re-
sults indicated that TFB3 activates the expression of
DDR genes by interaction with other transcriptional
factors at the promoter regions of DDR genes to fa-
cilitate the formation of transcription initiation com-
plex. Strikingly, TFB3 and Ced systems are present
in a wide range of crenarchaea, suggesting that the
Ced system function as a primary DNA damage re-
pair mechanism in Crenarchaeota. Our findings fur-
ther suggest that TFB3 and the concurrent TFB1 form
a TFB3-dependent DNA damage-responsive circuit
with their target genes, which is evolutionarily con-
served in the major lineage of Archaea.

INTRODUCTION

RNA transcription is the first step of decoding genetic infor-
mation from DNA, and RNA polymerase (RNAP), a multi-
protein complex that is responsible for the process, is evolu-
tionarily conserved in all three domains of life. RNAPs in
archaea and eukaryotes have 12 or more subunits, which

are larger than the bacterial counterparts consisting of 5
subunits (1). Studies on transcription initiation show that
the two types of RNAP use different mechanisms to initi-
ate gene transcription. In bacteria, the bacterial RNAP and
sigma factor form the holoenzyme, in which the sigma sub-
unit recognizes promoters and binds there to form a pre-
initiation complex (PIC) (2). RNA transcription in archaea
is more related to the process by RNAP II, the enzyme that
is responsible for synthesis of mRNA in eukaryotes. The ar-
chaeal transcription starts with recognition of a promoter
by the TATA-binding protein and transcriptional factor B
(TFB), and then, RNAP is recruited to the promoter along
with the general transcriptional factor E to form the PIC
(3,4).

Current investigation on archaeal transcriptional regu-
lation has revealed that the eukaryotic-like transcriptional
machinery is primarily controlled by the promoter-centered
mode of regulation; transcription factors specifically bind
to DNA motifs present on gene promoter regions and reg-
ulate the gene transcription by affecting the PIC formation
on the promoters (5,6). Transcriptional factors of both bac-
terial and eukaryotic types have been identified in archaea
and function in gene-specific regulation (7-9). In addition,
many archaeal genomes encode multiple TBP and/or TFB
(10), and for this reason, archaea have the potential to ex-
plore these basal transcriptional factors to exert global reg-
ulation in analogy to sigma factors in bacterial transcrip-
tion.

Indeed, early works on two TFB paralogs (TFB1 and
TFB2) of Thermococcus kodakarensis reveals that each of
them can support transcription in vitro without any ap-
parent selectivity on promoter, and neither of them is es-
sential for cell growth (11). Nevertheless, /b is expressed
to a higher level in T. kodakarensis and supports better
cell growth, relative to ¢fb2 (12). Furthermore, characteri-
zation of Pyrococcus furiosus TFB1 and TFB2 shows that
the two factors have different capability to further RNA
transcription in vitro (13). Sulfolobus solfataricus and Sul-
folobus acidocaldarius encode three paralogs of TFB pro-
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tein (TFB1, —2 and —3) among which TFB3 is a truncated
version of archaeal TFBs (14,15). Investigation of their ex-
pression in these archaea shows that only 7/b3 is strongly up-
regulated by UV irradiation (16,17). In vitro experiments in-
dicate that the S. solfataricus TFB3, TBP and TFB1 form a
complex in the presence of a promoter DNA fragment, and
it was thus suggested that TFB3 can function as a general
activator to gene transcription in this archaeon (18). Never-
theless, it remains elusive what genes are to be regulated by
TFB3 and whether the truncated version of archaeal TFB
could regulate UV-responsive expression in these archaea.

UV lights and other DNA damage agents have been used
in investigation of DNA damage responsive regulation of
genome expression in Bacteria and Eukarya. These studies
have revealed a series of coordinated cellular and molecu-
lar in these organisms to prevent accumulation of DNA le-
sions and to facilitate maintenance of genome integrity, and
the revealed network of these cellular events are collectively
called the DNA damage response (DDR) (19-22). Here Sul-
folobus islandicus, a genetic model for which a complete ge-
netic toolbox has been developed (23), was used for inves-
tigation of TFB3 function in the archacal DDR. We found
that TFB3 is associated with promoters of DDR genes and
it plays an essential role in regulating a number of genes
involved in cell aggregation or/and intercellular DNA ex-
change in this archaeon.

MATERIALS AND METHODS
Cell growth and DNA damage treatment

The S. islandicus strains, i.e. E233S1, the wild-type (WT)
strain and the Azfb3 mutant as well as their plasmid-
carrying derivatives (Supplementary Table S1) were grow at
78°C in SCV media (Basal media supplemented with 0.2%
sucrose, 0.2% Casamino acids and 1% vitamin solution),
and uracil was added to 20 wg/ml if required (24).

For DNA damage treatment with chemicals, exponen-
tially growing cultures of S. islandicus strains (ODgpy =
0.2) were supplemented with one of the following drugs, in-
cluding 4-nitroquinoline-1-oxide (NQO), methyl methane-
sulfonate (MMS), cisplatin and hydroxyurea (HU) at the
concentrations indicated in each experiment. UV irradia-
tion was conducted by placing 30 ml of culture in a petri
dish of 9 cm in diameter and irradiated with a setting of
energy level at 200 J/m? using the UV Stratalinker 1800
(Stratagene, USA). The treated cultures were incubated for
the time periods indicated in each experiment, during which
cell samples were taken for ODgy determination cell aggre-
gation analysis, extraction of total RNAs and preparation
of cell extracts as described in individual experiments.

