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ABSTRACT

Type III CRISPR-Cas effector systems detect for-
eign RNA triggering DNA and RNA cleavage and
synthesizing cyclic oligoadenylate molecules (cA)
in their Cas10 subunit. cAs act as a second mes-
senger activating auxiliary nucleases, leading to
an indiscriminate RNA degradation that can end
in cell dormancy or death. Standalone ring nucle-
ases are CRISPR ancillary proteins which downreg-
ulate the strong immune response of Type III sys-
tems by degrading cA. These enzymes contain a
CRISPR-associated Rossman-fold (CARF) domain,
which binds and cleaves the cA molecule. Here, we
present the structures of the standalone ring nucle-
ase from Sulfolobus islandicus (Sis) 0811 in its apo
and post-catalytic states. This enzyme is composed
by a N-terminal CARF and a C-terminal wHTH domain.
Sis0811 presents a phosphodiester hydrolysis metal-
independent mechanism, which cleaves cA4 rings to
generate linear adenylate species, thus reducing the
levels of the second messenger and switching off
the cell antiviral state. The structural and biochem-
ical analysis revealed the coupling of a cork-screw
conformational change with the positioning of key
catalytic residues to proceed with cA4 phosphodi-
ester hydrolysis in a non-concerted manner.

INTRODUCTION

Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR) that associate with CRISPR associated
(Cas) proteins, constitute an adaptive immune system
in bacteria and archaea against foreign mobile genetic
elements (MGEs), such as plasmids and phages (1,2).

The CRISPR immune response consists of three stages
mediated by a distinct subset of Cas proteins involving
adaptation, CRISPR (cr) RNA maturation and inter-
ference, concluding with the recognition and cleavage
of the target DNA or RNA (3–6). CRISPR systems
are divided into two classes and six types based on the
interference complex subunit composition, while Class 1
systems interference complexes are built by multi-subunit
ribonucleoprotein (RNP) complexes, the Class 2 RNPs are
composed by a multidomain protein and the crRNA (7,8).

The Class 1 Type III constitutes a complex CRISPR im-
mune system of particular interest, as its members deploy
an intricated response controlled by a multifaceted regu-
latory pathway to degrade both the mRNA and DNA of
the invader (9–11). The large Type III interference com-
plexes build a large filament around the crRNA and they
are characterized by the presence of the multidomain Cas10
signature protein, which commonly harbours two active
sites: an HD nuclease domain for ssDNA cleavage (10,12–
14) and a cyclase domain for cyclic oligoadenylate (cA)
synthesis (15–17). The recognition of a target RNA trig-
gers the catalytic activities of the Cas10 subunit, and the
Cas10 cyclase domain polymerises ATP into cA species
ranging between 3- and 6-AMP subunits (cAn) (15–18).
cAn molecules act as a second messenger promoting the
activation of CRISPR ancillary nucleases (Csx1/Csm6,
Can1/Can2 and NucC families), which are the effector
“work horse” of the Type III immune response (15,16,19–
21). Once these CRISPR ancillary nucleases are activated,
these enzymes degrade both host and invading nucleic acids
in the cell, resulting in viral clearance, cell dormancy or cell
death (22).

Therefore, the control of cAn levels require a regulatory
system that can modulate or stop the activity of the in-
discriminate nucleases. Although the CARF domains of
some Csm6 proteins have been shown to slowly degrade
cA4 or cA6, thereby self-limiting their ribonuclease activity
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(23–25), a major part of Type III systems include stan-
dalone cyclic oligoadenylate degrading enzymes, termed
CRISPR ring nucleases (Crn), to fulfil this function.
The first two members of this family were described in
Sulpholobus solfataricus (Sso), where the CARF-domain
proteins Sso1393 and Sso2081, were shown to bind and de-
grade cA4 using a metal-independent mechanism, thus re-
turning cells to a basal uninfected state (26). Despite this
information, no structural details addressing the catalytic
mechanism of these regulatory enzymes of the Type III im-
mune response is available.

Here, we show the molecular details of how a standalone
ring nuclease degrades cA4 by determining the atomic struc-
tures of the Sulfolobus islandicus (Sis) ring nuclease Sis0811
in its apo and post-catalytic form in complex with the two
molecules of 5′-OH-ApA-2′,3′-cyclic phosphate generated
after cA4 cleavage. We observe that cA4 binding and degra-
dation fires a conformational change transmitting the sig-
nal from the CARF domains to the wHTH domains. A
structure-function analysis allowed us to provide the first
structural insight into the catalytic mechanism of a stan-
dalone ring nuclease which regulates the type III CRISPR
defence system.

MATERIALS AND METHODS

Construction of expression plasmids

Sis0811 wild type sequence from Sis REY15A and the
variants used in this study were synthesized by the Inte-
grated DNA Technology (IDT, USA). The genes were then
cloned by In-Fusion HD Cloning Plus (Tanaka) into pET-
21 with a C-terminal extension encoding a TEV (Tobacco
Etch Virus) protease target site and a 6x His-tag (Histidine
tag). All sequences were verified by DNA sequencing of
the constructed expression plasmids by Sanger sequencing
(LIGHTRUN, GATC or Genewiz).

