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ABSTRACT

Standalone ring nucleases are CRISPR ancillary
proteins, which downregulate the immune re-
sponse of Type lll CRISPR-Cas systems by cleaving
cyclic oligoadenylates (cA) second messengers. Two
genes with this function have been found within the
Sulfolobus islandicus (Sis) genome. They code for a
long polypeptide composed by a CARF domain fused
to an HTH domain and a short polypeptide consti-
tuted by a CARF domain with a 40 residue C-terminal
insertion. Here, we determine the structure of the apo
and substrate bound states of the Sis0455 enzyme,
revealing an insertion at the C-terminal region of the
CARF domain, which plays a key role closing the
catalytic site upon substrate binding. Our analysis
reveals the key residues of Sis0455 during cleavage
and the coupling of the active site closing with their
positioning to proceed with cA4 phosphodiester hy-
drolysis. A time course comparison of cA, cleavage
between the short, Sis0455, and long ring nucleases,
Sis0811, shows the slower cleavage kinetics of the
former, suggesting that the combination of these two
types of enzymes with the same function in agenome
could be an evolutionary strategy to regulate the lev-
els of the second messenger in different infection
scenarios.

INTRODUCTION

The discovery of an adaptive prokaryotic immune system
called Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR), in which the repeats associate with Cas
(CRISPR associated) proteins, has constituted a revolution
in life sciences. Their discovery (1-3)- and straightforward
development into versatile nucleases (4-6) by guide RNA
exchange paved the way for modifications a la carte that can
be employed in biomedicine (7) and biotechnology (8-10).
CRISPR-Cas systems are ribonucleoprotein (RNP) com-
plexes that are highly diverse because of their different evo-
lutionary origins. The CRISPR immune response consists
of three stages mediated by a distinct subset of Cas proteins
involving adaptation, CRISPR (cr) RNA maturation and
interference, concluding with the recognition and cleavage
of the target DNA or RNA (10-14).

The CRISPR-Cas systems are divided into two classes ac-
cording to the Cas proteins composing the nuclease module
(15). Class 1 interference modules consist of a multi-subunit
protein complex, while Class 2 modules comprise a single
multidomain protein. The two classes are further divided
into six types and many subtypes depending on which other
Cas proteins are present in other functional modules.

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 multipronged regu-
latory pathway to degrade both the mRNA and DNA of
the invader (16-18). The large Type III interference com-
plexes are characterized by the presence of the multidomain
Cas10 signature protein, which commonly harbours two ac-
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tive sites for ssDNA cleavage (18-21) and a cyclase domain
for cyclic oligoadenylate (cA) synthesis (22-24). The recog-
nition of a target RNA triggers the catalytic activities of
Casl0, and the cyclase domain polymerises ATP into cA
species ranging between 3- and 6-AMP subunits (cA,) (22—
25). These molecules act as a second messenger promoting
the activation of CRISPR ancillary nucleases (Csx1/Csm6,
Canl/Can2 and NucC families), which are the peons of the
Type III immune response (22,23,26-28), degrading both
host and invading nucleic acids in the cell, resulting in viral
clearance, cell dormancy or cell death (29). These enzymes
are key components of cyclic oligonucleotide-based an-
tiphage signalling systems (CBASS). They contain CRISPR
Associated Rossmann Fold (CARF) domains, which are
involved in ligand binding. The CARF superfamily in-
cludes numerous domain architectures, in most of which the
CARF domain is fused to a nuclease (30).

The control of cA, levels require a regulatory system
that can modulate or stop the activity of the indiscrimi-
nate nucleases. Although the CARF domains of some Csm6
proteins have been shown to slowly degrade cA4 or cAg,
thereby self-limiting their ribonuclease activity (31-34), a
major part of Type III systems includes standalone cyclic
oligoadenylate degrading enzymes, also termed CRISPR
ring nucleases (Crn), to fulfil this function. The first two
members of this family were described in Sulpholobus sol-
fataricus (Sso), where the Sso1393 (UniProt ID: Q97YD2)
and Ss02081 (UniProt ID: Q7LYJ6) proteins, were shown
to bind and degrade cA4 using a metal-independent mech-
anism, thus returning cells to a basal uninfected state (31).
The same function has been assigned to the Sulfolobus is-
landicus (Sis) Sis0811 (UniProt ID: FONHS89) and Sis0455
(UniProt ID: FONGX6) enzymes (32,35). These cyclic
oligoadenylate degrading enzymes are CARF-domain pro-
teins of the Crnl family. From the structural point of view,
two types of enzymes can be observed in this family. One of
them includes a HTH domain joined to a CARF domain
that belongs to the CARF7 major clade (36) (Sis0811 and
Ss01393, Crnl Large Standalone Ring Nucleases, LSRN),
while the second one displays a small insertion in the C-
terminal region of the CARF domain and belongs to the
CARF_m13 minor clade (Sis0455 and Ss02081, Crnl Small
Standalone Ring Nucleases, SSRN) (Supplementary Figure
S1). We have recently deciphered the catalytic mechanism of
Sis0811 (37). However, no structural or mechanistic details
are available for Sis0455, thus precluding our understand-
ing of the SSRN group.

Here, we determine the structure of Sis0455 in its apo and
substrate-bound form. The structure reveals the dimeric as-
sembly of the enzyme and the unique structural feature
of the insertion in the C-terminus of the polypeptide. The
substrate-bound conformation unveils the molecular details
of cA4 recognition by the standalone ring nuclease. We ob-
serve that cA4 binding induces a conformational change
from an open to a closed state. The conformational change
cages the second messenger and avoids its dissociation by
closing the catalytic site with the insertion located at the
C-terminal of the CARF domains. Our time course mass
spectrometry and binding experiments show that Sis0455
possesses a very high affinity for the substrate and suggest
a slower catalytic mechanism than Sis0811. Our study pro-

vides the first structural insight into the substrate recogni-
tion and processing of this type of standalone ring nucle-
ases, which together with the other ancillary proteins, regu-
late the Type III CRISPR defence system.

