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ABSTRACT

The type lll CRISPR-Cas systems provide immu-
nity against invading nucleic acids through the coor-
dinated transcription-dependent DNA targeting and
cyclic adenylate (cA,)-activated RNA degradation.
Here, we show that both these pathways contribute
to the Streptococcus thermophilus (St) type IlI-A
CRISPR-Cas immunity. HPLC-MS analysis revealed
that in the heterologous Escherichia coli host the
StCsm effector complex predominantly produces
cAs and cAg. cAg acts as a signaling molecule that
binds to the CARF domain of StCsm6 to activate
non-specific RNA degradation by the HEPN domain.
By dissecting StCsm6 domains we demonstrate that
both CARF and HEPN domains act as ring nucleases
that degrade cA,s to switch signaling off. CARF ring
nuclease converts cAg to linear Ag>p and to the fi-
nal A;>p product. HEPN domain, which typically de-
grades RNA, also shows ring nuclease activity and
indiscriminately degrades cAg or other cA,s down to
A>p. We propose that concerted action of both ring
nucleases enables self-regulation of the RNase ac-
tivity in the HEPN domain and eliminates all cA, sec-
ondary messengers in the cell when viral infection
is combated by a coordinated action of Csm effector
and the cAg-activated Csm6 ribonuclease.

INTRODUCTION

CRISPR-Cas (Clustered Regularly Interspaced Short
Palindromic Repeats — CRISPR-associated) adaptive im-

mune systems protect many bacteria and archaea against in-
vading nucleic acids (NAs) such as bacteriophages or plas-
mids (1). The type III CRISPR-Cas systems provide im-
munity through the coordinated transcription-dependent
DNA targeting and cA,-dependent RNA degradation
pathways. In response to infection, the Csm (type III-A and
type-I111 D) or Cmr (type I11-B and I1I-C) effector complex,
guided by the crRNA, binds to the matching sequence in
the invading RNA target and activates the Casl10 subunit
(2). Activated Cas10 exhibits two different catalytic activ-
ities: ssDNase which degrades the target DNA that is be-
ing transcribed (3-9) and synthetase which produces cyclic
oligoadenylates (cA,s, n = 2-6) that act as secondary mes-
sengers (10-15). In addition to c¢sm and cmr coding genes,
csmb6/esx1-like genes are frequently associated with type
IIT CRISPR-Cas systems (16). Csm6 ribonuclease is pref-
erentially associated with type III-A, while Csx1 ribonu-
clease is found with no clear link to a particular subtype
(17,18). We and others have previously shown that cAg
or cA4 molecules bind to the CARF (CRISPR-associated
Rossmann fold) domain of the Csm6/Csxl RNases and
activate their HEPN (higher eukaryotes and prokaryotes
nucleotide-binding) domain for RNA degradation (10-14).
Activated Csm6/Csx]l RNases presumably degrade both
cellular RNAs and phage transcripts at the later stages of
phage infection, which can lead to cell death or dormancy
(10,19,20). Some type III systems are predicted to have cA,
binding CARF domains in conjunction with various ef-
fector domains such as putative transcription factors or
DNases (17,21). The steady state concentration of cA,s in
the cell and the cA,-dependent Csm6/Csx1 RNase activity
depends on two factors: (i) cA, synthesis that is controlled
through target RNA degradation by Csm3 (10,14) and (ii)
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cA,, degradation by specialized enzymes called ring nucle-
ases. A family of ring nucleases composed of a sole CARF
domain that degrade cA4 has been first identified in Sul-
folobus solfataricus and Sulfolobus islandicus (22,23). It has
been shown later that the CARF domain of cA4-dependent
Csm6 RNases from Thermus thermophilus and Thermococ-
cus onnurineus also functions as a ring nuclease that slowly
degrades cAy (24,25). Recently, a widespread new family
of archaeal viral enzymes that efficiently degrade cA4 has
been identified, implying that these enzymes could function
as type III anti-CRISPR proteins (26). However, the con-
trol and regulation mechanisms of cAg-dependent CARF
RNases remain to be elucidated.

To address this question we have focused on the
well-characterized Streptoccocus thermophilus type 111-A
CRISPR-Cas system (8,10,27,28). We have previously
shown that in vitro StCsm complex produces cAjz, cAy, cAs
and cAg in decreasing order of abundance and traces of cA,
(10). Although cAj; was the major reaction product in vitro,
the least abundant cAg acted as the activator of StCsm6 and
StCsm6’ RNases (10), raising a question whether a similar
or different set of cA,;s is produced in vivo. Using a targeted
HPLC-MS analysis of cell metabolites we show here that
StCsm complex in the heterologous E. coli host produces a
range of different cA,;s, with the equilibrium shifted towards
cAs and cAg species. We further show that cells expressing
wild type (WT) StCsm6 and StCsm6’ exhibit dramatically
lower cA,, levels. Finally, we demonstrate that both CARF
and HEPN domains of StCsm6 RNases function as ring nu-
cleases that degrade the cAg and other cA,;s to auto-regulate
the level of the signaling molecules and to limit the degree
of RNA degradation in the cell after phage is eliminated.

MATERIALS AND METHODS
Construction of plasmids

pCas/Csm plasmid carrying genes cas6, casl0, csm?2,
csm3, csmd, csm5, csm6 and c¢sm6 from S, ther-
mophilus DGCC8004 CRISPR2 region (27) and its
derivatives was used as a template to generate the follow-
ing mutant variants: pCas/Csm_dCsm3_dHDCasl0,
pCas/Csm_dCsm3_dHDCas10_ACsm6’ ACsm6,

pCas/Csm_dCsm3_dHDCas10_dPalmCas10_ACsm6' ACsm6

(see Supplementary Table S1).

To obtain pCas/Csm_dCsm3_dHDCas10, a
CaslO(D16A) mutation-containing fragment was PCR
amplified from pBAD24_Cas10(D16A)-C-HSH (8) and
cloned into pCas/Csm_Csm3(D33A) (27) via Sacl and
Ndel sites.

To obtain pCas/Csm_dCsm3_dHDCas10_ACsm6’ ACsmo6,

the constructed pCas/Csm_dCsm3_dHDCas10 was cleaved
with Ppil and Xmall. Sticky ends of the resulting DNA
fragment were converted to blunt ends and subjected to
ligation. This resulted in the Csm6’ ORF truncation from
386 to 181 codons and elimination of Csm6 ORF.

To obtain pCas/Csm_dCsm3_dHDCas10_dPalmCas10

_ACsm6’ ACsmb6, a fragment containing
Casl0(D575A,D576A) was produced from
pBAD24_Cas10(D575A,576A) ) by PCR.

pCas/Csm_dCsm3_dHDCasl0_ACsm6’ACsm6 was  di-
gested with Ajil. The resultant vector and PCR fragments
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were assembled using NEBuilder HiFi DNA Assembly
Master Mix (New England Biolabs).

For targeting TcR transcript, artificial CRISPR locus was
constructed. A synthetic 445 nt CRISPR locus containing
four identical 36 nt spacers complementary to the targeted
region of the TcR RNA separated by four 36 nt repeats
and flanked by the leader sequence and the terminal repeat
of the S. thermophilus DGCC8004 CRISPR2 system was
cloned into the pACYC-Duet-1 (Novagen) vector, generat-
ing the pCRISPR _Tc plasmid.

pCRISPR_MS2 containing MS2™P spacer flanked by the
leader sequence, repeat sequence and a terminal repeat from
the S. thermophilus DGCC8004 CRISPR2 system was con-
structed from the pCRISPR _S3 plasmid (27). pCRISPR _S3
was cleaved with Xhol and a fragment containing part of
CRISPR locus and two Sapl sites was ligated to produce
an intermediate plasmid. Further, a fragment containing
MS2P spacer was cloned via Sapl site into the intermediate
plasmid generating a pCRISPR_MS2 plasmid.

pTarget_Tchandle mutant wlasmid a pBR322 derivative hav-
ing the 3'-flanking region of the Tc target in the TcR gene
mutated to 5-CTTTCCGT, was obtained by the Quick-
Change Mutagenesis (29).