Construction of a /b3 in-frame deletion mutant of S. islandi-
cus

The CRISPR-based genetic manipulation recently devel-
oped in our laboratory (25) was employed to construct
a Atfb3 mutant using S. islandicus REY15A (26). The
genome-editing plasmid carried the mini-CRISPR array
containing a spacer derived from the target site in the 7/b3
gene and the donor DNA of the Azfb3 gene allele (Supple-
mentary Figure S1). The target site started with the proto-

spacer adjacent motif (CCN) positioned 138 bp after the
start codon of the #/b3 gene, and the immediately adjacent
40-nt sequence was used as the spacer. Oligos designed for
construction of the spacer of an artificial mini-CRISPR
plasmid (pAC) and the donor DNA of the genome edit-
ing plasmid (pGE) were listed in Supplementary Table S2.
The pAC-tfb3 plasmid was constructed as described (27).
Then, the donor DNA was generated by splicing and over-
lapping extension (SOE)-PCR (28) and inserted into pAC-
tfb3, yielding pGE-#/b3 plasmid. The genome-editing plas-
mid was then introduced into the competent cell of E233S1
by electroporation, giving transformants on selective plates,
which should carry the designed At¢fb3 allele. The identity
of deletion mutants was revealed by polymerase chain reac-
tion (PCR) amplification of the A#fb3 allele and verified by
DNA sequencing. Plasmids were cured from deletion mu-
tants by pyrEF counter selection with uracil and 5-FOA,
yielding A#fb3 for further experiment.

Construction of plasmids for expression of mutated ¢/b3 genes

The WT ¢fb3 gene and the mutant derivative coding
for the N-terminal 49 amino acids (Zn ribbon) were di-
rected amplified from the genomic DNA of S. islandi-
cus REY15A (26) by PCR using primer set of zfb3pro-
f/tfb3WT-r and tfb3pro-f/tfb3N-Zn-r, respectively. The re-
sulting DNA fragments contained the native promoter
region and the specific coding sequence of WT TFB3
and TFB3N-Zn. The remaining three mutants carried
point mutations in #fb3, which were obtained by SOE-
PCR, following the reported procedure (28). Specifically,
tfb3 M1 carrying substitutions in the Coil 1 motif (R145A,
K146A) was generated with the primer set of tfb3WT-
f/ tfb3CoilM1-SOE-r and tfb3CoilM1-SOE-f/ tfb3WT-r
whereas t/b3M?2 carrying the CoilM2 mutation (L148A,
K149A, L151A) was amplified with tfb3WT-f/tfb3CoilM2-
SOE-r and tfb3CoilM2-SOE-f/ tfb3WT-r. The ¢fb3C3C25
mutant harboring substitution for C3S C25T was gener-
ated with the primer set of C3SC25T-f/C3SC25T-SOE-
r and C3SC25T-SOE-f/tfb3WT-r. All primers for SOE-
PCR are listed in Supplementary Table S2. The resulting
DNA fragments were cleaved with Ndel and Sall, together
with the native 1/b3 promoter DNA amplified with tfb3pro-
f/tfb3pro-r (Sphl/Ndel), were cloned to pSeSD1 (29), the
Sulfolobus expression vector at Sphl/Sall sites in a ligation
of three DNA fragments, yielding expression plasmids for
each mutant #fb3 gene (pSeP™3-t/b3N-Zn, pSePt™3-1/h3M 1
and pSeP'™3-¢fh3M2, pSeP™3-¢fh3C3S-C25T (Supplemen-
tary Table S1)). All mutations on the expression plasmids
were verified by DNA sequencing. Importantly, all #/63 mu-
tant genes still contained the native promoter of ¢/b3.

Each expression plasmid was introduced into the S. is-
landicus Atfb3 mutant by electroporation, yielding strains
expressing either N-Zn, or CoilM1, or CoilM2, or C3S-
C25T or the WT TFB3. The resulting strains were then used
for further experiments.

Western blot analysis

Cell sample of 15 ml culture was pelleted by centrifuga-
tion and re-suspended in 150 wl TBST buffer (50 mM Tris—
HCL, 100mM NacCl, 0.1% Tween-20, pH7.6). Sonication
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of the cell suspension gave total cell extracts, which were
fractionated by sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE). Protein bands on the gel
were transferred onto a nitrocellulose membrane using
a Trans-Blot Semi-Dry Transfer Cell (Bio-Rad). For im-
munoblotting, the membrane was immerged in 5% skim
milk blocking agent, then incubated with individual pri-
mary antibodies and finally with corresponding second an-
tibodies. TFB3 antisera were raised against S. solfataricus
TFB3 (18) (kindly provided by Prof. Malcolm F. White)
whereas PCNA3 antisera against S. islandicus PCNA3
were reported previously. Secondary antibodies were pur-
chased from Thermo Fisher Scientific, and hybridization
signals were detected using the ECL western blot substrate
(Thermo Fisher Scientific), and visualized by exposure of
the membrane to an X-ray film (Agfa HealthCare, Bel-
gium).