Purification of ring nucleases

His-tagged Sis0811 full length and all its variants were ex-
pressed and purified from Escherichia coli BL21 pRARE
cells. Cells were grown in LB media containing ampicillin
(1 mM) and chloramphenicol (34 �g/ml) at 37 ˚C until an
OD at 600nm wavelength of 0.7–0.9 was reached. Expres-
sion was induced by adding 0.5 mM of isopropyl �-D-1-
thiogalactopyranoside (IPTG) at 37 ˚C during 3h. The cells
were harvested and re-suspended in lysis buffer (50 mM
HEPES pH 7.5, 2 M NaCl, 5 mM MgCl2) in a ratio of
about 10 ml buffer/1 g cells supplemented with 1 protease
inhibitor tablet (Roche Diagnostics GmbH), lysozyme, 1 �l
benzonaze and 0.5 mM TCEP (tris(2-carboxyethyl) phos-
phine). Cells were lysed by sonication for 10 min with 10 s on
and 20 s off cycle and then cell debris and insoluble parti-
cles were removed by centrifugation at 11 000 rpm for 30–45
min (Thermo Fisher Scientific, Multifuge X Pro). The su-
pernatant was diluted to 500 mM NaCl (Dilution buffer:
50 mM HEPES pH 7.5, 5 mM MgCl2) and loaded onto
a 5 ml Crude HisTrap FF column (GE Healthcare) equi-
librated in buffer A (50 mM HEPES pH 7.5, 5 mM MgCl2,
500 mM NaCl). The elution was performed by a step gradi-
ent of buffer B (50 mM HEPES pH 7.5, 5 mM MgCl2, 500

mM NaCl, 500 mM imidazole). Enriched protein fractions
were applied onto a 5 ml HiTrap Q HP column (GE Health-
care) equilibrated with buffer A2 (20 mM Tris–HCl pH 8.0,
50 mM NaCl). The protein was eluted with a linear gradient
of 0–100% buffer B2 (20 mM Tris–HCl pH 8.0, 1M NaCl).
Protein-rich fractions were loaded onto a HiLoad 16/600
75 Superdex column (GE Healthcare) equilibrated in gel fil-
tration buffer GF (25 mM HEPES pH 8.0, 300 mM KCl,
0.5 mM TCEP). The protein fractions were concentrated to
∼10 mg/ml (using 10 kDa MWCO Centriprep Amicon Ul-
tra devices) and aliquots were flash-frozen in liquid nitrogen
and subsequently stored at -80◦C.

Size-exclusion chromatography–multi-angle light scattering
(SEC-MALS)

SEC-MALS experiments were performed using a Dionex
(Thermo Scientific) HPLC system connected in-line to a
UV detector (Thermo Scientific Dionex Ultimate 3000,
MWD-3000), a Wyatt Dawn8+ Heleos 8-angle light-
scattering detector and a Wyatt Optilab T-rEX refractive in-
dex detector. SEC was performed using a Superdex 200 In-
crease 10/300 GL column (GE Healthcare) at room temper-
ature in a buffer containing 50 mM bicine pH 8.0, 500 mM
KCl and 0.5 mM TCEP. For the analysis, 50 �l of Sis0811,
Sis0811�268, were injected at 0.75 mg/ml, and 1.00 mg/ml
concentrations, respectively, and 0.5 ml/min flow rate. AS-
TRA (version 6.1.7.17 (RC7)) software was used to collect
the data from the UV, refractive index, and light scatter-
ing detectors. The weight average molecular masses, Mw,
were determined across the elution profile from static LS
measurements using ASTRA software and a Zimm model,
which relates the amount of scattered light to the weight av-
erage molecular weight of the solute, the concentration of
the sample, and the square of the refractive index increment
(dn/dc) of the sample.

Crystallization

Initial crystallization screening using the full-length version
of Sis0811 apo sample was performed at 298 K using the
sitting-drop vapor-diffusion method and testing a collec-
tion of commercially available crystallization screens. The
initial drops consisted of 0.15 �l of protein solution (11.59
mg/ml in 25 mM HEPES pH 8.0, and 300 mM KCl, 0.5
mM TCEP) and 0.15 �l well solution, and were equilibrated
against 70 �l of well solution. After 60 days of incubation,
the extensive initial screening and optimization only ren-
dered rod-like crystals in 20% PEG 3350, 0.2M KSCN and
0.1 M Bis–Tris pH 8.5. The best crystals grown were system-
atically providing diffraction data only to 4 Å resolution.
To improve the crystallization process, last 54 amino acids,
predicted to be disordered, were removed (Sis0811�268)
and following the same protocol used with the full length,
crystallization screening assays were performed by mixing
protein solution (9.77 mg/ml in 25 mM HEPES pH 8.0,
300 mM KCl and 0.5 mM TCEP) and commercial crys-
tallization solutions. After 15-20 days of incubation, pro-
tein crystals were grown in many screening crystallization
conditions and their diffraction quality were checked by
synchrotron sources (SLS, Villigen, Switzerland; MAXIV,
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Lund, Sweden). Best screening diffracting crystals were sub-
sequently scaled up and optimized using a Dragonfly (TTP)
screen optimizer yielding triangular-like crystals grown in
30% PEG3000, 0.1 M CHES pH 9.5. Crystals were cryo-
protected by adding 20% (v/v) glycerol to the mother liquor
before flash-freezing in liquid nitrogen.

Crystallization trials with Sis0811�268 and its substrate
were initially tried by soaking the apo Sis0811�268 crystals
into a solution including 200 �M (equimolar ratio) of the
commercial ligand cA4 but all crystals were dissolved imme-
diately. Then we performed co-crystallization assays by in-
cubating Sis0811�268 with 200 �M of cA4 (1:2 molar ratio)
for 30 min at 277 K, and then the reaction was used directly
for commercial crystal screening. After optimizing initial
hits found in reservoir conditions based on 25% PEG 1500
and 20% PEG 3350, best diffracting crystals were grown
in 20% PEG 3350, 0.1M Bis–Tris propane pH 7.5, 0.2M
KSCN. Sis0811�268(S12A) and Sis0811�268(S12G/K169G)
crystals were obtained following the same protocol de-
scribed above for the complex form.