MATERIALS AND METHODS
Construction of expression plasmids

Sis0455 wild type sequence from Sis REY15A was syn-
thesized by the Integrated DNA Technology (IDT, USA).
The gene was then cloned by In-Fusion HD Cloning Plus
(Tanaka) into pET-21 with a C-terminal extension encod-
ing a TEV (Tobacco Etch Virus) protease target site and a
6x His-tag (histidine tag). The different mutants employed
for the biochemical characterization of the enzyme were de-
rived from this plasmid by site-directed mutagenesis carried
out by the genomics service company Genewiz.

Purification of ring nucleases

His-tagged Sis0455 and all its variants were expressed and
purified from Escherichia coli BL21 pRARE cells. Cells
were grown in LB media containing ampicillin (1 mM) and
chloramphenicol (34 wg/ml) at 37 °C until an OD at 600nm
wavelength of 0.6 was reached. Expression was induced by
adding 0.5 mM of isopropyl B-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 MgCl,) in a ratio of about 10 ml buffer/1g
cells supplemented with 1 protease inhibitor tablet (Roche
Diagnostics GmbH), lysozyme and 1 .l Benzonase. Cells
were lysed by sonication for 8 min at 35% amplitude with
15 seconds on and 20 s off cycle and then cell debris and in-
soluble particles were removed by centrifugation at 11 000
rpm for 45 min at 4 °C (Thermo Fisher Scientific, Multifuge
X Pro). The supernatant was separated from the pellet and
diluted to 500 mM NaCl (Dilution buffer: 50 mM HEPES
pH 7.5, 5 mM MgCl,). This sample was then loaded onto
a 5 ml Crude HisTrap FF column (GE Healthcare) equili-
brated in buffer A (50 mM HEPES pH 7.5, 5 mM MgCl,,
500 mM NacCl). Elution of the proteins was performed by a
stepwise gradient of buffer B (50 mM HEPES pH 7.5, 5 mM
MgCl,, 500 mM NacCl, 500 mM Imidazole). Enriched pro-
tein fractions were applied onto a 5 ml HiTrap Q HP column
(GE Healthcare) equilibrated with buffer A2 (20 mM Tris—
HCI pH 8.0, 50 mM NacCl). The protein was eluted with a
linear gradient of 0-100% buffer B2 (20 mM Tris—HCI pH
8.0, IM NaCl). Protein-rich fractions were loaded onto a
HiLoad 16/600 75 Superdex column (GE Healthcare) equi-
librated in gel filtration buffer GF (25 mM HEPES pH 8.0,
300 mM KCI). The protein fractions were concentrated to
~12 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.

Following the expression and purification protocol de-
scribed above but growing cells in a Selenomethionine-
enriched media, Selenomethionine-labeled Sis0455 protein
was also purified for further crystallization experiments.
Samples purity were monitored by SDS-PAGE gels.



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
index detector. SEC was performed using a Superdex 200
Increase 10/300 GL column (GE Healthcare) at 20°C in a
buffer containing 50 mM HEPES pH 8.0, 300 mM KCI. For
the analysis, 50 pl of Sis0455 were injected at 5.0 mg/ml
and 0.5 ml/min flow rate. ASTRA (version 8.0.2.5) software
was used to collect the data from the UV, refractive index,
and light scattering detectors. The weight average molecu-
lar masses, My, 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 average molecular weight of the solute, the con-
centration of the sample, and the square of the refractive
index increment (dn/dc) of the sample.

Crystallization

Initial crystallization screenings with Sis0455 sample were
performed at 293 K using the sitting-drop vapor-diffusion
method and testing a collection of commercially available
crystallization screens. The initial drops consisted of 0.15
wl of protein solution (13.54 mg/ml in 25 mM HEPES
pH 8.0, and 300 mM KCI) and 0.15 pl well solution, and
were equilibrated against 70 .l of well solution. After 60
days, the extensive initial screening only rendered plate-
like crystals in 25% PEG 4000 and 0.05 M tricine pH 8.0.
These crystals were subsequently scaled up and optimized
using a dragonfly (TTP) screen optimizer yielding plate-
like crystals grown in 22% PEG 4000 and 0.05 M tricine
pH 8.0. Crystals were cryo-protected by adding 20% (v/v)
glycerol to the mother liquor before flash-freezing in liquid
nitrogen.

Since selenomethionine-modified crystals were not re-
producible under the native conditions mentioned above,
initial crystallization screenings were performed from the
scratch using the selenomethionine sample previously incu-
bated with cA4 substrate before setting up the crystalliza-
tion trials. After optimizing initial hits found in reservoir
conditions based on 40% PEG 400, best diffracting crystals
were grown in 41% PEG 400, 0.1M sodium acetate pH 4.5,
0.1M Li,SOy4. As crystals were grown in cryo-conditions,
they were directly flash-freeze in liquid nitrogen.

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 (38), POINTLESS and AIMLESS
(39) as implemented in autoPROC (40). Statistics for the
crystallographic data and structure solution are summa-
rized in Table 1.
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Table 1. X-ray crystallographic data collection and refinement statistics

Sis0455 Sis0455: cAy
Apo Substrate bound form

Data collection
Space group P2 P21224
Cell dimensions

a, b, c(A) 42.42, 51.00, 80.35 42.98,79.53,97.74

o, B,y (©) 90, 98.70, 90 90, 90, 90
Wavelength 1.00 0.98
Resolution (A) 79.43-2.27 (2.31-2.27)* 61.24-1.66 (1.69-1.66)*
Rpim 0.04 (0.31) 0.02 (0.32)
CC(1/2) 0.99 (0.70) 0.99 (0.79)
Mean I | o1 11.7 (2.5) 20.7(2.2)
Completeness (%) 98.8 (93.5) 99.8 (89.9)
Redundancy 6.8 (6.0) 27.4(24.3)
Refinement
Resolution (A) 79.43-2.27 47.92-1.66
No. reflections 14957 36894
Ryork / Riree 0.18/0.25 0.21/0.25
Molecules by a.u. 2 2
No. atoms

Protein 2853 3009

cAy 0 88

Water 30 36
Ramachandran

Favored/allowed (%0) 100 99.73

Disallowed (%) 0 0.27
R.m.s. deviations

Bond lengths (A) 0.013 0.014

Bond angles (°) 1.642 1.649
PDB code 77256 77255

*Values in parentheses are for highest-resolution shell. One crystal was used to solve
the structure.