The HEPN domain (172-428 amino acids of StCsm6) ex-
pression plasmid pHEPN was constructed in 2 stages. First,
to produce an intermediate plasmid, PCR amplified csm6
gene was cloned into pET-Duet-1 (Novagen) derivative con-
taining an N-terminal His¢-tag and a TEV protease cleav-
age site coding sequence via Acc651 and Avrll sites. Ad-
ditional sequence encoding for four Gly residues was in-
troduced between the TEV site and csm6 by Phusion Site-
Directed Mutagenesis (Thermo Fisher Scientific). Finally,
inverse PCR cloning (Thermo Fisher Scientific) was used to
omit 1-171 codons from csm6 in the intermediate plasmid.

pdHEPN plasmid containing R371A, H376A mutations
in HEPN domain was generated by Phusion Site-Directed
Mutagenesis (Thermo Fisher Scientific) using pHEPN as
the template.

To generate pCARF plasmid, PCR amplified fragment
containing coding sequences of TEV protease cleavage site,
four Gly coding sequence, CARF domain (1-169 codons
of StCsm6) and PCR fragment obtained from pETDuet-
1 (Novagen) derivative containing an N-terminal Hisjo-tag
fused with maltose binding protein (MBP) were assembled
using NEBuilder HiFi DNA Assembly Master Mix (New
England Biolabs). MBP fusion to CARF was used to in-
crease solubility of the CARF domain.

To generate pd CARF and pdCARF-Csm6 plasmids con-
taining D12A mutation in c¢sm6 gene, mutation carrying
primers and pCARF and pCsm6 plasmid (10) as the tem-
plate, respectively, were used to obtain PCR fragments.
These PCR fragments were assembled using NEBuilder
HiFi DNA Assembly Master Mix (New England Biolabs).

Protein expression and purification

WT StCsm complex was expressed and purified as de-
scribed previously (27). Briefly, pCas/Csm plasmid was co-
expressed in E. coli BL21 (DE3) with pCRISPR _S3, con-
taining four identical spacers S3 interspaced by five repeats
of the S. thermophilus DGCC8004 CRISPR2 system (27),
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and pCsm2N-Tag, encoding the Csm2 gene with an N-
terminal Strepll-Tag (27) (see Supplementary Table S1).
Cells were harvested and disrupted; soluble StCsm complex
was captured by Strep-affinity chromatography via tagged
Csm?2 protein and subjected to size exclusion chromatogra-
phy.

Cas10 subunit of StCsm complex was expressed and puri-
fied as described previously (8). Briefly, pCas10 plasmid was
expressed in E. coli DH10B (ara™). Cells were harvested and
disrupted, Casl0 protein was purified using HisTrap and
StrepTrap affinity columns (GE Healthcare).

Full-length WT and mutant StCsm6 and StCsm6 pro-
teins were expressed and purified as described previously
(10). Briefly, E. coli DH10B (ara™) was transformed with
relevant plasmids (pCsm6, pdCARF-Csm6, pdHEPN-
Csm6 or pCsm6’). Cells were grown in LB medium supple-
mented with an appropriate antibiotic. Cells were harvested
and disrupted by sonication, soluble proteins were purified
by subsequent His-affinity and Strep-affinity chromatogra-
phy.

StCsm6 WT and mutant HEPN and CARF do-
mains were expressed in E. coli BL21 (DE3) transformed
corresponding plasmid (pCARF, pHEPN, pdCARF or
pdHEPN). Bacteria were grown at 37°C in LB medium
supplemented with ampicillin (50 wg/ml) to the mid-log
phase. Expression was induced using 1 mM IPTG and cell
suspension was further cultured overnight at 16°C. Cells
were harvested and disrupted by sonication, soluble pro-
teins were captured on the HisTrap column (GE Health-
care) using Chromatography buffer (20 mM HEPES (pH
8.0), 0.5 M KCl, 8 mM 2-mercaptoethanol) and 5-500 mM
imidazole gradient. Further, to remove the His-MBP-tag
from CARF domain and Hisg-tag from HEPN domain,
eluted fractions were pooled and incubated with TEV pro-
tease (using a 1:50 (w/w) protease:target protein ratio) at
4°C overnight while dialyzing against the Chromatography
buffer. Cleaved parts were removed by His-affinity chro-
matography. Flown-through proteins were dialyzed against
10 mM Tris—HCI (pH 8.0) buffer containing 300 mM KClI,
1 mM DTT, 0.1 mM EDTA and 50% (v/v) glycerol, and
stored at —20°C.

Gel filtration analysis of StCsm6 domains

Analytical gel filtration was carried out at room temper-
ature on an AKTA FPLC system (GE Healthcare) using
a Superdex 75 10/300 GL column (GE Healthcare), pre-
equilibrated with the Gel filtration buffer (20 mM HEPES
(pH 8.0), 500 mM KCI, 8 mM 2-mercaptoecthanol). CARF
and HEPN samples at 0.7-0.8 mg/ml loading concentra-
tion were prepared in 100 pl of the Gel filtration buffer.
Elution from the column was monitored by measuring ab-
sorbance at 280 nm. The apparent molecular weights of pro-
teins were evaluated based on the elution volume using a
series of standards (Gel filtration Calibration Kit from GE
Healthcare).

Plasmid interference assay

Escherichia coli BL21 (DE3) was transformed first with two
plasmids encoding the CRISPR—Cas system: (i) the relevant

pCRISPR plasmid variant—targeting (pCRISPR_Tc) or
non-targeting (pCRISPR_S3) and (ii)) WT or mutant plas-
mid pCas/Csm. Such cells were then grown overnight in lig-
uid LB media supplemented with 2% glucose, streptomycin
(25 pg/ml) and chloramphenicol (30 pg/ml), and subse-
quently transformed with the target pTarget_Tc or control
pControl plasmids (see Supplementary Table S1). 1/20 di-
lutions and non-diluted samples of the transformants were
plated on LB media agar plates, supplemented with strepto-
mycin (25 wg/ml), chloramphenicol (30 pwg/ml) and ampi-
cillin (50 pg/ml). The cells were grown overnight at 37°C
and the resultant colonies were counted. Transformation re-
sults of pControl were used to normalize respective results
obtained with pTarget_Tc. Arbitrary units of CFU were cal-
culated as CFU(pTarget_Tc)/CFU(pControl).

Bacterial culture preparation for cA, analysis by HPLC-MS

Escherichia coli BL21 (DE3) cells were first transformed
with the two plasmids encoding the CRISPR-Cas
system: (i) the relevant pCRISPR variant — targeting
(pCRISPR_Tc) or non-targeting (pCRISPR_S3) and (ii)
WT or mutant plasmid pCas/Csm. Such cells were
subsequently transformed with pTarget Tc, pTar-
get_Tchandlemutant - o sControl_Tc plasmids and grown
overnight at 37°C in liquid LB media supplemented with
1.5% glucose, streptomycin (25 pg/ml), ampicillin (50
pg/ml), and chloramphenicol (30 pg/ml). Fresh LB
medium was inoculated with the overnight culture (1/20
(v/v)) and was further incubated at 37°C. When the culture
reached the mid-log phase, expression of the CRISPR—-Cas
system was induced by addition of 1 mM IPTG. Cell
suspension aliquots of 400 ml were taken at indicated time
points and pelleted by centrifugation. Before HPLC-MS
analysis, biomasses were tested for the presence of the
plasmids (at 4 h after induction) by PCR. The presence
of intact Casl0 GGDD motif in Palm domain and the
Tc-targeting CRISPR region was verified by sequencing
the corresponding PCR products.