Transcriptome analysis

Exponentially growing cultures of E233S1 and A#fb3
strains (ODggp = 0.2) were grown for 6 h in the presence
or absence of NQO (6 hpt). Cells in each culture were har-
vested by centrifugation and used for RNA extraction us-
ing the TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
by following the instruction of the manufacturer. The qual-
ity of total RNA preparations was controlled using Nan-
oDrop 1000 and 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA, USA). RNA preparations of high quality
were used for construction of RNA-Seq libraries and next
generation sequencing in BGI (Shenzhen, China) using Il-
lumina HiSeq™ 4000.

A total of ca.12 millions of high-quality sequence reads
were mapped to the reference genome of S. islandicus
Reyl5A, giving genome coverage of 320- to 400-fold for
different samples. The gene expression level was calculated
by using RPKM method (reads per kb per million reads)
(30) and the differentially expressed genes (DEGs) was iden-
tified by comparing treated and corresponding untreated
samples. The FDR (false discovery rate) was applied to de-
termine the threshold of p value in multiple tests. FDR <
0.001 and the absolute value of log2 ratio >1 were used to
quantify the significance of gene expression difference.

To validate the RNA seq results, seven genes (ups X, upsA,
cedB, SiRe_1957, dpo2, cdvBI (SiRe_1550) and SiRe_0187),
including those that were either upregulated or downregu-
lated by NQO were selected for quantitative reverse tran-
scriptase PCR (qQRT-PCR) analysis. Correlation values be-
tween the result of RNA seq and qPCR was 0.97 for the
slope and 0.93 for R-value (Supplementary Figure S2), in-
dicating the two datasets are strongly correlated.

Real-time quantitative PCR analysis

Before cDNA synthesis, residual DNA in each total mRNA
preparation (5 pg) was removed by DNase I treatment.
The first strand cDNA synthesis was conducted using Re-
vert Aid First Strand cDNA Synthesis Kit (Thermo Sci-
entific), and the resulting cDNA was diluted and then
used as the templates for quantitative PCR analysis. gPCR
reaction was conducted with a CFX96 real-time PCR
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system (Bio-Rad, Hercules, CA, USA), using Maxima
SYBR Green/ROX qPCR Master Mix (Thermo Scientific).
Primers employed in qPCR were listed in Supplementary
Table S2. Relative amounts of RNAs were calculated using
the comparative Ct method by using 16sTRNA as the refer-
ence gene (31).

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) experiment was
conducted as previously described with minor modifica-
tions (32). Cell samples for ChIP analysis were first cooled
to room temperature, and then, formaldehyde was added to
each cooled culture to the final concentration of 1% and in-
cubated at RT for 10 min for crosslink. Glycine was added to
125 mM for another 5 min to quench the cross-link reaction.
Cells were then collected by centrifugation, and the result-
ing cell pellet was washed with PBS buffer (137 mM NacCl,
2.7 mM KCI, 10 mM Na2HPO4, 2 mM KH2PO4), and re-
suspended again in 3 ml TBSTT buffer (20 mM Tris-HCI,
150 mM NacCl, 0.1% Tween 20, 0.1% Triton X-100, pH 7.5).
Cells in the suspension were disrupted by French press, and
DNA fragments in the cell extracts were shared by sonica-
tion to yield a size range of 200—1000 bp of genomic DNAs.
Immunoprecipitations were performed by incubating 5 pl
antibody or corresponding serum with 100 wg of cell ex-
tract in 3 ml TBSTT at 4°C for overnight, with gentle rota-
tion. Then, 50 pl DynaBeads of protein G (Thermo Fisher
Scientific) was added and incubated for 2 h. Immune com-
plexes were captured by the magnet and washed first with
the TBSTT buffer, then with TBSTT containing 500 mM
NaCl, and finally with TBSTT containing 0.5% Tween 20
and Triton X-100, followed by wash with TBSTT for three
times. The immune complexes was eluted by resuspending
the beads in 100 wl elution buffer (20 mM Tris (pH 7.8),
10 mM ethylenediaminetetraacetic acid and 1% SDS) and
heating up to 65°C for 30 min. Eluted samples were first
treated with 10 wg/ml proteinase K for 6 h at 65°C and 10
h at 37°C to remove proteins cross-linked to DNA, and then
incubated with RNase A for 2 h at 37°C to remove RNAs in
the samples. Finally, the treated samples were extracted with
phenol/chloroform/isoamyl alcohol (25:24:1) and chloro-
form, and DNAs in the samples were precipitated with cold
ethanol in the presence of 20 wg glycogen. The DNA prepa-
rations were then used for qPCR analysis.

Cell aggregation analysis

Exponentially growing cultures of S. islandicus strains
(ODgpp = 0.2) were subjected to different DNA damage
treatment. Samples with UV irradiation was taken 3 h post-
treatment, while for the treatment with other DNA damag-
ing agents, the samples was taken at 10 hpt. Sampling time
in NQO treatment experiments was delayed, relative to that
in the UV experiments, because NQO is not toxic; its tox-
icity to the cell has to be generated by cellular metabolic
activities (33). As a result, it takes longer time to reach the
maximal level of cell aggregation. Fresh samples were trans-
ferred to a glass slide, covered with a coverslip and directly
observed under a Nikon Eclipse Ti-E inverted microscope
(Nikon, Kobe, Japan) and pictures were taken from a cam-
era connected to the microscope. Quantification data were
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obtained from at least 12 fields of view images and 500 sin-
gle cells for each cell sample and from three independent
experiments.

