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ABSTRACT

CRISPR-Cas system provides acquired immunity
against invasive genetic elements in prokaryotes.
In both bacteria and archaea, transcriptional fac-
tors play important roles in regulation of CRISPR
adaptation and interference. In the model Crenar-
chaeon Sulfolobus islandicus, a CRISPR-associated
factor Csa3a triggers CRISPR adaptation and acti-
vates CRISPR RNA transcription for the immunity.
However, regulation of DNA repair systems for re-
pairing the genomic DNA damages caused by the
CRISPR self-immunity is less understood. Here, ac-
cording to the transcriptome and reporter gene data,
we found that deletion of the csa3a gene down-
regulated the DNA damage response (DDR) genes,
including the ups and ced genes. Furthermore, in
vitro analyses demonstrated that Csa3a specifically
bound the DDR gene promoters. Microscopic anal-
ysis showed that deletion of csa3a significantly in-
hibited DNA damage-induced cell aggregation. More-
over, the flow cytometry study and survival rate anal-
ysis revealed that the csa3a deletion strain was more
sensitive to the DNA-damaging reagent. Importantly,
CRISPR self-targeting and DNA transfer experiments
revealed that Csa3a was involved in regulating Ups-
and Ced-mediated repair of CRISPR-damaged host
genomic DNA. These results explain the interplay be-
tween Csa3a functions in activating CRISPR adapta-
tion and DNA repair systems, and expands our un-
derstanding of the lost link between CRISPR self-
immunity and genome stability.

INTRODUCTION

CRISPR —Cas (clustered regularly interspaced short palin-
dromic repeats and CRISPR-associated) systems are

prokaryotic immune systems that protect Bacteria and Ar-
chaea against invasive viruses and plasmids (1,2). These
adaptive immune systems are grouped into two major
classes and six types (I—VI) (3). Class | CRISPR—Cas sys-
tems (Types I, 11T and IV) utilize the interference machinery
composed of multiple Cas proteins, whereas class 2 systems
(Types I1, V and VI) employ a single Cas protein for interfer-
ence. CRISPR immunity occurs in three functional stages,
including adaptation (uptake of new spacers), crRNA bio-
genesis (transcription and processing of CRISPR RNA),
and interference (nucleic acid-targeting and cleavage) (4,5).
The conserved Casl and Cas?2 proteins are essential in the
adaptation stage to integrate spacers from invaders into
CRISPR arrays (6). For instance, in the Sulfolobus islandi-
cus subtype I-A system, the cas! and cas2 genes, as well
as the additional adaptation cas genes (csal and cas4) are
transcriptionally activated for CRISPR adaptation via the
CRISPR-associated factor Csa3a (7,8). However, CRISPR
adaptation, in most cases, select spacers from host genomic
DNA, in addition to the mobile genetic elements (MGEs)
(8-10), thereby inducing self-immunity.

At the interference stage, CRISPR—Cas systems intro-
duce DNA breaks at the target sites, both on the invasive
and host genomic DNA (11). Damages on the genomic
DNA caused by CRISPR interference, other environmen-
tal or endogenous factors could be repaired to maintain
genome stability. There have been many studies on DNA
damage repair in bacteria, archaea and eukaryotes, among
which a unique regulatory network called DNA damage re-
sponse (DDR) has been revealed (12,13). The regulatory
mechanism of DDR governed by the RecA and LexA pro-
teins is the best representative by the SOS response and
is conserved in numerous bacteria (14). To ensure an ef-
fective and timely DNA damage repair in cells, the DDR
mechanism shows some common characteristics, including
rapid identification of DNA damage signals, after which a
series of cellular events occur coordinatively, for example,
inhibition of DNA replication, cell cycle arrest and activat-
ing expression of DNA repair enzymes (15). The Crenar-
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chaon Sulfolobus species encode specific DNA repair sys-
tems which transfer chromosome DNA between Sulfolobus
cells for homologous recombination (16). Particularly, these
systems rely on cell aggregation induced by the Ups (UV-
inducible pili of Sulfolobus) post DNA damage (17,18), and
the Ced (Crenarchaeal system for exchange of DNA) sys-
tem directly function in the transfer of chromosomal DNA
among cells (16). DNA transferred via the Ced system into
cells is used as the donor for homologous recombination
repair of the damaged DNA (16).

Ups- and Ced-mediated DNA repair in Sulfolobus species
is efficiently regulated. Recent reports have revealed that
Cdc6-2 is a central factor for activation of several DDR
genes including ups and ced genes, DNA polymerase II
(dpo2), homologous recombination repair genes, and the
tfb3 gene which encodes the secondary DDR regulator
(19,20). Besides, Cdc6-2 represses expression of genes as-
sociated with cell division, DNA replication initiation, and
genome segregation (21).

In S. islandicus, the CRISPR-associated factor Csa3a has
been revealed to activate the expression of adaptation cas
gene, CRISPR RNA and DNA repair genes, including he-
licase herA, nuclease nurA and dpo2 genes (8). However, it
remains an open question on whether Csa3a regulates DDR
pathways for DNA damage repair in Sulfolobus. Herein, we
assessed whether Csa3a activates expression of ups and ced
operons, as well as cdc6-2 and tfb3 genes, and unveiled the
crosstalk between the CRISPR—Cas system and DNA re-
pair pathways in the Crenarchaeon S. islandicus.