To demonstrate that different transcript can be used
for cA, synthesis in cells, E. coli BL21 (DE3) was trans-
formed first with (i) targeting pCRISPR_GFP or non-
targeting pCRISPR _S3 plasmid and (i) WT or mutant plas-
mid pCas/Csm. Next, such cells were transformed with the
target plasmid pTarget_ GFP or pControl GFP plasmid and
grown overnight at 37°C in LB medium supplemented with
streptomycin (25 pg/ml), ampicillin (50 wg/ml), chloram-
phenicol (30 pwg/ml) and 1.5% glucose. Fresh LB medium
was inoculated with the overnight culture (1/20 (v/v)), and
bacteria were grown at 37°C. When they reached the mid-
log phase, | mM IPTG was added and cells were grown for
4 h before being pelleted by centrifugation.

For phage-induced cA, assays, pCRISPR_MS2
or pCRISPR_S3 and pCas/Csm_
dCsm3_dHDCasl0_ACsm6’ACsm6 plasmids were co-
expressed in E. coli NovaBlue (DE3), grown at 37°C in
LB medium, supplemented with tetracycline (10 wg/ml),
streptomycin (25 wg/ml), chloramphenicol (30 wg/ml).
Fresh LB medium was inoculated with the overnight cul-
ture (1/20 (v/v)), and bacteria were grown at 37°C. When
they reached the mid-log phase, | mM IPTG was added,



and after additional 30 min the cells were infected by phage
suspension. The cells were collected by centrifugation at 16
h post induction.

cA, detection in bacterial lysates

cA,-containing fraction was extracted from 100 mg (£5%)
bacterial pellet by addition of 2 ml 80% ice-cold methanol
prior to sonication, thorough vortexing and centrifugation
(16 000 g at 4°C) for 10 min. The supernatants were trans-
ferred to new tubes and lyophilized to dryness. The samples
were subsequently resuspended in 30 pl solvent A (10 mM
ammonium acetate in water, pH 7.0) just before analysis.

2-5 wl of each sample was injected using a Vanquish
Horizon UPLC (Thermo Fisher Scientific) or an Agilent
1290 Infinity HPLC system (Agilent Technologies, Santa
Clara, CA, USA) equipped with an Agilent Zorbax Eclipse
Plus C18 column (2.1 x 150 mm, 1.8 pm) with a 50 mm
guard-column, both kept at 40°C. The chromatographic
gradient was run at a flow rate of 300 pl/min with the
following solvent composition of solvent A and solvent B
(acetonitrile): 97% A from 0-2 min, 97-60% A from 2-8
min, 60-10% A from 8-12 min, 10% from 12-15, before
equilibration for 3 min with the initial conditions. The flow
from the HPLC was coupled to a Q-Exactive HF mass
spectrometer (Thermo Fisher Scientific) or Agilent Q-TOF
6530b system (Agilent Technologies) operated in negative
ion mode. Data was extracted using Agilent Masshunter
Profinder 10.0 or Thermo Xcalibur v. 3.1 with a mass preci-
sion of 10 ppm. The cA,s were annotated based on accurate
mass, retention time from synthesized standards and frag-
ment ions. The molar amount of cA,s was estimated based
on comparison to standards of known quantity. The molar
concentration of cA,s was calculated assuming that each F.
coli cell is 1 fl in volume and its wet weight is 1 pg (30).

In vitro cA, synthesis assay

The cA, synthesis reactions were initiated by adding 10
mM CoCl; or | mM Mg(CH;COO), into a mix of 0.2 uM
StCsm complex, 0.2 or 10 wM of target RNA S3/1 (27) and
500 wM ATP in the reaction buffer Y (33 mM Tris-acetate
(pH 7.6 at 37°C), 66 mM K-acetate, 0.1 mg/ml BSA) or in
the Reaction buffer H (20 mM HEPES (pH 7.5), 50 mM
KCl, 0.1 mg/ml BSA) and carried out at 37°C for 1 or 16
h. The reactions were stopped by adding 15 mM EDTA.
Reaction products were subjected to HPLC-MS analysis.

For time-course experiments, 0.2 wM StCsm complex
was mixed with 10 pM target RNA S3/1 (27), 1 mM
Mg(CH3COO),, 0.5 mM ATP and 10 nM [a-**P]-ATP in
the Reaction buffer H. 7 pl aliquots were taken at indicated
time points and reactions were quenched by addition of 7
pl 2x RNA loading dye (Thermo Fisher Scientific) supple-
mented with additional (6.25 mM) EDTA. Radioactively
labeled products were analyzed by denaturing PAGE (24%
gels, 19:1 acrylamide:bis-acrylamide ratio) and visualized
by autoradiography.

o¥?P-labeled cAg for subsequent direct visualization of
its hydrolysis products was prepared by mixing 0.2 pM
StCsm complex with 10 wM target RNA S3/1 (27), | mM
Mg(CH3COO);, 0.5 mM ATP and 1 uM [a->>PJATP in the
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reaction buffer H and incubating at 37°C for ~16 h. For
the control cAg hydrolysis reactions with StCsm complex
and Cas10 subunit (see Supplementary Figure S4) the syn-
thesized o’?P-labeled cAg was used without further purifi-
cation. For all other reactions, synthesis products were sep-
arated by denaturing PAGE (24% gels, 19:1 acrylamide:bis-
acrylamide ratio) and cAg was purified from the gel by phe-
nol extraction and ethanol precipitation.

Synthesis and purification of cAs

200 nM StCsm was mixed with 200 nM target RNA S3/1
(27) and 17 uM of pppAs in the Reaction buffer Y and in-
cubated for 20 min at 37°C before initiating the reaction
by adding 10 mM CoCl,. The reactions were performed
for 1.5 h at 37°C. The reaction products were fractionated
by HPLC (Waters Breeze) on the Discovery HS C18 Col-
umn (15 cm x 10 mm, 5 wm) (Sigma-Aldrich Supelco) pre-
equilibrated with solvent A (100 mM TEAA (pH 7.0)) at
room temperature and 1 ml/min flow rate with a linear gra-
dient of B (60% CH3CN in buffer A) in A (0-100% of B
over 100 ml). Fractions containing cAs were pooled and the
samples were concentrated on a vacuum concentrator (Ep-
pendorf).

In vitro cA, hydrolysis assay

Unless stated otherwise, cA, hydrolysis assay was con-
ducted in the Reaction buffer T (40 mM Tris, 20 mM
acetic acid (pHS8.1 at 25°C), 1 mM EDTA, 0.1 mg/ml BSA)
supplemented with 0.5 U/pl RiboLock RNase Inhibitor
(Thermo Fisher Scientific) containing 20 wM of synthetic
cAg (Biolog), synthetic cA4 (Biolog), linear Ag>p (Chem-
Genes) or ~30 pM of StCsm-produced cA,s mixture. Re-
actions were started by adding an indicated amount (0—
10 wM) of protein and incubated at 37°C. Reactions were
stopped by freezing and subjected to HPLC-MS analysis.