X-ray data collection

All data were collected from frozen crystals at 100 K with
EIGER and PILATUS detectors at beamlines PXI and
PXIII (SLS, Villigen, Switzerland) and at BioMax (MAX-
IV, Lund, Sweden). Data processing and scaling were ac-
complished using XDS (27) POINTLESS and AIMLESS
(28) as implemented in autoPROC (29). Statistics for the
crystallographic data and structure solution are summa-
rized in Table 1.

Crystal structure solution, model building and refinement

Both apo and post-catalytic state structures were solved
by molecular replacement method, as implemented in the
program PHASER (30). However, while apo structure was
solved by using the homologous model from PDB code
3QYF, the cA4 bound form was solved by using the CARF
dimer structure from the apo form as a searching model.
All the models were then initially subjected to iterative cy-
cles of model building and refinement with PHENIX (31)
and Coot (32). Final cycle refinements were performed with
REFMAC (33) yielding the refinement and data collection
statistics summarized in the Table 1. The Apo, complex,
S12A and S12G/K169G final models have an Rwork/Rfree
of 16/22, 25/29, 22/28 and 19/24 with 0.00, 0.38, 0.92
and 1.30% of the residues in disallowed regions of the Ra-
machandran plot, respectively.

The structure of the cA4 bound form was solved by
molecular replacement using just the CARF dimer struc-
ture from the apo form as a searching model. The quality
of the electron density maps provided from this molecular
replacement solution allowed us not only to manually re-
trace the model of the CARF domains but also to build de
novo the missing wHTH domains. Figures were generated
using PyMOL (34) and ChimeraX (35).

Isothermal titration calorimetry (ITC)

Cyclic tetraadenylate (cA4; catalog number, C 355) was pur-
chased from BIOLOG Life Science Institute (Bremen, Ger-

many). The purity obtained in the synthesis was ≥95%
as determined by high performance liquid chromatogra-
phy (HPLC) and subsequent analysis by mass spectrometry.
Prior to ITC experiments both the proteins (Sis0811 and
Sis0811�268) and the cA4 were extensively dialyzed against
ITC buffer, 50 mM HEPES pH 8.0, 300 mM KCl, 0.5 mM
TCEP. All ITC experiments were performed on an Auto-
iTC200 instrument (Microcal, Malvern Instruments Ltd.)
at 25◦C. Protein concentrations were determined using a
spectrophotometer by measuring the absorbance at 280 nm
and applying values for the extinction coefficients computed
from the corresponding sequences by the ProtParam pro-
gram (http://web.expasy.org/protparam/). The cA4 concen-
tration was determined as well by measuring the absorbance
at 260 nm and using a extinction coefficient of 54 000 M−1

cm−1. cA4 at approximately 50 or 100 �M concentration
was loaded into the syringe and titrated into the calorimet-
ric cell containing the SisRN0811 proteins at ∼5 or 10 �M,
respectively. The reference cell was filled with distilled water.
In all assays, the titration sequence consisted of a single 0.4
�l injection followed by 19 injections, 2 �l each, with 150 s
spacing between injections to ensure that the thermal power
returns to the baseline before the next injection. The stir-
ring speed was 750 rpm. Control experiments with the cyclic
tetraadenylate injected in the sample cell filled with buffer
were carried out under the same experimental conditions.
These control experiments showed heats of dilution neg-
ligible in all cases. The heats per injection normalized per
mole of injectant versus the molar ratio [cA4]/[SisRN0811
variants] were fitted to a single-site model. Data were anal-
ysed with MicroCal PEAQ-ITC (version 1.1.0.1262) analy-
sis software (Malvern Instruments Ltd.).

Thin layer chromatography

The Sis0811 homolog Sso1393 has been proposed to cleave
cA4 in a consecutive manner where the cA4 substrate is first
converted to linear OH-A4>P and then OH-A2>P. To anal-
yse the cA4 cleavage activity of Sis0811 and Sis0811�268
purified in this work, the cA4 cleavage products were visu-
alized by TLC. TLC was performed on 10 × 10 cm glass
sheets coated with a thin layer of absorbent silica gel con-
taining a green fluorescent indicator that excites at 254nm
UV light (Merck Millipore) as the stationary phase and a
running buffer containing 30% H2O, 70% ethanol and 0.2
M ammonium bicarbonate as the mobile phase. Reactions
of 50 �l containing 40 �M cA4, increasing protein con-
centration and reaction buffer (20 mM MES pH 6, 5 mM
MgCl2) were incubated at 70◦C for 60 min in a thermocy-
cler. A “mock” reaction containing no protein but both 40
�M cA2 and 40 �M cA4 was used as a control for each
experiment. The reactions were stopped by cooling to 4◦C
and subsequently performing a phenol extraction to remove
the protein from each sample. Phenol extraction was per-
formed by adding an equal volume of phenol to the reaction
and vortexing until milky in colour. Samples were then cen-
trifuged for 60 seconds at 7000 rpm to separate the organic
and aqueous phase. The cA4 cleavage products remained in
the top aqueous phase and 30 �l were carefully extracted to
a clean tube, ensuring no phenol was transferred as well. 15
�l of the phenol extracted sample were dotted onto the TLC

http://web.expasy.org/protparam/
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Table 1. X-ray crystallographic data collection and refinement statistics

Sis0811�268

Apo

Sis0811�268: 2ApA>p
Final product bound form

Sis0811�268(S12A)
Apo

Sis0811�268(S12G/K169G)
Apo

Data collection
Space group C2 P41212 C2 C2
Cell dimensions
a, b, c (Å) 77.37, 106.44, 78.44 56.76, 56.76, 361.040 77.15, 103.95, 77.86 76.98, 105.03, 78.36
�, �, � (◦) 90, 102.92, 90 90, 90, 90 90, 102.98, 90 90.00, 102.89, 90.00