Crystal structure solution, model building and refinement

Sis0455:cA4 complex structure was solved from
selenomethionine-modified crystals by experimental
phasing using single-wavelength anomalous diffraction
(SAD) method, as implemented in the program CRANK?2
(41). Then, using a monomer from the Sis0455:cA4 com-
plex as a searching model, Sis0455 apo structure was solved
by molecular replacement method, as implemented in the
program PHASER (42). The quality of the electron density
maps provided from this molecular replacement solution
allowed us to manually retrace the full model of Sis0455 apo
structure. Both models were subjected to iterative cycles of
model building and refinement with COOT (43), PHENIX
(44) and REFMAC (45) yielding the refinement and data
collection statistics summarized in the Table 1. The apo and
complex final models have a Ry / Reree of 18/25 and 21/25
with 0.00 and 0.27% of the residues in disallowed regions
of the Ramachandran plot, respectively. Figures were gen-
erated using PyMOL (The PyMOL Molecular Graphics
System, Version 2.0 Schrodinger, LLC) and ChimeraX
(46,47).

Isothermal titration calorimetry (ITC)

Cyclic tetraadenylate (cAy4; catalog number, C355) was ac-
quired from BIOLOG Life Science Institute (Bremen, Ger-
many). Prior to ITC experiments both the proteins (Sis0455
and its variants) and the cA; were extensively dialyzed
against ITC buffer (50 mM HEPES pH 8.0, 300 mM
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KCl). Protein concentrations were determined using a spec-
trophotometer 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 54000 M-
1 cm-1. cA4 at approximately 50 or 100 wM concentration
was loaded into the syringe and titrated into the calorimet-
ric cell containing the Sis0455 proteins at ~5 or 10 wM, re-
spectively. The reference cell was filled with distilled water.
All ITC experiments were performed on an Auto-iTC200
instrument (Microcal, Malvern Instruments Ltd) at 25°C.
The titration sequence consisted of a single 0.4 pl injec-
tion followed by 19 injections, 2 pl each, with 150 s spac-
ing between injections to ensure that the thermal power re-
turns to the baseline before the next injection. The stirring
speed was 750 rpm. Control experiments with the cyclic
tetra-adenylate injected in the sample cell filled with buffer
were carried out under the same experimental conditions.
These control experiments showed heats of dilution negligi-
ble in all cases. The heats per injection normalized per mole
of injectant versus the molar ratio [cA4]/[Sis0455 variants]
were fitted to a single-site model. Data were analysed with
MicroCal PEAQ-ITC (version 1.1.0.1262) analysis software
(Malvern Instruments Ltd).

Activity assay and liquid chromatography (LC) ESI-MS

Reactions of 50 wl containing 40 wM cAy, 2 wM Sis0455 in
reaction buffer (20 mM Tris pH 8.0, 100 mM NaCl, | mM
EDTA) were set and incubated at 70°C for one hour in a
thermocycler. As a control, a reaction without any enzyme
was also set. After this time, the reactions were stopped by
lowering the temperature up to 4°C. Then the protein from
each of the reactions was removed by performing a phenol
extraction. This step was achieved by adding 50 pl of phe-
nol to each of the reactions and followed by vortexing until
the solution turns cloudy. Then the organic and aqueous
phases were separated by centrifugation (60 s at 7000 rpm)
and the aqueous phase dried down in a SpeedVac. The pel-
let containing the cyclic oligoadenylate compounds was re-
suspended in 8.6 mM TEA pH 8.3 (LC-MS buffer A) for
further analysis.

For the time course experiments, an initial larger volume
of reaction was used and the reaction stopped at different
time points (0, 2, 5, 10, 20, 30, 40, 50 and 60 min) and pro-
cessed as above.

All experiments were done, at least, in duplicates.

The solutions containing the cyclic oligoadenylate com-
pounds were injected into a UPLC system (UltiMate 3000,
Dionex) using a Kinetex@®) EVO C18 reverse phase column
(Phenomenex, 2.1 mm x 100 mm, 5.0 m particle size) at
30°C. The elution of the column was then analysed with
a microOTOF-Q II mass spectrometer (Bruker Daltonik
GmhH) equipped with an electrospray ionization (ESI)
source (capillary voltage 4500 V, end plate offset —500 V,
nebulizer gas (nitrogen) pressure 2.0 bar, flow 9 1/min and
drying gas temperature 200°C). The mobile phase of the
chromatography was applied at a flow rate of 0.2 mL/min

and consisted of a gradient of Buffer A (8.6 mM TEA pH
8.3) and B (8.6 mM TEA pH 8.3, 5% acetonitrile) as fol-
lows: 0—4 min 0% B, 4-6 min 100% B, 6-8 min 0% B. Mass
data acquisition was performed in negative-ion mode with
a mass resolving power of 10 000 and a scan range of 300—
1500. Data acquisition was done under the control of the
module Hystar 3.2-SR 2 from Bruker Compass 1.3 software
that integrates both the LC chromatographic separation
and MS methods. Data analysis was done with DataAnaly-
sis Version 4.0 SP5 (Bruker Daltonik GmhH). For the time
courses series, the areas under the respective peaks were in-
tegrated using QuantAnalysis Version 2.0 SP5 (Bruker Dal-
tonik GmbH).