To directly visualize the hydrolysis of cAg, reactions were
conducted in the Reaction buffer T supplemented with 0.5
U/ul RiboLock RNase Inhibitor (Thermo Fisher Scien-
tific) and contained 50 nM of StCsm-produced radioac-
tively labeled o*?P-cAg. Multiple turnover reactions con-
tained additionally 10 uM of unlabeled cA¢ (Biolog). Re-
actions were started by adding an indicated amount (0-
10 wM) of protein and were carried out at 37°C. 5 ul
aliquots were taken at indicated time points and reactions
were quenched by mixing with equal amount of 2x RNA
Loading Dye (Thermo Fisher Scientific). Reaction prod-
ucts were analysed by denaturing PAGE (24% gels, 19:1
acrylamide:bis-acrylamide ratio) and visualized by autora-
diography. For single turnover reactions, kons Were deter-
mined by fitting a single exponential to the substrate deple-
tion data. For k., calculation, the reaction rates were deter-
mined from the linear parts of the reaction progress curves
by linear regression.

For the control cAg hydrolysis reactions (presented in
Supplementary Figure S4), 10 wM of o*?P-labelled cAg was
taken from the synthesis mixture and incubated with 10
pM of unlabeled cAg (Biolog), 10 nM of protein (StCsm
or Casl0) in the Reaction buffer Y in the absence or pres-
ence of target RNA S3/1 (27) and 10 mM of Mg?*, Mn?*,
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Co?* or Ni** at 37°C for 8.5 h. Reaction products were sep-
arated by denaturing PAGE (24% gels, 19:1 acrylamide:bis-
acrylamide ratio) and visualized by autoradiography.

In vitro RNA hydrolysis assay

RNA hydrolysis reactions were conducted in the reaction
buffer T, supplemented with 0.5 U/ul RiboLock RNase
Inhibitor (Thermo Fisher Scientific) and additional 1 mM
EDTA. Reactions contained 10 nM of 5'-*?P-radiolabeled
RNA NS (27) and 0-1 pM cAg (Biolog) or 0-100 nM
cAs synthesized from the pppAs precursor. Reactions were
started by adding 0-10 pM StCsm6 or its isolated do-
mains and were carried out at 37°C. The reaction prod-
ucts were separated by denaturing PAGE (15% gels, 29:1
acrylamide:bis-acrylamide ratio) and visualized by autora-
diography.

Electrophoretic mobility shift assay

0.2 nM of 5'-*?P-radiolabeled RNA NS (27) was incubated
with different amounts (0-3 wM) of CARF domain or (0-1
wM) of dHEPN domain in the Reaction buffer T for 10 min
at room temperature. Reaction mixtures were analyzed by
native PAGE and visualized by autoradiography.

RNA hydrolysis competition assay

RNA hydrolysis reactions were performed at 25°C and con-
tained 10 nM of 5'-*2P-radiolabeled RNA NS (27) and 0—
500 wM of cAg in reaction buffer Y. Reactions were initiated
by addition of StCsm6 to the final concentration of 10 nM.
5 plaliquots of the samples were collected at indicated time
intervals and quenched by mixing with 2x RNA loading
dye (Thermo Fisher Scientific). The reaction products were
separated by denaturing PAGE (15%, 29:1 acrylamide:bis-
acrylamide ratio) and visualized by autoradiography. RNA
hydrolysis constants ks were determined by fitting a single
exponential to the substrate depletion data.

HPLC-MS analysis of Csm6 cA,, hydrolysis products

To analyze the cA,, hydrolysis products, electrospray ioniza-
tion mass spectrometry (ESI-MS) was performed in nega-
tive mode using an integrated HPLC/ESI-MS system (1290
Infinity, Agilent Technologies/Q-TOF 6520, Agilent Tech-
nologies) equipped with a Supelco Discovery®HS C18 col-
umn (7.5 cm x 2.1 mm, 3 wm). Elution was performed
with a linear gradient of solvents A (5§ mM ammonium ac-
etate in water, pH 7.0) and B (5 mM ammonium acetate in
methanol, pH 7.0) at a flow rate of 0.3 ml/min at 30°C as
follows: 0-2 min, 0% B; 2-22 min, 20% B; 22-25 min, 50%
B, 25-29 min 100% B. Ionization capillary voltage was set
to 5000 V, fragmentor—to 150V. The cA,, hydrolysis prod-
ucts were annotated based on accurate mass, retention time
from synthesized standards and fragment ions.

Treatment of StCsm6 cAg hydrolysis products with P1 nucle-
ase

11 pl of the StCsm6 cAg hydrolysis reaction or 20 wM of
control compound (Ag>p or Az) was incubated with 10 mU

P1 nuclease (Sigma) in the P1 Reaction buffer (10 mM Tris-
acetate (pH 7.1 at 37°C), 1 mM Zn-acetate) at 37°C for 1 h.
Reaction was stopped by adding SmM EDTA to the reac-
tion mixture and heating at 75°C for 10 min. 10 wl of this
reaction mix was diluted with water and subsequently sub-
jected to HPLC-MS analysis.

5’-Labeling of StCsm6 cA¢ hydrolysis products

11 pl of StCsm6 cAg hydrolysis reaction or 20 wM of con-
trol compound (A; or Ajz) was incubated with 1 U T4
polynucleotide kinase (PNK) and 500 wM ATP in the re-
action buffer PNK A (50 mM Tris—HCI (pH 7.6 at 25°C),
10 mM MgCl,, 5mM DTT, 1 mM spermidine) at 37°C for
30 min. Reaction was stopped by adding EDTA to the final
concentration of 5mM and heating at 75°C for 10 min. Such
reaction mixture was subsequently subjected to HPLC-MS
analysis.

Prediction of the StCsm6 CARF active site

Blastp (31) was used to find StCsm6-CARF domain ho-
mologs with 20-28% sequence identity (maximum target
sequences 20,000). Multiple alignment was performed with
MultAlin (32) and the figure was prepared with ESPript 3.0
(33).

topp (34) was used to superpose StCsm6-CARF do-
main model (10) and ToCsm6-cA4 structure (25). Figure
of StCsm6 CARF-cA4 model was prepared using PyMOL
(35).

Quantification and statistical analysis

Data analysis was performed using Kyplot 2.0 software
(36). Determined cAg hydrolysis rate constants are pre-
sented as the optimal value 1 standard deviation.

RESULTS

Plasmid interference by S. thermophilus type III-A
CRISPR-Cas system in the heterologous E. coli host

We repurposed the S. thermophilus Type 11I-A CRISPR-
Cas system expressed in heterologous E. coli strain (27)
to investigate CRISPR immunity in vivo using plasmid in-
terference assay (Figure 1A). In brief, E. coli host con-
tained two recombinant plasmids: pCas/Csm plasmid ex-
pressing all Cas/Csm proteins, except for casl and cas2, and
pCRISPR _Tc plasmid carrying a CRISPR array containing
4 copies of spacer targeting the transcript of tetracycline re-
sistance gene (TcR) gene. We transformed these cells with
pTarget_Tc plasmid and plated transformants with respec-
tive antibiotic combinations (Figure 1B). As a control, we
used E. coli cells containing the pCas/Csm plasmid and a
pCRISPR _S3 plasmid that carried 4 copies of non-targeting
S3 spacer (Supplementary Table S1). In the presence of WT
StCsm complex, transformation of pTarget_Tc plasmid into
E. coli expressing Tc-targeting crRNA resulted in ~100-
fold fewer transformants, as compared to the non-targeting
S3 crRNA expressing cells (Figure 1C). This shows that
StCsm-mediated immunity is manifested in the heterolo-
gous E. coli host and it depends on target transcription as
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assay. E. coli expressing TcR transcript-targeting and non-targeting StCsm
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detected.