Wavelength 0.98 1.00 1.00 0.98
Resolution (Å) 61.73–2.38 (2.43–2.38)a 61.52–2.85 (2.92–2.85)a 60.82–2.67 (2.71–2.67)a 76.38-2.04 (2.07–2.04)a

Rpim 0.04 (0.40) 0.08 (0.66) 0.17 (0.84) 0.03 (0.31)
CC(1/2) 0.99 (0.76) 0.99 (0.37) 0.95 (0.49) 0.99 (0.84)
Mean I / �I 15.0 (2.3) 9.3 (1.1) 6.7 (2.1) 18.5 (2.3)
Completeness, % 99.9 (99.5) 93.5 (79.5) 98.0 (83.5) 99.2 (97.6)
Redundancy 7.0 (6.8) 7.8 (6.9) 6.3 (4.5) 7.4 (7.2)
Refinement
Resolution (Å) 61.61–2.38 48.05–2.85 60.90–2.67 43.93–2.04
No. reflections 22 478 14 031 15 386 36 331
Rwork/Rfree 0.16/0.22 0.25/0.29 0.22/0.28 0.19/0.24
Molecules by a.u. 2 2 2 2
No. atoms
Protein 4442 4360 4441 4229
cA4 0 88 0 0
Water 254 0 3 77

Ramachandran
Favored (%) 98.16 92.31 94.29 93.91
Allowed (%) 1.84 7.31 4.79 4.79
Disallowed (%) 0.00 0.38 0.92 1.30

R.m.s. deviations
Bond lengths (Å) 0.012 0.009 0.010 0.014
Bond angles (◦) 1.633 1.638 1.605 1.860

PDB code 7PQ2 7PQ3 7PQ6 7PQA

aValues in parentheses are for highest-resolution shell. One crystal was used to solve each crystal structure.

plate 1 cm from the bottom, 2 �l at a time allowing to dry
completely between each application. The plates were dried
completely before performing TLC. The dried plates were
applied to a previously equilibrated TLC chamber contain-
ing 0.5 cm of running buffer at room temperature. The mo-
bile phase was allowed to rise though the stationary phase
by capillary action until the solvent front reached about 1
cm from the top. The plates were finally dried before be-
ing imaged using UV light of 254 nm. Experiments for each
protein were designed with four points of increasing pro-
tein concentration and one “mock” reaction as control as
previously described. All experiments were performed in
triplicates.

Liquid chromatography (LC) ESI-MS

Approximately 20 pmol of the samples were deproteinized
as described for TLC, injected into a UPLC system (Ulti-
Mate 3000, Dionex) on a Kinetex® EVO C18 reverse phase
column (Phenomenex, 2.1 mm × 100 mm, 5.0 �m parti-
cle size) and analysed with a microOTOF-Q II mass spec-
trometer (Bruker Daltonik GmhH) equipped with an elec-
trospray ionization (ESI) source (capillary voltage 4500 V,
end plate offset –500 V, nebulizer gas (nitrogen) pressure
2.0 bar, flow 9 l/min and drying gas temperature 200◦C).
The LC method uses a gradient of A (8.6 mM TEA pH
8.3) and B (8.6 mM TEA pH 8.3, 5% acetonitrile) with a
flow rate of 0.2 ml/min as follows: 0–4 min 100% B, 4–6
min 100% B, 6–8 min 0% B. The column temperature was
30◦C. Mass data were acquired in negative-ion mode with

a scan range m/z 300–1500 and a mass resolving power of
10 000. Data acquisition was done under the control of the
module Hystar 3.2-SR 2 from Bruker Compass 1.3 soft-
ware that integrates both the LC chromatographic separa-
tion and MS methods. Data analysis was done with Data-
Analysis Version 4.0 SP5 (Bruker Daltonik GmhH). The
commercial standards cA2, pApA and cA4 used in this
study to identify the mass of the reaction products were pur-
chased from BIOLOG Life Science Institute (Bremen, Ger-
many). cA2 and pApA are isobaric to the reaction prod-
ucts P1 (ApA>p) and P2 (ApAp) but chemically different
therefore showing different retention times (Supplementary
Figure S5).

Protein domain analysis

A HHPred (36) search was performed with 6 CARF
domain sequences: Sis0811, Sis0455, Sso1393, Sso2081,
SisCsx1 and TonCsm6. A multiple sequence alignment
was performed using MUSCLE (37) and submitted to
HHpred for sequence and further structural homology
comparison. Additionally, a DALI (38) search was per-
formed with the structure of the CARF domain of Sis0811
in order to attempt to discover new structural homolo-
gies. Ring Nuclease activity information was found in
the literature on nine CARF domain containing pro-
teins. Information about these structures is summarized
in Supplementary Table S1. Thereafter, a multiple struc-
ture alignment of CARF domains was performed using
mTM-align (39).
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RESULTS

Crystal structure of Sis0811

Sis0811 is composed by an N-terminal CRISPR-Cas as-
sociated Rossmann Fold (CARF) domain (residues 1–199)
connected to a winged helix-turn-helix (wHTH) domain
(residues 208-268) and a C-terminal tail (residues 269–322),
which is predicted to be disordered (Figure 1A, Supplemen-
tary Figure S1). Sis0811 crystals did not provide diffraction-
quality data better than 4 Å resolution. To circumvent that
problem, we designed a truncated version (Sis0811�268), re-
moving the C-terminal 54 residues. The Sis0811�268 yielded
high-quality crystals and the structure was solved at 2.38 Å
resolution by molecular replacement (Figure 1B, Material
and Methods, Table 1).