RESULTS
Crystal Structure of Sis0455

Sis0455 is composed of a CRISPR Associated Rossmann
Fold (CARF) domain (residues 1-178), which contains
a unique insertion fragment at the C-terminal (Ct) re-
gion (residues 130-170) (Figure 1A, Supplementary Figure
S1). After optimising initial crystallization hits from high
throughput commercial screenings, the isolated Sis0455
protein (Supplementary Figure S2) yielded high-quality
crystals that diffracted up to 2.27 A resolution (Materi-
als and Methods, Table 1). Molecular replacement trials
using SisO811 or other CARF domains as models failed
in solving the phase problem. Therefore, we prepared a
selenomethionine-modified sample to solve the phase prob-
lem using the SAD method. Selenium derivative crystals
were obtained only in the presence of cA4. These crys-
tals diffracted to 1.67 A resolution (Materials & Meth-
ods, Table 1) and provided a high anomalous signal al-
lowing the determination of the structure. The resulting
electron density map permitted the unambiguous build-
ing of the Sis0455:cA4 structure (PDB code: 7Z55) (Fig-
ure 1B, Supplementary Figure S3a, b). Finally, the Sis0455
apo structure was solved by molecular replacement us-
ing this model as a searching model with the native pro-
tein data set (PDB code: 7256) (Figure 1C, Supplementary
Figure 3Sc, d).

Two monomers of Sis0455 form a dimer within the asym-
metric unit (Figure 1B, C, Supplementary Figure S3c, d),
in agreement with the molar mass, observed in solution in
SEC-MALS experiments (Supplementary Figure S2b, Ma-
terials and Methods). The CARF domains shape the cat-
alytic pocket at the interface of the dimer assembly, display-
ing the Ct insertion fragments oppositely oriented along
the 2-fold dimer axis (Figure 1B, C). Hence, the 2-fold axis
bisects the cAy catalytic pocket and the Ct insertion frag-
ments. The dimeric assembly is stabilized by the interaction
between the a4 helix of each monomer (Supplementary Fig-
ure S1), and interactions between the o3 and B6 segments.
The core of the CARF domain consists of a 6-stranded
Rossmann-like fold, as in other related proteins (15), but un-
like in other CARF's the core B5 and B6 strands do not form
a B-hairpin, as the Ct insertion fragment is located between
them, adding the a5, n1, a 6 and m2 helices (Supplementary
Figure S1). In addition, two disulphide bridges (C55-C155
and C56-C164) interconnect the CARF domain with the
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Figure 1. Structure of Sis0455 in its apo form and in complex with its substrate. (A) Domain architecture of Sis0455. (B) Cartoon model of the dimeric
Sis0455 crystal structure in complex with cA4. (C) Cartoon model of the dimeric apo Sis0455 crystal structure. The regions of each monomer are coloured
with a different intensity. (D) Structural comparison of Sis0455 (violet) and Sis0811 (pale green) active sites depicting their corresponding key residues in

binding/catalysis as sticks.

Ct insertion stabilizing the folding of each monomer (Sup-
plementary Figure S3e).

Sequence and structural alignments with other stan-
dalone ring nucleases, especially with its ‘cousin’ Sis0811
(PDB code: 7PQ2), reveal the conservation of K106 and S11
in Sis0455 (Figure 1D, Supplementary Figure S1). These
residues have been proposed to play key roles in the en-
zymatic activity of these nucleases (32,37). The equivalent
K169 and S12 in Sis0811 display a similar configuration in

the apo structure (Figure 1D, Supplementary Figure S3c,
d). As previously observed in Sis0811 and Sso1393, the con-
served lysine residues are present at the very bottom of the
catalytic pocket, while the conserved serine residues are lo-
cated on each side of the active site (Supplementary Fig-
ure S3c, d). However, in Sis0455 the cavity is more posi-
tively charged by the presence of R105, which is exclusive
of this type of ring nucleases (Supplementary Figures S1
and S3d).
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Structure of the Sis0455: cA4 complex

To understand cA4 binding and degradation mechanism,
we determined and analysed the structure of Sis0455 in
complex with its substrate cA4 (Figure 1C, Supplementary
Figure S3a, b, Table 1). The quality of the 2FoFc and omit
electron density maps unambiguously revealed the presence
of the cyclic oligoadenylate inside the catalytic pocket in a
non-processed state (Figure 2A—C, Supplementary Figure
S3a, b). The structure revealed that the substrate is trapped
in the catalytic pocket isolating the cA4 molecule from the
solvent (Figures 1B and 2, Supplementary Figure S3a, b).
The structure revealed a closed state conformation of the
enzyme, which is stabilized by interactions between the a5
helix in the Ct region of each protomer through polar in-
teractions between N138-N138’°, Q130-Y133°/Q130’-Y 133
and E41-R134’ (Figure 2D, Supplementary Figure S3a, b).

The cA4 is strongly stabilized in the catalytic pocket via a
large interaction network (Figure 2C, Supplementary Fig-
ure S4), which involves polar interactions of the phosphate
groups with S11-S11” and Y133-Y133’, and the 2°OH group
of the riboses with the T10-T10’ in each protomer. In ad-
dition, the cyclic molecule is also associated with R105-
R105” via water-mediated interactions, and polar interac-
tions of the bases with T37-T37" and E17-E17’. Further-
more, the bases are also stabilized through hydrophobic in-
teractions with V42-V42’ and 1128-1128’. As observed in
other ring nucleases (32,37), the strictly conserved lysine
residue (K106-K106’) at the bottom of the catalytic pocket
generates the electropositive environment to accommodate
the phosphate groups of cA4. Noteworthy is the conforma-
tion of the D75-D75’ residues in the active site, which seem
to position the R105-R 105’ to favour their interaction with
the phosphate groups of the cyclic molecule (Figure 2C,
Supplementary Figures S3a, b and S4).

cA4 induces a conformational change in Sis0455

The binding of cA4 in the cataytic pocket induces a large
conformational change in the dimeric assembly (Figure 3,
Supplementary Video S1). The two monomers undergo a
jaw-like movement confining the substrate in the catalytic
pocket. The Ct region of each protomer forms the closure of
the shared catalytic pocket, while the CARF domains fold
inwards, trapping and isolating the substrate into the posi-
tively charged active site. The extent of this conformational
movement is reflected in a RMSD of 4.42 A for the 325 Ca
between the apo and ligand bound structures, which buries
a surface of 1450 AZ.