it was suggested by in vitro experiments (8). Notably, even
though both cas/csm genes and CRISPR array were under
an IPTG-inducible promoter, the plasmid interference man-
ifested in the absence of IPTG, indicating that traces of the
StCsm complex produced due to the promoter leakage are
sufficient to provide immunity against exogenic DNA.
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To establish the role of different enzymatic activities in
plasmid immunity, the interference assay was conducted
with pCas/Csm variants (Supplementary Table S1) that
carried inactivating mutations: D33A in the Csm3 RNase
subunit (dCsm3), D575A and D576A in the Casl0 Palm
domain (dPalm-Cas10), D16A in Casl0 HD-nuclease do-
main (dHD-Casl0), or both StCsm6’ and StCsm6 dele-
tion variants (ACsm6’ACsmo6). In the case of dCsm3, the
transformation efficiency was ~10-fold lower in compari-
son to the WT StCsm (Figure 1C) suggesting that the Csm3-
dependent R Nase activity is not required for immunity and
might even down-regulate it by constantly cutting the tar-
get RNA, required for CaslO activation. Meanwhile dis-
ruption of any other enzymatic activity levelled target plas-
mid transformation efficiency to that of non-targeting plas-
mid (Figure 1C) suggesting that both DNA degradation
and cA,, signaling pathways are required for S. thermophilus
type III-A CRISPR—Cas mediated immunity. Intriguingly,
simultaneous inactivation of both Csm3 RNase and Cas10
DNase secured efficient plasmid interference, implying that
in the absence of Csm3 RNase activity, the cA,,-dependent
pathway alone is able to provide plasmid immunity, as Csm3
inactivation results in a constant and a high production of
cA, (10,12).

Monitoring cA, production in vivo

We have previously shown that StCsm complex in vitro syn-
thesizes cA,s (n = 2-6) from ATP. cA; was identified as
the major reaction product; however, only the minor cAg
product activated StCsm6 RNase (10). To get an insight
into StCsm6 RNase activation mechanisms in the cell, we
decided to examine cA, metabolites produced in vivo in
the heterologous E. coli host expressing the S. thermophilus
type III-A CRISPR—Cas system. To monitor amount of
the cyclic adenylates produced in E. coli we employed
high-performance liquid chromatography-mass spectrom-
etry (HPLC-MS) technique. In these experiments we used
the same E. coli host as in the interference assay (Figure
1A), except that the inducer IPTG was added to the cell
culture. To prevent RNA and DNA degradation by the
CRISPR-Cas system and ensure cell viability, we used a
pCas/Csm variant where all proteins’ activities except that
of the Cas10 Palm synthase have been inactivated by muta-
tions (dCsm3, dHD-Cas10, ACsm6’ ACsm6) (Supplemen-
tary Table S1). Such setup enabled monitoring of cA, level
in the host constitutively expressing the targeted TcR gene
in the pTarget_Tc plasmid. Targeted HPLC-MS analysis re-
ported various cA,s, from n = 2 up to 6 but the equilibrium
was significantly shifted towards cAs and cAg species (Fig-
ure 2A and Supplementary Figure S1A). The cAs and cAg
amount was significantly increased during the first 4 h af-
ter IPTG induction to 22.3 4+ 4.6 and 12.9 4+ 3.8 pmol/mg
of wet cell culture, which translates to 22.3 &= 4.6 and 12.9
+ 3.8 wM concentration in the E. coli cell. The amount
of cAs and cAg detected in the heterologous E. coli host
is comparable to the amount of the c-di-AMP metabolite
(13.8 & 1.1 pmol/mg) present in the Streptococcus suis host
(37). Interestingly, after 8 hours post-induction, the amount
of cAs and cAg had slightly decreased while cAj and cAy
kept increasing (Figure 2A). It cannot be excluded that in
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Figure 2. cA,, synthesis by StCsm complex in vivo analyzed by HPLC-MS.
(A) E. coli harboring plasmids (as indicated in Figure 1A and Supplemen-
tary Table S1) encoding the TcR transcript and expressing StCsm com-
plex mutant (dCsm3, dHD-Cas10 and ACsm6’ ACsm6) targeting TcR were
grown in the presence of inducer IPTG. The samples were taken at defined
time points after induction and cA, amount was analyzed by HPLC-MS.
(B) Analysis of cAg produced in E. coli cells, which express StCsm complex
mutant (dCsm3, dHD-Cas10 and ACsmé6’' ACsmé6) targeting MS2 tran-
scripts, after 16 h of phage MS2 infection. (C) HPLC-MS analysis of cAg
amount changes over time in vivo in the absence (left) or presence (right)
of StCsm6 and StCsm6’ encoding genes. The inset depicts the same data
on a different scale.

this case the decrease in total cellular ATP concentration
shifts the ATP polymerization:cyclisation reaction equilib-
rium to shorter reaction products.

We have previously shown that for in vitro cA, synthesis
the following conditions must be met: (i) spacer sequence
of crRNA must be complementary to the protospacer se-
quence of target RNA, (ii) the 3’-flanking sequence of the
target RNA must not base-pair with the 5'-handle of cr-

RNA and (iii) Casl0 in the effector complex must con-
tain an intact GGDD-active site in the Palm domain (10).
HPLC-MS analysis of cAg metabolites in E. coli (Supple-
mentary Figure S2A) confirmed the cA,, synthesis require-
ments established in vitro for S. thermophilus and other type
IIT systems (10,11,13-15).

To probe whether cAg is produced in response to phage
infection, we performed HPLC-MS analysis of cA,, metabo-
lites in the phage-infected cells. Heterologous E. coli host
carrying pCas/Csm and pCRISPR _MS?2 plasmids (Supple-
mentary Table S1) was infected with RNA coliphage MS2
(27). Targeted HPLC-MS analysis revealed accumulation of
cAs and cAg in response to MS2 phage infection (Figure
2B and Supplementary Figure S1B). Taken together, analy-
sis of cA,, metabolites in E. coli cells demonstrates that the
type III-A CRISPR-Cas system in the heterologous host
produces signaling molecules in response to exogenic nu-
cleic acids that derive either from plasmid or phage.

Optimization of cAg synthesis in vitro

HPLC-MS analysis of cA,s produced in E. coli cells re-
vealed an altered cA,, profile in comparison to in vitro ex-
periments (10), suggesting that discrepancies in the size dis-
tribution could arise due to different reaction conditions.
Therefore, we re-evaluated cAg synthesis in vitro using a dif-
ferent StCsm: target RNA ratios, buffers and Co?* or Mg>*
ions as cofactors (Supplementary Figure S3A). We found a
significant shift in the cA,, size distribution profile towards a
larger ring size and ultimately to cAg in the presence of tar-
get RNA excess and Mg””". Interestingly, prolonged incuba-
tion of StCsm with ATP resulted in a slightly increased cAj
and cAy yield in vitro (Supplementary Figure S3A, lane x),
in line with in vivo HPLC-MS data (Figure 2A, 8 h point),
even though Csm3 D33A mutation abolishes target RNA
cleavage.

cA,, profile in vivo in the presence of StCsm6

The cA,-dependent RNA-degradation pathway has to be
switched-off once the exogenic nucleic acid is eliminated,
raising the question of how cyclic oligoadenylate concentra-
tion is regulated in the cell. HD domain phosphodiesterases,
that are widespread in bacteria, are often involved in cA,
degradation in the cell (38). While the Cas10 subunit of
StCsm contains an HD domain, which is involved in ss-
DNA degradation (8), we did not detect any cA,, degrada-
tion by either isolated Casl0 or the StCsm complex (Sup-
plementary Figure S4A). It has been recently shown that
some CARF domain-containing proteins act as ring nucle-
ases that degrade cA4 molecules (22-25). We reasoned that
the CARF domain of StCsm6 could also degrade the cAg
activator. Analysis of cAg amount in the cell provided indi-
rect support for this hypothesis: E. coli cells expressing WT
StCsm6’ and StCsm6 exhibited drastically reduced levels of
cA¢ and other cA, (Figure 2C and Supplementary Figure
S1C) suggesting that StCsm6 proteins are responsible for
cA,, degradation in the cells.