The structure of the apo Sis0811�268 monomers within
the asymmetric unit interact parallelly along the 2-fold axis
to form a dimer (Figure 1B), which correlates with the
dimeric assembly observed in solution from SEC-MALS
experiments (Supplementary Figure S2). Thus, the CARF
domains shape the catalytic pocket at their interface of the
dimer assembly, while wHTH domains are oppositely ori-
ented along the 2-fold dimer axis (Figure 1B). Hence, the
2-fold axis bisects the cA4 catalytic pocket and the wHTH
domains in the dimer. As in other CARF domains, its core
is a 6-stranded Rossmann-like fold, with the core �5 and
�6 strands forming a ß-hairpin. By comparison with its
structural homologue Sso1393 in its apo form, where K168
and a S11 of each monomer has been proposed to be in-
volved in its catalytic activity (26), the equivalent residues in
Sis0811�268, K169 and S12, display the same configuration,
respectively (Supplementary Figure S3A and B). The con-
served lysine residues are present at the very bottom of the
catalytic pocket, parallel to each other. The ε-ammonium
group of the lysine residue is surrounded by five �-carboxyl
groups from the opposite chain, most likely assisting in the
stabilization of the dimer and creating a positively charged
environment. The conserved serine residues are located to
each side of the catalytic pocket ∼8 Å from the bottom of
the pocket and the carboxyl group faces away from the cat-
alytic pocket (Supplementary Figure S3A and B). The N-
terminal �-helixes are positioned symmetrically across each
other forming the catalytic pocket. �-sheets in the centre of
the protein angle the C-terminal �-helixes so that the chains
cross each other in a ‘ribbon-like’ fashion. Modelling the
electrostatic potential reveals a positively charged pocket at
the CARF dimer interface, pointing the cavity candidate of
the negatively charged cA4 substrate binding (Supplemen-
tary Figure S3B).

Next, we analysed whether the deletion of the C-terminal
tail affected cA4 binding and cleavage. We performed ITC
binding assays with the truncated and full-length versions
of SisRN0811. The experiments show that both versions
of the enzyme displayed a similar KD of 9.1 and 5.9 nM
for the full length and the truncated form respectively, sug-
gesting that the deletion of the C-terminal tail does not
affect cA4 binding substantially (Figure 1C). These minor
differences are also observed in the catalytic activity of
the enzyme. We monitored the enzymatic reaction quanti-
fying the di-AMP reaction products of the cA4 degrada-
tion after separation using TLC (Figure 1D and E, Ma-

terials and Methods). The truncated version of Sis0811
(Sis0811�268) cleaved cA4 slightly more efficiently than the
full-length (Figure 1D and E), suggesting that the removal
of the C-terminal tail could facilitate the entrance of the
substrate.

Structure of the Sis0811: 2ApA>p post-catalytic complex

To understand cA4 interaction and degradation mechanism
by Sis0811, we attempted to obtain the crystal structure
of Sis0811�268 in complex with its substrate cA4. Thus,
we initially performed soaking experiments of Sis0811�268
crystals into its mother liquor solution including cA4 in
an equimolar ratio. However, once the apo crystals were
soaked into the cA4 containing solution, they were imme-
diately dissolved suggesting that the interaction of cA4 with
the ring nuclease dismantled the crystal lattice, indicating a
possible conformational change upon cA4 binding. A sim-
ilar behaviour was observed with the full-length protein.
Hence, we decided to perform co-crystallization assays by
incubating the ring nuclease and its cA4 substrate prior to
the crystallization trials to obtain the structure of the post-
catalytic state. Following this strategy, we obtained new
crystals under different conditions, which diffracted to 2.7
Å resolution. The post-catalytic state structure was deter-
mined by molecular replacement using the CARF domain
of the apo structure as a model (Figure 2A, Supplementary
Figure S4A, Table 1, Materials and Methods). The qual-
ity of the 2FoFc and omit electron density maps unambigu-
ously revealed the presence of the cleaved cyclic oligoadeny-
late at the catalytic pocket in a post-catalytic state (Figure
2B and C, Supplementary Figure S4A).

Collectively, the apo and post-catalytic structure of the
Sis0811�268, including the reaction product bound, provide
a detailed glimpse on the conformational changes of the en-
zyme and the key catalytic residues involved in cA4 bind-
ing and cleavage of the canonical metal-independent stan-
dalone ring nucleases (Figure 1B, Figure 2) (26,40).