Cell viability analysis

Exponentially growing cultures of S. islandicus (ODgyy =
0.2) were treated with NQO with a final concentration of
0-2 wM and incubated for 24 h. Then, 1 ml of culture was
taken, and cells were pelleted by centrifugation and resus-
pended in 1 ml fresh SCV medium. The resulting cell sus-
pensions were serially diluted and plated using the two-layer
plating method (24). A total of 100 pl of diluted sample
were plated onto gelrite plates in triplicate. Colonies ap-
peared on plates after 7 days of incubation were counted,
giving colony formation units (CFUs) per ml culture.

RESULTS

Expression of #/b3 is highly induced in Sulfolobus islandicus
upon NQO treatment

To investigate if the expression of ¢fb3 in S. islandicus could
be activated by the treatment of NQO, a chemical that yields
bulky adducts on bases of DNA (33,34), the WT S. is-
landicus strain was grown for 9 h in NQO-containing me-
dia (hours post-treatment, hpt) during which cell samples
were taken at a 3 h interval. Each cell sample was then di-
vided into two portions: one was used for extraction of to-
tal RNAs while the other was for preparation of cell extracts
for immunoblotting analysis. Cellular levels of /A3 mRNAs
in the samples were estimated by real-time quantitative re-
verse transcription PCR (qRT-PCR) as described in ‘Ma-
terials and Methods’ section. We found that, while the ex-
pression level of #fb3 in the untreated reference remained
almost constant, the expression of the gene was elevated
for >40-fold at all three tested time points (Figure 1A).
Western analysis of the S. islandicus TFB3 using antibodies
raised against the S. solfataricus TFB3 (a gift from Prof. M.
F. White) revealed that a protein band of ca. 20 kDa was
specifically recognized, which was present in a large amount
in NQO-treated samples but was barely detectable in the un-
treated samples (Figure 1B).

To estimate the TFB3 protein level after induction, cell
extracts were diluted for 8- and 16-fold and the diluted
cell extracts were then used for SDS-PAGE and for im-
munoblotting analysis. Since signals of TFB3 hybridization
obtained from 16-fold diluted samples were equivalent to,
or stronger than, that in the undiluted cell sample of the
reference culture. The NQO-treated cells were estimated to
contain >16-fold of TFB3 protein, relative to the untreated
cells (Supplementary Figure S3). Therefore, we concluded
that /b3 gene expression is strongly upregulated in S. is-
landicus cells upon NQO treatment.

TFB3 deficiency by gene deletion reduced cell viability of S.
islandicus upon NQO treatment

To investigate the function of TFB3, an in-frame deletion
mutant of 7fb3 gene was constructed for S. islandicus, us-
ing the CRISPR-assisted gene deletion procedure (Supple-
mentary Figure S1). The WT and mutant alleles of /b3 are
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Figure 1. NQO-induced upregulation of /b3 in Sulfolobus islandicus. (A)
qRT-PCR analysis of #/b3 mRNA in NQO-treated and untreated S. is-
landicus cells. Data were normalized to the level of 16S rRNA. Error bars
represent the standard derivation values of three independent replicates.
(B) Western blot analysis of TFB3 protein in the cell extracts of NQO-
treated and untreated S. islandicus using PCNA as a reference S. islandicus
E233S1 (WT) strain was grown in the absence (—NQO) or presence of the
2uM NQO (+NQO) for 9 h (hours post-treatment, hpt) during which cell
samples were taken at the indicated time points and used for mRNA ex-
traction (for qPCR) and cell extracts preparation (western analysis).

shown in Figure 2A, and the absence of the /b3 gene in the
mutant was confirmed by PCR with the primer sets and ge-
nomic DNAs of the two strains (Figure 2B). Furthermore,
immunoblotting analysis of TFB3 protein in NQO-treated
cell extracts using antibodies raised against S. solfataricus
TFB3 revealed that TFB3 was present in the cell extracts
of the WT strain in a large quantity but absent from Azfb3
(Figure 2C), consistent with their genotypes.

The mutant was employed for investigation of its resis-
tance to NQO as above described for WT. To do that, the
WT strain and A¢fb3 were grown in the media containing 0,
0.5,0.75, 1, 1.5 or 2 uM of NQO for 24 h. Investigation of
TFB3 expression in cell samples taken from the above cul-
tures by immunoblotting revealed that the gene was strongly
activated at all tested concentrations of NQO (Supplemen-
tary Figure S4). Growth data of these cultures showed that
Atfb3 did not exhibit any obvious growth defect either in
the absence or presence of NQO, relative to the correspond-
ing WT cultures (Supplementary Figure S5). Nevertheless,
determination of their cell viability by plating for CFUs re-
vealed that the survival rate of A#fb3 was always lower than
that of the WT strain in all tested drug concentrations and
the largest difference occurred for the treatment with 0.75—
1.0 uM NQO (30-37%, Figure 3). Therefore, Atfb3 exhib-
ited a higher sensitivity to the DNA damage agent than the
WT strain.
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Figure 2. Construction of a A#fb3 in-frame deletion mutant of S. islandicus. (A) Schematic of PCR identification of the WT #/b3 gene and Azfb3 alleles
in S. islandicus strains. (B) Verification of the A¢fb3 genotype by PCR amplification of the /b3 gene alleles (PCR). Primer set of F1/R1 was designed to
check the gene deletion whereas primer set of F2/R2 was designed to amplify an internal DNA fragment in the /b3 gene. (C) Western blot analysis of
TFB3 protein in NQO-treated cultures of S. islandicus. Immunoblotting was conducted with the TFB3 antibody raised against the S. solfataricus TFB3
protein (a-TFB3). WT: S. islandicus E233S1, the genetic host; Atfb3: tfb3 deletion mutant constructed with E233S1.
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Figure 3. Survival rates of the wild-type S. islandicus and Atfb3 upon
NQO treatment. Cell viability was estimated for S. islandicus E233S1 (WT)
strain and Azfb3 mutant at 24 h post-NQO addition by determination of
CFUs. CFU of WT-0 uM and A#fb3-0nM was assigned to 100% for each
strain, with which the survived fractions of cells in other cultures were cal-
culated individually.