StCsm6 cleaves cAg in vitro

To investigate whether Csm6 proteins degrade cA,;s, we iso-
lated individual StCsm6 and StCsmé6’ proteins and stud-
ied their activities in vitro. In the absence of divalent metal
ions both proteins degraded radiolabeled cAg, generating
faster migrating products in denaturing PAGE (Figure 3B
and Supplementary Figure S4B). HPLC-MS analysis re-
vealed a mixture of three cleavage products, namely cAMP
(2,3’-cyclic AMP (A>p) or 3',5-cyclic AMP), and linear
or cyclic di- and tri-adenylates (Figure 3B and Supplemen-
tary Figure S4B). To differentiate between cyclic (cA,) and
terminal 2',3'-cyclic phosphate-containing linear oligoad-
enylates (A,>p), we further treated these products with
P1 nuclease and polynucleotide kinase (PNK). Subsequent
HPLC-MS analysis confirmed that StCsm6 reaction prod-
ucts are converted to adenosine and AMP by P1 nuclease,
suggesting an asymmetric structure of the substrate. More-
over, these products could be 5-labeled by PNK to pro-
duce di- and tri-adenylate phosphates, confirming the pres-
ence of a free terminal 5'-OH group (Supplementary Figure
S5). Together these experiments are consistent with a linear
structure of the products, suggesting that StCsm6 in the ab-
sence of metal ions degrades cAg into a mixture of A>p,
Ay>p and Ajz>p. This is not surprising, since cyclic-2",3’
phosphate products are usually generated by other metal-
independent RNases like ribonuclease A, Cas6 and tRNA
splicing endonuclease (39,40).

cA¢ degradation by isolated CARF and HEPN domains

According to HPLC-MS analysis, E. coli cells in the pres-
ence of StCsm6 and StCsm6’ RNases exhibit drastically re-
duced levels of cAg and other cA,s (Figure 2C and Supple-
mentary Figure S1C), suggesting their involvement in cA,
degradation. StCsm6 is comprised of CARF and HEPN
domains. It has been previously shown that the CARF do-
main of other, cA4-dependent, Csm6 proteins is able to
cleave the cAy4 activator (24,25), implying a similar func-
tion for the StCsm6 CARF domain. On the other hand, the
HEPN domain of StCsm6 protein is a RNase, which digests
RNA even in the absence of the cAg activator albeit at high
concentrations (10); therefore, it is possible that it could also
degrade cAg. To establish which domain is responsible for
cAg cleavage, we engineered and purified individual CARF
(1-169 aa) and HEPN (172428 aa) domains of StCsm6
(Figure 3A and Supplementary Figure S6A) that both re-
mained dimers in solution (Supplementary Figure S6B) like
WT StCsm6 (10). Isolated HEPN domain degraded linear
RNA at the same rate as WT StCsmb6 in the absence of ac-
tivator (Supplementary Figure S7).

Next, we analyzed cAg degradation activity of individ-
ual CARF and HEPN domains. Surprisingly, both CARF
and HEPN domains were able to degrade radiolabeled cAg;
however, under single turnover conditions the CARF do-
main was much more efficient at degrading cA¢ than the
HEPN domain (Figures 3C and D). Mutations of HEPN
active site residues R371A and H376A (10) required for
RNase activity dramatically impaired hydrolysis of both
cA¢ (Figure 3D) and linear RNA (Supplementary Figure
S7C), indicating that the same active site is responsible for
cAg and linear RNA cleavage.

Nucleic Acids Research, 2020, Vol. 48, No. 16 9211

To predict the putative active site of CARF in StCsm6,
we superposed StCsm6 CARF domain model (10) with T
onnurineus Csm6-cA4 structure (PDB ID: 606V) (25) and
identified that conserved D12, S105 and T107 residues of
StCsmo6 are located near the cyclic oligoadenylate (Supple-
mentary Figure S8). While S105 and T107 are important for
cAg binding (10), DI2A mutation (dCARF variant) com-
pletely abolished the cAg hydrolysis activity of the CARF
domain (Figure 3C), indicating that this residue is impor-
tant for cAg cleavage.

Next, we analyzed reaction products generated by CARF
and HEPN domain-mediated cleavage of cAg. HPLC-MS
analysis revealed that the CARF domain converts cAg to
As>p; however, linear Ag>p is also present in the reac-
tion mixture (Figure 3C) and can be further cleaved by
CAREF into the final reaction product, A;>p (Supplemen-
tary Figure S7D). Presumably, each monomer of homod-
imeric CARF domain cuts cAg producing A3>p, similarly
to the ring nucleases that split cA4 into two A,>p (22).
The reaction occurs non-concertedly since Ag>p product
is identified in the reaction mixture. Unlike CARF do-
main, HEPN domain degraded cAg into a mixture of Ag>p,
A4>p, A3>p, Ay>p and A>p oligoadenylates (Figure 3D).
Together, this shows that both StCsm6 domains function
as metal-independent ring nucleases that degrade cAg but
generate different cleavage products.

cAg degradation by the full-length StCsmé6

We found that isolated CARF and HEPN domains of
StCsmo6 both are capable of degrading cAg; moreover, bind-
ing of cAg to the CARF domain allosterically stimulates
RNase activity of the HEPN domain (10). Therefore, we
next examined possible allosteric connection between the
CARF and HEPN domains in cAg degradation by the WT
StCsm6. To dissect possible allosteric interactions between
the domains, we compared cAg cleavage by WT StCsm6 and
mutants that were deficient in cAg cleavage in either CARF
(dCARF-Csm6) or HEPN (dHEPN-Csm6) domains (Fig-
ure 3E).

Under enzyme excess (E>>S) conditions, dHEPN-Csm6
cleaved cAg at the rate (Kopsnepn-csms) = 0.27 £+ 0.10
min~!) that was comparable to the WT StCsm6 (KobswT)

=0.19 £ 0.04 min~') and about 2-fold slower than the iso-
lated CARF domain (kopsccarr) = 0.47 £ 0.18 min~!) (Fig-
ures 3B, C and E). This suggests that at low cAg concentra-
tions CARF domain of StCsm6 functions as a ring nuclease,
and the contribution of HEPN domain is negligible. Indeed,
dCARF-Csmb6 variant cleaved cAg very slowly, similarly to
the isolated HEPN domain (Figures 3D and E).