cA4 degradation

RNase and DNase metal independent nucleases generate
2′3′cyclic phosphate intermediates (41). Although there are
differences among their active pockets, they share common
feaures, such as the fact that water appears to be excluded
from the active site, the 2′-OH of the ribose or a protein
side chain serve as the nucleophile and the highly negatively
charged pentacovalent intermediate is neutralized by posi-
tively charged side chains (41). A cleavage mechanism was
proposed in a previous study combining the docking of a
cA4 molecule in the apo structure of Sso1393 (PDB:3QYF),
a Sis0811 homologue, with biochemical assays (26). In this
mechanism the 2′-OH- of the ribose would initate the nucle-
ophilic atack leaving the 5′-OH of the 2-AMP product un-
protected and a 2′,3′-cyclyc phosphate. Our post-catalytic
state 2FoFc and omit electron density maps support this hy-
pothesis since the reaction product structure could be fitted
containing a 5′-OH and the 2′,3′-cyclic phosphate termini (2
ApA>p, Figure 2B and C). The identification of this reac-
tion product was confirmed by mass spectrometry analysis
(Figure 2D, Supplementary Figure S5).
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Figure 1. Structural, biophysical and cleavage activity characterization of the ring nuclease Sis0811. (A) Domain organization of full-length ring nuclease
Sis0811. Dash lines represent the sequence fragment removed to obtain the truncated construct Sis0811�268. (B) Cartoon models (each domain is coloured
differently) of the dimeric apo Sis0811�268 crystal structure rotated 90 degrees between them along its 2-fold axis. (C) Sis0811 and Sis0811�268 substrate
binding assays by ITC. Affinities and thermodynamic values of Sis0811, Sis0811�268 binding events to cA4 inferred from ITC measurements performed
at 25◦C. Gibbs free energy (�G), enthalpy (�H), entropy (–T�S), equilibrium dissociation constant (KD) are shown. The protein-cyclic oligonucleotide
interaction affinity is defined by the Gibbs energy for binding �G = –RT ln KA = RT ln KD. The errors are the standard deviation of three independent
experiments. (D) Sis0811 and Sis0811�268 substrate cleavage assays analysed by TLC. The panel represents the percentage of the final reaction product (2
ApA>p) generated by SisRN0811 and Sis0811�268. (E) TLC cleavage assay experiment. Arrow reflects the sample migration direction.
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Figure 2. Structural analysis of the ring nuclease SiRe-0811 in complex with its post-catalytic reaction product. (A) Cartoon models of the dimeric
Sis0811�268 crystal structure in complex with 2 ApA>p (post-catalytic reaction product from cA4 substrate). (B) 2Fo – Fc map at the substrate bind-
ing pocket superimposed onto its corresponding refined structure. Map displayed at 2.0� contour value. (C) Fo – Fc omit map at the substrate binding
pocket superimposed onto its corresponding 2 ApA>p post-catalytic structure. FoFc omit map is displayed at 4.0� contour value. (D) LC–MS analysis of
SiRe-0811 reaction products. Upper panel: extracted ion chromatograms for m/z 657 (±0.5) (violet trace; ApA>p–1; retention time 5 min) and m/z 675
(±0.5) (orange trace; ApAp-1; retention time 6.4 min). Lower panel: extracted ion chromatogram for m/z 1315 (±0.5) (cyan trace; cA4

-1; retention time
6.8 min). * Symbol means that the hydrolysis of P1 at the cyclic phosphate could generate a P2 product having the phosphate group either at 2′ or 3′.
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cA4 triggers a conformational change in SisRN0811

The binding and cleavage of cA4 in the cataytic pocket
seems to induce a large conformational change in the
protein (Figure 3, Supplementary Video S1). The two
monomers undergo a corkscrew movement closing the
CARF domains on the substrate while the wHTH do-
mains separate. The CARF domains fold inwards from the
apo to the cA4 cleaved state, trapping the reaction prod-
uct 2 ApA>p into the positively charged environment of
the catalytic pocket. The corresponding wHTH domains
turn 30◦ in counter-clockwise manner, like a ‘cork-screw’,
around the 2-fold axis (Figure 3, Supplementary Video S1).

The comparison of the active site between the apo and
post-cleavage structures indicates the key residues which are
repositioned in the conformational change (Figure 3B-C).
Among them K169 seems to play an important role in the
relocation of the side chains to favour catalysis. The com-
parison suggests that the correponding 2′-OH of the ribose
could be the responsible of the nucleophilic attack, while
the K169 residues in each monomer could be involved in
the reaction intermediate stabilisation and S12 would sta-
bilize the 2′,3′cyclic phosphate after cleavage (Figure 3C,
Supplementary Figure S4A). During this conformational
change between the apo and post-catalytic states, S12 and
S12′ undergo a concerted change in their side chain ori-
entation, moving from their configuration opposite to the
catalytic pocket to engage with the 2′,3′cyclic termini af-
ter the hydrolysis reaction (Figure 3B and C, Supplemen-
tary Figure S3A, Supplementary Figure S4A, Supplemen-
tary Video 1). The closed state conformation induced by the
substrate cleavage was stabilized by the generation of new
interactions at the interface of the CARF domains high-
lighting the creation of two interchain salt bridge interac-
tions: E193-R37′ and E193′-R37. Q192-Q192′ is also in-
volved in the stabilization of the R37–R37′ by polar interac-
tions in both monomers while its side chain interacts with
A1 and A1′ by stacking with their adenine rings (Supple-
mentary Figure S4B). Apart from the two catalytic residues,
this structure revealed a network of interactions that were
involved in substrate binding. Y189 from each monomer
is interacting with the non-cleaved phosphates, while ad-
ditional residues are involved in binding and positioning
the adenines. Hence, N16–N16′ and D75–D75′ interact
with the A1–A1′ adenines while T98–T98′, T100–T100′,
S103–S103′, Y191–Y191′ interact with A2–A2′ adenines
(Figure 3C).

The conserved S12 and K169 are essential for cA4 degrada-
tion

Based on the structural information we generated several
mutants (S12A, S12G, K169G and S12G/K169G) to in-
vestigate their role in catalysis. We attempted to crystallize
these mutants with the ligand in order to trap some interme-
diates of the cleavage reaction. We succeeded in crystallizing
and solving the structures of the S12A and S12G/K169G
mutants. However, although crystallization assays were per-
formed at protein: cA4 molar ratio of 1:2 (Materials and
Methods), the second messenger was not visualized at the
catalytic pocket and the structure of the mutants is like the
wild type apo form (Table 1, Methods).