MATERIALS AND METHODS
Cell growth and DNA damage treatment

Sulfolobus islandicus strains, including the wild-type
(E233S) and the derived strains, are listed in Supplemen-
tary Table S1. These strains were cultured at 78°C in the
SCV medium (basal medium supplemented with 0.2%
sucrose, 0.2% casamino acids and 1% vitamin solution), or
SCVU medium (SCV medium with addition of 20 pg/ml
uracil at a final concentration) (22).

Sulfolobus genomic DNA damage treatment using 4-
nitroquinoline-1-oxide (NQO), which mimics UV radia-
tion, was performed as previously described (23). Briefly,
NQO dissolved in DMSO solution was added to Sulfolobus
cultures at the early exponential growth phase (ODgyy =0.2)
to a final concentration specified in each experiment. Cell
concentration was determined at ODggy during incubation,
and cell samples were taken for aggregation assay, cell via-
bility assay, RNA extraction, and flow cytometry analysis.

Protein expression and purification

Expression and purification of the Csa3a protein were con-
ducted as described previously (7).

Transcriptome analysis

Strains (two biological repeats for each strain) for transcrip-
tome analysis were cultured to log phase (ODgy = 0.2).
Thereafter, a 1 ml culture of each strain was transferred

to 100 ml fresh SCVU medium in 250-ml flasks. Exponen-
tially growing cultures of S. islandicus E233S (the wild-type
strain, WT,) and Acsa3a were diluted to ODgyp = 0.2 and
cultured in the presence or absence of 2 uM NQO for 6
h. Then, total RNA was extracted using the Trizol reagent
(Invitrogen, Carlsbad, CA, USA). Genomic DNA in the
total RNA sample was removed using DNase I (Roche,
Basel, Switzerland). The quality and quantity of purified to-
tal RNA were determined by measuring the absorbance at
260 and 280 nm using a NanoDrop ND-1000 spectropho-
tometer (Labtech, Wilmington, MA, USA). Total RNA in-
tegrity was verified by electrophoresis on a 1.5% agarose gel.
A total of 3 wg RNA per sample was used as input ma-
terial for cDNA library preparations. Sequencing libraries
were generated using the NEBNext Ultra™ RNA Library
Prep Kit for Illumina (NEB, USA) following the manu-
facturer’s recommendations, and index codes were added
to assign sequences to each sample. First-strand cDNA
synthesis was performed using random hexamer primers
and M-MuLV Reverse Transcriptase (RNase H™). Subse-
quently, second-strand cDNA synthesis was performed us-
ing DNA polymerase I and RNase H, followed by 15 cy-
cles of PCR enrichment. Sequencing was performed with
an Illumina HiSeq2000 instrument. Raw data were initially
processed to obtain clean reads by eliminating adapter se-
quences and low-quality bases. Clean reads were aligned to
the reference genome sequence of S. islandicus REY15A
(GenBank Accession No. NC_017276). An index of the
reference genome was built using Bowtie software v2.0.6,
and paired-end clean reads were aligned to the reference
genome using TopHat software v2.0.9. To count the num-
ber of reads mapped to each gene, HTSeq software v0.6.1
was used, following which the reads per kilobase per mil-
lion mapped reads (RPKM) for each gene was calculated
based on the length of the gene and the number of reads
mapped to the gene. Each strain was sequenced in dupli-
cate. To determine the expression level of each gene in dif-
ferent groups, transcript expression levels were expressed
as the RPKM. Next, P-values were used to identify dif-
ferentially expressed genes (DEGs) between the 2 groups
using the chi-squared test (2 x 2), and the significance
threshold of the P-value in multiple tests was set based on
the false discovery rate (FDR). Furthermore, Fold-changes
(logo[RPKM1/RPKM?2]) were estimated according to nor-
malized gene-expression levels. Threshold for DEGs was set
at P-values < 0.01 and log, fold-change >1 (FDR < 0.05).
Transcriptome data were deposited in the SRA database un-
der Accession PRINA608153. The DEGs are listed in Sup-
plementary Table S2.

Electrophoretic mobility shift assay

PCR was used to generate probes for electrophoretic mobil-
ity shift assay (EMSA) using one of the primers with 5'-end
HEX-label (Supplementary Table S3). PCR products of the
probes were first cloned into the T-vector as the template
for inverse PCR to introduce mutations at the desired sites.
Mutated probes were amplified from above plasmids intro-
duced with mutations using one of the primers with 5'-end
HEX-label. Then, the PCR products were purified in 6% na-
tive polyacrylamide gel electrophoresis (PAGE) for EMSA.



EMSA binding reactions (15 wl) containing 5 ng/wl of
HEX-labeled probes and different concentrations of Csa3a
protein (as described in the figure legends) were incubated
for 20 min at 40°C in the binding buffer [20 mM Tris—-HCI,
pH&8.0, 50 mM KCl, 5% glycerol, 1 mM ethylenediaminete-
traacetic acid, 1 mM dithiothreitol, 5 ng/pl poly(dI-dC)].
For the specific competition, increasing amounts of unla-
beled specific probes were added to the reaction mixture.
Thereafter, samples were loaded onto a 4% low melting
agarose gel buffered with 1x TAE solution. DNA—protein
complexes were separated at 200 V for 40 min and the result-
ing bands was detected using a FUJIFILM scanner (FLA-
5100).