TFB3 as the activator of a subset of NQO-responsive genes
in S. islandicus

Then, we investigated how TFB3 deficiency could influence
the genome expression in this archaeon by transcriptome
analysis using RNA sequencing. Both the deletion mutant
and the WT strain were grown in presence or absence of

NQO for 6 h. Cell mass was collected from each culture
from which the total mRNAs were extracted, giving RNA
preparations for conducting RNA-seq analysis.

First, the transcriptome analysis of the WT strain led
to the identification of 313 DEGs upon NQO treatment
(>2-fold change), including 139 upregulated genes and 174
downregulated genes (Supplementary Table S3). The same
analysis with total RNAs prepared from corresponding
Atfb3 culture revealed that 78 upregulated genes and 8
downregulated ones were TFB3 dependent (Supplementary
Table S3).

Among the 61 genes that showed NQO-upregulation
of >4-fold, 51 genes showed TFB3-dependent activation
(Supplementary Tables S3 and 4). The most upregulated
ones were those in the ups operon and all known ced
genes (cedAl, cedA and cedB). Other regulated genes in-
cluded those that code for potential DNA transfer related
processes, transporter-related or membrane-associated pro-
teins, all of which can be implicated in DNA damage re-
pair. Together, these results indicated that TFB3 regulates
a subset of DDR-activated DNA repair genes. A few genes
showed TFB3-dependent downregulation and they all code
for a hypothetical protein, and the negative regulation could
be indirect (see ‘Discussion’ section). Therefore, we con-
cluded that TFB3 functions as an activator to the transcrip-
tion of a large subset of NQO-responsive genes in S. islandi-
cus.
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TFB3 deficiency resulted in the loss of the DNA damage-
induced cell aggregation

Since the activation of the expression of ups and ced genes
was both NQO-responsive and TFB3-dependent, this sug-
gested that Azfb3 could have lost the capability of cell aggre-
gation. To test that, untreated and NQO-treated cultures of
Atfb3 and E233S1, the WT reference were grown in SCV or
in SCV+NQO for 15 h during which cell samples were taken
for microscopic examination. As shown in Figure 4, while
no cell aggregates were observed for the WT strain, nor
for Atfb3 grown in SCV media, >50% of WT cells formed
cell aggregates at 12 hpt when grown in SCV+NQO me-
dia and the portion of the cells in cell aggregates increased
to 82% at 15 hpt. In contrast, no cell aggregates were ob-
served in the corresponding A#fb3 culture (Figure 4). These
results are consistent with the lack of activation of the ex-
pression from the ups operon in the mutant as revealed from
the RNA seq analysis.

To date, both UV irradiation and NQO treatment are ca-
pable of inducing the formation of cell aggregates in differ-
ent Sulfolobus species. Since they both are DNA damage
agents, this raised a question if other DNA damage agents
could also trigger cell aggregation in this archaeon. To test
that, three additional drugs were studied for their effects on
S. islandicus, including cisplatin that makes cross-link le-
sions on dsDNA (35), MMS that produces base-alkylating
lesion on DNA (36) and HU that induces cell cycle ar-
rests and replication stresses (37). Sulfolobus islandicus WT
strain and A#fb3 were grown in the presence or absence of
each drug and grown for 6 h (or 3 h post-UV irradiation).
Cell samples were taken and analyzed for the expression
of TFB3 protein by immunoblotting analysis, and this re-
vealed that the protein was present in a large amount in the
cells treated with cisplatin, or MMS or UV irradiation, as
for NQO treatment; however, HU treatment did not influ-
ence the 7/b3 expression (Supplementary Figure S6A).

Investigation of cell aggregation by microscopy showed
that cell aggregates were observed in S. islandicus cultures
treated with all these DNA damage agents but absent from
the culture of HU treatment as well as from A¢fb3 cultures
treated with each of the tested drugs (Supplementary Figure
S6B), consistent with the upregulation of 7/b3 gene expres-
sion observed for the former category of drug, but not for
the latter one. Together these results indicated that DNA
damage treatment triggers the expression of TFB3, which
in turn functions as a DNA damage-inducible regulator to
activate the expression of a large number of genes involved
in DNA damage repair in S. islandicus.