Low cAg degradation activity of the HEPN domain (Fig-
ure 3D) may be due to poor binding of cAg. We were un-
able to determine cAg binding affinity of the HEPN domain
directly; therefore, we indirectly evaluated cAg binding us-
ing a cleavage competition assay. We mixed full-length WT
StCsm6 and RNA at a 1:1 ratio, and measured the cleavage
rate of RNA in the presence of increasing concentrations
of cAg (Figure 4A). At low cAg concentrations StCsm6 hy-
drolyzed RNA very slowly because HEPN was not alloster-
ically activated by cAg binding in the CARF domain. RNA
hydrolysis rate increased significantly at 10 nM of cAg, im-
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Figure 3. cAg hydrolysis by CARF and HEPN domains of StCsm6 in vitro. (A) Schematic illustration of WT StCsm6 protein and its CARF (1-169
aa) and HEPN (172-428 aa) domains. Residues important for activity are indicated. In vitro hydrolysis of cAg by (B) WT StCsm6, (C) isolated CARF
domain, (D) isolated HEPN domain and (E) full-length StCsm6 with R371A, H376A (dAHEPN-Csmo6) and D12A (dCARF-Csm6) mutations, as analyzed
by PAGE and HPLC-MS. All cA4 hydrolysis reactions analyzed by PAGE contained 50 nM of a2P-labeled cAg and 1 uM of WT, CARF, dHEPN-Csm6
or dACARF-Csm6, or 10 uM of HEPN. MS reactions contained 20 uM of non-labeled cAg and 10nM of WT, 1 uM of CARF or 10 uM of HEPN.

plying cA¢ binding in the CARF domain and allosteric ac-
tivation of the RNase activity of HEPN domain. Further
increase of cAg concentration up to 100 nM did not change
RNA hydrolysis rate. Inhibition of RNA hydrolysis was ob-
served at cAg concentrations above 100 wM (Figure 4A),
suggesting that HEPN has lower binding affinity towards
cAg than CARF domain.

Therefore, we next analyzed StCsm6 cAg cleavage un-
der multiple turnover (S>E) conditions. Under these con-
ditions WT StCsm6 rapidly degraded cAg with a turnover
rate of >20 min~' (Figure 4B). It is likely that at high con-

centrations cAg binds both to CARF and HEPN, thereby
allosterically activating effective degradation of cAg by the
HEPN nuclease. In contrast, isolated CARF domain and
HEPN-deficient dHEPN-Csm6 cleaved cAg significantly
slower (keat <0.1 min~'). Taken together, these results sug-
gest that an activated HEPN is a much more efficient ring
nuclease than CARF. The dCARF-Csm6 mutant with im-
paired cAg cleavage at the CARF domain degraded cAg
much faster than isolated HEPN domain (Figure 4B), indi-
cating that cAg binding but not cleavage is required for acti-
vation of the HEPN ring nuclease. The slower cA¢ cleavage
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Figure 4. cAg hydrolysis by the HEPN domain of StCsmé6 in vitro. (A) RNA hydrolysis competition assay. RNA hydrolysis rate of WT StCsm6 (10 nM
32p_labeled RNA, 10 nM StCsm6) was monitored in the presence of increasing concentration (0-500 M) of cAg. (B) cAg hydrolysis under multiple
turnover conditions. 1 pM of full-length WT StCsm6 or its CARF and HEPN mutant variants were mixed with 50 nM a3?P-labeled cAg and 10 uM of

non-labeled cAg and its hydrolysis products were analyzed by PAGE. (C) cA

» hydrolysis by WT StCsm6. A mixture of cA,s (~30 wM) produced by the

StCsm complex was incubated with 10 nM WT StCsm6 for 90 min and analyzed by HPLC-MS.

by the dCARF-Csm6 mutant as compared to WT may re-
sult from compromised cAg binding affinity, caused by the
D12A mutation in the CARF domain. In agreement with
impaired cAg binding, an increased cAg concentration (up
to 300 nM) was required for activation of RNA degradation
by the dCARF-Csm6 mutant (Supplementary Figure S7E).

cA, degradation by StCsm6

HPLC-MS analysis revealed that in E. coli host expressing
StCsm6 and StCsm6’ RNases, the level of all cA,s is dra-
matically decreased (Figure 2C and Supplementary Figure
S1C), suggesting that StCsmo6 is capable of degrading dif-
ferent cA,s including cAg produced by the Csm effector
complex. We found that after prolonged incubation StCsm6
converted a mixture of cA,s to A,>p and A>p (Figure 4C).
Isolated CARF domain failed to cleave cAs and cAy in the
mixture of cA, but was able to convert cAg to A3>p and
linearize cAs (Supplementary Figure S9A). However, cAs-
bound CARF did not activate RNase activity of the HEPN

domain of WT StCsm6 (Supplementary Figure S9B). Iso-
lated HEPN domain was not as effective in converting cA,,s
to A,>p as the full-length StCsm6 (Figure 4C and Supple-
mentary Figure S9A).

Together, these results show that StCsmo6 has two ring nu-
clease activities: the CARF domain, which is specific to cAg
and upon cleavage produces Az >p, and the HEPN domain,
which upon allosteric activation indiscriminately degrades
cA, (n = 3-6) oligoadenylates down to A>p.

DISCUSSION

Type III CRISPR-Cas systems are complex, versatile and
efficient barriers protecting host cells against foreign nu-
cleic acids (41). We have previously shown that in the S.
thermophilus type 11I-A CRISPR-Cas system, target RNA
binding by the StCsm effector complex activates the Cas10
protein, whose HD domain starts ssDNA degradation, and
the Palm domain initiates synthesis of cyclic cA,s (n = 2-6)
(8,10). The cAg produced in response to viral infection acts
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as a signaling molecule that binds to the CARF domain of
the stand-alone StCsm6 and StCsmé6’ proteins and alloster-
ically activates the non-specific ribonucleolytic activity of
their HEPN domains (10). Here, we aimed to establish the
control and regulation mechanisms of the cAg-dependent
StCsm6 RNase both in vitro and in vivo.

cAs and cAg4 are major reaction products produced in the cell

While the target plasmid degradation by the Cas10 DNase
has been monitored in cells over time (3,20), the Casl0-
mediated cA, synthesis in cells has not yet been analyzed.
Using targeted HPLC-MS analysis we show that in re-
sponse to the target sequence transcription from a plasmid
or a phage, S. thermophilus type 11I-A CRISPR-Cas sys-
tem in heterologous E. coli host produces cA,s of different
ring size (Figure 2). The cyclic oligoadenylates with larger
ring sizes (n = 5-6) were most abundant, including cAg, that
binds to the sensor CARF domain and activates StCsm6
and StCsm6’ RNases. The cA,, size distribution detected in
the cell matched that observed in vitro under high target
RNA concentrations (Supplementary Figure S3). In addi-
tion to cAs and cAg, significant amount of cA4 and cA; was
also detected (Figure 2A). Bacterial cGAS/DncV-like nu-
cleotidyltransferases synthesize cyclic tri-nucleotide com-
pounds (42) including cAj; that activate restriction enzyme-
like endonuclease effector NucC in the bacteriophage im-
munity pathway (43,44). It cannot be excluded that cAj pro-
duced by the type I1I systems could contribute to alternative
pathways in bacterial signaling, such as NucC activation.

Self-regulation of the cA, signaling pathway

Plasmid interference experiments revealed (Figure 1C) that,
in agreement with previous type III studies (12,20,45,46),
both ssDNA degradation and cA,, signaling pathway are
required for S. thermophilus type I1I-A CRISPR-Cas me-
diated immunity. Notably, E. coli cells do not survive when
they carry heterologous type III CRISPR-Cas system with
catalytically deficient Csm3 and DNase variants (Figure
1C), indicating that cAg-activated StCsm6 and StCsm6’
RNases alone enable plasmid immunity. Since cA,, signal-
ing pathway is critical for CRISPR—Cas type I1I immunity,
it must be regulated to avoid host damage. First, cA,, syn-
thesis should be switched-off once the foreign transcript is
eliminated, and next, cA, messengers produced in response
to infection should be cleared from the cell. Csm3 RNase
controls cA,, level at the synthesis stage through degrada-
tion of target RNA that is required for initiation of cA,
synthesis (10,14). Csm3 inactivation results in higher cA,
production yield in vitro (10,12). In the cell, it should pro-
mote upsurge in cA,, production and subsequent increase of
StCsm6 R Nase activity, which may cause dormancy (47,48)
or cell death. Uncontrollably enhanced StCsm6 RNase ac-
tivity presumably ensures plasmid immunity in the case of
DNase-deficient variant of StCsm (Figure 1C).