Localized surface plasmon resonance analysis

PCR was used to generate the probes for the localized sur-
face plasmon resonance (LSPR) analysis using the primers
listed in Supplementary Table S3. PCR products were puri-
fied through ethanol precipitation. The Csa3a protein was
immobilized on the chip with different titers of probes in
the mobile phase, as indicated in the figure legends. The ki-
netic parameters of the binding reactions were calculated
and analyzed by Trace Drawer software (Ridgeview Instru-
ments AB, Sweden) and One to One fitting model.

Flow cytometry analysis

The flow cytometry analysis was conducted as described
previously (23). Briefly, 300 w1 of Sulfolobus cells were fixed
with 700 wl of absolute ethanol and stored at 4°C for 12
h. Then, fixed cells were collected through centrifugation
at 2, 800 rpm for 20 min and washed with 1 ml of 10 mM
Tris—NaCl buffer, pH 7.5, with 10 mM MgCl,. Cells were
collected again and stained with 40 pg/ml ethidium bro-
mide (Sigma-Aldrich, St. Louis, MO, USA) and 100 pg/ml
mithramycin A (Apollo chemical, Tamworth, UK). We an-
alyzed the stained cell samples in an Apogee A40 cytometer
(Apogeeflow, Hertfordshire, UK) equipped with a 405 nm
laser. A dataset of at least 60 000 cells were collected for
each sample.

Cell aggregation assay

Cell aggregation in S. islandicus cultures was estimated
through direct microscopy of cell aggregates in fresh cul-
tures, as previously described (19). Briefly, each strain was
cultured in the absence or presence of 2 pM NQO for 12
h, after which aliquots were placed on glass slides, covered
with coverslips and directly observed under a Nikon Eclipse
801 microscope (Nikon, Kobe, Japan). Data were collected
from at least 24 fields of view images and more than 1000
single cells for each sample. For each analysis, three inde-
pendent growth experiments were conducted.

Report gene assay

Reporter plasmids were constructed using the Sulfolobus—
E. coli shuttle vector pSeSD with the S. solfataricus galac-
tosidase gene (lacS) as the reporter gene (24). For this ex-
periment, we selected the promoters of the single DDR
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genes or the first genes of the DDR operons (SiRe_1878:
upsX, SiRe_1879: upsE, SiRe_1881: upsA, SiRe_1316: cedAl,
SiRe_1857: cedB, SiRe_1717: tfb3 and SiRe_1231: cdc6-2)
that were up-regulated in the csa3a overexpression cells.
Promoter fragments of these genes were amplified from
S. islandicus REY15A genomic DNA using Phanta DNA
Polymerase (Vazyme, Nanjing, China), and the primers
listed in Supplementary Table S3. The PCR products (ca.
200 bp) were purified using the Cycle-Pure kit (Omega Bio-
Tek, USA). Purified DNAs were digested and inserted into
the pSe-lacS vector (25) to yield the reporter plasmids: pSe-
upsX-lacS, pSe-upsE-lacS, pSe-upsA-lacS, pSe-cedA1-lacS,
pSe-cedB-lacS, pSe-tfb3-lacS and pSe-cdc6-2-lacS (Supple-
mentary Table S1).

These reporter gene plasmids were electroporated into
S. islandicus wild-type (E233S) and Acsa3a strains, respec-
tively. Three single colonies of each transformant were se-
lected and cultured for 6 h in SCV either in the pres-
ence or absence of 2 WM NQO. Cell mass was collected
for each strain and used to prepare the cellular extracts.
The protein content of the cellular extracts was determined
by microBCA Protein Assay Reagent (Thermo Scientific),
whereas the B-galactosidase activity was determined as pre-
viously described (24).

Cell viability analysis

We estimated the cell viability of Sulfolobus cultures by de-
termining their colony formation units (CFU)/ml culture.
Exponentially growing cultures of S. islandicus (ODgyy =
0.2) were treated with NQO to a final concentration of 2 uM
and incubated for 6 h. Then, using 1 ml of culture, cells were
pelleted by centrifugation and re-suspended in 1 ml fresh
SCVU medium. The resulting cell suspensions were serially
diluted and plated using the two-layer plating method. Ex-
actly 100 pl of the diluted samples were plated onto gel-
rite plates in triplicate. Colonies appearing on plates after
7 days of incubation were counted, to determine CFUs/ml
culture.

Plate titration experiment

The plate titration experiment of Sulfolobus was estimated
by determining the density of the lawns on the plate. Ex-
ponentially growing cultures of S. islandicus (ODgyy = 0.2)
were treated with NQO with a final concentration of 2 pM
and incubated for 48 h. Then, using 1 ml of culture, cells
were serially diluted, and 10 pl of the diluted sample was
dripped on the SCVU plate and incubated at 78°C for 2
days.

DNA transfer and repair assays

DNA transfer assay was conducted as described previ-
ously (16), with modification. Targeting plasmid pTcas5
was constructed by cloning an oligonucleotide match-
ing the protospacer on the cas5 gene in a mini-CRISPR
cassette (Repeat-Spacer-Repeat) on the pSeSD plasmid.
Then, 1 pg of pTcass plasmid was electroporated into
50 wl competent cells of S. islandicus wt (ApyrEFAlacS)
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or Acsala (ApyrEFAlacSAcsa3a) cells. After electropo-
ration, 1 ml preheated medium was added into the cul-
ture containing the transformed cells. The mixed cul-
tures were incubated with or without 2 ml of preheated
Acas5 (ApyrEFAlacSAcas5) mating partner cells (ODgg
= 0.5) for 2 h at 78°C, then, plated on the SCV medium
without uracil at 78°C for 6 days. We calculated in-
creased folds of transformation efficiencies of wt or Acsa3a
cells incubated with Acas5 partner cells compared with
that of wt or Acsa3a cells (E[wt::pTcas5+AcasS]/Ewt::pTcas5 or
E[Acsa3a::pTcas’5+Acas5]/EAcsa3a::pTcas5; E: transformation effi-
ciency), respectively. Deletion of the cas5 gene locus on the
chromosomes of the single colonies of wt::pTcas5 x Acas5
or Acsa3a::pTcas5 x Acas5 conjugants were determined by
PCR analysis.