TFB3 was specifically associated with the promoters of DDR
genes

To yield an insight in to the mode of the TFB3 regula-
tion, we analyzed the association of the transcription fac-
tor with the promoters of NQO-responsive genes by ChIP-
gPCR. The tested promoters include those of upsE, herAl,
cedB, cdvBI1, with the cmr-B promoter (promoter of the sub-
type III-B CRISPR-Cas cmr-B gene operon) and an intra-
genic region of 16S rRNA as references. Both untreated and
NQO-treated samples were analyzed. DNA fragments en-
riched by ChIP with the TFB3 antisera were quantified by

qPCR, and this revealed that, after NQO treatment, the an-
tisera specifically enriched DNA fragments containing the
promoters of upsE, herAIl and cedB only in NQO-treated
samples and the enrichment was for 17-, 25- and 37-fold,
respectively (Figure 5). Essentially no enrichment was ob-
served from the ChIP-qPCR experiments with the same
promoters in the untreated samples, and furthermore, the
same analysis for the promoters of cdvBl, a gene exhibiting
TFB3-independent downregulation, and two references, i.e.
the ¢mr-B promoter and an internal fragment of 16S rRNA
gene, with and without NQO treatment, did not yield any
difference between the untreated and NQO-treated samples
(Figure 5). These results suggested that TFB3 could form
complexes with other transcription factors on the promot-
ers of NQO-responsive genes upon DNA damage treatment
and activate gene expression probably by recruiting RNAP
to the promoters to form PICs.

Functional characterization of TFB3 conserved domains

Next, we examined what part of TFB3 could be involved
in facilitating PIC formation. Unlike its TFB1 and TFB2
paralogs, TFB3 lacks the helix-turn-helix DNA-binding do-
main present in the C-termini of common TFB proteins.
Instead, Sulfolobus TFB3 proteins contain a peptide that
is predicted to form a coiled-coil (CC) domain (38) (Fig-
ure 6A and Supplementary Figure S7B). Nevertheless, the
TFB3 protein contains the four cysteine residues that form
the Zn ribbon domain in archaeal TFB proteins, whereas
the Sulfolobus TFB1 protein only has two conserved cys-
teine residues; those at the first and the last positions were
changed as for the S. solfataricus TFB3 protein (Figure 6A
and Supplementary Figure S7A).

Here, we investigated whether the Zn ribbon and CC do-
mains of S. islandicus TFB3 could be essential for activa-
tion of gene expression in this archaeon by construction of
four #fb3 mutants and test the function of each mutant pro-
tein. These included: (i) N-Zn, a truncated form of TFB3
mutant only containing the N-terminal 49 amino acids of
the Zn domain, (ii) CoilM1 and CoilM2—two CC mu-
tants that carry R145A, K146A substitutions and L148A,
K149A, L151A substitutions at the conserved CC domains,
respectively, and (iii) C3S-C25T, two substitutions in the
conserved cysteine residues of the TFB3 Zn ribbon domain,
which change the TFB3 Zn ribbon motif to that present
in the non-canonical TFBI proteins (Figure 6A and Sup-
plementary Figure S7). The original promoter of /b3 was
used for controlling the expression such that their expres-
sion was under the same regulation as in the WT strain.
After introduction of each TFB3 expression plasmid into
Atfb3, the expression of the wild-type TFB3 and the four
mutant proteins was examined in each transformant by im-
munoblotting analysis with the TFB3 antibodies. This re-
vealed all these TFB3 proteins were expressed and their ex-
pression was subjected to DNA damage activation (Figure
6B). Then, the expression levels of upsX and cedB upon
DNA damage in A¢fb3 strains carrying a WT ¢fb3 gene or
one of its mutated derivatives were estimated by qRT-PCR.
As shown in Figure 6C, while the plasmid-borne WT /b3
gene completely restored the function of the chromosomal
tfb3 gene, none of the tested TFB3 mutant proteins, includ-
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Figure 4. S. islandicus Atfb3 mutant lost the capability of forming NQO-induced cell aggregation. (A) Microscopy of cells and cell aggregates in samples
taken from the cultures of the WT strain (E233S1) and A#fb3 mutant. Each strain was grown in the absence (—NQO) or presence (+NQO) of NQO for
24 h, and aliquots of cultures were placed on glass slides, covered with coverslips and directly observed under a phase-contrast microscope. 12 and 15 h:
hours after NQO supplementation. (B) Quantification data of cell aggregation in the cell samples shown in panel A. At least 500 cells were analyzed for

each cell sample.

ing N-Zn, CoilM1, CoilM2 and C3S-C25T, were capable of
activating the expression of these DDR genes. These results
indicated that the conserved cysteines in the Zn ribbon and
the CC motif are essential for TFB3 function in DDR reg-
ulation in this archaeon.

Co-evolution of TFB3 and Ced systems in crenarchaea

To yield an insight into the conservation of TFB3 and its
target systems of regulation, we searched for the presence
of tfb3, the ups operon and ced genes in archaea using the
BLAST search (39). We found that, while the ups system
was limited to organisms of Sulfolobales as reported pre-
viously (40), the truncated version of TFB was found in or-
ganisms of 16 genera in Crenarchaeota whereas the Ced sys-