The key residues in the catalytic pocket undergo a con-
formational change between the apo and cA4 bound-state
(Supplementary Figure S3a—d). The K106 and K106” in
Sis0455 change their arrangement to accommodate the
cyclic substrate molecule, while S11 and S11° residues move
their Ca ~5 A to interact with cA4. These strictly conserved
residues are supposed to be key during catalysis by homol-
ogy with Sis0811 and Ss01393 nucleases (Supplementary
Figure S1). Based in this comparison, the lysines would play
an important role in the reaction intermediate stabilization,
while the serines would be involved in the stabilization of
the reaction product (37).

However, the Sis0455:cA4 complex structure revealed
a different cA4 recognition pattern, suggesting aditional
residues playing important roles in the cleavage reaction.
For instance, R105 and R105° establish strong water-
mediated interactions with the 2’OH of the riboses, thus
positioning the substrate for the catalytic reaction (Fig-
ure 2C, Supplementary Figure S3a, b). Interestingly, the
rotamer of these arginine residues in that substrate-
interacting conformation is arranged by a salt-bridge in-
teraction with D75, suggesting an indirect role in catal-
ysis of the aspartic acid, as in the apo structure no in-
teraction is observed between D75 and R105. The pres-
ence of the substrate induces a conformational change
where both aspartic residues drive the arginines to config-
urate the pre-catalytic complex (Figure 2C, Supplementary
Figure S3a, b).

Sis0455 displays a high affinity binding of cA4

To understand the role of the amino acids involved in
cA4 binding, we performed isothermal titration calorime-
try (ITC) binding assays with the wild type and mutants.
The Sis0455 ring nuclease binds cA4 with a very high affin-
ity (Kp of 2.2 nM), which is almost five-fold higher than
Sis0811 (Kp 9.1 nM) (37) (Figure 4A). Interestingly, un-
like Sis0811, which displayed an exothermic binding of cAy4,
the association of the cyclic molecule by Sis0455 is en-
dothermic, suggesting that the conformational jaw move-
ment observed upon ligand binding contributes to a solvent
entropy change (Figure 3). The extensive protein surface
burial to trap the substrate should result in solvent release
in the polar active site upon cA4 binding, thus contributing
favourably to the association.

Based in the structural data and the sequence conserva-
tion, we selected key residues to perform glycine substitu-
tions to examine the effect of the absence of the side chains
in cA4 binding. The S11G and K106G substitutions dimin-
ished cA4 binding. The S11G variant displayed a decrease
in the binding affinity of ~10 fold (Kp of 19.5 nM), while
the binding of the K106G mutant severely affected the as-
sociation with the ligand (Kp of 4.1 wM) (Figure 4a), thus
highlighting the importance of the lysine residues in cAy
binding. Unlike Sis0455, the K106G mutant displayed an
exothermic binding profile, in agreement with the reduced
polarity in the active site due to the lack of the lysine amino
groups. The R105G as well as the D75G mutations abol-
ished cA4 binding (Figure 4A, Supplementary Figure S5a),
thus supporting the proposed role of D75 positioning R105,
and confirming the key role of the arginine in ligand binding
(Supplementary Figure S4a). The T10G mutant, which af-
fects the 2°0OH stabilization of the ribose, displays a substan-
tial reduction of the cA4 binding affinity (Kp of 35.3 nM),
but still associates with the ligand. Mutations in the residues
interacting with the bases, such as E17G/T37G, do not af-
fect binding substantially (Kp of 3.5 nM) (Supplementary
Figure S5a).

We also evaluated the effect of mutations in the o5 inter-
acting helices of the Ct insertion in the single N138G, and
double E41G/R 134G and Q130G/Y 133G mutants. Both
N138G and E41G/R134G do not affect cA4 binding sub-
stantially (Kp of 10.5 nM and 1.9 nM); however, the dou-
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Figure 2. Substrate location and pattern interaction with Sis0455. (A) 2Fo — Fc map at the substrate binding pocket superimposed onto its corresponding
refined structure. Map displayed at 2.0 o contour value. (B) Fo — Fc omit map at the substrate binding pocket superimposed onto its corresponding cA4
non-processed structure. FoFc omit map is displayed at 4.0 o contour value. (C) Zoom view at the substrate binding pocket within the dimer Sis0455 in
complex with its substrate, depicting their key interacting residues. (D) Zoom view at the key residues involved in stabilizing the closed dimer state, caging

the substrate.

ble mutant Q130G /Y 133G severely affected the affinity of
Sis0455 for the cyclic compound (Kp of 2.6 wM). This dou-
ble mutation destabilizes the closed state conformation by
disturbing the interactions observed in the Ct insertion in
the ligand bound structure (Figure 2D, Supplementary Fig-
ures S4 and S5a).

cA4 degradation by Sis0455 reveals key residues for catalysis

Next, we examined the effect of the mutants in the enzyme
cA4 cleavage activity. We performed activity assays incubat-
ing the mutants with cA4 as in (37). The reaction mixture
was analysed by mass spectrometry revealing the degrada-
tion products (Figure 4B, Supplementary Figure S5b, Ma-
terials and Methods). Five different species were detected:
the intact cAy4, P1 (ApA > P), P2 (hydrolysis product of P1,
ApAp), P3 (intermediate reaction product, ApApApA > p)
and P4 (hydrolysis of P3, ApApApAp).

The assay confirmed that besides its important role in
binding the conserved K106is essential for catalysis. The
K 106G substitution abolished the cleavage activity and did
not generate any reaction product (Figure 4b). This result

is similar to that observed in Sis0811(36), thus supporting
its possible role as the key residue in stabilizing the transi-
tion state of the cleavage rection in both types of standalone
ring nucleases. In addition, the R105G mutant also abro-
gated the nuclease activity confirming its important role in
the reaction (Figure 4b). Therefore, both K106 and R105
are fundamental for cA4 degradation, however, the latter is
only conserved in the SSRN group.