RESULTS
Csa3a acted as a transcriptional activator for the DDR genes

The S. islandicus strain REY15A carries a subtype I-A
adaptation module consisting of the c¢sal (SiRe_0760), casl
(SiRe_0761), cas2 (SiRe_0762) and cas4 (SiRe_0763) genes,
which are regulated by a factor encoded by the CRISPR-
associated csa3a gene (Figure 1A) (7). Besides, this strain
carries an ups operon and a ced cluster (Figure 1B and C),
encoding pili which aid in cell aggregation (18) and encod-
ing a membrane system for DNA transfer, thereby medi-
ating DNA damage repair via homologous recombination
(16).

Upon re-analysis of our previous transcriptome data (8),
we found that most of the DDR genes, including the ups
and ced genes, as well as the cdc6-2 and tfb3 genes, were
significantly up-regulated in the c¢sa3a overexpression strain
(Supplementary Table S4). In this study, we revealed that
most of these genes were correspondingly down-regulated
in the csa3a deletion strain based on the transcriptome
data (Table 1). These results inferred that the Csa3a fac-
tor acts as a transcriptional activator for the DDR genes in
S. islandicus.

A previous report indicated that DDR genes were in-
duced by NQO reagent (23), we observed a similar phe-
nomenon based on our transcriptome data (Table 1). NQO
induced-expression of DDR genes is much stronger than
Csa3a induced (Table 1). NQO also induced DDR expres-
sion in the c¢sa3a gene deletion strain (Table 1), indicat-
ing Csa3a might not be essential for DDR induction upon
NQO treatment. However, transcriptome data for the csa3a
deletion strain and the wild-type strain both treated with
NQO revealed that transcription of ups4 and ¢fb3 genes
(Table 1) were significantly down-regulated in csa3a dele-
tion strain (Table 1). The later was essential for the regula-
tion of DDR genes (19). Conclusively, these findings indi-
cated Csa3a might play an important, but not essential, role
in the regulation of DDR genes in S. islandicus.

Csa3a specifically bound to the DDR gene promoters

To assess whether Csa3a directly bound to the promot-
ers of the DDR genes to regulate their expression, DNA
fragments of the upsX (SiRe_1878), upsE (SiRe_1879), upsA

(SiRe_1881), cedAl (SiRe_1316), cedB (SiRe_1857), cdc6—
2 (SiRe_1231) and #fb3 (SiRe_1717) promoters were used
as probes for EMSA and LSPR experiments. In our pre-
vious investigation, we found that Csa3a specifically bound
to csal promoter and the leader sequence, and deletion of
or mutations at the binding sites completely abolished the
binding (7,8). Here, the truncated leader sequence (—94 to
—15, relative to the first repeat) with deletion of the con-
firmed Csa3a binding site (8) was used as the non-specific
probes, and no shift was found in EMSA experiments us-
ing Csa3a protein and the non-specific probe (Supplemen-
tary Figure S1). Then, we assessed the Csa3a-binding abil-
ity using the full-length promoters of the upsA (198 bp),
upsX (227 bp), upsE (300 bp), cedAl (214 bp), cedB (198
bp), cdc6-2 (200 bp) and #/b3 (200 bp), upstream of the
start codon since the transcriptional start sites were not
determined yet. An increase in signal intensity of the re-
tarded bands was parallel with increasing Csa3a amounts
(40, 80 or 120 ng/pl) in each EMSA experiment (Figure
2A). On the other hand, the signal of retarded band for each
EMSA experiment was completely abolished for all tested
promoters in the presence of 2- or 4-fold excess of unla-
beled specific competitor DNA (cold probe) (Figure 2A).
Notably, a DNA motif similar to the UV-responsive mo-
tif (26) was identified for all tested promoters. The mutated
promoters with transversion mutation at the UV-responsive
motif and its flanking region formed a weak shift band with
the Csa3a regulator (40, 80 or 120 ng/wl) in EMSA ex-
periment (Figure 2A). Further, the LSPR results showed
different Kp values for the interaction between Csa3a and
each wild-type promoter or the mutant promoters (with
mutations at the UV-responsive motif and the flanking se-
quence) (Figure 2B). All LSPR analysis revealed that Csa3a
strongly bound to the full-length promoters with Kp values
ranging from 0.29 to 1.30 uM (Figure 2B). Generally, the
Kp values for the binding between the mutant promoters
and Csa3a showed a lower affinity (1-2 orders of magni-
tude) compared to that between the wild-type promoters
and Csa3a (Figure 2B). All LSPR raw data were summa-
rized in Supplementary Table S5. It should be noticed that
we previously demonstrated that Csa3a strongly bound a
palindromic DNA sequence on the csal/ promoter and the
leader sequence (7,8). However, this DNA motif was not
identified on the DDR gene promoters. This might explain
the relative weak interaction between the Csa3a factor and
the DDR gene promoters, and explain that mutations have
a slight effect on their binding in the EMSA and LSPR anal-
yses. Taken together, the EMSA and LSPR results and the
transcriptome data indicated that Csa3a specifically binds
to these DDR gene promoters to activate their transcrip-
tion.