A comparison of the active sites with the wild type shows
that the S12A mutation did not alter substantially the con-
figuration and polarity of the substrate binding pocket sub-
stantially. However, in the case of the S12G/K169G mutant,
the active site is clearly distorted as shown by the absence
of a clear electron density map between residues 166–169
(Figure 4A). The K169G mutation removes the strong inter-
chain associations of both K169, thus affecting the configu-
ration and the electrostatic potential of the substrate bind-
ing site (Supplementary Figure S6). To further analyse the
role of these catalytic residues, we performed activity assays
incubating the S12G, K169G and S12G/K169G mutants
with the substrate cA4. The reaction mixture was analysed
by mass spectrometry revealing the degradation products
(Figure 4B, Supplementary Figure S5, Materials and Meth-
ods). Five different species were detected: the substrate cA4,
P1 (ApA>P), P2 (hydrolysis product of P1, ApAp), P3 (in-
termediate reaction product, ApApApA>p) and P4 (hy-
drolysis of P3, ApApApAp). The assay confirmed that the
individual S12G, K169G mutants and the S12G/K169G
combination strongly affect the degradation of cA4, abolish-
ing the production of the final product P1 (ApA>p) (Figure
4B). The major compound found in the assay for the K169G
and S12G/K169G mutants is cA4, while in the case of the
S12G variant the intermediate product P3 (ApApApA>p)
was detected (Figure 4B), suggesting that cleavage of the
cA4 phosphodiesters to generate P1 does not proceed in a
concerted manner.

Comparison of cA4 cleavage properties by different CARF
domains

Some CARF-containing proteins bind and cleave cA
molecules, while others just bind cA. A general description
of the cA cleaving mechanism by CARF domains is elu-
sive because of the different set of residues involved (40).
With this aim, we compiled a group of CARF-containing
protein structures with and without cA cleavage catalytic
activity and the general fold of the CARF domains were
compared using the TM-align web server (39). The gen-
eral fold is very well conserved (Supplementary Figure S7),
and from the TM-scores calculated there are no differences
that allow the prediction of which of the domains are capa-
ble of cA4 catalysis (Supplementary Table S1). For exam-
ple, Sis0811 has a higher similarity to certain CARF do-
mains that do not cleave cA, such as Can2 or Card1, than
to those which display catalytic activity, i.e, Thermococcus
onnurineus (Ton) Csm6 or Enterococcus italicus (Ei) Csm6.
Therefore, the presence of certain residues, which provide
the reactant groups, in the CARF scaffold is the key factor
to allow cA cleavage. A comparison of SisRN0811 with the
structure of TonCsm6 (PDB: 6O6Y) (Figure 5), which to
our knowledge is the only structure of a CARF containing
protein in the post-catalytic state, shows that Sis0811-K169
and TonCsm6-N135 share the role of stabilizing the reaction
intermediate, while Sis0811-S12 and TonCsm6-W14 are the
residues involved in stabilizing the product of the cleavage
reaction (Figure 5A-B). However, the differences in the cat-
alytic sites generate a rather different electrostatic potential
in the active centre, conferring different enzymatic proper-
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Figure 3. Conformational change of the ring nuclease Sis0811 from its apo form to its state in complex with its product reaction. (A) Cartoon/surface
models comparing the cA4 non-bound (upper panels) and its product complex forms (bottom panels). Coloured arrows represent the conformational
change path of each corresponding domain from apo structure towards the product reaction bound form. (B) Zoom view at the substrate binding pocket
within the apo dimer Sis0811�268 and (C) in complex with its post-catalytic reaction product, depicting their key interacting residues. Each monomer is
coloured differently and key side chains residues from each monomer interacting with the 2 ApA>p product (white sticks) are depicted accordingly in
sticks.
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Figure 4. Sis0811 reaction product analysis from the designed mutants. (A) 2Fo – Fc map at the substrate binding pocket of the Sis0811�268 (S12A)
and Sis0811�268 (S12G/K169G) mutants. (B) LC–MS analysis of the reaction products obtained from Sis0811�268 (S12G), Sis0811�268 (K169G) and
Sis0811�268 (S12G/K169G) mutants compared to the wild type. Ion chromatograms extracted for m/z 657 (±0.5) (ApA>p–1, cA4

–2, ApApApA>p–2;
retention times 5, 6.8 and 7.1 min), m/z 675 (±0.5) (ApAp -1; retention time 6.4 min), m/z 1315 (±0.5) (cA4

–1, ApApApA>p–1; retention times 6.8 and
7.1 min) and m/z 1333 (±0.5) (ApApApAp–1; retention time 7.3 min). Chemical formula of the reaction species is depicted. The asterisk symbol (*) means
that the hydrolysis of P1/P3 at the cyclic phosphate could generate a P2/P4 product having the phosphate group either at 2′ or 3′.
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Figure 5. Sis0811:2ApA>p–TonCsm6:2ApA>p complex comparison. (A) Top view of the CARF structural alignment from Sis0811:2ApA>p (orange)
and TonCsm6:2ApA>p complexes (grey). (B) Zoom view of the key residues involved in catalysis of both complexes. (C) Electrostatic potential represen-
tation of the active site cavity in Sis0811:2ApA>p and (D) TonCsm6:2ApA>p post-catalytic complexes.

ties to these two enzymes who cleave cA4 generating the
same product (Figure 5C-D).

DISCUSSION

The regulation of type III CRISPR-Cas systems utilizes
specific nucleases to deactivate the signal unleashed by
cyclic oligonucleotides and stop the indiscriminate RNA
degradation by Csx1/Csm6 nucleases. In this study we com-
bine structural and biochemical approaches showing how a
stand-alone ring nuclease degrades a cA4 molecule. The apo
and post-cleavage crystal structures provide a detailed view
of the phosphodiester hydrolysis mechanism of Sis0811.
The dimeric Sis0811 undergoes a conformational change
that resembles a corkscrew and triggers cA4 degradation,
thereby decreasing the levels of this second messenger in the
cell. Although we could not capture the intermediate state
where the substrate is bound before catalysis, and therefore
our structural data cannot distinguish whether the confor-
mational change is caused by the ligand binding or its cleav-
age; our previous analysis in SisCsx1 suggests that most
likely the binding of the cA4 molecule is sufficient to induce
a conformational change in the CARF domain, which posi-
tions the key residues involved in phosphodiester hydrolysis
(42).