By contrast, the conserved S11, which is present in both
groups, does not seem to be critical in binding and catalysis
for Sis0455, as it displayed a similar mass spectrometry pat-
tern compared to the wild type (Figure 4B). This behaviour
is different from that observed in the conserved S12 and
S11 in Sis0811 and Ss01393, the standalone ring nucleases
lacking the Ct insertion (32,37). Collectively, these observa-
tions suggest that while the role of the lysine residues is con-
served between the two types of standalone ring nucleases,
the serine does not have the relevance in catalysis which has
been observed in the LSRN type. In addition, the important
function of the conserved R105 in Sis0455 and Ss02081 is
exclusive of the standalone ring nucleases including the Ct
insertion.
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CARF1

CTIil CTI2
Side View

Figure 3. Conformational change of the ring nuclease Sis0455 from its apo form to its substrate-bound state. Cartoon/surface models comparing the cA4
non-bound (upper panels) and its cA4 bound state forms (bottom panels). Coloured arrows represent the conformational change path of each correspond-

ing domain from apo structure towards the product reaction bound form.

We also checked the effect on the enzyme activity of those
amino acids that interact with cAy4, either through the 2°’0OH
of ribose (T10) or the base (E17/E37). In both cases, the
substitution by glycine did not affect catalysis, the product
profile of the reaction mixture was similar than the wild type
(Supplementary Figure S5b). Finally, glycine substitutions
in residues involved in the closing of the catalytic pocket in
the Ct insertion were tested. The single N138G and double
Q130G/Y 133G substitutions did not affect catalysis (Sup-
plementary Figure S5b). However, the E41G/R134G dou-
ble mutant, which disturbs the polar interaction between
the Ct insertions (Figure 2D), showed cA4 as major specie,
also presenting P1 and the P3 linear products in a mi-
nor extent. Collectively, these observations indicate that the
E41/R134 interaction is not relevant for binding the lig-
and, as its affinity is identical to the wild type. However,
they seem important for stabilizing the closed state of the
enzyme-substrate complex facilitating the configuration of
the active site for catalysis.

Comparison of Sis0455 active site with other CARF domain
proteins

The closest structural homologue of Sis0455 found by the
DALI server (38) is the 75Card1l:cA4 (48) complex (PDB
code: 6WXX) (RMSD 2.7 A, aligning 124 Ca out of
373 residues of 7sCardl). The homology lies within the
CARF domains of Cardl (UniProt Entry: F2NWD?3) and
Sis0455. The main difference arises from the Ct insertion
in Sis0455, which includes the two extra helices (a5-a6)
and the connecting loops, thus shaping different substrate-
binding pockets from its dimeric assembly (Figure 5A, B).
This suggests why the 75Card1-CARF dimer requires the
action of residues in the Restriction Endonuclease (REase)
domains to trap cA4 (48), while in the case of Sis0455 the
Ctinsertion closes the catalytic pocket. The superimpositon
of the dimeric structures of Sis0455 and Sis0811 CARFs in
complex with 2A; (PDB code: 7PQ3) (RMSD: 2.2 A) also
shows that the catalytic pocket is not closed upon binding of



A

dQ/dT (icalls)

AH (kcal/mol of injectant)

Nucleic Acids Research, 2022, Vol. 50, No. 19 11207

(v y)

Time (min) Time (min) Time (min) Time (min)
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
012l T T T T T T T T PP L P B B A B B B B 0.00 e A A L S LA T T 000>‘|'|'|'|'|"|'|'I'I'
Sis0455 035 Sis0455-S11G otk
0.10) Sis0455-R105G 001
0.08] . 0.30- ’_\—0.02~
! 2 025 ) 2 003
0.06 Q 2 20,04
;_3 0.20- =020 2 0'24.
0.04 5 5 F IS 005
g 0.15 g »0.257— g 0.061
0.02 010 -0.30 ® o7k
0.00 0.05- 0.35]- -0.08f- .
i N 0.09[ Sis0455-K106G
0.02 0.0 a1 0.40 L
10.0} 20.0 0.50 . 0.0}
= 175 _ 025 . No binding | _ | -
80 s § ooof- . 5 .t
o g 1sof g oo .. g 20
L 2 1251 0B ., L £ a0f
40 5 100k ‘G -0.50- . . %5 L
g 2 075 . ‘ T o| 3 4O
20| E 75( £ £ o
] S -1.00 FRa
o - o b
0.0 < %0 < 425 < ol
T 251 Kp=195nM| T T F
20 4 < 150 4 7of
0.0~ F t Kp=4.1uM
| I | 1 I 1751 ) 1 1 1 | 80 1 1 I 1
0.0 05 1.0 15 20 0.0 05 1.0 15 20 0.0 05 1.0 15 2.0 0.0 05 10 15 2.0
[cAd] / [Sis0455] [cA4] / [Sis0455-S11G] [cA4] / [Sis0455-R105G] [cA4] / [Sis0455-K106G]
P1 P2 cAs P3 P4
Intens.
x10°
201 +cAs, - Sis0455
15 ]
1.0 N, cAa
0.5 .
. ) \(
0.0
2.0 - B
1 +cAs4 + Sis0455
15 -
E Al o A2’
10 U Y
E I S 2
05 - \( o
E P1(APASP) |/
0.0 Z ™o
20 3 I
1 +cAs + Sis0455-S11G
15 .
1.0 ’
05 - P2(ApAp)
00 4
2.0 -
1 +cAs + Sis0455-R105G P ( o
15 1 /
1.0 - P ©
0.5 L P3
0.0 o
20 .
1 +cAs + Sis0455-K106G
15
1.0
0.5 —
0.0
2.0 .
4 +cAs4 + Sis0455-E41G/R134G
15
1.0
0.5
E /
0.0 AL e s e e sy B e N e e L
3 4 5 6 7 Time [min]

Figure 4. Biophysical and cleavage activity characterization of Sis0455. (A) Substrate binding assays of Sis0455, Sis0455-S11G, Sis0455-R105G and
Sis0455-K 106G analysed by ITC. (B) Substrate cleavage assays of Sis0455, Sis0455-S11G, Sis0455-R105G, Sis0455-K 106G and Sis0455-E41G/R 134G
analysed by Mass Spectrometry.
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Sis0455:cA4 vs TsCard1-CARF:cA4 Sis0455:cA4 vs Sis0811-CARF:cA4