Deletion of the csa3a gene significantly reduced the promoter
activities of the DDR genes

To assess whether Csa3a could regulate the DDR gene ex-
pression in vivo, promoter fragments of these genes (upsX,
upsE, upsA, cedAl, tfb3 and cdc6-2) were used in the
reporter gene assay (Figure 3A). These promoters were
cloned at the immediate upstream of the lacS gene, en-
coding a B-galactosidase, to control its transcription in an
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Cc

A Type I-A Ups operon Ced cluster
cas2 cedA
11 SHHED DD 1D -Gl oI - - - -
csal cas1 cas4 csa3a csa3b upsX upse upsF upsA upsB  cedA1 cedA2 cedB

Figure 1. Organization of CRISPR adaptation module (A), ups (B) and ced (C) operons in S. islandicus REY15A. The adaptation module encodes four
genes essential for CRISPR adaptation of subtype I-A system. Diamonds and rectangles in the CRISPR arrays represent repeats and spacers; respectively,
115 and 93 are the total numbers of spacers in each CRISPR array. The ups cluster: upsX, encodes a protein with unknown function; upsE, encodes a
secretion ATPase; upsF, encodes an integral membrane protein; and ups4 and upsB, encode two pili subunits. The ced cluster: ced4! and cedA2: encode

two small transmembrane proteins; cedA: encodes a larger transmembrane protein; cedB: encodes a HerA /VirB4 homolog.

Table 1. Transcriptional changes (log-fold) of DNA damage response genes in S. islandicus according the transcriptome data

Acsa3a+NQO vs Wt+NQO Acsa3a+NQO vs
Gene ID Annotation Acsa3a vs wt Acsa3a vs wt wt+NQO
DNA transfer
SiRe_1878 upsX - 6.29 5.54 -
SiRe_1879 upsE —2.07 7.81 6.35 -
SiRe_1880 upsF —1.30 6.71 5.65 -
SiRe_1881 upsA —2.21 7.54 6.54 —1.16
SiRe_1882 upsB —-1.79 7.39 6.49 -
SiRe_1316 cedAl - 6.59 6.38 -
SiRe_1317 cedA2 —0.96 6.64 6.06 -
SiRe_1857 cedB —0.93 5.75 5.47 -
Transcriptional regulation
SiRe_1231 cdc6-2 - 3.46 3.53 -
SiRe_1717 tfb3 —1.84 6.55 5.89 —1.12
SiRe_0764 csa3a NA NA —2.51 NA

‘-: Unchanged; NA: not apply.
Significance: logy-fold change >1.

E. coli-Sulfolobus shuttle vector (Figure 3A) (24). Specific
B-galactosidase activities demonstrated that the csa3a gene
deletion significantly reduced the promoter activities of all
tested DDR genes without NQO treatment (Figure 3B).
However, csa3a gene deletion did not significantly impact
the expression of these genes after NQO treatment, except
for the cdc6-2 gene (Figure 3B). All raw data for reporter
gene assay are summarized in Supplementary Table S6.
These findings inferred Csa3a is a key factor in the regula-
tion of the DDR gene expression probably without or with
less environmental stresses (e.g. UV radiation or NQO treat-
ment). Moreover, it was suggested that Csa3a could directly
regulate the DDR genes or indirectly regulate them via reg-
ulation of the cdc6-2 gene, which was the central factor that
regulated DDR gene expression (21).

Deletion of the csa3a gene reduced DNA damage-induced cell
aggregation

To assess the impact of the Csa3a regulator on Ups—
mediated cell aggregation, S. islandicus wild-type (WT) and
the csa3a deletion cells were cultured in presence or ab-
sence of 2 uM NQO for 12 h, after which cell samples
were examined microscopically. Cell aggregation was ob-
served for neither wild-type strain nor Acsa3a strain at all
tested time points without NQO treatment (Figure 4A). On
the contrary, the aggregation of wild-type cells treated with
NQO increased with growth times (Figure 4A). At the early
time point post-NQO treatment (6 h), the aggregates con-
tained 3-6 cells. However, at 12 h, the number of aggregates
reached 30 cells in the wild-type sample (Figure 4A). The
csa3a deletion cells showed a few aggregates at 12 hours

post-NQO treatment, the aggregates contained 3-5 cells at
6 h, and were less than 10 cells at 12 h in the csa3a deletion
strains (Figure 4A).

Following the microscopic figures, quantitative data (raw
data shown in Supplementary Table S7) showed that both
strains formed no aggregates at different time points with-
out NQO treatment, however, 20.73% and 50.9% of wild-
type cells aggregated. Contrarily, 12.12% and 26.86% of
cells of ¢sa3a deletion strain aggregated at 6- and 12-h post-
NQO treatment (Figure 4B). These findings concurred with
results of transcriptome and reporter gene data which indi-
cated that lack of the csa3a gene reduced expression of ups
genes and eventually caused less cell aggregation after NQO
treatment.