tem appeared in 15 genera, and strikingly, 13 of the crenar-
chaeal genera have both a truncated version of TFB pro-
tein and the Ced system. All these data were illustrated in
Figure 7, using iTOL (Interactive Tree Of Life) (41). Multi-
ple sequence alignment of all identified truncated TFB pro-
teins showed that they fell into three distinct classes in which
all known TFB3 homologs formed a clade (Supplementary
Figure S8). In addition, there also appeared a concurrence
of TFB3 and non-canonical TFBI proteins, the unconven-
tional TFB proteins carrying two cysteine residues in the Zn
ribbon domain in Crenarchaeota (18) (Supplementary Fig-
ure S7A). Together, these data suggested a coevolution of
TFBI1, TFB3 and the Ced system and the DDR regulatory
circuit of the intercellular DNA transfer in Crenarchaeota,
one of the major phyla in the Archacal domain.
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Figure 5. Enrichment of TFB3 association with promoters of upregu-
lated DDR genes. S. islandicus E233S1 (WT) was grown in SCV in the
presence (+NQO, 2 wM) or absence of the drug (—NQO) for 3 h. Cell
mass was then collected from cultures of E233S1 from which cell extracts
were prepared and used for CHIP analysis using the TFB3 antisera. The
folds enrichment refers to the CHIP signal from the TFB3 antibody rel-
ative to the signal from the sheep serum. The promoter regions of three
TFB3-dependent upregulated genes (upsE, cedB and herAl (SiRe_1715)),
one TFB3-independent downregulated gene, cdvBI, (SiRe_1550 encoding
ESCRTIII-1) and c¢mrp operon, together with intragenic region of 16S
rRNA gene, were selected for CHIP analysis with the TFB3 antibody.
Folds of enrichment were calculated with the data from three independent
replicates with the error bars indicating the standard derivation values.

DISCUSSION

DDR in bacteria and eukarya consists of a series of cel-
lular and molecular events, including inhibition of DNA
replication, cell cycle arrest and activation of certain DNA
damage repair pathways such as nucleotide excision repair,
translesion DNA repair and homologous recombination re-
pair (HRR) (42). DDR is initiated by the recognition of a
DNA damage signal, usually ssDNA and dsDNA breaks,
resulting in the differential expression of a large set of genes
that are responsible for the observed DDR events. Never-
theless, bacteria and eukaryotes have evolved distinct mech-
anisms to control their DDR regulation; while bacteria em-
ploy global transcriptional factors to regulate the expres-
sion (20,43), eukaryotes have evolved kinase-signaling path-
ways to control the process (21,22,44,45). In this article, we
show that, upon DNA damage, the expression of /b3 gene
is strongly activated in S. islandicus, a crenarchaeal model
organism and the expressed protein forms complexes with
transcriptional factors on DDR gene promoters and func-
tions as a DNA damage-responsive activator to regulate
RNA transcription in this archaeon.

The most interesting group of TFB3-responsive genes
identified from the DNA damage study in S. islandicus in-
clude those in the ups operon implicated for UV-responsive
cell aggregation of Sulfolobus and ced genes coding for the
intercellular DNA transfer system. Genes of the ups operon
have been investigated in S. solfataricus and S. acidocal-
darius (40,46) whereas ced genes responsible for intercellu-
lar DNA transfer have recently been identified in S. acido-
caldarius and functionally characterized (47). These studies
have led to the proposal that the UV-responsive pilus forma-
tion (Ups system) and the Ced DNA transfer system (Ced

system) probably function in concert to facilitate DNA ex-
change for HRR in these archaea (47). Our investigation
on DNA damage repair in S. islandicus demonstrates that
both the Ups and Ced systems are subjected to the regu-
lation by TFB3, a truncated version of the archaeal TFB,
further supporting that the two systems cooperate in DNA
exchange for HRR.

Important insights have been gained into the activation of
DDR genes in this archaeon. First, the ups operon in S. is-
landicus is clustered with an NQO-repressed SiRe_1883 that
codes for a putative transcriptional factor (26). However,
this gene is absent from the genomes of several Sulfolobus
species including S. acidocaldarius (15), suggesting it may
not have a function in the regulation of ups operon. Further-
more, the ced genes does not appear to be located close to
any genes encoding a putative transcriptional factor. Since
DNA transfer required both the Ups pili and the Ced pro-
teins, it is more meaningful to have both systems regulated
by a common factor and the identification of TFB3 as their
common regulator is consistent with this reasoning.

Indeed, several other genes exhibiting TFB3-dependent
regulation have also been implicated in DNA transfer-
related processes in S. islandicus. The encoded pro-
teins include: (i) a PadR family transcriptional regulator
(SiRe_1956) and its adjacent gene SiRe_1957; the latter
codes for a membrane protein with signal peptide for type
IV pili, with the N-terminal part showing similarity to flag-
ellar hook-basal body protein (48), suggestive of a func-
tion in Ups pilus assembly or protein export, (ii) an Ar-
chaese (SiRe_1319) that is a putative DNA chaperon (Sup-
plementary Table S4), and the encoding gene is clustered
with the cedA operon (located immediately downstream),
implying that the protein may interact with the Ced system
in the intercellular DNA transfer, (iii) several putative trans-
porter and membrane proteins that may function in forma-
tion of cell aggregation or related process. The conservation
of these proteins in Sulfolobales (Supplementary Table S4)
suggests that the TFB3-dependent regulation is conserved
in these organisms and they all probably play a role in facil-
itating cell aggregation or/and intercellular DNA transfer
upon DNA damage.