S,
3 N

Figure 5. Comparison of Sis0455:cA4 with structural homologs. (A) Side view superimposition of the Sis0455:cA4 and TsCard1-CARF:cAy structures.
(B) Bottom view of the superimposition of the Sis0455:cA4 and 75Card1-CARF:cA4 structures. (C) Comparison at the active sites zoom view between
Sis0455:cA4 and TsCard1-CARF:cA4 structures. (D) Side view superimposition of the Sis0455:cA4 and Sis0811:2A, structures. (E) Bottom view of the

superimposition of the Sis0455:cA4 and Sis0811:2A, structures. (F) Comparison at the active sites zoom view between Sis0455:cA4 and Sis0811:2A,
structures.



the second messenger in Sis0811 (Figure 5C, D). The com-
parison of the active site of the cA4-bound structures show
the conservation of the previuosly reported key residues for
cA,4 degradation in Sis0811 (S12 and K169) (37) (Figure 5E,
F), which are also conserved in 7sCardl (S11 and K102).
Although these key residues keep the same structural con-
figuration in Sis0455, Sis0811 and 7sCard1-CARF (Figure
5C), Sis0455 and Sis0811 degrade cA4, while TsCard1 does
not cleave the cyclic ligand, suggesting differences in the ac-
tive site. Interestingly, our activity assays (Figure 4B) and
previous cleavage assays in Ss02081(32) show that the con-
served R105, which is not present in 7sCardl, is involved
in the reaction (Figures 2C and SE, F, Supplementary Fig-
ure S1). However, while the presence of this conserved argi-
nine could justify the differences with SSRNs and 75Card1,
LSRNs do not conserve this residue. On the other hand,
TsCard1 conserves key residues involved in the bases recog-
nition such as T39 (T37 in Sis0455 and T98 in Sis0811) and
Y122 (Y133 in Sis0455 and Y191 in Sis0811) (Supplemen-
tary Figure S1). Hence, the contribution of other residues
has to be taken into account to fully understand the molec-
ular basis of cA4 recognition or cleavage.

Collectively, the comparison of the active sites and bio-
chemical properties indicate that a set of catalytic residues
are conserved between the two groups of standalone ring
nucleases; however, those containing the Ct insertion dis-
play extra residues which reshape the properties of the cleav-
age reaction.

Sis0455 degrades cA4 slower than Sis0811

In order to compare the degradation of cA4 by both ring
nucleases from S.islandicus, we performed a time course ex-
periment monitoring the reaction products. The cleavage re-
action was stopped at different times, and the comsumption
of cA4 and the generation of the linear P3 and P1 dinu-
cleotide products were quantified at different times (Figure
6). Sis0455 and Sis0811 fully degrade cA4 producing 100%
P1 product in 50 min. The overall view of the reaction sug-
gest that both enzymes cleave one bond to generate the lin-
ear product before the second phosphodiester is hydrolyzed
to produce the P1 product. However, the kinetics followed
by these enzymes to cleave the two phosphodiester bonds
is different. While the hydrolysis of the first phosphodiester
is faster for Sis0811, converting almost 100% of the cyclic
molecule in the P3 linear product in 20 min, the Sis0455 en-
zyme takes double time. Then Sis0811 employs 30 min to
cleave the second phosphodiester bond converting all the
linear product in the P1 dinucleotide. The reaction follows
an overall similar scheme in Sis0455; however, the clevage
of both phosphodiesters is slower in order to acomplish the
complete degradation of the cyclic molecule in the same
time. Therefore, Sis0455 linearizes cA4 slowly and follows
a more progressive generation of P1 compared to Sis0811.
The functional outcome of these different processing kinet-
ics is unknown so far.

Sis0455 cleavage mechanism

Our structure-function study provides experimental evi-
dence of the catalytic mechanism of a member of the SSRN
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family (Figure 7). We propose that the cleavage reaction in
Sis0455 will be initated by the 2’0OH of the ribose, which
would initiate the nucleophilic attack on the phosphate.
Then, K106, which is conserved in the LSRN and SSRN
enzymes, would stabilize the pentacovalent phosphorous
formed in the transition state. The 2’-3’cyclic phosphate
could be stabilized either by the S11 or T10 hydroxyl groups.
These stages of the reaction are similar between the two
groups of standalone ring nucleases. The structure of the
Sis0455:cA4 complex suggest that T10 will favour the po-
sitioning of the 2’0OH of the ribose for the nucleophilic at-
tack. The cyclic 2°,3’-cyclic phosphate can be destabilized
and disrupted over time (49), as it has been observed in our
assays where some P2 product (ApAp) can be detected (Fig-
ure 4B and Supplementary Figure S5b). In addition, our
analysis of the reaction products suggest that the cleavage
reaction of the phosphodiester bonds does not occur in a
concerted manner, as in the case of Sis0811 (37). The lin-
ear P3 product (ApApApA > p) was detected during our
time course experiments (Figure 6), and the presence of the
linear intermediate was also observed in a minor extent in
the case of R105G and the K106G mutants. In addition, the
abundance of P3 was increased for the E41G/R134G mu-
tant, suggesting that disrupting the proper caging the com-
pound in the active site would disturb the processing of the
second phosphodiester; therefore, affecting the conversion
of the linear P3 product into the P1 dinucleotide.

Collectively, the data indicate that overall, the catalytic
mechanism in the LSRN and the SSRN enzymes in S.
islandicus is very similar. However, the processing of the
first phosphodiester hydrolysis is faster in SisO811 than in
Sis0455, thus quickly removing the cyclic compound. These
differences between the two enzymes in the cleavage reac-
tion could arise from the requirement of the D75 to position
R105 properly for triggering cA4 degradation.