Deletion of the csa3a gene reduced cell viability upon NQO
treatment

A recent study revealed that Cdc6-2 affect cell viability in
the Ups- and Ced-mediated DDR pathway (21). In this
study, we cultured S. islandicus wild-type, Acsa3a, and
Acdc6-2 strains for 48 h in the medium with or without
2 wM NQO. Then, cells were analyzed by flow cytometry.
DNA-less cells were observed for almost all the strains in
the NQO treated cultures, and the population of DNA-less
cells was proportional to the time of NQO exposure (Figure
5A). Significantly, the Acdc6-2 strain produced many cells
with one chromosome (Gl1 cells), while the population of
DNA-less cells with the Acsa3a strain was more than that
in the wild-type and Acdc6-2 cells from 6 to 12 h post NQO
treatment (Figure SA). Moreover, in the csa3a deletion and
wild-type cells, there were a few G1 cells and more G2 cells
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Figure 2. Analysis of Csa3a binding with the promoters of ups, ced, tfb3 and cdc6-2 genes. (A) EMSA analysis of Csa3a binding to the upsX (SiRe_1878),
upsE (SiRe_1879), upsA (SiRe_1881), cedAl (SiRe 1316), cedB (SiRe_1857), tfb3 (SiRe_1717) and cdc6-2 (SiRe_1231) promoters. For binding assays using
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protein: 40, 80 or 120 ng/pl. For the specific competition assay, each reaction contained the 5'-end HEX labeled probes: 5 ng/pl, poly(dI-dC): 5 ng/pL,
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(26) is boxed. P and PM: the wild-type probes and the mutated probes used in EMSA and LSPR experiments, respectively. W: precipitation at loading
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Figure 3. Analysis of promoter activities using the reporter gene system in the strains with or without csa3a gene. (A) The reporter plasmid used in this
study. Promoters of DDR genes were cloned immediately upstream of /acS gene which encodes -galactosidase. (B) The specific B-galactosidase activities
for the tested promoters in wild-type (S. islandicus E233S) or csa3a deletion strains with or without treatment with 2 wM NQO for 6 h. Error bars: standard
derivations of three independent experiments. Statistical significance: *P < 0.05, ***P < 0.001, two-way ANOVA and Dunnett.

with two chromosomes post NQO treatment (Figure 5A),
indicating these strains exhibited stronger DNA repair ac-
tivity. However, nearly all cdc6-2 deletion cells transformed
into the DNA-less cells, showing cell death under the NQO
treatment (Figure SA). Importantly, more DNA fragments
were observed in csa3a deletion strain from 6 to 48 hours
post NQO treatment compared with the wildtype (Figure
5A), indicating a lower DNA repair efficiency in the csa3a
deletion mutant.

The growth curves of the strains treated the same in Fig-
ure SA showed that the culture containing 2 oM NQO
could completely inhibit the growth of the Acsa3a and
Acdc6-2 strains, whereas, for the wild-type strain, no ob-
vious growth defect was observed (Figure 5B, Supplemen-
tary Table S8). From these findings, the deletions of csa3a
and cdc6-2 genes showed hypersensitivity to the NQO treat-
ment. The plate titration experiment also confirmed that the
amount of viable cells in the Acsa3a culture treated with
NQO for 24 h with 10-fold dilutions was lower than that of
wild-type strain with the same treatment and at the same
dilutions (Figure 5C). We also evaluated the sensitivity of
the wild-type and Acsa3a strains to NQO by determining
their survival rate on plates after 2 pM NQO treatment for
6 h. The number of viable cells, estimated by their colony
formation units (CFU), revealed that NQO-treated cultures
exhibited a strong reverse correlation to the drug concentra-
tion for both wild-type and Acsa3a strains (raw data shown

in Supplementary Table S9). However, the viable rate of the
Acsa3a strain was significantly lower than that of the wild-
type strain (Figure 5D). In summary, the csa3a gene dele-
tion significantly elevated the sensitivity of S. islandicus cells
to the DNA damage reagent.

Csa3a is important for regulation of Ups- and Ced-mediated
repair of CRISPR-damaged host genomic DNA

To study whether the Csa3a factor is involved in the reg-
ulation of Ups- and Ced-mediated repair of CRISPR-
damaged host genomic DNA, we designed a targeting plas-
mid (pTcas5) against cas5 gene in the wt (ApyrEFAlacS) or
Acsa3a (ApyrEFAlacSAcsa3a) cells, then, used a cas5 dele-
tion strain (ApyrEFAlacSAcas5) as the mating partner cells
to provide repair donor DNA. Plasmid pTcas5 was electro-
porated into wt or Acsa3a cells (resulting in wt::pTcas5 or
Acsa3a::pTcas)5), after which these cells were incubated ei-
ther in presence or absence of Acas5 cells (Figure 6A). The
genomic DNA of transformants carrying pTcas5 plasmids
was targeted at the cas5 gene locus (Figure 6B). However,
if Ups and Ced systems import genomic DNA of Acas5
mating partner cells into the wt or Acsa3a cells carrying
pTcas5 plasmid (the conjugants of wt::pTcasd x Acas5 or
Acsa3a:pTeasd x Acas5), the damaged DNA was repaired
through homologous recombination pathway (Figure 6B).
Moreover, since the donor DNA carried a deletion at the
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Dunnett.