Transcriptome data have revealed that TFB3 does not
only activate gene expression but it also represses gene
expression (Supplementary Table S3), which appeared to
be inconsistent with the activator hypothesis for TFB3.
The only two genes i.e. SiRe 0266 (membrane protein),
SiRe_0267 (sodium:solute symporter) that showed TFB3-
dependent repression of >10-fold were organized into an
operon and cluster together with a third gene, SiRe_0269
that codes for a small protein of 66 amino acids (26). In-
terestingly, SiRe_0269 expression is strongly upregulated
by TFB3 (45-fold, Supplementary Table S4). Although
SiRe_ 0269 does not show a detectable similarity to any
known protein in the current GenBank database in BLAST
search, our RNA-seq data suggested that the gene could
code for a novel transcription repressor to downregulate the
expression of SiRe_0266, SiRe_0267 and thus representing
an example of indirect regulation by TFB3 in S. islandicus.
To this end, albeit as an activator, TFB3 can either mediate
activation or repression to DDR genes. To date, TFB3 is
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Figure 7. Co-evolution of TFB3 and Ced system in Archaeca DNA sequences of 16S rRNA genes of different crenarchaeal species were retrieved from the
GenBank database and used for multiple sequence alignment using Cluster X and for construction of phylogenetic tree. The resulting tree was visualized
and annotated using iTOL (Interactive Tree Of Life) (41). The presence or absence of a truncated version of TFB (TFB3) is indicated by the filled or
empty rectangles, respectively; the presence or absence of the Ced system is shown as the filled or empty triangles individually, whereas the canonical and
noncanonical TFBI proteins are notified as the green and dark yellow circles, respectively.
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the only known transcriptional factor that regulates DDR
in archaea.

Further insights into the regulation by TFB3 have been
gained from ChIP-qPCR analysis of the association of
TFB3 with DDR gene promoters and functional analysis
of TFB3 mutant proteins. In the latter, mutagenesis of two
conserved domains in TFB3 proteins, i.e. the conserved cys-
teine residues in the Zn ribbon and R145, K146, L148,
K149, L151 residues in the C terminal CC motif has re-
vealed that the both domains are essential for the function
of the DDR-specific activator. These results are in consis-
tent with those obtained from the study of the Zn ribbon
domain of eukaryotic TFIIB functions where the Zn rib-
bon is essential to the recruitment of RNA Pol II into the
PIC (49,50), and that a CC motif in the C terminal of a
TFB homolog is essential for the transcriptional activation
in mitochondria of Dictyostelium discoideum (51). For the
former, specific enrichment of TFB3 on the upregulated
DDR gene promoter regions suggests that the interaction
between TFB3 and DDR gene promoters in vivo is spe-
cific. Nevertheless, TFB3 does not contain any recognizable
DNA-binding motif, suggesting the protein does not inter-
act with DNA sequence specifically. To this end, the spe-
cific activation of DDR genes by TFB3 is probably medi-
ated by protein—protein interaction between TFB3 and an-
other transcriptional factor.

Furthermore, it was shown that the S. solfataricus TFB3
co-exist with the S. solfataricus TFBI1, a non-canonical
TFBI and furthermore, the two factors also interact in vitro
and the interaction enhances RNA transcription activity
by an archaeal RNAP (18). The concurrence of TFB3 and
the non-canonical TFB1 proteins has now extended to all
known orders of organisms in Crenarchaeota except Ther-
moproteales (Figure 7). These data are consistent with the
distribution of the Ced system of DNA transfer (47). To-
gether, this suggests co-evolution of the TFB1 and TFB3
factors with the Ced system in Crenarchaeota. It would be
interesting to investigate the mechanisms of activation of
DDR genes by the two factors in these crenarchaea.

In addition, several DDR genes exhibit TFB3-
independent regulation. First, genes coding for enzymes
involved in homologous recombination belong to a class of
genes that is commonly regulated by DDR in bacteria and
eukaryotes (21,22,45,46). The archaeal proteins include
RadA, Mrell, Rad50 that are homologous to the eukary-
otic counterparts (52,53) and NurA and HerA, two unique
enzymes of the archaeal system and their genes form an
operon (54,55). As expected, radA and all four genes in
the nurA operon are upregulated upon NQO treatment
(Supplementary Figure S5). Other genes that also show
TFB3-independent upregulation include dpo2, coding for
an enzyme that can bypass DNA lesion on the templates
in DNA synthesis in S. solfataricus (56), and cdc6-2 that
was shown to inhibit DNA replication in S. solfataricus
(32) but is dispensable for replication initiation in S. is-
landicus (57). Furthermore, a large group of genes that are
downregulated by DNA damage treatment both in the WT
strain and in A¢fb3. These include cell division genes (cdvA,
cdvB2, cdvB3 and vps4) and DNA replication initiator gene
(cdc6-3) was moderately affected in #/b3 mutant (Supple-
mentary Table S5). These data suggest that DDR events

like cell-cycle arrest and inhibition of DNA replication and
upregulation of homologous recombination are regulated
by other transcription factor(s) and the regulation occurs in
the TFB3-independent regulation. Together, these findings
suggest there are multiple regulatory pathways in the
DDR regulation in this archaeon. In conclusion, our work
demonstrates that archaea also possess a network of DDR
regulation to mediate cell cycle arrest, inhibition of DNA
replication and activation of DNA repair pathways and the
DDR process in crenarchaea involves novel transcriptional
regulators and new DNA repair pathways.
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