DISCUSSION

A major part of the characterized Type 111 CRISPR-Cas
systems utilizes cA4 as second messenger to trigger their
immune response, while some other systems use a cyclic
hexa-oligoadenylate (cAg) instead (23,25). The CARF do-
main architecture of the auxiliary proteins of each system
is designed to specifically recognize one of these signals
(33,35,48). The most common CARF family proteins are
the Csx1/Csm6 ribonucleases, which are activated by their
association with cA4 or cAg. These indiscriminate nucleases
cleave RNA using their Higher Eukaryotes and Prokary-
otes Nucleotide-binding (HEPN) domain (22,23), unleash-
ing an indiscriminate RNase activity, which has been shown
to result in cell growth arrest. Cellular growth is reestab-
lished when infection is cleared from cells (29). A possible
transcriptional role of cA4 has been suggested, as it was
shown to bind to the CARF family transcription regulator
Csa3, upregulating CRISPR loci and cas gene expression
(50,51).

The regulation of the indiscriminate degradation of cellu-
lar DNA and RNA by the cA activated Csx1/Csm6 nucle-
ases is a crucial issue for the cell, as the activity of the indis-
criminate nucleases confers Type 111 CRISPR systems a po-
tential for self-destruction. The strategy of host nucleic acid



11210 Nucleic Acids Research, 2022, Vol. 50, No. 19

cA4 time course

P3 (A4>P) time course

P1 (A2>P) time course

T T T 17 T T T T T T T 1] I
#0811
—$-0455

100

80

60

cA2

40

20

10

20 30

Time [min]

40 50 60

30
Time [min]

50

D
o

30
Time [min]

40

50 60

Figure 6. Time course reaction products of Sis0811 and Sis0455. Time dependence of the amount of cA4 and products of reaction for the ring nucleases
Sis0455 and Sis0811. The amount of compound was quantitated by integrating the area under the EIC curve and each series normalized (100%) to the
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degradation induces cell dormancy to slow viral propaga-
tion, but it can seriously affect cell survival if it is not strictly
regulated. To address this problem the cell can switch off
the production of the second messenger, however, this strat-
egy will not eliminate the previously synthesized cA, which
will remain residing in the cytoplasm. Therefore, the degra-
dation of the signalling molecule is needed to downregu-
late the levels of the second messenger to switch off the
Csx1/Csmo6 nucleases. The development of such a regula-
tory strategy led prokaryotes to develop enzymes, such as
the standalone ring nucleases, that cleave the phosphodi-
ester bonds of the cyclic compound. Noteworthy, phages
have also developed countermeasures, such as the degrada-
tion of these cyclic molecules (52,53), as strategies of im-
mune evasion in phage biology to defeat host defence sys-
tems.

The standalone ring nucleases are found in the crenar-
chaea, and the Sulfolobales usually encode several stan-
dalone ring nucleases orthologues alongside Csx1/Csm6
(54). Ss02081 and Sso1393 were the first members of the
LSRN and SSRN identified in cellular lysates (32). Pro-
tein sequence analyses suggested that these orthologues
most likely originated from gene duplication events (55).
The genome of S. islandicus REY15A encodes two stan-
dalone ring nucleases, Sis0811 and Sis0455, which degrade
the cA4 second messenger made by its Type I1I-B CRISPR
system.

Our Sis0455 structures reveals the jaw-like conforma-
tional change in the enzyme to accommodate the cyclic
tetra-oligoadenylate in the active site, resembling the cAy
trapping mechanism described for the anti-CRISPR vi-
ral ring nuclease Acrlll-1 (52). The structural data to-
gether with our binding and activity experiments show that
Sis0455 follows a mechanism similar to SisO811 to degrade
cA4 The same reaction products were identified in our mass
spectrometry assay. Furthermore, the binding assays re-
veal that Sis0455 displays 5-fold higher afinity for cA4 than
Sis0811 (37). While both enzymes degrade the cyclic com-
pound in a non-concerted manner, generating a linear in-
termediate before its conversion in dinucleotides, the reac-
tion in Sis0455 proceeds in a more progressive way than
in Sis0811 (Figure 6). Sis0455 follows a slower kinetics
to cleave the first phosphodiester bond of the cyclic com-
pound, while SisO811 linearizes cA4 very fast. These results

suggest that the catalysis of the small ring nuclease would
allow a longer lifetime of the intact substrate and the in-
temediate linear product in the cytoplasm before they are
converted to dinucleotides. By contrast, Sis0811 would ‘lin-
earise’ the major part of cA4 much faster. Overall, this re-
sult suggests that the different kinetics of these enzymes
could be an evolutionary response in S. islandicus to reg-
ulate the levels of cAy4 in different cellular scenarios dur-
ing infection. This difference in cA4 degradation have been
also observed in the enzymes from S. solfataricus, where
Ss502081, the homolog of Sis0455, processes cA4 10-fold
faster than Ss01393, the homolog of Sis0811 (32). This may
reflect the regulatory needs of a given Type III CRISPR
system.

Collectively, the data suggest that presence of the two or-
thologues is a regulatory strategy which will overlap tempo-
rally or synergistically the activity of both enzymes for the
control of cA4 levels. We propose that Sis0455, which dis-
plays a remarkable high affinity for the second messenger
(Kp 2 nM) is performing a continuous surveillance of the
cAy levels in the cytoplasm, as it will bind and slowly de-
grade low levels of the compound which could be present
in the cell. This mechanism could be kept resident in the
cell, avoiding the deleterious effect of a very early activa-
tion of SisCsx1, whose affinity for cA4 is 10-fold lower (Kp
20 nM) (35). However, large quantities of cOA could be
synthesized even at low levels of infection (56), and in that
situation Sis0455 could not be able to eliminate cAy, ei-
ther by binding or degrading the ligand. In this scenario
Sis0811, whose afinity (Kp 9.9 nM) (37) is 2-fold higher
than that of SisCsx1, would kick-in eliminating the cyclic
compound faster to avoid an early activation of the indis-
criminate RNase.

Type III CRISPR-Cas systems have tailored a complex
regulatory system to control their immune response, which
could have deleterious implications for the cell. Evolu-
tion has combined auxiliary proteins with different bind-
ing affinities and degradation rates to adapt the inten-
sity of the immune response in different infection scenar-
ios. Further functional studies are needed to fully explore
and confirm how the Type III CRISPR-Cas standalone
nucleases coordinate their action with the effector com-
plexes and indiscriminate RNases to modulate bacterial
defence.
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of P1 (ApA > p) as the final reaction product.
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