cas5 gene locus, the repaired DNA would not be further
targeted (Figure 6B). Transformation of the self-targeting
plasmid pTcas5 resulted in 10°- to 103-folds lower transfor-
mation efficiency compared with the transformation of the
control plasmid pSeSD (Supplementary Table S10). Trans-
formation efficiency of wt::pTcas5 and Acsa3a::pTcas were
3.05-4.40 x 10? and 3.30 x 107 cfu/pg plasmid DNA, re-
spectively (Supplementary Table S10). While, transforma-
tion efficiency of wt::pTcas5 x Acas5 and Acsa3a::pTcas5
x Acas5 were 5.42-8.35 x 103 and 3.42-3.60 x 10° cfu/ug
plasmid DNA, respectively (Supplementary Table S10).
Therefore, for both wt and Acsa3a cells transformed with
pTcass, their transformation efficiencies increased by more

than 10-folds when incubated with Acas5 mating partner
cells (Figure 6C). Together with previous reports that dele-
tion of ups and ced genes failed to transfer DNA for DNA
damage repair in Sulfolobus cells treated with UV light
(16,27), our result indicated that the Ups and Ced systems
mediated DNA damage repair at the targeted cas5 gene lo-
cus. Notably, csa3a gene deletion showed significantly lower
repair efficiency (Figure 6C), an indication that the csa3a
gene is critical for regulation of Ups- and Ced-mediated re-
pair of CRISPR-damaged host genomic DNA.

To reveal on DNA exchange and homologous recom-
bination, PCR was performed on the colonies of con-
jugants obtained in mixtures of wt:ipTcasS x Acas5 or
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electroporated into S. islandicus wt (ApyrEFAlacS) and Acsa3a (ApyrEFAlacSAcsa3a) cells (step 1). After electroporation, the transformed cells were
incubated with or without Acas5 (ApyrEFAlacSAcas5) mating partner cells for 2 h at 78°C (step 2) and then plated in the plates of SCV medium without
uracil (step 3). (B) schematic diagram of homologous recombination of CRISPR-damaged genomic DNA in wt or Acsa3a cells carrying the pTcas5 self-
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Acsa3a::pTcas5 x Acas5 strains. We studied the geno-
type of 20 randomly selected colonies per mixture. PCR
analysing the plasmid region containing the mini-CRISPR
cassette revealed that all these colonies carried the pTcas5
plasmid (Supplementary Figure S2), and also indicated no
Acas5 colonies formed on SCV plates without addition of
uracil. We obtained 20/20 and 20/20 of randomly selected
single colonies carrying the cas5 gene deletion in wt::pTcas5
x Acas5 and Acsa3a::pTcasd x Acas), respectively (Fig-
ure 6D). Sequencing result revealed that these deletions on
the genomic DNA exactly matched with the deletion re-
gion on the Acas5 mating partner cells. PCR analysing the
colonies of wt::pTcas5 and Acsa3a::pTcas5 transformants
showed intact cas5 gene on their chromosomes, indicat-
ing that these colonies escaped CRISPR immunity (Figure
6D). However, mutations were not identified at the mini-
CRISPR cassette on the plasmid of these colonies, suggest-

ing mutations occurred at the cas gene loci on the chromo-
some. Based on these findings, it is evident that Csa3a regu-
lates Ups and Ced systems to repair CRISPR-damaged host
genomic DNA in S. islandicus.

DISCUSSION

Environmental factors, such as UV and other types of radi-
ation, can cause DNA damage in the form of strand breaks,
which are particularly lethal and can be mutagenic. The hy-
perthermophilic archacon Sulfolobales genus encodes the
Ups and Ced, the special DNA damage repair system (16).
The ups operon encodes 5 proteins integrating to build the
type IV pili (Figure 1B). The ced operon (cedAl, cedA,
cedA2 and cedB) encodes transmembrane proteins (Figure
1C). For instance, the cedA41 and cedA2 encode two small
transmembrane proteins, cedA encodes a larger transmem-
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Figure 7. A proposal for Csa3a-centered network of DNA damage response for CRISPR immunity in S. islandicus. MGE invasion activates the expression
of the global regulator Csa3a (32). Csa3a in turn activates expression of DDR genes, including ups and ced operons, and triggers CRISPR adaptation and
immunity against invaders (7,8). However, a subset of host DNA derived spacers would guide self-immunity against the genomic DNA. The activated Ups
system aggregates cells and the Ced system transfers DNA from adhered cells into the target cells. The transferred DNA was used as the donor DNA for
homologous recombination (HR) to remove newly integrated spacers and to repair the DNA breaks, resulting in intact genomic DNA. Ups: UV-responsive
pili of Sulfolobus; Ced: Crenarchaeal system for exchange of DNA. Diamond: the CRISPR repeat sequence.