Our structural data provide experimental evidence of a
previously proposed mechanism for Sso1393 (26) (Figure
6). The 2′OH of the ribose will initate the nucleophilic atack
on the phosphate, subsequently K169 seem to stabilize the
pentacovalent phosphorous formed in the transition state,
and the 2′-3′cyclic phosphate will be stabilized by the S12
OH group, which could previously position the 2′-OH of
the ribose for the nucleophilic attack. The cyclic 2′,3′-cyclic
phosphate can be destabilized and disrupted over time (41),
as it has been observed in our assays some P2 product
(ApAp) can be detected (Figure 4B). In addition, our anal-
ysis of the reaction products suggest that the cleavage reac-
tion of the phosphodiester bonds does not occur in a con-
certed manner, as the linear P3 product (ApApApA>p) is
formed in the case of the S12G mutant. This product was
also observed in TonCsm6 before ApA>p was detected (23),
thereby resembling the cleavage observed in Sis0811. There-
fore, the data indicates that the role of S12 in stabilizing the
linear ApApApA>p product could be an important stage
before the second hydrolysis proceeds and 2 molecules of
ApA>p are generated. Future studies trapping non-cleaved
cA4 and linear intermediates may help to solve this point.

Unfortunately, the structural comparison of the CARF
domains does not provide clear insights to distinguish those
that can degrade cA from others that are unable of cleav-
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Figure 6. Model of Sis0811 catalytic mechanism. The S12 position the 2′-OH of a ribose to initate the nucleophilic atack on the corresponding phosphate
and subsequently K169′ stabilize the pentavalent phosphorous formed in the transition state. Then, the 2′-3′cyclic phosphate is stabilized by the S12 OH
group, producing the intermediate reaction product P3 (ApApApA>p). Next, the other cleavable phosphodiester bond is attacked by the 2′-OH of the
ribose which is close to S12′ that positions it. Thus, K169 stabilize the pentacovalent phosphorous formed in the transition state and the cyclic 2′,3′-cyclic
phosphate is stabilised by S12′ OH group generating two molecules of P1 (ApA>p) as final reaction product.

ing the second messenger. The current data suggest that the
degradation of cA is a mechanism to control the catalytic
activity of Csm6/Csx1 RNAses. However, in Csm6 proteins
containing a CARF domain that hydrolizes the cyclic com-
pound, such as TonCsm6 and EiCsm6, the cleavage of the
second messenger is slow, and the control of the catalytic
activity seems to be accomplished by downregulating the
RNAse activity of the HEPN domain by eliminating the
activating effect of the ligand binding on the CARF. On
the other hand, the CARF domains of the Csx1 family of
auxiliary RNAses, such as SisCsx1 or Sulfolobus solfatar-
icus (Sso) Csx1, which also contain HEPN domains, do
not cleave cAs (26,42) and seem to be dependent on other
CARF containing proteins, the stand-alone ring nucleases,
to downregulate their RNA degradation. The CARF do-
mains of these stand-alone ring nucleases seem to degrade
the compounds more swiftly than those with catalytic activ-
ity in Csm6 proteins (23,25,26,42).

Collectively, our analysis indicates that the CARF do-
main in these CRISPR systems seems to have evolved as a
protein module to recognise cA, then the recognition mod-
ule has diversified its properties. As an appropriate control
of the cA levels is crucial for the cell, the differences ob-
served in the catalytic activities and regulatory mechanisms
are likely a product of the large diversity of strategies de-
veloped during evolution to adapt this signalling systems to
the habitats of these organisms.

Some members of the standalone Crn1 subfamily are
composed by only the CARF domain, while others, such

as Sis0811 and Sso1393 contain a C-terminal wHTH do-
main fused to it (43). As we have shown in this study the
wHTH domain is not involved in catalysis. Although they
do not contribute to the dimerization of Sis0811, they seem
to be important to undergo the conformational movement
which triggers activity. In addition, S. islandicus REY15A
contains a second ring nuclease, Sis0455, which does not in-
clude an wHTH domain and displays a higher cA4 degrada-
tion activity than Sis0811 (42). In addition, the Sis0811�268
mutant also displays a slightly higher activity than the wild
type (Figure 1D). These observations lead us to speculate
with the possibility that the wHTH of this stand-alone nu-
clease may downregulate its activity.

A structural homology search performed in the DALI
server using the wHTH domain rendered many DNA bind-
ing proteins, including transcriptional repressors and acti-
vators, with substantial structural homology (38) (between
1.9 and 3.0 Å for the 65 residues of the wHTH domain).
Sis0811 wHTH domain matches with transcriptional reg-
ulator domains from the MarR (Multiple antibiotic resis-
tance regulator) transcriptional regulator family (RMSD
of 2.2Å). This observation led us to speculate whether
the wHTH domain and the conformational change upon
cA4 binding and degradation, could be related to a func-
tional DNA binding event, by which the degradation of
cA4 may be linked to the activation or repression of cer-
tain genes involved in the bacterial immune defence system.
We performed a dsDNA docking analysis in Sis0811 using
structures that contained structurally similar DNA bound



Nucleic Acids Research, 2021, Vol. 49, No. 21 12589

wHTH domains. However, the arrangement of the Sis0811
wHTH dimer in our structures does not support the dock-
ing of dsDNA molecules. Consequently, with the current
data, the role of the wHTH domains in Sis0811 seems to be
only structural regulating the interplay of the protein scaf-
fold to proceed with the degradation of cA4. Further studies
are needed to fully explore and confirm this hypothesis.
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