HPLC-MS analysis of cell metabolites revealed that in
the presence of StCsm6 and StCsmé6’, cA,s, including cAg,
are depleted from E. coli cells (Figure 2C and Supplemen-
tary Figure S1C). CARF ring nucleases were recently shown
to be responsible for degradation of specific cA4 messen-
gers (22-25). However, in the S. thermophilus type I1I-A

system cA,s are degraded by StCsmo6 independently of the
ring size, suggesting a different cA, degradation pathway.
Indeed, we show here that both CARF and HEPN domains
of StCsm6 proteins function as ring nucleases but exhibit
different binding specificities and produce distinct reaction
products (Figures 3 and 4).

StCsm6 CAREF is a cAg-specific ring nuclease

Isolated StCsm6 CARF ring nuclease shows no activity ei-
ther on linear RNA or cA4 (Supplementary Figures S7B
and S9A) but tightly binds cAg and converts it to A3>p
(Figures 3C and 4A). Similarly to other CARF ring nucle-
ases (22,24) cleavage of cAg by StCsm6 CARF domain is
slow (Figures 3 and 4). Identification of the linear Ag>p
intermediate during the reaction (Figure 3D) suggests that
both active sites in CARF dimer act independently. Simi-
larly, it has been reported that 7. onnurineus Csm6 CARF
domain cleaves cAy first to produce A4>p and subsequently
to Ay>p (25). CARF is also able to bind and linearize cAs
(Supplementary Figure S9A). However, cAs is not an op-
timal substrate for the CARF ring nuclease and is only
cleaved by one of the active sites of the CARF domain
dimer.

Aspartate D12 is proposed as a catalytic residue in the
StCsm6 CARF domain since D12A mutation abolishes cAg
cleavage activity (Figure 3C). Catalytic residues identified
in ring nucleases are very diverse: D12 in Csm6 of S. ther-
mophilus, T10/T11 in Csm6 of T. thermophilus, W14 in
Csm6 of T. onnurineus and Y14 in Csx1 of S. islandicus
(23-25). Variation of catalytic residues in the active sites of
CARF domains argues that there are multiple ways for po-
sitioning and activation of 2’-OH group of the ribose for
nucleophilic attack that results in the phosphodiester bond
cleavage during cyclic oligoadenylate (cA4 and cAg) degra-
dation. Recent structural and biochemical study of Enteroc-
cocus italicus Csm6, published during preparation of this
manuscript, also revealed that CARF domain is capable of
cleaving cAg (49).

cA¢-binding at CARF domain promotes HEPN-mediated
degradation of RNA and cA,s

In contrast to the CARF domain that is specific to cAg, the
HEPN domain shows clear preference for RNA degrada-
tion (Figure 4A and Supplementary Figure S7A). However,
at high cAg concentrations, HEPN domain also becomes a
ring nuclease that effectively degrades cAg down to Ay>p
and A>p (Figures 3E and 4C). Unlike the CARF ring nu-
cleases that exhibit strict specificity and cleave either cAg or
cA4 oligoadenylates, the HEPN domain degrades all cA,s,
including cAg, produced by the Csm effector complex (Fig-
ure 4C). It first opens the ring of cA, and then chops lin-
earized A,>p like any other linear RNA (StCsm6 HEPN
domain cuts linear RNA preferentially at AA or GA nu-
cleotides (10)). Notably, an A>p molecule is bound to the
HEPN domain in the structure of 7. onnurineus Csmo6 (25).
The allosterically activated HEPN domain in StCsm6 is a
much faster ring nuclease than the CARF domain (Fig-
ure 4B). The rate of cAg hydrolysis by the activated HEPN
domain is similar to the cA4 hydrolysis rate by the phage
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Figure 5. Model of self-regulation of the cA, signaling pathway of type III-A CRISPR—Cas system. Recognition of the invasive transcript by the Csm
complex triggers three catalytic activities: the Csm3-mediated cleavage of the invasive transcript, degradation of DNA template by the HD domain of Cas10,
and synthesis of cA ¢ by the Palm domain of Cas10. The cAg acts as a signaling molecule that binds to the CARF domain of the Csm6 ribonuclease and
activates non-specific RNA degradation by the HEPN domain. CARF domain acts as ring nuclease that slowly converts cAg into linear Ag>p and finally
into A3>p. Cleavage of the target RNA by Csm complex switches off cA,, synthesis by the Cas10 subunit. cAg and Ag>p remain bound to the CARF
domain and activate the HEPN domain for degradation of cA,s accumulated in the cell, thereby switching off signaling and restoring the pre-infection

cell state.

ring nuclease, which is the fastest ring nuclease known to
date and functions as viral anti-CRISPR (AcrlIII-1) (26,50).
During the preparation of the present manuscript, Foster et
al. reported that Pyrococcus furiosus Csx1 HEPN is also ca-
pable of degrading cyclic oligoadenylates (51). It would be
interesting to see if the allosterically activated HEPN do-
main degrades cA,s in the cA4-dependent CARF-HEPN
nucleases (25,26,50) and whether majority of Csm6/Csx1
proteins are dual ring nucleases as StCsm6.

Csm6 as the regulator of type III-A CRISPR—-Cas immunity

Our data and previous reports show that CARF-containing
Csm6/Csx1 proteins play major role in the type III
CRISPR—Cas immunity (46,52). Here we propose the fol-
lowing model of the type III-A Csm6-dependent CRISPR-
Cas immunity (Figure 5). At an early infection stage, in re-
sponse to the target RNA binding the Csm effector complex
starts to produce cyclic oligoadenylates of various ring size.
Cyclic hexa-adenylate cAg acts as a secondary messenger
that allosterically activates Csm6 HEPN RNase through
binding at the CARF domain and initiates RNA degrada-
tion. CARF domain also functions as a ring nuclease that
slowly converts cAg to Ag>p and finally to A;>p (Figure
3C). The slow turnover rate suggests that Ag>p remains
bound to the CARF domain and may continue to activate
the HEPN domain (11) until it is converted to A3 >p thereby
switching off HEPN activity. This would provide a timer
mechanism for the HEPN domain activity control.

The HEPN domain shows clear preference for RNA over
cA,s (Figure 4A and Supplementary Figure S7C) but can
switch to cA,, degradation at high cyclic oligoadenylate con-
centration presumably at the late stage of phage infection.
Notably, high concentrations of cAs and cAg (22.3 4+ 4.6
and 12.9 4 3.8 wM) are detected in E. coli harbouring the
S. thermophilus type I1I-A CRISPR—Cas system and its tar-
get (Figure 2A).

E. coli is able to survive in the presence of cAg-activated
Csm6 RNase, which suggests that Csm6 does not degrade
all cellular transcripts as its activity is self-regulated through
the concerted action of CARF and HEPN ring nucleases
(Figures 1C, 2C and 4). In the early infection stage, the ac-
tivated Csm6 RNase could be co-localized with the Csm
complex due to increased local concentration of cAg, which
is synthesized in response to target RNA binding. After
cleavage of the foreign transcript at the late stage of in-
fection, the cA, synthesis is terminated (10,14) and accu-
mulated cA,s are degraded by cAg-activated HEPN do-
main, thus completely eliminating the signaling molecules
and switching off RNases (Figure 5). Such self-regulation
mechanism would prevent the cell death and ensure the re-
covery of the host in the post-infection stage.
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