brane protein, whereas cedB encodes a HerA/VirB4 ho-
molog (16). UV-induced DNA damage up-regulates these
ups genes, resulting in pili formation thereby causing cells
to aggregate (17,18,27-30). Notably, the aggregations are
species-specific mating pairs (17). VirB4/HerA homolog of
the Ced system is, in most cases, highly up-regulated in S.
islandicus after DNA damage (19,21), and is induced by
overexpression of the CRISPR-associated factor Csa3a (8)
(Supplementary Table S4). Furthermore, VirB4-ATPases
are associated with conjugative type-I1V secretion systems
in bacteria, where they are essential for DNA transfer (16).
Homologs of these genes are specific for the Crenarchaeota
and can be found in most species of Sulfolobales, Acidilob-
ales, and Desulfurococcales (16). Otherwise, this system
functions as a DNA importer and plays an important role
in DNA homologous recombination repair (16). CedA pro-
teins are thought to assemble a membrane pore through
which the DNA can be transferred (16). Membrane-bound
ATPase CedB presumably binds the DNA and energizes the
translocation (16). Once the DNA is introduced, it can po-
tentially repair the extensive DNA damage caused by UV
through homologous recombination (16,17,31).
Ups-Ced-mediated DNA damage repair is regulated dur-
ing exposure to UV radiation. Since DNA transfer requires
both Ups and Ced proteins, it makes more sense to use
a common factor to regulate the two systems. In a previ-
ous study, S. islandicus Cdc6-2 protein was confirmed to
specifically bind to the promoters of the ups and ced genes,
thereby facilitating the expression of these genes (21). How-
ever, a higher Cdc6-2 expression level is essential but not
sufficient to trigger DDR regulation in this archaeon (21).
TFB3, a truncated version of the archaeal transcription fac-

tor B family proteins, has been found to regulate both Ups
and Ced systems (19,20), downstream of Cdc6-2 regulation
in the DDR network in S. islandicus (21).

In our previous work, we identified Csa3a as a transcrip-
tional regulator that activates the expression of adaptation
cas genes (7) and enhances transcription of CRISPR RNAs
(8). Besides, the expression of the Csa3a activator is induced
by an unknown mechanism upon invasion by mobile ge-
netic elements (32). Therefore, Csa3a was thought to be a
dedicated factor specific to CRISPR —Cas regulation (33).
However, Csa3a-triggered CRISPR adaptation integrates a
few (7.0%) host spacers into CRISPR arrays (8), inducing
self-immunity. In addition, the adaptation of host self-DNA
occurred in other model systems. For example, in de novo
spacer acquisition process, 32%, 16% and 22.8% or 1.8%
(for induction or non-induction of Casl, Cas2 expression,
respectively) of new spacers have been derived from host
genomic DNA in S. thermophilus subtype 1I-A (10), Pecto-
bacterium atrosepticum subtype I-F (34) and E. coli subtype
I-E (9) systems. Even in primed acquisition processes, 0.01—
0.03% of new spacers have been derived from host genomic
DNA in E. coli subtype I-E (35) and P, atrosepticum subtype
I-F (34) systems. This raises an important question on how
the cells evade self-immunity guided by self-derived spac-
ers. Of note, CRISPR —Cas systems have developed diverse
mechanisms to evade autoimmunity. For instance, bacte-
rial and archaeal genomes encode anti-CRISPR proteins
to inhibit CRISPR immunity (36-39), therefore, reduce the
threats to host genomic DNA.

In this study, our results revealed that the CRISPR-
associated factor Csa3a of S. islandicus could specifically
bind to the promoters of DDR genes, including ups, ced,



9692 Nucleic Acids Research, 2020, Vol. 48, No. 17

tfb3 and cdc6-2 in vitro (Figure 2), and deletion of the csa3a
gene significantly suppressed the expression of these genes
(Table 1 and Figure 3), reducing the formation of cell aggre-
gates (Figure 4). As a result, deletion of csa3a gene increased
the sensitivity of cells to the DNA-damaging reagent NQO
(Figure 5). Analysis of the transcriptome data revealed that
DDR genes were lower in csa3a deletion strain compared
with the wild-type without NQO treatment (Table 1), indi-
cating Csa3a activates DDR expression. Notably, all DDR
genes were significant higher in Acsa3a cells treated with
NQO than in cells not treated with NQO (Table 1). This im-
plies that the Cdc6-2 and TFB3-signaling pathway became
dominant when cells were treated with a DNA-damaging
reagent (19,21). Moreover, Csa3a regulated the expression
of cdc6-2 and tfb3 genes (Table 1 and Figure 2), suggesting
Cdc6-2 and TFB3 are involved in Csa3a-mediated regula-
tion of DDR genes.

Our further experiments confirmed that CRISPR-
damaged host genomic DNA was repaired through mat-
ing with the Sulfolobus cells lacking the CRISPR target-
ing region (Figure 6), inferring the involvement of the Ups
and Ced systems in this process. Importantly, deletion of
csa3a gene resulted in reduced repair efficiency (Figure 6),
indicating the Csa3a factor played an important regulatory
role in the DNA damage repair process. Moreover, loss of
newly adapted spacer during virus infection was detected
in S. islandicus (40), implying the single strand nicks gener-
ated at leader-repeat region during spacer acquisition could
also induce homologous recombination probably through
the Ups-Ced pathway. Therefore, we propose a model for
this regulation (Figure 7): (i) MGE invasion activates Csa3a
expression (32), (i1) Csa3a triggers CRISPR adaptation and
CRISPR RNA transcription (7,8), (iii) self-spacers guide
immunity against host DNA, (iv) Csa3a activates the ex-
pression of Ups, Ced and DNA repair genes, (v) Ups sys-
tem mediated cell aggregations and Ced system transfer ge-
nomic DNA into damaged cells (16-18,28,30), (vi) homol-
ogous recombination repair occurred at the DNA breaks of
the target sites and leader-proximal regions, resulting in re-
pair of targeted sites and loss of new spacers. This model
well explains the interplay between the Csa3a functions in
triggering CRISPR adaptation and activation of the DNA
repair systems, and expands our understanding of the lost
link between CRISPR self-immunity and genome stability.
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